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A common SNP in the CD40 region is associated
with systemic lupus erythematosus and correlates
with altered CD40 expression: implications

for the pathogenesis
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ABSTRACT

Background In systemic lupus erythematosus (SLE)
sustained CD40L expression by T cells and platelets
activates a variety of cells via its receptor CD40
contributing to disease pathogenesis. Although CD40
has recently been identified in genome-wide association
study as a novel rheumatoid arthritis susceptibility gene
such an association has not been documented for SLE.
Objective To investigate whether the rs4810485 CD40
single nucleatide polymorphism (SNP) is associated with
increased risk for SLE and its impact on CD40 expression.
Materials and methods The primary sample set
consisted of 351 patients with SLE and 670 matched
healthy controls of Greek origin. 158 patients with SLE
and 155 controls from Turkey were used as a replication
sample. Genotyping of rs4810485 was performed

by restriction fragment length polymorphism and the
Sequenom MassArray technology. The expression of
CD40 mRNA and protein was assessed in unstimulated
and lipopolysaccharide-stimulated peripheral blood
mononuclear cells by quantitative real time PCR and flow
cytometry, respectively.

Results The minor allele T of CD40 rs4810485 SNP
was significantly under-represented in Greek patients
with SLE compared with healthy controls (OR=0.65,
95% Cl 0.54 to 0.79). The association was replicated

in the Turkish cohort (OR=0.57, 95% CI 0.41 to 0.80;
meta-analysis of 509 patients with SLE and 825 healthy
controls: OR=0.63, 95% Cl 0.53 t0 0.74, p = 2x 1078).
In both cases and controls, the rs4810485 G/T and T/T
genotypes were associated with significantly reduced
CD40 mRNA and protein expression in peripheral blood
CD144 monocytes and CD19+ B cells compared with
G/G genotype, bath under basal conditions and following
stimulation.

Conclusions CD40 has been identified as a new
susceptibility locus in Greek and Turkish patients with
SLE. The rs4810485 minor allele T is under-represented
in SLE and correlates with reduced CD40 expression in
peripheral blood monocytes and B cells, with potential
implications for the regulation of aberrant immune
responses in the disease.

INTRODUCTION

There is increasing evidence that different auto-
immune diseases may share common pathogenic
pathways. Systemic lupus erythematosus (SLE) is a

multifactorial, systemic autoimmune disease char-
acterised by production of autoantibodies directed
against cell surface and nuclear components. The
aetiology of the disease remains elusive even
though it has been intensively studied.! > A num-
ber of genetic susceptibility loci, conferring low-to-
moderate risk for SLE, have been recently identified
through genome-wide association studies.>® The
most important genes that confer susceptibility are
located in the HLA locus,® but non-HLA genes also
operate such as IRF5, PTPN22, STAT4, CDKN1A
and BLK.”

Recent genome-wide searches for susceptibility
loci have provided new insights into autoimmune
disease pathogenesis and have identified several
loci showing significant linkage to the diseases,
some of which have been confirmed by indepen-
dent studies.®10 Among them, the CD40 locus has
been identified as a genetic risk factor for rheuma-
toid arthritis (RA).'! CD40 spans 11 kb, has nine
exons,!? is constitutively and inducibly expressed
on the surface of various immune and non-immune
cell types, such as B cells, monocytes, dendritic
cells, keratinocytes, epithelia, microglia and
endothelial cells!® and is implicated in immune and
non-immune responses.'* CD40-mediated cellular
functions include T cell-dependent B-cell humoral
responses,’® secretion of growth factors and
cytokines from monocytes'® 17 and expression of
adhesion molecules on endothelial cells. CD40 sig-
nalling has been linked to pathogenic processes of
chronic inflammatory and autoimmune diseases.!®
A pathogenic role for CD40-CD40L interactions
has been well established in lupus (reviewed by
Koshy et al'®) with sustained expression of CD40L
on activated T cells’ and platelets?® in patients
with active SLE. Importantly, interruption of this
pathway results in disease attenuation both in ani-
mals?! and in humans.?

Our group has focused on the overlap between
the genetic determinants for SLE, RA, type-1
diabetes mellitus (T1D), psoriasis and other
autoimmune diseases. Through analysis of well-
characterised case—control studies, we have previ-
ously documented significant associations between
T1D and psoriasis with two SLE and RA suscep-
tibility genes—namely, TRAF1/C5 and STAT4,

respectively.?20 Assuming that genes involved in
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regulation of inflammatory responses may confer risk for dif-
ferent immune-mediated diseases, and based on the pathogenic
role of the CD40-CD40L pathway in lupus, herein we demon-
strate, for the first time, that the CD40 single nucleotide poly-
morphism (SNP) rs4810485 is associated with SLE in individuals
of Greek and Turkish origin. Importantly, our in vitro studies
demonstrate that rs4810485 may affect CD40 expression in
primary mononuclear cells, with potential implications for the
disease pathogenesis.

MATERIALS AND METHODS

Study population

The primary sample set included 351 patients with SLE
from Greece who were followed up at the Department of
Rheumatology, Clinical Immunology, and Allergy, University
of Crete. All patients met the 1982 American College of
Rheumatology revised classification criteria?” (online supple-
mentary table S1). Six hundred and seventy age- and gen-
der-matched healthy individuals were recruited from the
Department of Transfusion Medicine. The study was approved
by the ethics committee of the University Hospital of Crete.
The replication sample set consisted of 158 patients with SLE
and 155 age- and gender-matched healthy controls from Turkey
(Marmara University Medical School). Sixteen patients with SLE
and 24 controls were selected for the CD40 expression experi-
ments presented in detail elsewhere (supplementary text).

Analysis of the rs4810485 CD40 polymorphism

Whole blood was collected in EDTA-containing tubes and
genomic DNA was extracted using the Qiamp DNA Blood
Mini kit (QIAGEN Inc, Valencia, California, USA). Genotyping
for CD40 rs4810485 was performed by PCR-restriction frag-
ment length polymorphism or the Sequenom MassArray
technology according to the manufacturer’s instructions
(supplementary text).

Preparation of mononuclear cells, cell culture and stimulation
Peripheral blood mononuclear cells (PBMCs) from patients with
SLE and healthy controls were isolated, cultured and stimulated
as described in the supplementary text.

RNA extraction and quantitative real-time RT-PCR

Total RNA was extracted from fresh or cultured PBMCs
using the RNeasy RNA Isolation kit (Qiagen) and incubated
with RNase-free DNase I (Qiagen) according to the manu-
facturer’s protocol. Reverse transcription reactions were per-
formed with 500 ng total RNA using random hexamers and
the Thermoscript RT system (Invitrogen, Carlsbad, California)
and stored at —20°C until analysed. PCR conditions and the
quantification of the mRNAs levels of CD40 and GAPDH are
described in the supplementary text.

Immunophenotyping of PBMCs

A direct immunofluorescence technique was used to evaluate
CDA40 protein expression within subsets of PBMCs (supplemen-
tary text). Normalised mean fluorescence intensity (MFI) was
expressed against the IgG isotypic control according to the fol-
lowing equation: normalised MFI = (MFI¢,,, — MFL o )/MFI, .

Statistical analysis

Statistical analysis was performed with GraphPad Prism statisti-
cal program (GraphPad Software, San Diego, California, USA).
In the case—control comparisons, only unrelated samples were
used (supplementary text).

RESULTS

The CD40 rs4810485 SNP is associated with SLE in two
independent ethnic cohorts

Allele and genotype frequencies for rs4810485 in the primary
cohort of Greek patients with SLE and healthy controls are

Table 1 Genotypes and allele frequencies of the CD40 rs4810485 polymorphism analysed in 351 patients with SLE and 670 controls from Greece
and 158 patients with SLE and 155 controls from Turkey
rs4810485
Genotype Allele
GG GT T G T
Greek cohort, N (%)
Patients with SLE (n=351) 139 (39.6) 190 (54.1) 22 (6.3) 468 (66.7) 234 (33.3)
Healthy controls (n=670) 216 (32.2) 326 (48.7) 128 (19.1) 758 (56.6) 582 (43.4)
*0R (95% CI) 1.00 0.91 (0.69 to 1.20) 0.27 (0.16 to 0.44) 1.00 0.65 (0.54 t0 0.79)
*p Value (df 1) - 5.0 x 107! 7.0 x1078 - 9.6 X106
Tp Value (df 2) 2.1 x 1077
Turkish cohort, N (%)
Patients with SLE (n=158) 69 (43.7) 82 (51.9) 7(4.4) 220 (69.6) 96 (30.4)
Healthy controls (n=155) 52 (33.5) 72 (46.5) 31(20.0) 176 (56.8) 134 (43.2)
*0R (95% CI) 1.00 0.86 (0.53 to 1.39) 0.17 (0.07 to 0.42) 1.00 0.57 (0.41 t0 0.80)
*p Value (df 1) - 5.0 x 107! 3.2 x107° - 9.0 x 107
Tp Value (df 2) 1.0x 107*
Combined cohort, N (%)
Patients with SLE (n=509) 208 (40.9) 272 (53.4) 29 (5.7) 688 (67.6) 330(32.4)
Healthy controls (n=825) 268 (32.5) 398 (48.2) 159 (19.3) 934 (56.6) 716 (43.4)
*0R (95% ClI) 1.00 0.88 (0.69 to 1.12) 0.24 (0.15 to 0.36) 1.00 0.63 (0.53 t0 0.74)
*p Value (df 1) - 3.0 x 107! 7.4 x 1072 - 2.0x 1078
Tp Value (df 2) 2.2 x107"

A meta-analysis of the two cohorts is also presented. Reduced frequency of the rs4810485 minor allele T and the T/T genotype in patients with SLE compared with healthy controls.
*p Values with df 1 and OR (95%Cl) were calculated taking as reference the G/G genotype or the major (G) allele.
"p Values with df 2 were calculated with a 2x 3 %2 test of independence and account for the overall difference between the three genotypes.

df, degrees of freedom; SLE, systemic lupus erythematosus.
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shown in table 1. Analysis by a 2x3 x? test of independence
showed a significant difference in the genotype distribution
between cases and controls (p = 2.1x1077, df 2). Post hoc
analysis by 2x2 %2 test revealed that rs4810485 T/T homozy-
gosity was less common in patients with SLE than in healthy
controls (6.3% vs 19.1%, p = 7.0x1078, df 1). The presence of
minor allele T was under-represented in SLE (OR=0.65, 95%
ClI 0.54 to 0.79, p = 9.6x1079) (table 1). Genotyping of one-
third of the control samples was replicated by using Sequenom
MassArray technology and the results were 100% identical to
those obtained by restriction fragment length polymorphism
(data not shown).

We then proceeded to replicate our findings in a case-control
population from neighbouring Turkey. The study group con-
sisted of 158 Turkish patients with SLE (5 men, 153 women)
with a mean (+ SD) aged 41 + 11 years. The control group con-
sisted of 155 unrelated healthy subjects from Turkey (5 men,
150 women) aged 39 = 7 years. In accordance with the find-
ings in the Greek cohort, the rs4810485 T/T genotype was less
frequent in SLE than in healthy controls (4.4% vs 20.0%, p =
3.2x107). Minor T allele had significantly lower frequency in
SLE (OR=0.57, 95% CI 0.41 to 0.80, p = 9.0x107) (table 1). In
the meta-analysis of the two cohorts, the T/T genotype was
significantly (p = 7.4x1071%) less common and the T allele was
significantly under-represented (OR=0.63, 95% CI 0.53 to 0.74,
p = 2.0x1078) in patients with SLE compared with controls.
Observed frequencies of the CD40 rs4810485 genotypes were
in Hardy—-Weinberg equilibrium (data not shown).

Of note, a preliminary association study performed in our
laboratory in patients with Wegener’s granulomatosis showed
that the T allele of the rs4810485 SNP of the CD40 gene was less
common in patients with the disease (14.3%) than in control
individuals (39.9%) (unpublished data). Furthermore, we found
no evidence for association between CD40 and T1D; no statisti-
cally significant difference in T-allele frequencies was observed
between patients with T1D and controls either in the first popu-
lation examined (OR=1.00, 95% CI 0.63 to 1.6) or in the replica-

tion group (data not shown).

The rs4810485 T allele is associated with reduced CD40 mRNA
in freshly isolated and lipopolysaccharide-stimulated PBVICs
from patients with SLE and healthy controls

Expression of CD40 was evaluated by real-time PCR in freshly
isolated PBMCs from patients with SLE and healthy controls
with different rs4810485 genotypes. CD40 mRNA levels were
almost twofold lower in patients with SLE who had the T/T or
G/T genotype than those with the G/G genotype (figure 1A).
To further verify our results, we examined the CD40 mRNA
in freshly isolated PBMCs from healthy controls, and we also
found significantly reduced expression in individuals with T/T
and G/T compared with the G/G genotype (figure 1A).

We next examined CD40 mRNA expression after stimu-
lation with lipopolysaccharide (LPS) 100 ng/ml for 24 h. As
shown in figure 1B,LPS treatment induced CD40 expression
both in patients with SLE and in healthy controls. In both
groups, stimulated PBMCs with the G/T and T/T genotype
had significantly reduced CD40 mRNA compared with those
with the G/G genotype. PBMCs from patients with SLE with
the G/G genotype showed the strongest induction of CD40
after LPS stimulation (figure 1B). Collectively, these results
indicate that the rs4810485 T allele is associated with reduced
CD40 mRNA expression both in the basal, non-stimulated and
the stimulated state.
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Figure 1 Basal and induced CD40 mRNA expression in peripheral
blood mononuclear cells (PBMCs) from patients with systemic lupus
erythematosus (SLE) and healthy controls according to rs4810485
genotype. (A) Expression of CD40 mRNA was assessed by quantitative
real-time PCR in freshly isolated PBMCs. rs4810485 T/T and G/T
genotypes were associated with almost twofold lower CD40 mRNA
levels than the G/G genotype. Similar results were obtained in PBMCs
from healthy controls (Mann—-Whitney U test, *p<0.05, **p<0.01).
(B) PBMCs from patients with SLE or healthy controls were cultured for
24 h in the presence or absence of lipopolysaccharide (LPS) 100 ng/ml,
and CD40 mRNA expression was determined. In both groups, there was
significantly lower expression in G/T and T/T than in the G/G genotype
in the presence of LPS (Mann—Whitney U test, *p<0.05, **p<0.01).
Bars represent the mean + SEM of the normalised expression of CD40
mRNA relative to GAPDH mRNA.

Basal membrane protein expression of CD40 in PBMCs is reduced
in patients with SLE and controls with the rs4810485 T allele

We next used flow cytometry to examine the effect of
rs4810485 on CD40 membrane protein expression (measured
by CD40 MFI or the percentage of CD40+ cells) on freshly
isolated CD19+ B cells and CD14+ monocytes. To minimise
any possible interfering factors, we included patients with
inactive disease and without significant B-cell lymphopenia
(<8% of total lymphocytes). Figure 2A shows representative
flow cytometry histograms for CD40 expression on unstimu-
lated B cells from patients with SLE (upper panel) and healthy
controls (lower panel) with different rs4810485 genotypes.
In both patients and controls, 154810485 T/T and G/T were
associated with significantly reduced CD40 MFI on CD19+ B
cells compared with G/G (p<0.05 for T/T vs G/G and G/T vs
G/G pairwise comparisons) (figure 2B). The rs4810485 T allele
also correlated with decreased proportion of peripheral blood
CD40+ CD19+ B cells both in patients with SLE and in healthy
controls (supplementary figure S1). We performed a simi-
lar analysis in CD14+ monocytes, and found that rs4810485
T/T and G/T patients and controls had reduced CD40 MFI in
comparison with their G/G counterparts (figure 2C,D). In con-
trast, we found no significant variation in the proportion of
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Figure 2 Differential basal membrane expression of CD40 on B cells and monocytes in patients with SLE and healthy controls according to
rs4810485 genotype. (A) Representative flow cytometry histograms for CD40 expression on CD19+ B cells from patients with SLE (upper panel)
and healthy controls (lower panel) with the rs4810485 G/G, G/T and T/T genotypes. (B) Patients with SLE and healthy controls with the T/T or G/T
genotype have significantly lower CD40 mean fluorescence intensity (MFI) on freshly isolated CD19+ B cells than individuals with the G/G genotype
(Mann-Whitney U test, *p<0.05, **p<0.01). (C) Representative flow cytometry histograms for CD40 expression on CD14+ monocytes from
patients with SLE (upper panel) and healthy controls (lower panel) with the rs4810485 G/G, G/T and T/T genotypes. (D) Patients with SLE and healthy
controls with the T/T or G/T genotype have significantly lower CD40 MFI on CD14+ monocytes than individuals with the G/G genotype (Mann—
Whitney U test, *p<0.05, **p<0.01). Scatter plots represent individual cases.

CD40+ monocytes according to rs4810485 genotype (data not
shown). Overall, these results suggest that under basal, non-
induced, conditions, the rs4810485 allele T is associated with
lower CD40 surface expression on B cells and monocytes from
patients with SLE and healthy controls.

Stimulation of PBMCs induces lower membrane expression of
CD40 in patients with SLE and controls with the rs4810485 T allele
Although CD40 is constitutively expressed on the surface of
mononuclear cells, its expression is further upregulated upon
cell stimulation. To examine the effect of rs4810485 SNP on
inducible CD40 expression, PBMCs were cultured for 24 h in
the presence or absence of LPS 100 ng/ml, and CD40 expression
was evaluated by flow cytometry. In LPS-stimulated CD19+ B
cells, CD40 membrane expression (MFI) was significantly lower
in patients with the T/T or G/T genotype than in those with the
G/G genotype (figure 3A,B); the effect was more pronounced in
patients with SLE than in healthy controls (figure 3B). Similar
results were obtained with the percentage of CD40+ CD19+ B
cells (supplementary figures S2A,B).

With regard to CD14+ monocytes, LPS-induced CD40 MFI lev-
els were lower in both patients and controls with the rs4810485
T/T and G/T rather than the G/G genotype (figure 3C,D). The
proportion of CD40+ monocytes also correlated inversely with

40of 7

presence of the minor T allele (supplementary figure S2C,D).
Together, our results indicate that the rs4810485 SNP is accom-
panied by genotype-specific differences on induced CD40 mem-
brane expression in healthy controls and more profoundly in
patients with SLE, with the T/T genotype associated with lower
induction than the G/G genotype.

DISCUSSION

Identification of shared genetic determinants for clinically dis-
tinct disorders is the emerging premise underlying the results
of recent genome-wide scans.?® ?° In this study, we explored
one such example of overlap between disease susceptibil-
ity loci by investigating the association of the RA-associated
SNP 154810485 of the CD40 gene with SLE. We report for the
first time that rs4810485 is associated with SLE in the Greek
and Turkish Mediterranean population, and correlates with
differential CD40 expression in peripheral blood B cells and
monocyetes.

In view of the role of CD40, a tumour necrosis factor super-
family membrane member, in generating effective immune
responses through interaction with its ligand CD40L, we rea-
soned that it may represent an excellent candidate suscepti-
bility gene for various autoimmune diseases.?’ The rs4810485
SNP has recently been associated with RA in individuals of
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Figure 3  Effect of rs4810485 on lipopolysaccharide (LPS)-induced CD40 membrane expression on B cells and monocytes from patients with SLE
and healthy controls. (A) Representative flow cytometry histograms for CD40 membrane expression on LPS-stimulated CD19+ B cells from patients
with SLE (upper panel) and healthy controls (lower panel) with the rs4810485 G/G, G/T and T/T genotypes. (B) Expression of CD40 on LPS-stimulated
B cells with the T/T and G/T genotypes was significantly lower than the G/G genotype both in patients with SLE and controls (Mann-Whitney U test,
*p<0.05, **p<0.01, ***p<0.001). Patients with SLE with the G/G genotype demonstrated the most profound CD40 upregulation. Bars represent
mean + SEM. (C) Representative flow cytometry histograms for CD40 expression on LPS-stimulated CD14+ monocytes from patients with SLE
(upper panel) and healthy controls (lower panel) with the rs4810485 G/G, G/T and T/T genotypes. (D) LPS-induced CD40 mean fluorescence intensity
(MFI) on CD14+ monocytes is significantly lower in patients with SLE and healthy controls with the T/T and G/T genotype than in those with the G/G
genotype (Mann—Whitney U test, *p<0.05, **p<0.01). The induction was more prominent in patients with SLE with the GG genotype. Values are the

mean = SEM.

European!! but not Korean ancestry.?! A replication study in a
Greek population confirmed the association of rs4810485 with
RA.32 Importantly, the CD40 locus resides in a region (20q11-
13) that has been previously linked with SLE in European-
Caucasians, Mexican-Americans and African-Americans.33-3°
This suggests an underlying pathogenic mechanism involv-
ing a risk allele of a shared disease locus that may account for
increased susceptibility in two distinct diseases. Other stud-
ies have also suggested the CD40-CD40L pair as strong SLE
candidate genes because of their ability to induce T-cell medi-
ated humoral responses. However, in a previous family-based
genetic study of CD40 in SLE® no association was found;
probably, the SNP data available at the time of the previous
study did not allow for detection of the effect from rs4810485.
Notably, an association between CD40 polymorphisms and
genetic susceptibility to Grave’s disease’” and Kawasaki dis-
ease,®® but not to T1D, has been reported, an observation that
may help to delineate pathogenic mechanisms in the afore-
mentioned autoimmune diseases. Of note, several other SNPs
in genes involved in the CD40 signalling pathway have been
identified, including TNFAIP3 (A20, an E3-ubiquitin ligase) and

Vazgiourakis V, Zervou MI, Choulaki C, et al. Ann Rheum Dis (2011). doi:10.1136/ard.2010.146530

TRAF1-C5.'8 TRAF! is an adaptor protein that cooperates with
TRAF2 to enhance CD40 signals.?’

The rs4810485 SNP resides in the second intron of the CD40
gene and its functional consequence remains to be identified.
As a first attempt to study this issue, we looked for a possible
association between rs4810485 and CD40 expression in periph-
eral blood B cells and monocytes. In both patients with SLE and
healthy controls, individuals with the T/T or G/T genotype had
significantly reduced basal and induced CD40 mRNA and pro-
tein levels compared with those with the G/G genotype, sug-
gesting that rs4810485 could be a functional polymorphism.
This result is biologically plausible since the minor allele T asso-
ciated with reduced CD40 expression was found to be under-
represented in patients with SLE (OR=0.63 in the meta-analysis
of the Greek and Turkish cohorts). Of interest, in the presence
of the major allele G, both basal and induced CD40 levels were
higher in patients with SLE than in healthy controls, indicat-
ing that rs4810485 might also influence CD40 expression in a
disease-specific manner.

To explore whether rs4810485 might modify any transcrip-
tion factor-binding site, we performed sequence analysis
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using the Genomatix Software (Genomatix Software GmbH,
“Gene2Promoter” program, Muenchen, Germany). Allele G
disrupted the putative binding of the transcription factor Pax6,
which was predicted to bind to allele T. Although no informa-
tion exists about the expression and function of Pax6 in SLE
immune cells, another member of the Pax family transcription
factors, Pax5 is implicated in mature B-cell programming and its
repression is required for plasma cell differentiation.*” Moreover,
rs4810485 allele G is predicted to enhance the DNA binding of a
member of the ETS1 transcription factors family. ETS1 is a nega-
tive regulator of B- and Th17-cell differentiation that has been
associated with the development of SLE.#! Of interest, lower
levels of ETS1 mRNA have been detected in PBMCs of patients
with SLE.#2

Increased CD40 expression in antigen presenting cells
might contribute to enhanced signalling upon interaction with
CD40L,* which is upregulated on activated T cells in patients
with SLE and RA. Interactions between CD40 and CD40L
might also influence the function of non-immune cells such as
endothelial cells, leading to endothelial dysfunction* and vascu-
lar inflammation,* which are common in these patients.

In conclusion, we have demonstrated that the rs4810485
SNP of the CD40 locus is associated with SLE in a geneti-
cally homogeneous population. We also provide evidence that
14810485 may affect CD40 mRNA and protein expression on
B cells and monocytes, with potential implications for regula-
tion of the inflammatory responses in the disease. The CD40/
CD40L pathway has an established pathogenic role and rep-
resents a valid therapeutic target in lupus. Our data corrobo-
rate these observations and offer a plausible explanation for
the increased susceptibility to SLE conferred by this genetic
variant of CD40. Sustained expression of CD40L coupled with
increased expression of CD40 observed in over half of lupus
patients amplify cellular and humoral responses in a variety
of immune and non-immune cellular targets, thus contributing
to disease pathogenesis. Intriguingly, polymorphisms in the
CD40 gene may affect expression and identify a subgroup of
patients with SLE with a higher efficacy of anti-CD40 thera-
peutic intervention.
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