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Three novel mutations reflect the variety of defects causing phenotypically diverse

X-linked hyper-IgM syndrome
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SUMMARY

X-linked hyper-IgM syndrome (HIGM1) (MIM#308230), is a severe primary immunodeficiency caused
by mutations in the gene coding for CD40 ligand (CD40L or CD154), a member of the tumour necrosis
factor (TNF) superfamily. The interaction of this protein with its ligand, CD40, mediates crucial pro-
cesses in the immune response. The variety of defects that have been described in HIGM1 patients
range from a complete lack of CD40L protein expression to missense mutations that interfere with its
interaction with CD40L. In this study we describe three families — a total of seven HIGM1 patients and
carriers, presenting a spectrum of severity in clinical evolution. In two of these families, patient DNA
samples were available for genetic studies. In the third, carrier detection was performed on female fam-
ily members. The results of immunological studies — the different patterns of CD40L expression and
binding capacity as measured by flow cytometry — and molecular diagnosis are presented. Three novel
mutations were identified: an intron mutation that partially interferes with the splicing process (intron
3, position+5G/T); a missense mutation (Ser222 Phe) located in the molecular region which interacts
with the receptor and which abrogates binding capacity; and a 14 base pair deletion leading to a frame-
shift and a premature truncated mutation (del I 171 X195). An attempt to correlate protein expression

and function of the CD40L mutants with clinical disease evolution is described.
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INTRODUCTION

The X-linked hyper-IgM syndrome (HIGM1) is a primary immu-
nodeficiency characterized by recurrent infections, associated
with very low or absent IgG, IgA and IgE levels but normal or ele-
vated serum IgM levels [1,2].

This syndrome is caused by mutations in the gene coding for
CD40 ligand (CD40L or CD154) [3-5]. The genomic sequence for
this molecule spans over 13kb of the Xq26.3-q27.1 region and is
composed of five coding exons and four introns. CD40L is a type
II transmembrane protein expressed mainly by activated CD4* T
cells [6,7] and is a member of the tumour necrosis factor (TNF)
superfamily of cytokines. It is composed of 261 amino acids and
three functional domains: the intracellular (22 amino acids), the
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transmembrane (24 amino acids) and the extracellular (215 amino
acids) domain. The fourth and fifth exons encode for the C-ter-
minal region, named TNF homology (TNFH), which character-
ized this family of proteins. In addition to the cell-associated full-
length 39kDa protein, a soluble form of the ligand, able to asso-
ciate in heterotrimeric complexes with the full-length variant, has
been described. As suggested first by structural model predictions
and confirmed later by the X-ray crystal structure description,
CD40L adopts the typical three-dimensional structure of the TNF
family, a sandwich of two f sheets with a jelly-roll or Greek key
topology, and it binds its receptor as a symmetric homotrimer
with three binding sites, each one created by the interaction of
two monomers [8-10].

Its natural receptor, CD40, is a member of the TNF receptor
superfamily expressed on a variety of cells including B cells, mac-
rophages/monocytes, dendritic cells, vascular endothelial cells
and epithelial cells [11]. The CD40-CD40L interaction plays an
important role in B-cell development, growth and differentiation,
and it rescues B cells from apoptosis at some stages of differen-
tiation [4]. This interaction is also essential for isotype switching
and memory B-cell generation [12].
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Patients with HIGM1 have recurrent bacterial and opportu-
nistic infections, starting in the first year of life. Pneumocystis car-
inii pneumonia is a common presenting infection. These patients
may develop chronic hepatitis (progressing frequently to cirrho-
sis), sclerosing cholangitis, and display a susceptibility to liver and
biliary tract tumours (rarely observed in other primary immuno-
deficiencies) [13]. Chronic diarrhoea is often associated with
Cryptosporidium infection, which may also contribute to the high
frequency of sclerosing cholangitis [13,14]. Parvovirus-induced
aplastic anaemia is another characteristic manifestation in some
cases [15]. Neutropenia is observed in about 50% of the patients,
and is either chronic or cyclic and often associated with oral
ulcers. Anaemia, thrombocytopenia, neurological alterations and
autoimmune manifestations have also been documented in
HIGM1 [14].

Mutations in the activation-induced cytidine deaminase
(AID) gene involved in the isotype switching process [16,17] and
in the CD40 gene [18] have been identified as causing autosomal
recessive forms of hyper-IgM (named HIGM2 and HIGMS3,
MIM#605258 and MIM#606843, respectively). It has been
reported that mutations in the NF-«B essential modifier (NEMO)
result in X-linked hyper-IgM syndrome with hypohydrotic ecto-
dermal dysplasia (XHM-ED MIM#300291) [19,20].

In this study we describe three unrelated HIGM1 families,
analyse the CD40L expression and the binding capacity of mutant
proteins by flow cytometry, characterize the mutation of the
CD40L gene in each family and attempt to correlate genotype
with phenotype.

MATERIALS AND METHODS

Patients

Family 1. The first patient from this family, born in 1972, was
studied at age 3years due to a history of recurrent otitis and bron-
chitis, two incidences of pneumonia and frequent diarrhoea since
age 6months; their brother died of bronchopneumonia at age
4months. The immunological evaluation of the patient revealed
an IgG level of 45mg/dl, an IgA level of less than 5mg/dl and an
IgM level of 350mg/dl. T and B cell phenotype and lymphocyte
proliferation in response to mitogens were normal. The patient
was diagnosed with HIGM1 and began receiving intramuscular
immunoglobulin (IMIG) at age 3years. At age 12years he started
on intravenous immunoglobulin (IVIG) replacement (400 mg/kg
every 3weeks). He had frequent Herpes simplex infections and
several incidences of pneumonia, developing bronchiectasis. Sev-
eral times he developed very intense neutropenia (5-10 neutro-
phils/ul). At age 22 he presented with chronic hepatitis caused by
HCYV infection and was hospitalized with diarrhoea caused by
Salmonella B9. One year later he was diagnosed with leishmania-
sis. At age 25 he was again hospitalized with generalized oedemas,
hepatic insufficiency and leishmaniasis, and he died of massive
haemorrhage.

The second patient, born in 1975, was evaluated at age
4months because the family’s medical history was suggestive of
immunodeficiency. He had suffered minor infections. The levels of
serum IgG, IgA and IgM were 54, 9-5 and 250mg/dl, respectively.
T and B cell phenotype and lymphocyte proliferation were nor-
mal. At age 8months he was diagnosed with HIGM1 and treat-
ment with IMIG was initiated. At age 6years he had two
incidences of pneumonia and 1 year later, due to intestinal tuber-
culosis, he underwent an intestinal resection. At age 9years, he

started on IVIG at a dosage of 300mg/kg every 3weeks. Since
then, he has had a history of recurrent upper respiratory tract
infections, sinusitis and diarrhoea. Bronchiectasis was detected. A
sister in the family was also studied to determine her putative car-
rier status.

Family 2. The patient from family 2, born in 1981, was eval-
uated at age 8years for a history of recurrent otitis, three inci-
dences of pneumonia and several upper respiratory tract
infections. The family history was negative for immune deficiency.
Immunological studies showed normal T and B lymphocyte phe-
notype and normal proliferation. Serum immunoglobulin levels
were as follows: IgG 34-7mg/dl, IgA 7-7mg/dl and IgM 185mg/dl.
He was diagnosed as HIGM1 and started on treatment with IVIG
(300mg/kg every 15days). Otherwise, he has remained well, expe-
riencing only upper respiratory tract infections, recurrent otitis
and conjunctivitis.

Family 3. The patient, born in 1972, was apparently well but
was studied at age 6months because of a family history suggesting
X-linked immunodeficiency disease. Two brothers had died of
pneumonia (one of them by Pneumocystis carinii pneumonia) at
11months and 7months of age, respectively. The immunological
evaluation revealed an IgG level of 95mg/dl, an undetectable IgA
level and an IgM level of 135mg/dl. He was diagnosed with
hypogammaglobulinaemia and treatment with IMIG was started.
He had several bacterial and fungal infections and at age 2 he con-
tracted viral meningoencephalitis and died. His sister was clini-
cally well but presented transient hypogammaglobulinaemia
during infancy.

Flow cytometry studies

The study protocol was approved by the Hospital’s Ethic Com-
mission and blood samples were drawn after obtaining written
informed consent from the family members.

The assay was performed on peripheral blood mononuclear
cells (PBMCs) activated with PMA (Sigma, St Louis, MO, USA,
Sng/ml) and ionomycin (Calbiochem, La Jolla, CA, USA, 500ng/
ml) after 6 h of incubation at 37°C and in an atmosphere contain-
ing 5% CO,. Expression of CD40L was tested on cells stained
with anti-CD3 PerCP, anti-CD8 FITC (Becton Dickinson, San
Jose, CA, USA) and anti-CD40L PE (PharMingen, San Diego,
CA, USA) and processed as described previously [21]. Because
exposure of T lymphocytes to phorbol esters such as PMA
induces down-regulation of CD4 expression, CD4" positive cells
were inferred from CDS8 negativity.

For the CD40 protein binding assay, the cells were resus-
pended in staining buffer (PBS containing 1% BSA and 0-2%
sodium azide) and stained with CD40-Fcu fusion protein (gener-
ated by Dr P. Lane, Basel) for 1 h at 4°C. Cells were washed once
with staining buffer and incubated for 30 min at 4°C with PE-con-
jugated rabbit antihuman IgM (Dako, Glostrup, Denmark). The
cells were again washed with staining medium, and fusion protein
binding was determined on activated lymphocytes by flow cytom-
etry. Anti-CD69 staining was performed as a control for T cell
activation. The CD69" cells were the ones that increased in size
after activation, so the characteristic of greater size was also con-
sidered to be an activation criteria.

Polymerase chain reaction (PCR)

Each of the CD40L exons and adjacent intronic regions were P
CR amplified, using the oligonucleotide primers described
by Seyama et al. [22]. The reactions were carried out in a 50ul
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volume containing 1ug of genomic DNA, 250uM of each dNTP,
S50pmol of each primer, 1x reaction buffer (S0mm KCI, 10mm
Tris-HCI, 1-5mM MgCl,) and 125 U Tag DNA polymerase (PE
Applied Biosystems, Foster City, CA, USA). The samples were
first denatured at 94°C for 2min, and then subjected to 30 cycles
of: denaturation at 93°C for 1 min, annealing at 55°C for 1 min and
extension at 72°C for 2min in a GeneAmp System 9600 (PE
Applied Biosystems Thermocycler) [22].

Single-strand conformation polymorphism (SSCP)

SSCP analysis was performed as described previously [23]. The
PCR product that exhibited a shifted mobility was sequenced to
determine the type and exact mutation site.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from activated PBMCs (6 h incubation
with PMA at 5ng/ml and ionomycin at 500ng/ml) according to the
manufacturer’s instructions (QIAamp RNA, Qiagen, Hilden,
Germany). cDNA was prepared by reverse transcription from
patients’ mRNA using reverse transcriptase and PCR kit Super-
cript (GiBCO BRL/Life Technologies) and the oligonucleotide
primers as described by Splawski et al. [24].

Sequence analysis

PCR products from patients with visible band shifts on SSCP
were purified on Quiaquik columns (Quiagen) and sequenced on
an automated ABI PRISM™ 310 Genetic Analyser (PE Applied
Biosystems) using the same primers as used in the PCR reaction
and the BigDye™ Terminator Cycle Sequencing Kit (PE Applied
Biosystems). Detected mutations were confirmed by opposite
direction sequencing and compared with the reported coding
sequence (NCBI GenBank: X67878).

RESULTS

CD40L cell surface expression and CD40-Fc binding

by flow cytometry

The three families included in this study presented different pat-
terns of CD40L expression, as shown in Fig.1 and summarized in
Tablel. In the first family, both patients and their mother pre-
sented a normal percentage of CD4" cells expressing CD40L.
However, the fluorescence intensity was decreased in comparison
with a normal control studied in parallel. In the sister, the fluo-
rescence intensity and the percentage of CD4*CD40L" cells were
normal (Tablel1). The patient from family 2 showed a slightly
decreased percentage of CD4*CD40L" cells and a lower fluores-
cence intensity, compared with a normal control. The mother’s
cells had normal expression of CD40L. Both mother and sister
from family 3 showed a very low percentage of CD4"CD40L" cells
and a decreased fluorescence intensity versus a normal control
studied in the same assay, in spite of the correct stimulation of
cells reflected by CD69 expression within the normal range
(Fig.2).

The CD40-Fcu binding assay (Fig.3) showed a very low stain-
ing intensity in patient 2 from family 1. His mother presented two
positive populations: one with the same intensity as a normal con-
trol and the other with the low intensity of the patient’s cells, in
accordance with her carrier status. The patient from family 2 pre-
sented a complete absence of CD40-Fcu binding (Fig.3), in spite
of correct cell activation demonstrated by the high level of CD69
expression (data not shown).

Mutations of the CD40L gene

In family 1, SSCP analysis in both patients detected a shift in the
exon 3 PCR product. Both the shifted and the normal band were
observed in the mother’s PCR product, in agreement with her car-
rier status. No altered bands were observed in the sister (Fig.4e).

Sequencing of this region demonstrated a G/T transversion at
the + 5 position of the intron 3 5" splice site (Fig.4a). In order to
study the consequence of this mutation in the splicing process,
RT-PCR was performed. Both patients presented an extra band
with a smaller size than the expected product. This band, although
fainter, was also present in the mother (Fig.4b). While the
expected product was identical with the wild-type sequence
(Fig.4c), the entire sequence of exon 3 was skipped in the small
one (Fig.4d). This deletion would cause a shift in the reading
frame and the synthesis of a prematurely terminated polypeptide
that lacks the TNF homology domain (I 107 X).

In family 2, the exon 5 PCR product of the patient presented
an altered migration (data not shown). Sequencing of this exon
revealed a C to T transition at the 686 position of the cDNA
sequence. This mutation results in the substitution of the wild-
type serine with phenylalanine (Ser222 Phe) in the extracellular
domain of the protein.

In family 3, DNA samples from the deceased patients were
not available. Thus, molecular diagnosis was performed on the
genomic DNA from the putative carriers. All the exons were
PCR amplified and the products were compared to those
obtained from a healthy control DNA by SSCP. A shifted band
was detected only in the exon 5 product (data not shown). Auto-
mated sequencing revealed the presence of two overlapping
sequences: the wild-type, and another containing a 14-bp dele-
tion starting at the 532 position of the cDNA sequence. The dele-
tion in the mutated sequence leads to a frameshift and the
appearance of a premature stop codon (del I 171X195). These
results indicated that the mother and the sister were carriers of a
mutation in the CD40L gene, suggesting that the clinical pheno-
type of the deceased brothers was a consequence of this severe
mutation.

DISCUSSION

Low expression of CD40L has been detected in other immuno-
deficiencies apart from HIGM1, such as common variable immu-
nodeficiency (CVID) [25-27]. Our data from a series of 39 CVID
patients are in agreement with these results (Cambronero et al.,
manuscript submitted). To exclude the possibility of misdiagnosis
in these patients, a CD40L gene study was performed on five male
patients from this series who had low levels of IgG and IgA, nor-
mal or elevated IgM, and decreased CD40L expression (two of
which are shown in Fig.1). CD40L mutations were not found in
any of these CVID patients, suggesting that the low level of
CD40L expression was a secondary defect.

In the group of HIGMI1 patients, several molecular mecha-
nisms have been proposed to explain the functional consequences
of the mutations. To date, 88 different defects throughout the gene
have been collected in the database ‘CD40Lbase’ created for this
disease [28].

The type of mutations range from large deletions that com-
pletely remove the coding region, so leading to an absence of pro-
tein expression, to missense mutations permitting the synthesis of
a protein product but severely compromising the binding of the
ligand receptor.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 133:123-131
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Fig.1. Flow cytometric study of CD40L expression on activated lymphocytes after stimulation with PMA and ionomycin for 6h. The thin
line represents the binding of the isotype control monoclonal antibody to activated lymphocytes and the thick line represents the CD40L

expression in this cell population.
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Tablel. Percentage and mean fluorescence intensity of CD40L expression on CD8™ subpopulation in
the three families; for the two-colour analysis a gate was set on activated lymphocytes

CD4'CD40L" (%)

Arithmetic mean Geometric mean

Family 1
Mother 49 96 40-7
Patient 1 40 45 37
Patient 2 49 53 35
Sister 66 407 177
Healthy control 50 212 119
Family 2
Mother 71 409 186
Patient 52 119 53
Healthy control 73 424 200
Family 3
Mother 10 32:6 26
Sister 16 67 39-6
Healthy control 59 127 82
A Family 3
Control Mother Sister

Counts

>

CD69 intensity log

Fig.2. Flow cytometric study of CD69 expression on activated lymphocytes after stimulation with PMA and ionomycin for 6 h in female
carriers of family 3. The thin line represents the binding of the isotype control monoclonal antibody to activated lymphocytes and the black

area represents the CD69 expression in this cell population.

The three mutations identified in our patients have not been
described previously and reflect the variety of molecular mecha-
nisms that trigger the appearance of this immunodeficiency.

In family 1 the replacement of the wild-type guanine by thym-
ine severely affects the efficiency of mRNA maturation. The
appearance of the expected product in the RT-PCR suggests that
some transcripts accomplish the maturation process correctly.
Another mutation at the same position (G to A) has been
described, affecting the splicing process in the same manner [29].
According to the classical studies that established the score for
variations in the splice sites sequences [30], both mutations would
provoke a similar deviation from the consensus sequence at this
site.

In both patients from family 1, CD40 ligand expression can be
detected by flow cytometry on activated CD4* T lymphocytes. The
intensity of expression is greatly diminished in comparison with a
healthy control, however. The translation of the exon 3-skipped

mRNA would lead to the production of a polypeptide lacking a
great proportion of the extracellular domain, including the char-
acteristic TNFH domain. The correctly spliced mRNA would be
translated to generate wild-type molecules that would associate in
functional homotrimers [31-33]. Recently, Su and coworkers [34]
demonstrated by a co-transfection experiment in COS cells that
CD40L mutants lacking the TNFH domain are still able to form a
complex with the wild-type molecule. However, this association
compromises the ability of the complex to mature and be
expressed on the cell surface do, however, and therefore the prob-
abilities of assembling a functional homotrimer are greatly
decreased. The low number of CD40L molecules presented at the
cell surface maintain ligand binding capacity. This is inferred by
the similar staining intensity obtained with anti-CD40L and
CD40-Fcu. However, this low level of expression of normal
CD40L is insufficient to reach the necessary threshold for correct
B cell stimulation.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 133:123-131
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Fig.3. Flow cytometric study of CD40-Fcu binding on activated lymphocytes after stimulation with PMA and ionomycin for 6 h in families
1 and 2. The thin line represents the binding of the isotype control monoclonal antibody to activated lymphocytes and the black area

represents the CD40-Fcu binding in this cell population.

The family 2 patient presents a missense mutation (Ser222
Phe) in the TNF homologous domain. The majority of missense
mutations collected in the ‘CD40Lbase’ are located in this region.
Molecular models and an X-ray structure of the CD40L TNF
homology domain, in conjunction with site-directed mutagenesis,
have been used by others to identify residues involved in the bind-
ing of the ligand with its receptor. Five residues in CD40L
(Lys143, Tyr145, Tyr146, Arg203 and GIn220), located along the
groove that two monomers create after dimerization, have been
identified as contributing to the interaction with CD40 [35].
Ser222 is located in an exposed position in the same beta strand as
GIn220 and the side chain of Ser222 points to the interface of the
dimer (Fig.5) [8,36].

The ligand-receptor union has been described to be stabilized
by polar interactions between CD40 and CD40L residues [37].
The substitution of a polar and hydrophilic amino acid (Ser) in
this crucial position by an apolar and hydrophobic one (Phe)
could severely disturb the overall structure of this part of the

homotrimer. Bajorath et al. [38] classified missense mutations
based on the effect on monomer structure. Class I mutations
affect the internal core of the monomer, class II affect trimer for-
mation and class III affect CD40 binding either directly or indi-
rectly. The Ser222 Phe mutation could be classified as type III:
CD40L-positive staining is detected in activated cells, but the
binding capacity of this mutant protein is abolished completely, as
demonstrated by the CD40-Fcu binding assay. Thus, this alter-
ation acts functionally as a null mutation. Receptor binding could
be compromised either directly by the Ser222 Phe substitution
itself or by the substitution affecting the nearby located GIn220.

Family 3 patients presented the most severe clinical pheno-
type. The profound defect in protein expression that could be
inferred from the mutation in these patients may explain this
observation. It is also noticeable in the mother and the sister
that only a very small proportion of activated T cells expressed
CDA40L as assessed by flow cytometry. This molecule is not nec-
essary for CD4* T cell development. Hence, one could expect

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 133:123-131
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Fig.4. Family 1 molecular study. (a) Comparison of intron 3 sequence from the first patient, the mother and a healthy control. (b) Agarose
gel showing the RT-PCR products obtained from different members. (¢) Automated sequencing result obtained from the big products
shown in b. (d) Exon 3 skipping in the sequence from the small band in both patients and the mother. (e) From left to right, SSCP analysis
of non-carrier sister, one of the two patients, the carrier mother and a healthy control.

Ser 222

Fig.5. 1ALY, crystal structure of human CD40L [8]. Only one monomer
is shown. The residues involved in polar interactions with CD40 and the
mutated Ser222 in family 2 are shown in black using the National Center
for Biotechnology Information (NCBI) program Cn3D version 4-0 [36].

immune response.
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approximately half of the cells in both carriers to randomly
inactivate the X-chromosome that harbours the mutant gene
and therefore show normal levels of CD40L expression, and the
other half to inactivate the X-chromosome of the wild-type
gene, thereby resulting in complete lack of expression. How-
ever, it has been demonstrated that 5-20% of apparently nor-
mal women without X-linked disease carrier status may present
non-random X-inactivation [39]. Deviations from non-random
inactivation can lead to disease expression in X-linked hyper-
IgM heterozygous carriers [40]. A pattern of X-chromosome
inactivation skewed towards the normal chromosome is the
most plausible explanation for the very low expression of
CDA40L in otherwise correctly activated CD4" T cells presented
by the female carrier members of family 3. Both are asymptom-
atic at present and display a competent immune system but,
interestingly, the sister had transient hypogammaglobulinaemia
until she was 2years old. Both carriers are being monitored reg-
ularly at our clinic. These results suggest that a small number of
T cells expressing CD40L are enough to conserve a functional
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The similar phenotype caused by the different gene defects
and the fact that low CD40L expression is not exclusive to this
syndrome make molecular studies mandatory for correct diagno-
sis, especially taking into account that bone marrow precursor
reconstitution in the first months of life has been revealed as a
new therapeutical approach for HIGM1 with excellent results
[41]. The family 2 patient has presented so far the mildest pheno-
type, which may suggest that the missense mutation is associated
with a better prognosis. However, the CD40-Fcu binding assay
was completely negative, and severe manifestations may appear
in the future. This underscores the importance of this assay before
establishing a genotype-phenotype correlation in patients with
decreased CD40L expression.
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