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Summary

Hyper-immunoglobulin M (IgM) syndrome (HIGM) is a rare primary
immunodeficiency characterized by elevated or normal IgM and absent or
markedly decreased amounts of IgG, IgA and IgE. The X-linked form
(HIGM1) is the most common type and is caused by mutations in the
gene for CD40L, a T-cell surface molecule required for T-cell driven
immunoglobulin class switching by B cells. In the present study we have
identified a patient with X-linked hyper-IgM who failed to express CD40L
on the cell surface of CD4" T lymphocytes. Sequence analysis of CD40L
genomic DNA showed no mutations. CD40L mRNA was absent and
sequence analysis of the CD40L promotor revealed a mutation at position
—123 from the transcription start site. The mutation in the promotor
region likely contributed to the decreased transcription as demonstrated
by a luciferase reporter assay.
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Introduction

Hyper-immunoglobulin M (HIGM) syndrome is a rare
primary immunodeficiency characterized by elevated or
normal immunoglobulin M (IgM) and absent or
decreased amounts of IgG, IgA and IgE. Several molecu-
lar defects have been described that result in the HIGM
syndrome. The X-linked form is the most common type
and is caused by mutations in the gene encoding the
CD40 ligand (CD40L or CD154) (XHIGM; HIGM1)."”
CDA40L is expressed on activated T cells, and its interac-
tion with CD40, which is constitutively expressed on B
cells and antigen-presenting cells, is required for class
switch recombination. Patients with mutation in CD40L
are susceptible to recurrent sino-pulmonary and oppor-
tunistic infections, neutropenia, autoimmune complica-
tions such as sclerosing cholangitis, and malignancies.*’
In this report we describe a patient with X-linked
HIGM caused by a mutation in the promotor for CD40L.
Mutations in the promoter of CD40L causing HIGM1
have not been reported previously® (CD40Lbase, a registry

for mutations in CD40L http://bioinf.uta.fi/CD40Lbase/
index.html).

Materials and methods

Sequence analysis of CD40L

Genomic DNA was isolated from peripheral blood using
the QIAamp DNA blood mini kit (Qiagen, Hilden, Ger-
many). Polymerase chain reaction (PCR) amplification of
the five exons of the CD40L gene was performed in 50 pl
reaction mixture containing 100 ng genomic DNA,
750 nM (exon 1-4) or 250 nM (exon 5) primers, 1X Gene
Amp PCR buffer (Applied Biosystems, Foster City, CA),
1-5 mm MgCl,, 200 pm of each dinucleotide triphosphate
(dNTP) and 1 U AmpliTaq Gold. Oligonucleotides used
as primers were as described by Shimadzu et al.'® Forty
cycles of amplification were performed in a 9700 thermo-
cycler (Applied Biosystems). Each cycle consisted of 30 s
denaturation at 94°, a 30 s annealing step at 55°, and a
60 s extension step at 72°. The PCR products were

Abbreviations: CD40L, CD40 ligand; HIGM, hyper-IgM; PCR, polymerase chain reaction.
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sequenced on the ABI310 using the Big Dye Terminator
Cycle sequencing kit (Applied Biosystems).

RNA isolation, reverse transcription (RT) and PCR
amplification

Peripheral blood mononuclear cells (PBMC) were isolated
from heparinized venous blood on Lymphoprep density
gradient (Nycomed Pharma). Cells were resuspended in
phosphate-buffered saline. Total RNA was isolated from
PBMC after stimulation with phorbol 12-myristate 13-
acetate (PMA; 25 ng/ml/6 hr) and ionomycin using the
RNeasy mini kit (Qiagen), and reverse transcribed into
c¢DNA using murine moloney leukaemia virus reverse
transcriptase (Invitrogen, San Diego, CA) and a random
hexamer primer (Amersham Biosciences, Amersham, UK)
in a 40 pl final volume. First-strand ¢cDNA was used
directly for PCR amplification. PCR amplification was
performed in 50 pl reaction mixture containing 3 pl
cDNA, 1x Gene Amp PCR buffer (Applied Biosystems),
1-5 mm MgCl,, 200 pm of each dNTP, 1 U AmpliTaq
Gold, 5% dimethyl sulphoxide, and 250 nM primers.
Oligonucleotides used as primers are described in Table 1.
Forty cycles of amplification were performed in a 9700
thermocycler (Applied Biosystems). Each cycle consisted
of 30 s denaturation at 94°, a 30 s annealing step at 55°,
and a 60 s extension step at 72°. The PCR products were
visualized on a 2% agarose gel.

Sequence analysis of CD40L and CD40L promotor

The CD40L gene was sequenced using oligonucleotide
primers flanking the five exons as described by Shimadzu
et al.” PCR amplification of the promotor of the CD40L
gene was performed using four overlapping primer sets.
Oligonucleotides used as primers are described in Table 1.
Oligonucleotides used as primers for PCR amplification of
the CD40L untranslated region are described in Table 1.
PCR amplification was performed using the Expand High
Fidelity PCR System (Roche Diagnostics, Indianapolis,
IN), according to the manufacturer’s instructions. Briefly,
50 pl reaction mixture contained 100 ng DNA, 300 nm
primers, 1X Gene Amp PCR buffer (Applied Biosystems),
1-5 mm MgCl,, 200 pm of each dNTP and 2-6 U Expand
High Fidelity PCR Systemenzyme mix. Amplification was
performed in a 9700 thermocycler (Applied Biosystems).
The PCR protocol was as follows: 2 min denaturation at
94°; 10 cycles consisting of 15 s denaturation at 94°, a 30 s
annealing step at 54° and a 1 min elongation step at 72°%
15 cycles consisting of 15 s denaturation at 94°, a 30's
annealing step at 54° and a 1 min elongation step at 72°
plus cycle elongation of 5s for each cycle; and a pro-
longed elongation time of 45s. PCR products were
sequenced using the Big Dye Terminator Cycle sequencing
kit (Applied Biosystems).
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Table 1. Oligonucleotide primers for PCR amplification

Oligonucleotide sequence

Oligonucleotide primers for PCR amplification of CD40L cDNA

Sense 5'-gccagaagataccatttcaa
Antisense 5'-cttatgacatgtgccgcaatt
Sense 5’—aaggtgatcagaatcctca
Antisense 5'-ctgcaaggtgacactgttc

Oligonucleotide primers for PCR amplification of CD40L promotor

Sense 5'-actggggagagcattcagg
Antisense 5'-tctgccaagtaggtggette
Sense 5’—ccaaagcctctgacttgactg
Antisense 5'-tgcacctgtcttgettatect
Sense 5'-gtgtcaaatttcttccatgeac
Antisense 5'-tgactggtgtcccatcaact
Sense 5'-gccaggcttteattgagtttag
Antisense 5'-gcagaggcagcatgagaag

Oligonucleotides used as primers for amplification of CD40L
3" untranslated region and poly A site

Sense 5'-gcaaatacccacagttccge
Antisense 5'-gggacagggtggaaagaagag
Sense 5'-acacagagtcaggeegttge
Antisense 5'-tgtcacagacttccagaaagtgtg
Sense 5’—aagcagcaaccccactgat
Antisense 5'-tctttccccaacctggetg

Reporter plasmid construction, transient transfection
and luciferase reporter gene assay

The CD40L promoter region of the patient and a control
subject from (—1227 to +67) relative to the start of
transcription was isolated by PCR and subcloned into the
luciferase reporter plasmid pGL3 (Promega, Madison,
WI) as previously described.’® Sequence analysis was
performed to document the presence of the mutation in
the patient’s CD40L promoter and the absence of other
mutations in the patient and control CD40L promoter. A
plasmid expressing renilla luciferase under the control of
the B-actin promoter that was subcloned in the multiple
cloning site of the pRL-null vector (Promega) was used
to control for transfection efficiency. Transient transfec-
tion of the patient or control plasmid with 1 pg of the
B-actin-renilla plasmid into Jurkat T cells (American Type
Culture Collection, Bethesda, MD) was performed as
previously described.'® Transfected cells were stimulated
with PMA (20 ng/ml) and ionomycin (1-5 pm) for 16 hr
and luciferase assays performed using the Dual-Glo Lucif-
erase Assay System (Promega) following the manufac-
turer’s instructions. The firefly results were corrected for
transfection efficiency using the unstimulated results for
renilla luciferase. Significance was determined using the
paired Student’s t-test on the mean of three different
experiments.
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Results and discussion

F was born at term as the first child of non-consanguin-
eous parents of Italian descent. At the age of 5 months he
started a fever with cough and respiratory distress that
progressed to severe hypoxaemia after a few days. Chest
X-ray revealed interstitial type pneumonia. F was intubat-
ed and ventilated. Pneumocystis carinii was detected in the
bronchoalveolar lavage fluid. The boy was treated with
high-dose trimethoprim-sulfamethoxazol intravenously.
Several pneumothoraces occurred. F was eventually
weaned from the ventilator after 3 weeks. In the mean
time immunological evaluation revealed near absent
serum IgG and IgA, but normal serum IgM of 1-85 g/l
Peripheral blood cell counts were normal as well as B and
T lymphocyte counts and in vitro proliferation to mito-
gens and antigens. Monthly intravenous substitution ther-
apy with immunoglobulin was started and the clinical
evolution was favourable. No infectious episodes occurred
and the boy thrived well: weight on the 25th centile,
height on the 3rd centile. Trough IgG level was kept
above 6 g/l. The diagnosis of X-linked HIGM syndrome
was only made at age 5 years by demonstrating absent
CD40L on T lymphocytes. Immunoglobulin substitution
and trimethoprim sulfamethoxazol prophylaxis were con-
tinued. Linkage analysis revealed that the CD40L gene
was inherited via the mother from a healthy grandfather
and thus represents a de novo mutation. At age 9-5 years,
liver enzyme tests were found to be abnormal for the
first time: AST 119 U/l (normal < 30), ALT 151 U/l
(normal < 40), gamma-glutamyltransferase (yGT) 289 U/l
(normal < 50), alkaline phosphatase 1317 U/l (normal <
720). At age 10 a firm hard liver was palpated. Ultra-
sound revealed an enlarged nodular liver consistent with
cirrhosis. Liver histology was compatible with sclerosing
cholangitis. No infectious cause such as hepatitis B virus,
hepatitis C virus, cytomegalovirus or Cryptosporidium
could be determined. At present F is 12 years old. He
continues to thrive normally. He has never had neutro-
penia, ulcers, significant infections nor chronic diarrhoea.
He has a normal chest radiograph and normal lung func-
tion. Liver enzymes remain abnormal but so far there has
been no progression to liver failure.

The following investigations were done in order to
establish the diagnosis of X-linked HIGM. First, expres-
sion of CD40L on CD4" T lymphocytes was evaluated by
flow cytometry. In contrast to control T lymphocytes, T
lymphocytes from the patient did not express CD40L
upon stimulation with PMA and ionomycin (Fig. 1a).

In a first step to unravel the molecular defect in the
patient we sequenced the CD40L gene (coding region and
associated splice sites). No mutations were found (data
not shown). No mutations were found in the 3’ untrans-
lated region and the polyA site (a short sequence from
base 12749 to base 12835 was not covered).
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In a next step, we performed RT-PCR on total RNA
isolated from PBMC after a stimulation of 3 hr with
PMA and ionomycin in order to obtain a full-length
cDNA probe of CD40L. This was done for the patient,
the parents of the patient and a control individual. cDNA
products were obtained for both parents and the control
individual but not for the patient (Fig. 1c). This indicated
that the absence of CD40L mRNA was responsible for the
lack of CD40L protein in the patient.

Based on these results, we considered the possibility
that the absence of demonstrable mRNA was the result of
a mutation in the CD40L promotor. Therefore, the pro-
motor was sequenced using four primer pairs covering
the whole promotor region. Within the sequence covered
by the fourth primer pair an A to C transversion was
found at base —123 from the transcription start site in the
patient’s promotor but not in the control’s promotor.
The relevant sequence is shown in Fig. 1(b). Sequencing
of the CD40L promotor was also performed on DNA
from the parents and from 10 male controls. None of
them were found to have the same mutation as the
patient, which indicated that the mutation was a de novo
mutation in the patient. Moreover, other authors that
have looked for promoter polymorphisms have identified
single nucleotide polymorphisms in the promoter region
but not in the sequence of poly A’s.'""?

In order to determine the involvement of the muta-
tion identified in the promoter region in the transcrip-
tion process, a luciferase reporter gene construct was
generated. After transient transfection with the reporter
gene constructs, Jurkat T-cell lines were stimulated with
PMA and ionomycin for 16 hr. The results are shown in
Fig. 1(d). The inducible activity of the luciferase reporter
gene construct containing the promoter of the patient
was compared with the inducible activity of the con-
struct containing the promoter of a control individual,
which was identical to patient construct except for the
alteration at —123. The construct containing the promo-
ter sequence of the patient generated lower activities
than the construct containing the promoter sequence of
the control, which suggested that the mutation identified
in the patient is responsible for a lack of transcription
of the CD40L gene and the absence of the CD40L pro-
tein on the cell surface of activated T lymphocytes.
There was, however, a discrepancy between the reduc-
tion in promoter activity in transfected Jurkat cells,
which was not complete, and the lack of detectable
CD40L mRNA, which precluded cDNA sequencing. This
raises the possibility that another unidentified factor
may be involved in the pathology described in the
patient. On the other hand, the presence of a promoter
fragment in a reporter plasmid transfected into a T-cell
line is a very artificial situation, and it is possible that
the mutation identified has a more significant effect on
gene transcription in vivo.

499



E. Van Hoeyveld et al.

140 200 400 600 800 1000 ,.40, 200 400 600 800 1000
g0 1000 10 =100
2 Control 8 Patient
o F800 2103 £800
(o] [0}
2 Feoo & F600
[ 0)102
2 g
19 Faoo ¢ F-400
S S 4ot
= koo 1200
% -0 102 -0
100 10" 102 10° _10% 100 10" 102 10°  10%
(@) Fluorescence 1 CD4 Fluorescence 1 CD4
il | 1 A
i \ Control | W i lPatlem

Ounstimulated
E PMA + ionomycin

pGL3 basic pGL3 control pGL3 patient

Figure 1. (a) CD4 (+) T-cells of the patient do not express CD40L upon stimulation. Peripheral blood obtained from the patient and from a
control child was incubated with ionomycin (1 pg/ml) and PMA (25 ng/ml) for 3 hr at 37°. Thereafter, red blood cells were lysed and stained
with CD4 (fluoroscein isothiocyanate, FITC) and CD40L (phycoerythrin, PE) (BD biosciences). The figure represents the dot blots of the flow
cytometric analysis (FACScan instrument, BD Biosciences). The right-hand side panel shows the data from the patient and the left-hand side
panel from the control child. The x-axis (fluorescence 1) represents CD4 fluorescence, whereas the y-axis (fluorescence 2) represents CD40L
fluorescence. (b) Nucleotide sequence (reverse strand) of the normal to the patient’s CD40L promotor. An A(T)to C (G) transversion (indicated
by an arrow) was found in the patient’s promoter at base —123 from the transcription start site. The right-hand side panel shows the sequence
from the patient and the left-hand side panel from the control child. (c) RT-PCR for CD40L on total RNA isolated from peripheral mononuclear
cells from patient and control. Two overlapping primer sets (see Data supplement) were used in order to cover the complete sequence. The PCR
products were visualized on a 2% agarose gel. Lanes 1 and 2: father of patient, lanes 3 and 4: mother of patient, lanes 5 and 6: patient, lanes 7
and 8: control person. The lane on the left-hand side (with no number) is the 100 bp DNA ladder with 15 fragments between 100 and 1500 bp
in multiples of 100 bp. (d) Transcriptional activity of the patient’s CD40L promoter is decreased compared to the transcriptional activity of the
CDA40L promoter from a healthy control. Relative luciferase units (y-axis) of PMA and ionomycin stimulated Jurkat cells transfected with patient
or control pGL3 plasmids were corrected for transfection efficiency and demonstrate a markedly decreased activity from the patient’s CD40L pro-
moter (P = 0-005). The results are the average of three different experiments.

Transcriptional activity of CD40L is highly regulated present in the sequence from —100 to —240.'"° Future
and requires the transcription factor of activated T cells studies should address the question whether any factors
(NF-AT) and AP 1 protein, which act in a co-ordinated bind to that portion of the promotor and whether it is
manner. An NF-AT binding motif (TTTTCC) has been part of a regulatory element. Alternatively, as the muta-
identified at position —761 to —765, —258 to —265 and tion was situated in a poly A region, it could be that
—62 to —69 of the CD40L promoter.”'®"? The mutation the mutation results in conformational changes that
we identified was located at position —123 from the affect transcription.

CDA40L transcription start site and is not part of a In conclusion, we identified a patient with HIGM
NF-AT binding motif. It has been suggested previously syndrome in whom a mutation in the promoter was
that enhancing elements other than NF-AT may be identified.
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