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Summary

Reduced B cell numbers and a mutation in Btk are considered sufficient to
make the diagnosis of X-linked agammaglobulinaemia. In the process of con-
ducting family studies, we identified a 58-year-old healthy man with an amino
acid substitution, Y418H, in the adenosine-5�-triphosphate binding site of
Btk. Immunofluorescence studies showed that this man had 0·85% CD19+ B
cells (normal 4–18%) in the peripheral circulation and his monocytes were
positive for Btk. He had borderline low serum immunoglobulins but normal
titres to tetanus toxoid and multiple pneumococcal serotypes. To determine
the functional consequences of the amino acid substitution, a Btk– chicken B
cell line, DT40, was transfected with expression vectors producing wild-type
Btk or Y418H Btk. The transfected cells were stimulated with anti-IgM and
calcium flux and inositol triphosphate (IP3) production were measured. Cells
bearing the mutant protein demonstrated consistently a 15–20% decrease in
both calcium flux and IP3 production. These findings indicate that even a
modest decrease in Btk function can impair B cell proliferation or survival.
However, a mutation in Btk and reduced numbers of B cells are not always
associated with clinical disease.
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Introduction

Patients with X-linked agammaglobulinaemia (XLA) are
typically recognized to have immunodeficiency in the first
3 years of life because of recurrent or severe bacterial infec-
tions [1–4]. On evaluation, these patients generally have
severe reductions in all immunoglobulin isotypes and
less than 1% CD19+ B cells in the peripheral circulation.
However, after Btk was identified as the gene responsible for
XLA in 1993 [5,6], it was noted that some patients with
proven mutations in Btk do not come to medical attention in
the first 10 years of life and some have higher than expected
concentrations of serum immunoglobulins [3,7–11]. Recent
evidence suggests that there is some genotype/phenotype
correlation [3,12,13], but it is clear that the specific mutation
in Btk is not the only factor that influences the severity of
disease.

Btk is a cytoplasmic tyrosine kinase that is expressed in
monocytes and platelets as well as B cells [6,14,15]. In addi-
tion to the carboxyterminal kinase domain, Btk has an
amino terminal pleckstrin homology domain, followed by a
Tec homology domain, an Src homology 3 (SH3) domain

and an SH2 domain [5,6]. These domains allow Btk to act as
a scaffold protein as well as an enzyme. Until recently, no
polymorphic variants changing the amino acid sequence of
Btk had been reported. In 2007, Perez et al. described a
family in which the proband had an amino acid substitution
in the SH3 domain, alanine to valine at codon 230, as well as
a known disease causing mutation in the kinase domain,
arginine to histidine at codon 641 [16]. A male maternal
cousin with the amino acid substitution at codon 230 but no
mutation at codon 641 had normal numbers of B cells and
no signs of immunodeficiency.

Over 600 different mutations in Btk have been reported in
patients with XLA [17] and no single mutation accounts for
more than 3% of patients [18]. More than 95% of mutations
are single base pair substitutions or the gain or loss of less
than 20 base pairs. The remaining mutations are larger dele-
tions or duplications, insertions or inversions that can be
detected by Southern blot analysis [19,20]. Amino acid sub-
stitutions constitute about one-third of all mutations and the
majority of these mutations destabilize the protein, such that
no Btk can be detected by immunofluorescence staining of
monocytes [18,21]. Amino acid substitutions, particularly
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amino acid substitutions that are associated with stable Btk
protein, tend to be associated with older age at diagnosis,
higher concentrations of serum IgM and slightly more B cells
in the peripheral circulation [12].

The diagnostic criteria for XLA indicate that a mutation in
Btk plus reduced numbers of CD19+ cells are sufficient to
make the diagnosis of XLA [22]. However, it is not clear that
a mutation in Btk and reduced numbers of B cells are always
associated with clinical disease. We have identified a family in
which the proband and his brother had a premature stop
codon in Btk and an amino acid substitution in the kinase
domain. Their mother was heterozygous for both alterations
but their healthy maternal grandfather had only the amino
acid substitution. The grandfather had markedly reduced
numbers of B cells in the peripheral circulation but no clini-
cal signs of immunodeficiency.

Materials and methods

Patients

The subjects included in this study were analysed as part of a
research study approved by the St Jude Children’s Research
Hospital Institutional Review Board. Written informed
consent was obtained for each subject.

Mutation detection

Mutation detection was performed by single strand confor-
mation polymorphism (SSCP) screening followed by direct
sequencing of relevant polymerase chain reaction (PCR)
products, as described previously [23].

Monoclonal antibody production and
immunofluorescence staining

To assess Btk expression, a monoclonal antibody to Btk, DFS,
was produced by subcutaneous immunization of C57/
B ¥ 129 mice with a purified fusion protein consisting of
codons 212–275 of Btk fused to a -3′ glutathione S trans-
ferase (GST) domain. Two days after the fourth immuniza-
tion, lymphocytes from draining lymph nodes and the
spleen were fused to the X63–AG8·653 fusion partner and
hybridomas were grown in HAT media with interleukin-6
(100 units/ml). Supernatants from clones that reacted with
the Btk fusion construct but not GST were analysed by indi-
rect immunofluorescence for staining of monocytes from
normal controls and patients with premature stop codons in
Btk to identify clones useful for immunofluorescence.

Peripheral blood mononuclear cells were isolated by Ficoll
gradient separation to examine cytoplasmic staining for Btk
and B cell percentage and phenotype. For cytoplasmic Btk
staining, 0·5 ¥ 106 cells were incubated with Cytofix (BD
Biosciences, San Jose, CA, USA) for 40 min at room
temperature. The cells were washed twice and then incu-

bated with 50 ml of hybridoma tissue culture supernatant for
10 min. The cells were washed and then stained with fluo-
rescein isothiocyanate-labelled goat anti-mouse IgG1. Stain-
ing for CD19 and surface IgM was performed as described
previously [24].

Vector construction and transfection

Site-directed mutagenesis was used to produce the Btk con-
struct with the Y418H alteration. This construct was placed
in the pApuro vector and transfected into DT40 chicken B
cells by electroporation as described previously [25].

Calcium analysis and inositol triphosphate generation

Wild-type, Btk– and transfected Btk– DT40 cells were loaded
with 3 mM Fura-2/AM and stimulated with 2 mg/ml of a
monoclonal anti-chicken IgM (M4) and monitored for fluo-
rescence as described previously [25]. To examine inositol
triphosphate (IP3) production, the same cells were incu-
bated with 10 mg/ml of the M4 antibody, and the Biotrak IP3
assay system (Amersham, Piscataway, NJ, USA) was used
according to the manufacturer’s protocol.

Results

A 14-month-old boy (III-2) was hospitalized in the intensive
care unit for severe pneumonia requiring intubation. He had
had a previous hospitalization at 8 months of age for oral
ulcers, fever and dehydration. Immunological evaluation
demonstrated profound hypogammaglobulinaemia and less
than 1% CD19+ B cells. Genomic DNA from this child was
screened by SSCP for alterations in Btk. Analysis of exons 2,
14 and 18 demonstrated altered fragment migration. There-
fore, these exons were amplified by PCR and sequenced.
Analysis of exon 2 showed a C to T at the +11 position of the
splice donor site for intron 2. This previously described but
uncommon polymorphism [26] provided a useful marker
for haplotype analysis. The alteration in exon 14 was a T to C
substitution in codon 418, resulting in the replacement of
the wild-type tyrosine with histidine. This histidine occurs in
the adenosine-5′-triphosphate (ATP) binding subdomain of
the kinase domain and is conserved in murine Btk, but a
leucine is seen in this position in other Btk family members
including Tec, Itk, Bmx and Rlk/Txk. The change in exon 18
was an A to T substitution in codon 625; this mutation
changes the wild-type lysine to a premature stop codon.

DNA samples from other family members were examined
for all three alterations (Fig. 1). The asymptomatic older
brother of the proband had all three base pair substitutions
and the mother of the proband was heterozygous for all three
alterations. DNA from the maternal grandfather demon-
strated the polymorphism in intron 2 and the amino acid
substitution in exon 14 but not the premature stop codon in
exon 18. Both of the mother’s sisters were heterozygous for
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the polymorphism in exon 2 and the amino acid substitution
in exon 14 but not the premature stop codon. Use of the
highly polymorphic marker DXS101 provided additional
support for the observation that the mutant allele was inher-
ited from the maternal grandfather; however, the brother of
the grandfather (I-2) did not inherit this allele.

The tyrosine to histidine substitution at codon 418 has
been reported as a disease causing mutation in the XLA data
base (http://bioinf.uta.fi/BTKbase/) and the Cardiff muta-
tion data base (http://www.hgmd.cf.ac.uk/ac/index.php);
however, I-1 did not have a medical history compatible with
immunodeficiency. He had had his tonsils removed at
8 years of age, but he had not been hospitalized for infection

and he did not have signs of chronic sinus or pulmonary
disease. As shown in Table 1, this 58-year-old man had bor-
derline low serum immunoglobulins, but he made adequate
titres of antibody to both T cell-dependent and T cell-
independent antigens. He was blood group A with an anti-B
titre of 1:4. His titre to tetanus toxoid was high normal,
greater than 1:6000, and in the absence of recent immuniza-
tion he had normal titres to nine of 12 pneumococcal
serotypes.

Peripheral blood was obtained from the proband, his
brother and his grandfather to evaluate expression of Btk
and the B cell phenotype. Although monocytes from the
proband and his brother were negative for Btk, the grandfa-
ther’s monocytes showed normal expression of Btk (Fig. 2).
The percentage of B cells was decreased in all three individu-
als, although more impressively in the proband and his
brother (0·03% and 0·14% respectively) than in the grand-
father (0·85%). As is typical of patients with XLA, the B cells
from III-1 and III-2 demonstrated variable intensity CD19
and high intensity surface IgM. The phenotype of the B cells
from the grandfather was more similar to that seen in the
normal control, although the CD19 was slightly more vari-
able and a higher percentage of the cells were stained brightly
for IgM. Approximately 35% of the CD19+ cells from the
grandfather were positive for CD27, a marker of mature
memory B cells (Fig. 2).

To examine the functional consequences of the tyrosine to
histidine substitution, expression vectors producing wild-
type or Y418H Btk were transfected into a chicken B cell line
(DT40) lacking Btk. Previous studies have shown that Btk–

DT40 cells have minimal calcium flux and no IP3 produc-
tion after cross-linking of the surface B cell receptor [27,28].
Wild-type DT40 cells and cells that had been transfected
with normal or Y418H Btk were stimulated with anti-IgM
and calcium flux and IP3 production were measured. Cells
containing the Y418H Btk vector had consistently a 15–25%
decrease in calcium flux and IP3 production at 0·5 min when
compared with cells that received the wild-type Btk vector
(Fig. 3).

Discussion

In the family described in this paper, the proband presented
with clinical signs and symptoms that are typical of XLA.
The fact that his affected older brother had not yet come to
medical attention because infection is not unusual, as both
affected children were less than 5 years old at the time of

Fig. 1. The pedigree for a family with two different alterations in Btk

is shown. Squares represent males and circles indicate females. Genetic

markers in and near Btk are shown below the symbol for each

individual. The top marker is the highly polymorphic marker

DXS101, which is 700 kb 5′- to Btk; the second marker is the

uncommon polymorphism in intron 2 of Btk, the third marker is the

alteration in codon 418 giving rise to a histidine (H) rather than the

wild-type tyrosine (Y). The fourth marker is the alteration in codon

625 giving rise to a premature stop codon (S) rather than the

wild-type lysine (K).

Table 1. Serum immunoglobulins.*

I-1 III-1 III-2 Adult controls Age-matched controls

IgG 690 851† 1002† 694–1618 533–1678

IgM 36 <1 <1 48–271 26–218

IgA 85 <4 <4 81–463 24–121

*As measured in mg/dl. †On intravenous gammaglobulin therapy.
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diagnosis. The premature stop codon in exon 18 of Btk in
these boys clearly confirmed the diagnosis of XLA in both
children. The finding of an additional alteration, a tyrosine
to histidine substitution in the ATP binding site, was
unexpected. The fact that DNA from the asymptomatic
maternal grandfather was positive for this mutation was
more surprising.

The amino acid substitution in the ATP binding site of Btk
may result in decreased binding of ATP or decreased phos-
phate transfer. The functional studies in the Btk– DT40
chicken B cell line suggest that the mutation at this site
impairs Btk function, but the decrease in function was not
great. Studies performed in Btk-deficient mice indicate that
the requirements for the amount and function of Btk are
very stringent. Btk-deficient mice that expressed 25–50% of
the normal amount of Btk from either a gene therapy vector
or a transgene had improved B cell numbers but did not
make antibody to T cell-independent antigens [29,30]. Mice
with a constitutively active Btk had markedly reduced
numbers of peripheral B cells [31]. These findings suggest

that modest but measurable decreases or increases in Btk
function have physiological consequences.

The most sensitive indicator of impaired Btk function in
the human appears to be reduced numbers of peripheral
blood B cells. Normal or near-normal concentrations of
serum immunoglobulins have been reported in 5–10% of
patients with XLA [3,32]. A small number of patients with
mutations in Btk have been described who were able to make
some antibody to protein antigens but not polysaccharide
antigens [8,10,13]. All these patients had markedly reduced
numbers of peripheral blood B cells. One of these patients
[10], like the grandfather of our patient, had easily detectable
CD27+ memory B cells, indicating that Btk plays a less critical
role in late stages of B cell differentiation. It is important to
note that the majority of the mutations found in these
patients with milder disease have also been reported in
patients with more typical XLA. However, the maternal
grandfather of our patient is the first individual to be
reported who has the most consistent feature of XLA, mark-
edly reduced numbers of B cells, but normal capacity to
make antibodies to polysaccharide antigens and no clinical
disease.

The tyrosine to histidine substitution in codon 418 has
been reported in a patient with severe manifestations of XLA
(http://bioinf.uta.fi/BTKbase/) and the Cardiff mutation
data base (http://www.hgmd.cf.ac.uk/ac/index.php report-
ing the same patient). The difference between that patient
and the maternal grandfather reported in this paper could be
explained by modifying genetic factors that amplify the
severity of the defect in the patient with typical disease or
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Fig. 2. Cytoplasmic staining for Btk and surface staining for B cell

markers on peripheral blood mononuclear cells from the grandfather

(I-1) and the patient (III-2). The top panel shows indirect cytoplasmic

staining of Btk in periperal blood lymphocytes, gated by forward- and

side-scatter. The second panel shows Btk staining in the cell

population identified as monocytes by forward- and side-scatter. The

third and fourth panels show surface staining for CD19 and either

IgM or CD27 on peripheral blood lymphocytes. The number of
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for III-2.
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factors that ameliorate the defect in the grandfather. The
question of which of these possibilities is more likely has
implications for genetic counselling both families. Func-
tional studies showing that the amino acid substitution has
modest effects in the DT40 chicken B cell line suggest that it
is more likely that environmental or genetic factors have
contributed to the severity of the patient with typical disease.
A better understanding of modifying genetic factors that
influence B cell development and function in patients with
XLA may reveal polymorphisms that are important in
autoimmunity and antibody response to vaccine antigens.
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