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SUMMARY

 

X-linked agammaglobulinaemia (XLA) is a primary immunodeficiency disease characterized by very
low levels or even absence of circulating antibodies. The immunological defect is caused by deletions or
mutations of Bruton’s tyrosine kinase gene (

 

Btk

 

), whose product is critically involved in the maturation
of pre-B lymphocytes into mature B cells. Btk is expressed not only in B lymphocytes but also in cells
of the myeloid lineage, including dendritic cells (DC). These cells are professional antigen presenting
cells (APC) that play a fundamental role in the induction and regulation of T-cell responses. In this
study, we analysed differentiation, maturation, and antigen-presenting function of DC derived from
XLA patients (XLA-DC) as compared to DC from age-matched healthy subjects (healthy-DC). We
found that XLA-DC normally differentiate from monocyte precursors and mature in response to
lipopolysaccharide (LPS) as assessed by de novo expression of CD83, up-regulation of MHC class II,
B7·1 and B7·2 molecules as well as interleukin (IL)-12 and IL-10 production. In addition, we demon-
strated that LPS stimulated XLA-DC acquire the ability to prime naïve T cells and to polarize them
toward a Th1 phenotype, as observed in DC from healthy donors stimulated in the same conditions. In
conclusion, these data indicate that Btk defect is not involved in DC differentiation and maturation, and
that XLA-DC can act as fully competent antigen presenting cells in T cell-mediated immune responses.
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INTRODUCTION

 

X-linked agammaglobulinaemia (XLA) is an X-linked recessive
genetic disease characterized by lack of circulating mature B cells
resulting in a primary immunodeficiency with severe hypogam-
maglobulinaemia [1,2]. The B-cell defect is due to mutations in
the gene for Bruton’s tyrosine kinase (Btk) which lead to a block
in the pro-B to pre-B cell transition during B-cell ontogeny [3–5].
Affected males undergo severe and recurrent bacterial infections
after the sixth month of age when levels of maternal Ig decline,
and show an increased susceptibility to enteroviral infections
often resistant to intravenous immunoglobulin (IVIG) adminis-
tration [1,2]. Furthermore it has been reported that Th1-orien-
tated diseases, such as nonseptic, rheumathoid-arthritis or type 1
diabetes mellitus frequently occur in XLA patients [6,7].

Btk is a non-receptor associated tyrosine kinase which
belongs to Tek family together with Itk, Tec and Bmx [8,9]. This
family of protein tyrosine kinases is involved in a vast array of
signal transduction pathways [10–13]. In particular, Btk plays a
pivotal role in lymphohaematopoietic growth and differentiation.
It is expressed in both B and myeloid cells, but its functional role
has been examined so far mainly in the context of B cell activa-
tion [14–16]. The finding that activation of Btk is regulated by a
wide variety of receptors, including BCR, Fc-R, IL-3R, IL-5R
and IL-6R [17,18] further suggests a Btk role in the differentia-
tion or function of cell lineages other than B lymphocytes. In a
previous study, it has been shown that Btk is involved in mast-cell
signalling via Fc

 

Œ

 

 receptors [19] More recently, macrophages
from xid mice have been shown to produce IL-12 in a signifi-
cantly higher amount than wild-type mice [20], and it has been
demonstrated that these mice mount a relatively more dominant
Th1- T cell immune response against filarial antigens as com-
pared with their normal counterparts [21]. These findings have
suggested a putative role for Btk in regulating macrophage APC
function in T cell priming.
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Table1

 

Clinical and molecular data of XLA patients

Patient

Age at DC
analysis
(years)

IgG levels
(mg/dl)

IgA levels
(mg/dl)

IgM levels
(mg/dl)

IgE levels
(Ui/ml)

Peripheral
B cells

(%) Mutation

XLA  A 6 179

 

 

 

9

 

 

 

34 6 0 R641C
XLA  B 10 0

 

 

 

8

 

 

 

6 1 0 P190 fs X198
XLA  C 3 5

 

<

 

5

 

<

 

5 21 0·1 R525P
XLA  D 6 229

 

 

 

11

 

 

 

23 39 1 DelF98-Q103
XLA  E 6

 

      

 

<

 

7·6

 

<

 

6

 

 

 

41 4 0·05 V568 fs X569

 

Fig.1

 

Flow cytometric analysis of surface phenotype of DC from five XLA patients and one representative of 11 age-related healthy
donors. DC were generated from blood monocytes and stimulated with LPS for 24 h to induce their maturation. Dotted histograms
represent immature DC and solid histograms identify LPS-stimulated DC. Fluorescence values are measured on gated large cells. The data
are from one representative experiment out of three performed.
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Dendritic cells (DC) are professional APC that play a critical
role in priming and polarization of naïve T cells [22,23]. Immature
DC are localized in non-lymphoid organs where they take up and
process foreign antigens [24,25]. In response to local inflamma-
tory stimuli, they undergo phenotypic and functional maturation
and migrate to secondary lymphoid tissues where they stimulate
naïve T cells and drive their polarization towards a Th1 or Th2
cytokine profile [23]. Despite their pivotal role in T cell-mediated
immune response, as well as in the pathogenesis of autoimmune
diseases and cancer, the differentiation process and function of
DC from XLA patients has not been previously investigated. In
this paper, we analysed the capacity of XLA-DC to undergo a
correct differentiation and maturation program, to prime and
properly polarize naïve T cells.

 

MATERIALS AND METHODS

 

Subjects

 

Five unrelated male patients diagnosed as XLA, according to the
WHO classification of primary immunodeficiences, and 11 age-
matched healthy controls were included in this study, after obtain-
ing ethical approval. Clinical and molecular data of XLA patients
are summarized in Table1. Analysis of Btk mutations was per-
formed by direct sequencing on cDNA samples as already
described [26]. All patients were receiving regular intravenous
immunoglobulin (IVIG) replacement therapy (400 mg/kg) at 3–
4week intervals and were free of any serious infections at the time

of blood sampling. Peripheral venous blood was collected after
informed consent, and for the patient’s group, this was immedi-
ately before their routine intravenous immunoglobulin infusions
were started.

 

Media and reagents

 

The medium used throughout the study was RPMI 1640 supple-
mented with 2m

 

M

 

 

 

L

 

-glutamine, 1% nonessential aminoacids, 1%
sodium pyruvate, 50

 

m

 

g/ml kanamycin (Gibco- BRL, Paisley, UK)
and 10% FBS (Hyclone Laboratoires, Logan, UT, USA). Human
rGM-CSF was purchased from Shoering Plough/Sandoz; human
rIL-4, produced by PCR cloning and expression in the myeloma
expression system, was a generous gift of Prof A. Lanzavecchia.
LPS from 

 

E. coli

 

 was purchased from Sigma Chemicals Co. (St
Louis, MO, USA).

 

Generation of dendritic cells

 

PBMC from patients or healthy donors were isolated on Lymph-
ropep cushions (Nycomed Pharma AS, Oslo, Norway). Monocytes
were purified by positive sorting using anti-CD14 conjugated mag-
netic microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). The recovered cells were 99% CD14

 

+

 

 as determined by
flow cytometry using the FITC-labelled anti-CD14 mAb (Becton
Dickinson). The cells were cultured at 3

 

¥

 

10

 

5

 

/ml in RPMI-10%
FBS supplemented with 50ng/ml GM-CSF and 1000U/ml IL-4 for
4–6days to allow differentiation into DC. DC were stimulated
with 1

 

m

 

g/ml LPS for 24 h to induce their maturation.

 

Fig.2

 

Intracellular staining for BTK detection in immature DC and LPS-stimulated DC from 1 XLA patient and 1 healthy donor. Cells
were fixed, permeabilized and stained with an anti-BTK IgG1 mAb (48–2H) followed by FITC-conjugated antimouse IgG1. Expression
of BTK is shown as a solid line and the negative control stained with a mouse IgG1 mAb followed by FITC-conjugated antimouse IgG1
is shown as a dotted line. This staining was performed twice for all XLA patients and three healthy donors.
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FACS analysis on DC

 

Surface staining of DC was performed using FITC-conjugated
mAbs anti-B7·1, anti-B7·2, anti-CD83 and PE-conjugated mAbs
anti-CD14, anti-CD1a, anti-DR, all produced by Pharmingen/
BD. For detection of intracytoplasmatic Btk protein, DC were
fixed with 2% paraformaldehyde for 15 min at 

 

+

 

4

 

∞

 

C and then
permeabilized with 0.5% saponin for 30 min at room tempera-
ture. After washing, cells were stained with anti-Btk mAb 48–
2H (2

 

m

 

g/ml), for 20 min at room temperature and subse-
quently incubated with FITC-conjugated anti-mouse IgG1
(Southern Biotechnology Associates, Birmingham, AL, USA)
for 20 min at room temperature. The cells were analysed on a
FACScalibur (Becton Dickinson).

 

Cytokine assays

 

On the 5th day of culture XLA and healthy DC were washed,
counted and replated (3

 

¥

 

10

 

5

 

) in a final volume of 1ml of RPMI

 

+

 

 10%FCS in the presence or absence of 1

 

m

 

g/ml LPS for an
additional 24h. Culture supernatants were assayed for IL-12p70
and IL-10 by Endogen Elisa kits, according to manufacturer
instructions and expressed in pg/ml. The limit of detection was
15pg/ml.

 

Mixed leukocyte reaction (MLR)

 

DC from either XLA patients or control subjects were stimulated
with 1

 

m

 

g/ml LPS for 24 h and then extensively washed. Thereaf-
ter, they were irradiated at 3000 rads and cultured at different
concentrations in 96 well plates in the presence of 1

 

¥

 

10

 

5

 

 unfrac-
tioned cord blood cells. Cell cultures were in part tested on day 5
for [

 

3

 

H]-thymidine incorporation, in part expanded with 500U/ml
human rIL-2 to obtain polyclonal T cell lines to be analysed for
cytokine production.

 

Intracellular staining for cytokine detection

 

T cell lines were stimulated with 50ng/ml PMA plus 1

 

m

 

g/ml ion-
omycin (Sigma) for 4h. Brefeldin A (Sigma) at 10

 

m

 

g/ml was
added during the last 2 h of culture. Cells were fixed with 2%
paraphormaldehyde, permeabilized with PBS containing 1% FBS
and 0.5% saponin, stained with FITC-conjugated anti-IFN-

 

g

 

 and
PE-conjugated anti-IL-4 mAbs (Becton Dickinson), and then
analysed on a FACScalibur.

 

RESULTS

 

DC differentiation and maturation are uninpaired in XLA 
patients

 

DC were generated 

 

in vitro

 

 from purified blood monocytes of five
XLA patients and 11 age-related healthy donors in the presence
of GM-CSF and IL-4. As shown in Fig.1, XLA-DC were CD14

 

–

 

and CD1a

 

+

 

, apart from one patient whose DC were CD1a

 

–

 

. These
data indicated a normal differentiation from monocytes to DC.
After 24 h of stimulation with LPS XLA-DC acquired a mature
phenotype similar to healthy DC as assessed by up-regulation of
MHC class II, B7·1 and B7·2 costimulatory molecules and expres-
sion of CD83, a classical marker of DC maturation.

 

Btk detection by intracellular staining

 

To analyse BTK expression in XLA-DC, we performed an intra-
cellular staining of this protein in all five XLA patients and in two
healthy donors by the use of mAb 48–2H. This monoclonal anti-
body has been shown to constitute a rapid and sensitive approach

for evaluation of BTK expression in monocytes and a useful
method for detection of XLA patients and female carriers [27]. A
representative experiment is shown in Fig.2: immature as well as
LPS-stimulated DC from one healthy donor expressed the intra-
cellular protein, as it could be expected by their myeloid origin,
while DC from patient E were defective of Btk. Similar results
were obtained with DC from all other patients (data not shown).

 

XLA DC produce IL-12 and IL-10 after LPS stimulation

 

Next we asked whether the mature phenotype of XLA-DC was
associated or not with a normal function in term of cytokine pro-
duction. Therefore, we analysed IL-12 and IL-10 production by
LPS-treated XLA- or healthy DC. As shown in Table2, DC from
XLA patients produced levels of IL-12 (median 496 pg/ml) similar
to their normal counterparts (median 442pg/ml). IL-10 produc-
tion by XLA-DC was higher (median 136pg/ml) than that pro-
duced by healthy DC (median 31pg/ml), suggesting a trend
toward a higher production in these patients. Immature DC from
both groups did not produce either IL-12 or IL-10 (data not
shown). These results indicate that the mature phenotype of
XLA-DC is associated with functional maturation as assessed by
cytokine production.

 

XLA-DC are fully competent APC for the stimulation
of naïve T cells

 

The fundamental role of DC is to prime naïve T cells and to
determine their polarization toward a specific cytokine produc-

 

Table2

 

Cytokine production by LPS-stimulated DC from five XLA 
patients and 11 healthy donors

IL-12
(pg/ml)

IL-10
(pg/ml)

Patients
A 33* 161
B 324 17
C 496 118
D 776 136
E 748 233

 

Median 496 136

 

Healthy donors
1 764 131
2 845

 

<

 

15†
3 442

 

<

 

15
4 36

 

<

 

15
5

 

<

 

15 65
6 370 31
7 616

 

<

 

15
8 1210 158
9 415 166

10 288 nd
11 1077 nd

 

Median 442 31

 

DC, at day 5th of culture, were washed, adjusted to 3

 

¥

 

 10

 

5

 

 c/ml and
cultured in the presence or absence of 1

 

m

 

g|ml LPS for an additional 24h.
Supernatants were examined for cytokines by ELISA. *Values expressed
as the mean of two independent experiments. †Detection limit of the assay:
15pg/ml. nd, not determined.
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tion pattern. To verify whether XLA-DC could fulfil this function
despite the lack of Btk, unfractionated cord blood cells were
stimulated with immature or LPS-stimulated DC derived from
four XLA patients and from two age-matched healthy donors. As
shown in Fig.3, XLA- and healthy-DC induced a comparable
proliferative response of naïve allogeneic T cells. As expected,
LPS-stimulated DC from both groups were more efficient in T
cell priming as compared to immature DC which do not possess a
high immunostimulatory capacity. CD1a

 

–

 

 immature DC from
patient C induced a particularly high proliferative response of

naïve T cells, which could be caused by a spontaneous maturation
occurred 

 

in vitro

 

.

 

T cell polarization by XLA-DC

 

The pattern of IL-4 and IFN-

 

g

 

 production by cord blood T lym-
phocytes primed by LPS stimulated-DC from four XLA patients
and two age-matched healthy donors was also analysed. As shown
in Fig.4, the percentage of IFN-

 

g

 

 or IL-4 producing T cells stim-
ulated by LPS-matured DC from three different patients was not
significantly different from healthy donors, with prevalence of

 

Fig.3

 

Stimulation of naïve T cells by XLA DC. Immature DC (

 

�

 

) were left untreated or stimulated with LPS for 24 h (

 

�

 

). A mixed
leucocyte reaction (MLR) was then set up where irradiated DC from four XLA patients (a–d) and two healthy donors (e, f) were cultured
at different cell numbers with 1

 

¥

 

10

 

5

 

 unfractioned cord blood cells. The proliferative response was measured after 5days by thymidine
incorporation. The background proliferation of cord blood cells alone was

 

<

 

100 cpm. The data shown are from 1 representative experiment
out of 2 performed.
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Th1 lymphocytes. Immature DC from patients A, B, D, and from
healthy donors did not induce T cell polarization while immature
DC from patient C primed 13% IFN-

 

g

 

 producing cells. (data not
shown). Interestingly, DC from patient C, which lacked CD1a
expression, induced a weaker polarization of naïve T cells. Col-
lectively, these data indicate that XLA-DC analogously to healthy
DC drive a preferential Th1 cell polarization of naïve T cells when
stimulated with LPS.

 

DISCUSSION

 

Btk is a non-receptor protein tyrosine kinase that is crucial for B
lymphocytes to maturate into antibody-producing cells [13,14].
Mutations in the 

 

Btk

 

 gene are responsible for X-linked immuno-
deficiency (xid) in mouse and X-linked agammaglobulinaemia in
humans [3,4]. The resulting human disease is characterized by an
enhanced susceptibility to either bacterial or nonbacterial infec-

 

Fig.4

 

Intracellular staining for IL-4 and IFN-

 

g

 

 produced by cord blood T cells. T cells (90–95% CD4

 

+

 

, data not shown) expanded from the
MLR assays shown in Fig. 3 (a–d, XLA patients; e–f, healthy donors) were stimulated with PMA and ionomycin for 4h. Cells were fixed,
permeabilized and stained with FITC-conjugated anti-IFN-

 

g

 

 and PE-conjugated anti-IL-4 mAbs. The numbers indicate the percentage of
cells in each quadrant. 
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tions that require early treatment with intravenous immunoglob-
ulins (IVIG). Furthermore these patients show an increased
prevalence of autoimmune diseases [6,7]. Btk is normally
expressed not only in B-cells, but also in cells of the myeloid lin-
eage, but is absent on T cells and plasma cells [3,4]. In female
XLA carriers not only B cells manifest the skewed inactivation of
the mutated X-chromosome but also monocytes undergo random
inactivation of the normal and mutated X-chromosomes [28,29].
However, very few data are available on the role of this enzyme in
myeloid cell biology and function. In this paper, we investigated if
Btk defect could affect differentiation, maturation or function of
human DC from XLA-patients, considering that these myeloid
cells play a pivotal role in the antigen presentation to specific
CD4

 

+

 

 and CD8

 

+

 

 T cells and in skewing the polarization of these
cells toward a prevalent Th/Tc-1 or Th/Tc-2 phenotype [23].

Circulating monocytes from XLA patients were found to fully
differentiate into immature DC as defined by the expression of
CD1a surface molecule and by downmodulation of CD14 expres-
sion upon culture with GM-CSF and IL-4. This indicates that Btk,
which has been shown to be involved in a wide range of signal
transduction processes in B cells, is not implicated in the first step
of DC differentiation. Of note, in one out of the five patients
tested, DC were CD1a

 

–

 

. Studies are in progress to assess if this
alteration may be present also in other XLA patients and its func-
tional meaning.    

In response to local inflammatory stimuli such as IL-1 and
TNF-

 

a

 

 or to bacterial products such as lipopolysaccharide (LPS)
[22,25] or viral double-stranded RNA [30], immature DC undergo
phenotypic and functional maturation which allows these cells to
become very efficient immunostimulatory APC. Therefore, we
investigated if this maturation process was normally accom-
plished by XLA-DC. As shown in Fig.1, LPS -treated XLA-DC
were found to normally up-regulate MHC class II, B7·1 and B7·2
costimulatory molecules and they expressed CD83, all findings
indicating that XLA-DC are able to acquire the classical pheno-
type of mature APC.

We further investigated another important function of these
cells, namely their capacity to produce cytokines in response to
maturation stimuli. IL-12 is the key determinant of Th1 polariza-
tion and it is produced by DC in response to microbial as well as
cell-derived stimuli such as CD40L. IL-10 has been identified as a
major factor that blocks IL-12 production by DC in an autocrine
manner and impairs their ability to generate Th1 responses [31].
Therefore the balance between these two cytokines is critical for
maintaining immune system regulation. As shown in Table2 LPS-
treated XLA-DC produced IL-12 without any significant differ-
ence with healthy DC, in contrast with the report of higher IL-12
production by macrophages from xid mice which has been shown
to depend indirectly on the reduced production of nitric oxide
[20]. A trend toward a higher production of IL-10 by XLA-DC
has been observed but, in our experimental setting, it did not cor-
relate with any alteration of DC cell function. Our results clearly
show that cytokine production by DC in humans is not affected by
Btk defect.

The major function of DC is to prime naïve T cells and to
drive their polarization toward a Th1 or Th2 phenotype [23,24].
When tested in MLR assays, mature XLA-DC were found to effi-
ciently induce the proliferation of naïve T cells (Fig.3). This evi-
dence demonstrates the normal antigen presenting capacity of
these cells. The analysis of cytokine production by these alloge-
neic T cell lines showed that XLA-DC are capable to prime IFN-

 

g

 

 and IL-4 producing cells with the same efficiency than healthy
DC. These results are in agreement with recent data demonstrat-
ing a normal specific Th1/Th2 response to the hepatitis B virus
envelope antigen (HBenvAg) in XLA patients vaccinated
against hepatitis B [32]. Another human study has suggested with
analysis at clonal level that tetanus toxoid-specific T cell response
induced in XLA patients is skewed toward a Th-1 phenotype
[33]. In our DC maturation we induced DC maturation with LPS
that is a classical Th-1 promoting stimulus so we can not establish
if XLA-DC in different conditions might be potentially defective
in their Th-2 stimulatory activity.

In conclusion, our study demonstrates for the first time that
DC are fully competent APC in XLA patients, accounting for a
normal T cell priming and polarization. The lack of Btk in XLA-
DC does not alter their behaviour, as it could be suggested by the
results obtained in xid mice or by the clinical observation of an
increased prevalence of Th1-orientated diseases, supporting the
hypothesis that this cell population does not contribute to any
immunological alteration in XLA patients. These findings may
have important implications for setting up T-cell based vaccina-
tion protocols against intra- and extra-cellular pathogens and they
could suggest a wider diffusion of such vaccines in XLA patients.
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