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Introduction

X-linked agammaglobulinaemia (XLA)
immune deficiency characterized by lack of circulating
mature B cells, hypogammaglobulinaemia and recurrent
infections [1-7] because of mutations in the Bruton’s
tyrosine kinase (Btk) gene [8,9]. Btk is a member of the Tec
family of kinases, which participates in several signalling
pathways and is essential for early human B cell
differentiation. It contains four interaction domains: pleck-
strin homology, Tec homology, Src homology 3, Src homol-
ogy 2, and the catalytic tyrosine kinase domain [10].
Mutations have been identified throughout the Btk gene and
most XLA patients do not express detectable Btk protein
[11]. Current treatment of XLA is palliative and consists of
immunoglobulin substitution therapy and antibiotics.
Several lines of evidence suggest a strong selective advan-
tage for B lineage cells expressing wild-type (WT) Btk when
compared with mutant forms. Female carriers of XLA
exhibit non-random X-inactivation of the mutant allele
within the B cell compartment [12]. Similar observations
were reported in an XLA mouse model using spleen B cells of
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Summary

X-linked agammaglobulinaemia (XLA) is characterized by absence of mature
B cells because of mutations in the Bruton’s tyrosine kinase (Btk) gene. Btk-
deficient early B cell precursors experience a block in their differentiation
potentially reversible by the addition of an intact Btk gene. Btk expression was
measured in 69 XLA patients with 47 different mutations and normal expres-
sion was detected in seven. We characterized these Btk mutant forms func-
tionally by transfection into a lymphoma cell line that lacks endogenous Btk
expression (Btk™™ DT40 cells) and analysed the calcium flux in response to B
cell receptor stimulation. To test whether co-expression of a mutated form
could compromise the function of the intact Btk transfection, studies in wild-
type (WT) DT40 cells were also performed. Study reveals that none of the
seven Btk mutants analysed was able to revert the absence of calcium mobi-
lization upon IgM engagement in Btk™™ DT40 cells, as does intact Btk. In
addition, calcium mobilization by anti-IgM stimulation in DT40 Btk** cells
was unaffected by co-expression with Btk mutants. These results suggest that
gene addition would be feasible not only for patients with XLA and mutations
that prevent Btk expression, but for those with expression of a mutant Btk.

Keywords: Bruton’s tyrosine kinase, calcium mobilization, DT40 cells, gene
therapy, X-linked agammaglobulinaemia

X-linked immunodeficient (XID) females [13]. Transplanta-
tion of mixtures of CBA/J] (WT) and CBA/N (XID) bone
marrow cells into lethally irradiated XID mice also leads to
the selective expansion and survival of WT B cells, although
these results were not reproducible in other strains [14]. In
addition, sublethal irradiation or high numbers of cells
without myeloablation can rescue B lineage development in
murine models [15-18]. Sustained correction of B cell devel-
opment has been achieved with haematopoietic-targeted Btk
gene addition in a XLA mouse model [19]. These studies

is a primary

provide the rationale for a gene therapy trial in XLA,
although several preclinical studies are needed to improve
the efficiency and safety. The success of this type of therapy
in all XLA patients, which could provide them with normal
life spans, would rely on the assumption that an intact Btk
protein would also reconstitute the normal function in the
presence of a mutated form. Both the capacity to interact
with other molecules and the enzymatic function of Btk are
essential for its role in signalling. The presence of a mutant
Btk retaining some of these functions in some patients could
potentially interfere with functional reconstitution by the
intact Btk, a phenomenon called ‘dominant negative effect’
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In this study we use Btk mutants expressed in patients with
XLA and analyse their possible dominant negative effect in a
cellular model. We report that seven Btk missense mutations
located in different domains with protein expression do not
exert a dominant negative effect in calcium mobilization,
providing the first evidence that gene addition could be an
efficient therapy for XLA patients with residual protein
expression.

Materials and methods

Subjects

Seven unrelated patients diagnosed as having XLA,
according to the criteria of the European Society for
Immunodeficiencies/Pan-American Group for Immuno-
deficiency Scientific Group [20]. The ethics committee
approved the protocol and written consent was obtained
before blood was drawn. Samples were collected immedi-
ately before a new routine intravenous immunoglobulin
dose and without any evidence of infection in the patients.

Btk mutation, Btk expression and Btk-specific
phosphorylation studies

Bruton’s tyrosine kinase sequence and expression studies
from controls or XLA patients were performed by Western
blot and flow cytometry as described [21,22]. Control non-B
cells (C*) for Btk phosphorylation studies were obtained
from the negative fraction of peripheral blood mononuclear
cells (PBMC) sorted with CD19 Multisort microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany), showing
0-06% CD19" cells. For Btk phosphorylation antiphospho-
Tyr223-Btk (Cell Signalling Technology, Beverly, MA, USA),
peroxidase-conjugated goat anti-rabbit (Cell Signalling
Technology, Beverly, MA, USA) and the enhanced chemilu-
minescence system (Amersham-Pharmacia-Biotech, Buck-
inghamshire, UK) were used. For chicken Btk detection,
polyclonal anti-Btk, N-terminal (Sigma, St Louis, MO, USA)
primary antibody was used. Btk levels and number of mono-
cytes were equivalents both patients and controls (data not
shown).

Site-directed mutagenesis

Site-directed mutagenesis was performed with QuikChange”
II XL (Stratagene, La Jolla, CA, USA) in the plasmid pApuro-
Btk (kindly provided by Tomohiro Kurosaki).

DT40 cell culture and transfections

Wild-type or Btk-deficient chicken DT40 cells (Riken Cell
Bank, Ibaraki, Japan) were maintained per the manufaturer’s
recommendations. Cells were transfected by electroporation
at 250 V and 960 UF in phosphate-buffered saline (107 cells/
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0-5 ml). Five micrograms of pApuro-Btk mutants, linearized
with Scal (New England Biolabs, Beverly, MA, USA), was
transfected. Transfectants were selected in 0-5 mg/ml puro-
mycin 24 h after electroporation. The presence of Btk was
verified by Western blot analysis [23]. Btk phosphorylation
in DT40 cells was detected by Western blot after stimulation
with 10 ug/ml mouse anti-chicken IgM-BIOT Clone M4
(Southern Biotechnology, Birmingham, AL, USA) for 4 min.

Calcium flux

Fluo-4/Fura red (Molecular Probes, Invitrogen, Carlsbad,
CA, USA) loaded Btk”’~ DT40 (A) or WT DT40 (B) cells,
transfected with the indicated construct, were stimulated
with 5 pg/ml of mouse anti-chicken IgM or with 1 ng/ul
ionomycin (Sigma) as positive control. Fluorescence mea-
surements were performed with a fluorescence activated cell
sorter (FACSCalibur) and data were analysed by FlowJo
(Tree Star Inc., San Francisco, CA, USA). Data are represen-
tative of three different experiments.

Results

Btk expression and Btk kinase activity in XLA

In a previous study we reported the analysis of a group of
54 XLA patients [24]. At present, we have diagnosed up to
69 XLA patients from 52 unrelated families where we
have found 47 different mutations in the Btk coding region
(data not shown). Seven of these patients had a significant
mutated protein expression (Fig. la and b) and presented
different mutations in the Btk coding sequence (Table 1).
Bruton’s tyrosine kinase participates in signal transduc-
tion pathways of B lineage lymphoid cells, initiated by the
binding of a variety of extracellular ligands to their cell
surface receptors [25-28]. For example, engagement of the B
cell antigen receptor triggers activation of a series of tyrosine
kinases such as Lyn and Syk and induction of phospholipase
C-y2-mediated calcium mobilization [29]. As part of the
activation process Lyn phosphorylates Btk in Tyr551, which
is subsequently autophosphorylated in Tyr223 to achieve
full activation [30-32]. Thus, the extent of Tyr223 pho-
sphorylation represents a good measurement of Btk kinase
activity. In monocytes, growth factor and Fc receptor
engagement also induces Btk kinase activity [33]. We there-
fore determined Btk kinase capacity in our patients by mea-
suring the amount of phospho-Tyr223 form of Btk in
monocyte extracts by immunoblot (Fig. 1c). The most
appropriate control for this experiment is a PBMC sample
from a healthy individual depleted of B cells in which Btk is
derived primarily from monocytes as in XLA patients. This
sample is marked as C* in Fig. 1c. Two mutations (K430E
and F540S) showed absence of Btk phosphorylation on
Tyr223, while in four (R288W, K374N, R544G and R544S)
at least residual kinase activity is present (Fig. 1c). We were
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Fig. 1. Bruton’s tyrosine kinase (Btk) expression and kinase activity in X-linked agammaglobulinaemia (XLA) patient-derived peripheral blood
mononuclear cells (PBMC). (a,b) Btk expression in PBMC by Western blot (a) and in monocytes by flow cytometry (b) in healthy controls and XLA
patients. In (b), the thick line represents specific Btk staining, the thin line an irrelevant isotype control and the dashed line the secondary antibody
alone. (c) Btk kinase activity tested by immunoblot with anti-Phospho-Tyr223-Btk in PBMC from XLA patients and a healthy control (C and C*).
Sample in C contains full PBMC while C* contains B cell-depleted PBMCs. (d) anti-Phospho-Tyr223-Btk immunoblot of wild-type (WT) DT40 cells
or WT DT40 cells transfected with R28C or R544G mutant Btk. (e, f) Western blot and densitometry analysis normalized to B-actin expression of WT
or mutant Btk transfected in Btk”’~ DT40 (e) or WT DT40 (f) cells. (g) anti-Btk N-terminal immunoblot of WT DT40 and Btk DT40 cells.

unable to obtain blood from the patient with mutation
R28C so we tested it by transfection of DT40 lymphoma
cells, which have been shown previously to be amenable for
complementation of endogenous Btk deletion by the expres-
sion of human Btk [34]. Anti-IgM stimulation of DT40 cells
transfected with R28C or R544G induced autophosphoryla-
tion of these two Btk mutants on Tyr223 (Fig. 1d). These
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data are consistent with the fact that R28C mutation had
been shown previously to have full kinase activity [35,36].
The band we detect in anti-phospho-Tyr223-Btk blots seems
to measure primarily the transfected human Btk, as cross-
reactivity with the chicken form of Btk, observed when
loading extracts from untransfected DT40 cells, is very
weak.
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Table 1. Clinical and molecular data from patients.

Age at IgG IgA IgM IgE B Mutation Mutation Btk
Patient diagnosis (mg/dl) (mg/dl) (mg/dl) (Ui/ml) cell (%) in protein in cDNA Dom expression
Patient 1 6 years 50 53 16 255 0-1 R28C C214T PH Positive
Patient 2 8 months 33 <6 4 <2 0-0 R288W C994T SH2 Positive
Patient 3 11 years 200 11 14 - 1-0 K374N A1254C SH2 Positive
Patient 4 5 years 18 <6 15 9 0-0 K430E A1420G TK Positive
Patient 5 8 years - - - - 0-0 F540S T1751C TK Positive
Patient 6 4 years 26 <6 <4 <2 0-0 R544G Al1762G TK Positive
Patient 7 18 months <33 <6 <4 <2 0-0 R544S A1764T TK Positive

1gG, IgA, IgM levels at diagnosis B, percentage of B cells in the total lymphocyte population. Btk, Bruton’s tyrosine kinase; Dom, Btk domain affected

by mutation; PH, pleckstrin homology; SH2, Src homology 2 and TK, tyrosine kinase.

Btk mutants from XLA patients do not complement
Btk™™ DT40 cells

When stimulated with anti-IgM antibodies or with the
calcium ionophore ionomycin, WT DT40 cells trigger a
calcium mobilization response detected by changes in fluo-
rescence of the Fluo4 and Fura red dyes loaded into the cell.
The anti-IgM response in DT40 cells is fully dependent upon
Btk expression, while the response to ionomycin is indepen-
dent of Btk function: Btk™ DT40 cells show undetectable
calcium flux in response to anti-IgM engagement [35]. We
used this system to test the functionality of four of the Btk
mutants that do not affect protein expression (K374N,
F540S, R544G and R544S). Btk DT40 cells were transfected
with either WT human Btk control or the various Btk
mutants by electroporation. Btk expression in each transfec-
tant was assessed by Western blot, as shown in Fig. le.
Calcium mobilization in the new Btk™™ DT40 transfectants
was analysed, as shown in Fig. 2a. None of the mutations
tested triggered any calcium flux in response to anti-IgM
cross-linking, while all these transfectants maintained their
ability to respond to ionomycin with the same efficiency. As
a control, we observed that WT human Btk transfected into
the same Btk™~ DT40 cells was able to complement the defect
because anti-IgM cross-linking triggered calcium mobiliza-
tion comparable to WT DT40 cells. Overall, these experi-
ments show that calcium flux in response to B cell receptor
(BCR) engagement is recovered in DT40 Btk-deficient cells
when they are transfected with WT human Btk, but not
when transfected with four different mutants, regardless of
whether they show kinase activity (K374N, R544G and
R544S) or not (F540S).

Mutant Btk expression has not dominant negative
effect in WT DT40 transfectants

DT40 cells were transfected with seven different Btk con-
structs that contained the mutations described above. Btk
expression in each of the transfectants was tested by Western
blot, as shown in Fig. 1f. An antibody which recognizes
chicken Btk is used to show endogenous Btk expression
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levels in WT DT40 cells. We do not use this antibody to test
mutant forms because it also recognizes human Btk. As
shown in Fig. 1g, endogenous Btk expression levels are less
than Btk mutants.

We observed that all seven mutant Btk transfectants, even
those with high expression levels, have the same response to
calcium mobilization upon anti-IgM stimulation as the
untransfected DT40 cells, and the control responses with
ionomycin were also indistinguishable from that obtained
with WT DT40 cells (Fig. 2b). We conclude therefore that
none of the Btk mutants have a negative dominant effect
over WT Btk function, albeit with the caveat that human Btk
might not interact with endogenous chicken molecules with
the same efficiency. We think this is unlikely, because human
and chicken Btk are highly homologous proteins (85%
amino acid identity), and the studies in Btk”~ DT40 trans-
fected with human WT Btk show that WT human Btk can
restore fully all the Btk functions tested in this system
(Fig. 2a) [37].

Discussion

This study aims to contribute to the accumulation of the
body of knowledge towards the design of a gene therapy trial
for XLA. So far the general aim of preclinical gene therapy
studies in XLA has been the reconstitution of cells with no
measurable Btk protein with a WT Btk gene. Our studies, in
a series of 69 XLA patients, showed that up to 15% of muta-
tions allow normal protein expression [24], all of them being
missense. We studied if a dominant negative effect towards
the introduced Btk could be exerted by these Btk mutants, a
phenomenon that could reduce the efficiency of a potential
gene therapy. For this purpose we used a cellular model, the
chicken DT40 lymphoma cell line, to test functional interac-
tions between the transfected mutant forms of human Btk
and the endogenous Btk using as readout the calcium mobi-
lization in response to BCR stimulation.

Our results suggest that none of the XLA-associated
Btk mutants with significant protein expression have a
dominant negative effect over WT Btk function. This study
focuses upon missense mutations with significant protein
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Fig. 2. Calcium flux analysis in DT40 lymphoma cells transfected with Bruton’s tyrosine kinase (Btk) mutants. (a, b) Calcium flux upon B cell

receptor engagement in DT40 Btk

indicate the time (in seconds).

expression. Theoretically, Btk mutations affecting the mRNA
splicing and leading to residual protein expression could be
identified in XLA patients. If that were the case, a putative
dominant negative effect should be also tested, as this phe-

nomenon has been associated with Btk mutations in leu-

kaemia [38

]. Our experiments also show that the DT40

system is a reliable and fast way to test the effect of naturally
occurring Btk mutations that lead to the XLA phenotype.
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