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Abstract

The cross talk of CD40/CD40 ligand (CD40L) plays a key role in CD4* T cell priming, B-cell
terminal maturation, and immunoglobulin (Ig) class-switch recombination. Genetic defects in the
CD40L lead to a disorder characterized by elevated concentrations of serum IgM and
immunodeficiency. Patients with Primary Biliary Cirrhosis (PBC) characteristically show
circulating anti-mitochondrial antibodies (AMAS), liver infiltrating autoreactive T lymphocytes
against mitochondrial antigens, and high levels of IgM. We hypothesized that CD40L may play a
key role in the pathogenesis of the elevated serum IgM and analyzed genetic and epigenetic
modifications of the gene coding for CD40L in CD4* and CD8* T cells isolated from circulating
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mononuclear cells from PBC patients and healthy controls. We herein demonstrate significantly
lower levels of DNA methylation of the CD40L promoter in CD4* T cells from PBC patients as
compared with controls, and this decreased methylation was inversely correlated with levels of
serum IgM in PBC patients. In conclusion, the findings of an absence of genetic modifications of
the CD40L gene in concert with decreased DNA methylation of the CD40L promoter in PBC
patients suggests that environmental factors rather than genetics must play a major role in the
pathogenesis of elevated serum IgM in PBC.
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Although mechanisms underlying the loss of self-tolerance in autoimmunity remain largely
unknown, recent data have shown that the CD40 ligand (CD40L) plays an important role in
the pathogenesis of a number of autoimmune diseases (1-2). Naive T cells require contact
with appropriately activated antigen presenting cells (APC) in order to be primed, and the
CD40-CDA40L system constitutes one of the fundamental accessory systems in T cell
priming (3). CD40 is expressed on all APCs and is up-regulated upon cell activation
secondary to infection or inflammation (4). CD40 binds to its natural ligand CD40L, which
is expressed primarily on activated CD4* T cells. Moreover, CD40 is constitutively
expressed by B cells and its interaction with CD40L is critical for immunoglobulin (1g)
class-switch recombination (5); mutations of the X linked CD40L gene leads to a disorder
characterized by elevated levels of IgM in the blood, immunodeficiency, and a high
incidence of opportunistic infections (6). Finally, CD40-CD40L interactions have also been
shown to be essential for peripheral B cell tolerance (7).

Primary biliary cirrhosis (PBC) is an autoimmune disease of the liver, characterized by the
presence of high titers of circulating anti-mitochondrial antibodies (AMAS) and liver
infiltrating autoreactive T lymphocytes, leading to the progressive destruction of small
intrahepatic bile ducts (8). Other characteristics of PBC include high levels of serum IgM
and a strong gender bias with a female:male ratio of 9:1 (8). Similarly to most autoimmune
diseases, PBC is reasoned to result from the combined effects of genetics and the
environment (9-10). Epigenetic modifications, particularly DNA methylation, are known
regulatory mechanism of gene expression and appear as ideal candidates to explain the
environmental influence on individual susceptibility to complex diseases such as PBC (11).
However, although abnormal DNA demethylation has been shown in CD4* T cells in
women with lupus (12), the actual involvement of epigenetic mechanisms exemplified by
abnormal DNA methylation in PBC has not been studied (13). It is reasoned that genetic and
epigenetic aberrancies of the X chromosome would be most likely involved in female
predominant diseases, such as PBC (14).

We thus hypothesized that abnormal DNA methylation modifications of the X chromosome
genes, such as CD40L may be involved in the pathogenesis of PBC because of the definite
role of activated T cells in disease initiation and progression. A specific role of the CD40L
gene is suggested by the high IgM titers commonly found in the sera from patients with
PBC. We herein demonstrate, that PBC is associated with significantly lower levels of DNA
methylation of the CD40L promoter in CD4* T cells and that these lower levels of DNA
methylation inversely correlate with serum IgM levels in PBC patients. These results
identify a major role for CD40L in the pathogenesis of PBC and potentially in the induction
of abnormal humoral immune responses contributing to the disease process.
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MATERIALS AND METHODS

Subjects

Fresh heparinized peripheral blood samples were obtained from Italian female patients
diagnosed with PBC (n=20), and unaffected controls (n=20) (8). In addition, female patients
with psoriasis vulgaris (n=9) and type 1 diabetes (n=9) were recruited as disease controls
from the outpatient clinics in the Second Xiangya Hospital, Central South University.

All patients with PBC (Table 1) were women and had readily detectable AMA,; the
diagnosis was made based on internationally accepted criteria (8). The mean age was 64
years old (range 44-87 years) and 70% of them were taking ursodiol. The PBC patients
included in this study were histologically characterized as belonging to stage | (n=7), stage
I1 (n=10) or stage 111 (n=3). Serum liver function and levels of immunoglobulins were
assessed utilizing routine laboratory methods. The diagnosis of psoriasis was based on
characteristic clinical features and histological confirmation (15); type 1 diabetes was
diagnosed based on the ADA diagnostic criteria (16). Subjects were excluded from the study
if they had malignancies or were using immunosuppressive drugs. Patients and controls
were matched for sex (all female subjects). After approval from appropriate institutional
review boards in Italy, China and USA, all subjects provided written informed consent prior
to enrollment in the study.

CD4* and CD8* T cell purification

Peripheral blood mononuclear cells (PBMC) were isolated by centrifugation on a Ficoll-
Hypaque gradient for 30 min at 500 g. First, CD8+ cells were isolated from PBMCs by
positive selection under endotoxin-free conditions using anti-CD8 conjugated microbeads
(Miltenyi Biotec). The CD4* T cells utilized in the studies were isolated by negative
selection using a cocktail of antibodies against CD8, CD14, CD16, CD19, CD36, CD56,
CD123, TCR v/8, and CD235a (Miltenyi Biotec). Aliquots of the CD8 * and CD4™ T cells
were subjected to viability assays and flow cytometric analysis. The purity of these
lymphocytic populations was >95% and the viability of cells was always >95%.

RNA isolation and CD40L messenger RNA quantification

cDNA was synthesized from CD4" T cells using the SuperScript 111 CellsDirect cDNA
Synthesis System (Invitrogen). 100 ng of cDNA in a total volume of 20 uL were amplified
for 40 cycles on an Applied Biosystems 7900 HT Sequence Detection System, using
TagMan Gene Expression Assay specific for CD40L (Applied Biosystems); products were
detected with FAM. All reactions were run in duplicate. The relative mRNA expression
level of CD40L was quantitated using mMRNA level of the internal control glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and compared to a calibrator (2~ (AACD),

Genomic DNA extraction and bisulfite sequencing

Genomic DNA from CD4* and CD8* T cell populations was isolated using Qiagen Blood
Mini kits (Qiagen). Bisulfite conversion of genomic DNA was performed using the EpiTect
Bisulfite Kit (Qiagen). The CD40L promoter fragment was amplified by nested PCR and
cloned into the pGEM-T easy vector (Promega). Seven independent clones from each
subject were sequenced for each of the amplified fragments. Primers are described as
follows: Round I, forward: (—448 to —407)
GAAGAATTCAGTTGATGGGATATTAGTTATAAAATTAATTT, reverse: (—194 to
—153) AAATCTAGACCCAATCATCTAAATAATAAAAAAAACAA. Round II: forward:
(402 to —366) TTTGAATTCATGTGTTTTTTTTTTTATATATTAGGTTTT, reverse:
(+150 to +116) AATTCTAGAAAATTTTCATACTAATAAACTATCCAATAA.

Hepatology. Author manuscript; available in PMC 2013 January 1.
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CD40L sequencing

All 5 exons of CD40L (accession number NG_007280) were amplified by PCR from
genomic DNA isolated from CD4* T cells from PBC patients using primers spanning the
intron/exon boundary.

Amplification of CD40L promoter was performed using primers described previously (17).
PCR products were purified by Centrifugal Filter Units (Millipore) and sequencing was
performed using BigDye Terminator cycle sequencing kit (Applied Biosystems) and
analyzed with the Applied Biosystems Prism 3130 genetic Analyzer.

Statistical analysis

RESULTS

Statistical differences between groups were determined using a two tailed Mann-Whitney
non-parametric test with 95% confidence interval (CI). All results were expressed as mean +
standard error (SEM). Statistical comparisons were made using GraphPad Prism 5.0
Software (GraphPad Software, Inc, La Jolla, CA, USA).

CDA40L promoter is down-methylated in CD4* T cells from PBC patients

DNA methylation was examined for the CD40L promoter that lacks a CpG island
(http://genome.ucsc.edu, CpG island track). Bisulfite sequencing primers were designed to
amplify a 473 bp region 5’ of the transcription start site containing ten CpG sites (Figure 1).
CD40L bisulfite sequencing data were obtained on a minimum of 7 clones prepared from
each of both CD4* and CD8* T cells isolated from the PBMC of 20 PBC patients and 20
unrelated controls. The CD40L promoter sequences amplified from CD4* T cells of PBC
patients showed significantly lower methylation as compared to healthy controls. The
methylation patterns of individually sequenced clones are shown for two representative
subjects in Figure 2A. Overall promoter methylation was determined as the percentage of
methylated CpG sites out of all possible CpG sites which indicated a significant reduction in
CD4* T cells from patients compared to healthy controls (0.54 versus 0.64, p< 0.001), to
subjects with type | diabetes (0.54 in PBC versus 0.66, p< 0.001), and to psoriasis patients
(0.54 in PBC versus 0.67, p< 0.001) (Figure 2B). Similarly, site-specific methylation was
calculated for each of the ten CpG sites in the CD40L promoter region (Figure 2C), and
ranged from 0.33 to 0.61 in PBC patients versus 0.29 to 0.78 in healthy subjects, 0.29 to
0.78 in type | diabetes, and 0.32 to 0.75 in psoriasis patients (Figure 2C). No detectable
difference in the level of CD40L promoter methylation in isolated CD8" T cells was
observed between PBC patients and controls (data not shown). However, in general, the
levels of CD40L promoter methylation was significantly downmethylated in CD4" T cells
compared to CD8* T cells from both PBC patients (Figure 3A) and controls (data not
shown), as confirmed by a significantly lower CD4*/CD8* methylation ratio in PBC
patients (0.72 versus 0.85, p=0.0002) (Figure 3B).

The levels of CD40L mRNA were also evaluated in CD4* T cells from both patients and
healthy controls by RT-PCR. As seen in Fig. 4, the levels of CD40L mRNA expression was
increased in CD4*T cells from PBC patients compared to controls (2-(AAC)=2 53 versus
1.12, p=0.0178) and inversely correlated with levels of CD40L promoter methylation
(r?=0.2347, p=0.0355) (Figure 4).

PBC patients with high IgM levels show lower levels of CD40L promoter methylation

Based on the fact that patients with mutations of the X linked CD40L gene exhibit high
titers of serum IgM (18), we evaluated the potential correlation between levels of CD40L
methylation and serum IgM levels. The sera from sixteen of the twenty PBC patients (80%)
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included in the study had high relative levels of IgM (Figure 5A) and showed significantly
lower levels of CD40L promoter methylation within CD4* T cells compared to their normal
IgM counterparts (Figure 5B). Interestingly, IgM levels inversely correlated with levels of
CDA40L promoter methylation (r?=0.5448, p=0.0011) (Figure 5C).

In order to determine the potential contribution of the presence of mutations of the CD40L
gene that could influence IgM levels (17-18), we sequenced CD40L in genomic DNA
samples isolated from each of the PBC patients and analyzed them for the presence of
mutations previously documented for the CD4L gene (Figure 6). Results from such analysis
failed to identify the presence of genetic variants for the CD40L in CD4* T cells from PBC
patients. While three SNPs were found within the sequences for the CD40L gene among the
PBC patients, the frequency of the genotypes was not different from the general Caucasian
population (Table 2).

DISCUSSION

The present study demonstrates for the first time that patients with PBC demonstrate
relatively lower levels of DNA methylation of the CD40L promoter in CD4™ T cells which
accordingly results in higher levels of CD40L expression in CD4* T cells. These findings
provide a reasonable explanation for the elevated levels of serum IgM that are characteristic
of PBC patients. CD40 has a key role in generating effective immune responses, and
consequently abnormalities associated with its expression or function also play an important
role in the pathogenesis of autoimmune diseases (1, 19).

The importance of CD40-CD40L interactions is highlighted by the phenotype of transgenic
mice over-expressing CD40L that demonstrate systemic autoimmunity including dermatitis,
nephritis, the presence of auto-antibodies in the serum and polyclonal autoreactive T cells
(1, 20). CD40 potentially contributes to T-cell dependent autoimmune diseases in several
ways. Thus, abnormal expression in thymus promotes autoreactive T cell clones to escape
deletion (21). Abnormal expression in secondary lymphoid organs mediates enhanced T cell
priming by B cells or other APC. Finally within the target tissue, enhanced CD40 signaling
leads to the production of high levels of pro-inflammatory cytokines and chemokines which
contribute to tissue destruction and inflammatory cell influx (3). CD40L has been reported
to be overexpressed on lupus T cells, contributing to overproduction of pathogenic
autoantibodies. The CD40L regulatory sequences demethylate in CD4* T cells from women
with lupus; lupus CD4* T cells and demethylated CD4* T cells express high level of CD40L
and overstimulate B cells to produce 1gG (22-23). Interestingly, T cell activation has been
excluded as a mechanism for overexpression (24). Herein we also detected the levels of
DNA methylation of CD40L promotor in CD4* T cells from psoriasis vulgaris patients and
type 1 diabetes patients respectively as disease controls. We chose these diseases as both
have chronic CD4* T cell activation. Importantly, our data confirm that both disease
controls are comparable to healthy controls.

Our data highlight an important role of the CD40-CD40L axis in PBC. Previous work has
noted that the hilar lymph nodes and the liver of PBC patients compared with matching
PBMC samples have a 100- to 150-fold increase in the number of HLA DRB4*0101
restricted PDC-E2143.17¢ lipoyl domain peptide specific auto reactive CD4* T cells (25).
These findings, associated with a relatively higher prevalence of X chromosome monosomy
in PBC patients (26), could be the basis for selective dysregulation of CD40-CD40L
interaction mediated by abnormal levels of DNA methylation.

A major unanswered question in PBC is that although all nucleated cells have mitochondria,
the damage is limited to small biliary epithelial cells (BEC) (27-28). In this regard, there
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have been a number of studies that have focused on identifying the unique properties of
BECs as compared wih epithelial cells from other tissues. One such finding has been the
unique process of apoptosis in BEC’s following exposure of PDC-E2 to the effector
processes of the immune system. The data presented herein adds significance to the concept
of a role for unique pathways involved in the apoptosis of BEC’s in PBC. Thus, BECs
express CD40 and are exquisitely sensitive to CD40Lmediated apoptosis (29); indeed, after
stimulation with CD40L there is a sustained up-regulation of FasL and induction of
apoptosis is accompanied by activation of the AP-1 (c-Fos/c-Jun) and pSTAT-3 signaling
pathways (30-31). It is important to note that inadequate glutathiolation has been reasoned to
lead to exposure of PDC-E2 by biliary cells making the BEC’s a potential source of
neoantigens responsible for the activation of autoreactive T lymphocytes (32-33). We
extended this work and demonstrated that in contrast to other epithelial cells, PDC-E2
remains immunologically intact within the apoptotic bleb when BECs undergo apoptosis
(34). We also demonstrated that there was a marked increase in inflammatory cytokine
production in the presence of the unique triad of normal BEC blebs, PBC monocytes derived
macrophages and AMA (35). We interpret these data to suggest that the presence of intact
immunologically active PDC-E2 within the blebs of BECs gives rise to a local
proinflammatory milieu. Importantly, it has also been suggested that macrophages can
directly kill BECs via CD40-CD40L interaction (36). This insight into innate immunity
provides one explanation for our understanding of biliary epithelial cell destruction and the
key role of CD40-CD40L axis in this process. In a larger context, it has implication in our
understanding of the tissue specificity of many autoimmune diseases.

Finally, high levels of CD40L expression in PBC patients appear to be related to elevated
levels of serum IgM, a common and distinct feature of PBC. Little is known about the
mechanism of hyper-IgM in PBC. CD40L has a crucial role in immunoglobulin class
switching in B cells and mutations in the gene encoding CD40L are known to induce X-
linked hyper-IgM syndrome (5). An early study by Higuchi and colleagues investigated the
presence of mutations in the CD40L gene in PBC patients by single-strand conformational
polymorphism (SSCP). However, the results of these studies led to a failure to identify any
differences between patients and controls (37). Studies reported herein show that the levels
of IgM levels are inversely co-related with the levels of CD40L methylation, suggesting that
the CD40-CD40L interaction is directly involved in the production of high amounts of IgM.
Mutations in the CD40 gene have also been reported in select patients with hyper-IgM
syndrome. However, there is no defect in the CD40 gene suggesting that the hyper-lgM
observed in PBC has a different origin. In conclusion, these findings suggest an important
role of CD40L modulation in PBC and emphasize the importance of mechanisms that
disrupt epigenetic regulation of CD40L.
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Figure 1. CD40L promoter

A. Chromosomal sequence location of the region of the CD40L promoter analyzed by
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bisulfite sequencing. B. CD40L promoter numbered relative to the transcription start site
(bent arrow), is shown. The promoter is identified by the broad arrow, three Nuclear Factor
of Activated T-cells (NFAT) sites and all CG pairs are also included. This region contains

10 CpG sites (circles) within a 473 bp region overlapping the transcription start site as

shown (22).
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Figure 2.

CD4* T cell CD40L promoter methylation patterns in PBC patients and controls. A.
Representative bisulfite sequencing data from peripheral CD4* T cells from a healthy donor
and a PBC patient; the region indicated on the x-axis was amplified, cloned, and 7 clones
per donor were sequenced. The average fraction methylated of each CG pair is shown on the
y-axis. B. Overall methylation was determined by the total number methylated sites out of
the total CpG sites in all clones and graphed as mean = SEM for PBC (n=20) versus healthy
subjects (n=20), type | diabetes (n=9), and psoriasis (n=9). C. Average methylation of 10
CG sites of the CD40L promoter in CD4* T cells from PBC patients (n=20), healthy
controls (n=20), subjects affected from type | diabetes (n=9), and psoriasis (n=9). Statistical
difference was analyzed by a two tailed Mann-Whitney test (95% CI), *** p< 0.001.
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Comparison of CD40L promoter methylation between CD4* T and CD8* T cells. A. Overall
methylation from both CD4* T and CD8* T cells from PBC patients was determined by the
total number of methylated sites out of the total CpG sites in all clones and graphed as mean
+ SEM. CD4" T cells were shown to be down methylated compared to CD8* T cells. B.
CD4*/CD8* methylation ratio was significantly lower in PBC patients compared to controls.
Statistical difference was analyzed by a two tailed Mann-Whitney test (95% CI). *** p<

0.001.
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Figure 4.

CD40L expression in CD4* T cells is higher in PBC patients (A) and inversely correlate
with methylation levels (B). Real-time threshold cycle values for CD40L cDNA were
normalized with GADPH and compared to a calibrator. Calibrated CD40L expression levels
were correlated to levels of CD40L promoter overall methylation. 95% confidence limits of
the best-fit line are shown.
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Figure 5. High IgM levels in PBC patients inversely correlate with CD40L promoter methylation
A. Serum IgG, IgM and IgA levels (mg/dl) of PBC patients included in the study, the grey
area shows normal Ig range. B. Single CpG site methylation levels are significantly lower in
PBC patients with high levels of IgM (> 280 mg/dl) compared to those with normal values.
*** n< 0.001. C. CD40L promoter overall methylation inversely correlates with IgM levels.

95% confidence limits of the best-fit line are shown.
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Figure 6. Genomic organization of CD40L

distribution of exons and location of the SNPs that were found to demonstrate some
variability in PBC patients.
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Clinical, biochemical and serological characteristics of PBC patients.

Table 1

PBC patients

Healthy controls

(n=20) (n=20)
Mean age (years) (range) 64 (44-87) 60 (42-79)
Females (n, %) 20 (100%) 20 (100%)
Duration of disease (years) 13 (5-24) n.a.
(range)
AMA positivity (n, %) 20 (100%) n.a.
Liver cirrhosis (n, %) 3 (15%) n.a.
Total bilirubin (mg/dl) (n.v. < 0.76 £ 0.21 0.23+0.05
1.0)
Alkaline phosphatase (IU/l) (n.v. 415+ 291 173 £ 27
<279)
Alanine aminotransferase (U/l) 34+21 34+9
(n.v. < 50)
Albumin (g/dl) (n.v. > 3,5) 4.29 +0.40 4.70 £0.03
19G (mg/dl) (n.v. < 1700) 1410 + 377 -
1gM (mg/dl) (n.v. < 280) 403 +£192 -
1gA (mg/dl) (n.v. <400) 325 £139 -

Mean values + standard deviation unless otherwise stated.

Abbreviation: n.a. not applicable
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