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Impaired Ca®" mobilization by X-linked agammaglobulinaemia (XLA) B cells in
response to ligation of the B cell receptor (BCR)
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SUMMARY

XLA bone marrow samples were shown to contain B cells expressing IgM, and pre-B cells that express
the u-surrogate light chainyLC) complex, albeit at a reduced frequency to that found in normal bone
marrow. Antibody ligation of. heavy chain on these cells and an XLA B cell line did not induce% Ca

flux, whereas ligation of. heavy chain on normal bone marrow celigLC* pre-B cell lines and an

IgM™ B cell line did. The block in XLA B cells was not due to a defect in the basic mechanism?®f Ca
flux generation, as the cells responded well to thapsigargin. In addition, the defect did not affect T cells,
which were shown to respond to CD3 antibody with & C#ux. Ligation ofx heavy chain on XLA bone
marrow cells did, however, activate tyrosine kinases, resulting in tyrosine phosphorylation of a cellular
protein with a molecular weight of approximately 115kD. These results indicate that Btk may be
necessary for the generation of the?Cdlux in response to ligation of heavy chain on B cells and
wyLC* pre-B.
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INTRODUCTION Btk may also be important for signalling through the

XLA is an inherited immunodeficiency characterized by a lack Ofsurrogate light chaw_m(xpl__C) complex on late pre-B cells and

. . ; . subsequent maturation into slgM-bearing B cells [12]. In the
circulating B cells and serum immunoglobulin [1]. The phenotype . . -
appears to result from a block in pre-B cell development and"oYse: tgrgeted Q|srupt|on of either th& gene that codes for a
affected boys have pro- and pre-B cells in the bone marrow, buPseUdo light _cham compqnent of the/LC complex or th(_e
few or no mature B cells [2,3]. The gene responsible for XLA WaS|mmunoglobuI|n heavy chain gene prevents surface expression of
recently cloned [4,5] and found to be a Src-like protein tyrosinethe ”l‘“‘;i Cn?mi);exls nerersuIts rm ﬂ? rrestefl or ielafyi(]j B ;;ell
kinase named Bruton’s tyrosine kinase (Btk). It is expressed in evelopment [13—15]. Moreover, the expression of mujan

lineage cells from the pro-B to the B cell stages, but not in pIasmaCha“n in theuyLC complex abrogates immunoglobulin heavy

cells, and is necessary for normal B cell development. It is alsqcihﬁlncr?aeir;e erl]eelIfez)r(glrjlsg:qei?d[l[éoslsg])lyo?:]seor mr:]kuﬂ(;glzzlél\li\?n
expressed in myeloid cells [6-8]. 9 9 Y e

There is some evidence that Btk is part of the B cell receptorthat ligation of theuyLC complex on human pre-B cell lines

(BCR) signalling pathway. Stimulation of surfagechain on generatgs a éé.signal gnd iptracellular .prote.in tyrosirle phqs-
human B cell lines results in phosphorylation of Btk and an phorylation consistent with an important signalling function during

increase in its kinase activity [9,10]. Similarly, ligation of BCR B cell development [19].

on B cells from xid mice, which have a mutation in the PH domain t'Wnet sh.c;\r/]v)?sge the;t B I;]neage ﬁe”: 2 ::e bfotl:]e maBrrovv” of
of Btk but still produce B cells, gives rise to a transient increase ipPatients wi expresy neavy chain. Some of these b Cells

intracellular C&" which is 50% lower than the normal response co-expressyLC while others co-express light chain. Antibody

and is insufficient to bring about the normal subsequent synthesi%trzuéat'ol?l.?]f“ dhgiv}; .%Zam °”n>.<nLt’r* bolrlwel T%r;:/v Ce"; e;nd an
of DNA [11]. These experiments show that Btk is activated ceflline did not induce an Infracefiu’a ux, whereas

. T - stimulation of normal control bone marrow B cells, a B cell line,
following ligation of surface IgM and may be required for

PR . o -
normal C&" mobilization during BCR signalling. anduyLC™ pre-B ceII. lines did. ngatlgn O heavy ghalq on XLA
bone marrow cells did, however, activate a tyrosine kinase signal-
ling pathway. Our results indicate that Btk is required foPCa
Correspondence: Professor Robin E. Callard, Immunobiology Unit,mobilization during BCR signalling, but not for tyrosine kinase
Institute of Child Health, 30 Guilford Street, London WC1N 1EH, UK.  signalling.
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SUBJECTS AND METHODS analysis. When CD19-PE was used, the binding sites of the anti-
mouse IgG reagent were blocked with 20% normal mouse serum

Subjects D . . .
Two XLA patients were included in this study. Patient 1 gave bonebe‘(ore and during incubation with CD19-PE. Analysis was per-

marrow at 10 years of age and patient 2 gave bone marrow sampr%rrned using a FACScan (Becton Dickinson) using Lysis Il or

twice, at ages 9 and 12 years. The diagnosis of XLA was made i%itaMATE 2.2 software (Applied Cytometry Systems, Dinnington,
each case at Great Ormond Street Hospital for Children, London: ):

Both patients have been shown to have mutations irBthkgyene . . A
Detection of intracellular calcium ion fluxes

[4'20.]' Patient 1 has a &T point mu_tatlon at po_smc_)n 20.38 Tape method for detection of intracellular €afluxes was essen-
causing a premature stop codon at residue 636. This gives rise to Llly as described by Rijkerst al. [24]. Briefly, cells were loaded

. . . . . U
predicted truncated protein lacking the C terminal 24 amino aC|d§ ith the C&*-sensitive dye, Fluo-3 (Calbiochem-Novabiochem,

which includes several highly conserved residues. Patient 2 has . . .
gnty ottingham, UK) and then stained for 15 min at room temperature

deletion of approximately 500-600 base pairs affecting the N . . .
terminal segment of the protein. with CD19-PE to gate on B lineage cells (excluding plasma cells).

Bone marrow aspirates were taken from the iliac crest of XI_ACD19 MoADb has previously been shown not to interfere with B cell

patients and an X-linked hyper-IgM patient who were undergoings'grgi”tIng n responsedt? B?C,:OR Ilg%t(l)on [zg]éh lis th timulated
necessary medical treatment under general anaesthetic at Gr%tt atawere acquired for 59s0rod)s and the cefis tnen stimuate

Ormond Street Hospital. A control sample was also obtained fron] l\;] 25t'(t))r dSOu%/mLof # LC ht? |n-2[t)e?flch Féd.b’z %(f).at intl-hur'jin .
a child providing marrow for transplantation. Further control bone gM antivody (Jackson Labs, Stratech Scientific, Luton, ) in
rder to ligate surface IgM or th@yLC complex. The same

marrow samples were obtained from normal adult volunteers unde? : .
oncentration of F(dl goat IgG was used as a negative control

- . : . : o
local anaesthetic (1% lignacaine; AAH Hospital Services, South™" . o .
Ruislip, UK). In all cases, bone marrow was taken with informed antibody (Jackson). The positive control stimulus was thap-

consent and ethical approval. The marrow was taken into 1 U/ml orglgargln (Calbiochem-Novabiochem) which crosses the cell mem-

. . . rane and releases intracellular®Castores by inhibition of the
reservative-free heparin and mononuclear cells isolated by den- . . .
P vanv par ! : y endoplasmic reticulum Ga-ATPase [26,27]. CD3 antibody

(OKT3) was used to stimulate bone marrow T lymphocytes.
Data acquisition and analysis were performed on a FACScan

sity centrifugation over Ficoll-Paque (Pharmacia LKB, Milton
Keynes, UK), then washed in RPMI 1640 mediumes, Paisley,

UK). with Chronys software (Becton Dickinson). Intracellular °Ca
) ion concentrations were expressed as mean fluorescence channel
Cell lines number and plotted against time.
B lineage cell lines were cultured in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal calf serum (FCBt6,  petection of tyrosine phosphorylation

2mm L-glutamine (Flow Labs, Irvine, UK) and ?Lg/_ml of  To detect tyrosine phosphorylation of intracellular proteins in
gentamicin (Roussel Labs Ltd., Uxbridge, UK) at°87in 5%  response toy heavy chain ligation, $10° cells in 50ul of

902 in air. The expression of selected B lineage markers andnedium were incubated for 5min with 1p@/ml of F(ab), goat
immunoglobulin gene rearrangements of most of the lines haventi_human IgM or with 10@g/ml of F(al), goat IgG as an
been described previously [8]. BLCL-276 is an Epstein—Barr virusynstimulated control. A cell lysate was prepared by addingl50
(EBV)-transformed B cell line expressing surface IgMX) that  of hoiling non-reducing Laemmli loading buffer and boiling for
was derived from _a patient with XLA [21] (qudly prowded_ by Dr 5min. DNA was sheared by drawing the sample repeatedly
M. de Weers, Leiden, The Netherlands). Lines 697, Blin-1 andirough a 25G needle. Cell lysates were reduced before loading
Nalm-6 are human pre-B cells lines expressinguteC complex  on the gel by boiling with 2-5% 2-mercaptoethanol for 8 min.
on the surface, and Daudi is a Burkitt's ymphoma B cell line [22]. samples were electrophoresed on a 10% SDS—PAGE gel and
The identity and lineage specificity of the lines were confirmedg|ectroblotted onto PVDF membrane (Millipore, Watford, UK) in
throughout the study by minisatellite restriction fragment lengthcaps puffer (Sigma) [28]. The membrane was then blocked for

polymorphism (RFLP) analysis [23]. 20 h with 5% (w/v) non-fat milk protein (Marvel, Premier Brands
UK Ltd., Stafford, UK) in PBS and 0-02% thimerosal (Sigma).
Antibodies and flow cytometry Tyrosine phosphorylated proteins were detected by incubation

Antibodies used for flow cytometry were PE-conjugated fgab with 1ug/ml of anti-phosphotyrosine antibody (4G10; UBI,
goat anti-human immunoglobulim heavy chain (Tago Inc., TCS, TCS) for 2 h, followed by 3-6pg/ml of horseradish peroxidase-
Botolph Claydon, UK); CD19-PE (4G7; Becton Dickinson, conjugated rabbit anti-mouse IgG2b (Serotec, Oxford, UK).
Oxford, UK); anti4/LC antibody (SLC-1) kindly supplied by M.  Antigen—antibody reactions were visualized by enhanced chemi-
Cooper (Birmingham, AL) [12]; and mouse anti-huma(A8B5) luminescence (ECL; Amersham International, Aylesbury, UK)
and\ (N10/2) (Dako, High Wycombe, UK) light chain. Fluoro- according to the manufacturer’s instructions, with exposure time
chrome-, species- and isotype-matched controls were purchasgeriods ranging from 5s to 15 min.
from the same suppliers.

For flow cytometric analysis, 25610° cells were incubated RESULTS
with SLC-1 or anti-light chain antibody for 20 min at@, washed
twice in PBS supplemented with 2% FCS and 0-02% (w/v) sodiumA population of XLA bone marrow cells expresses ¢ C
azide (Sigma, Poole, UK), and then incubated for 20 min°@t 4 complex
with FITC-conjugated F(dl, goat anti-mouse IgG (Tago) in the Analysis of XLA bone marrow showed that a population of cells
presence of 2% FCS and 0-5% normal goat serum. Cells were thao-expresseg andyLC on the cell surface (Table 1). XLA bone
incubated with antjz-PE or CD19-PE, and washed twice before marrow had a smaller proportion of B lineage (CD] 8ells in the
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Table 1. Expression of surfac¢LC on B cells in bone marrow of XLA patients and normal donors

CD19"* CD19" yLC** w ptyLCt wtLCH*
XLA (patient 2, exp. 1) 6 0-7 (12) 5 0-8 (16) 5
XLA (patient 2, exp. 2) 6 0-6 (11) 8 2.0 (29) 14
XLA (patient 1) 2 0-4 (17) 8 0-9 (12) 4
Normal adult 1 34 9-8 (29) 41 3-9 (10) 27
Normal adult 2 21 5.5 (26) 20 1-1(6) 16
Normal child 26 6-0 (23) 36 1-6 (4) 22

Bone marrow cells from controls and patients with XLA were double-stained withy&@H-ITC and
CD19-PE or antj-PE to identify populations with the phenotypes CD1€D19" yLC*, u*, u* yLC* and
uwTLC™. The sizes of these populations are expressed as a percentage of the bone marrow lymphoid cells and in
parentheses as a percentage of the CDA9u " bone marrow cells.

*The difference between normal and XLA bone marrow samples was signifiear-05).

FACScan gated lymphoid population than did normal marrowpercentage of™ yLC™ cells was similar in XLA and control bone

(2—-6% of XLA cells were CD19, compared with 21-34% for marrow. Table 1 also shows that the percentage of mature B cells

normal donors). The CDI9LC™ population comprised a smaller expressing surface IgM was greatly reduced in XLA bone marrow

percentage of the total lymphoid cells in XLA (0-4—0-7%) than in (1-4—5% in XLA compared with 16—27% in controls).

normal samples (5-5-9-8%). When the size of the CDaOC*

population was expressed as a percentage of total B lineagabsence of C& mobilization by XLA B cells and pre-B cells in

(CD19") cells, this population was still under-represented inresponse to BCR cross-linking

XLA bone marrow (11-17% in XLA compared with 23—-25% Antibody ligation of . heavy chain elicited no G4 response in

in control bone marrow). B lineage cells from the fresh bone marrow of two XLA patients
The proportion ofu™ cells was also lower in XLA than in (Fig. 1c,d). In contrast, the same experiment performed with the

normal individuals (5—-8% and 20-41%, respectively), but thebone marrow of a child with X-linked hyper-lgM syndrome or

Hyper IgM bone marrow + anti-u Normal adult bone marrow + anti-p XLA bone marrow (patient 2) + anti-p
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Fig. 1.B lineage cells from XLA patients did not make a®Cdlux in response to antibody ligation pfheavy chain. Bone marrow cells from
a patient with hyper-IgM syndrome (a), a hormal adult (b) and two XLA patients (c—f) were loaded with*hes@msitive dye Fluo-3 and
stimulated at 60 s (arrow) with antibody to cross-link surfa¢eavy chain (a—d), CD3 antibody (e) ogtl thapsigargin (f). Note: (a, b, c, d,
f), events gated to include only B lineage (CD)2ells. (e) Events gated to exclude B lineage cells.
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from normal adults gave a clear-cut Taresponse (Fig. 1a,b).
XLA B lineage cells responded with a €aflux to 1um thapsi-
gargin (Fig. 1f) and the T cells of XLA bone marrow were shown to
respond with a C& flux to CD3 antibody (Fig. 1e). This suggests
that Btk is required for the generation of a<asignal on ligation

of IgM on B cells and the:-chain of theuyLC complex of pre-B
cells.

Ligation of the uyLC complex expressed on the surface of
pre-B cell lines 697 and Nalm-6 and on a mature B cell line
(Daudi) gave a CH signal (Fig. 2), confirming that the complex
can signal on pre-B cells. The pre-B cell line 697 and B cell line
Daudi gave a similar rapid 4 transient, peaking around 60—-80's
after addition of the stimulating antibody at 30 s. In agreement with
previous work, Nalm-6 made a response of smaller amplitude,
reaching a peak after about 140s [19]. The weaker response of

concentration

Intracellular C&*

response in XLA

(fluorescence channel number)

500

450

400

350

389

Nalm-6 may be due to the absence of CD45, which is important for T

signalling through the B cell receptor [29]. In contrast, when a
slgM™ EBV-transformed B cell line derived from the bone marrow
of an XLA patient (BLCL-276) was tested for signalling in
response to ligation of the B cell receptor, no®Cdlux was
detected, although it responded normally to thapsigargin (Fig. 3)

BCR cross-linking of XLA B lineage cells activates protein tyrosinec 2+

kinases
Bone marrow cells from one XLA patient (patient 1) were tested
for tyrosine kinase activation in response to ligationuofieavy

250 LI | | | | |
0 60 120 180 240 300

Time (s)

Fig. 3. The XLA Epstein—Barr virus (EBV) line BLCL-276 did not make a
C&" response to antibody ligation of IgM. BLCL-276 was loaded with the
-sensitive dye Fluo-3 and was stimulated after 30 s (arrow) either with
antibody to cross-link surface IgM®) or with 1 um thapsigargin 4).

chain. Controls in this experiment were the pre-B cell lines 697 and, g that this response is shared by the pre-B cell lines 697 and

Blin-1 (Fig. 4). A band of approximately 115kD was tyrosine
phosphorylated after 5min of stimulation of XLA bone marrow
with antibody. A band of approximately the same size (112 kD)
was seen on stimulation of the pre-B cell lines 697 and Blin-1.

Blin-1.

DISCUSSION

Phosphorylation of a band of 76 kD was also observed on stimulagyy is a cytoplasmic protein tyrosine kinase that has been impli-
tion of the pre-B cell lines, and 697 had an additional substrate ofateq in signalling through the BCR and several cytokine receptors

70kD. This experiment shows that pre-B cells or B cells in XLA
bone marrow can respond to ligation of theheavy chain by
tyrosine phosphorylation of a substrate of approximately 115 kD
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Fig. 2.Human B cell and pre-B cell lines generated & Ci#ux on antibody
ligation of IgM or uyLC complex. The B cell line Daudi®) and the pre-B
cell lines 697 &) and Nalm-6 #) which express thgyLC complex were
loaded with the C& -sensitive dye Fluo-3 and stimulated with antibody to
ligate u heavy chain after 30 s (arrow).

[9,10,30-40]. It is phosphorylated and its kinase activity increased
on ligation of the BCR on murine and human cell lines
19,10,30,31]. BCR signalling is defective in the murine immuno-
deficiency xid which is caused by a point mutation in the pleckstrin
homology domain of th&tk gene [41]. Ligation of the BCR on xid
B cells results in a C& flux that is 50% smaller in amplitude than
that obtained with normal B cells, and the signal is insufficient to
bring about the normal subsequent synthesis of DNA [11].

In the present study, we show that surface cells in XLA
bone marrow were unable to mobhilize Cain response to BCR

XLA 697 Blin-1

bone marrow

- = i
B =112 kDump oo
115 kDm—b . - |

Fig. 4. Cross-linking ofu heavy chain resulted in tyrosine phosphorylation
of a protein of about 115 kD in bone marrow cells from a patient with XLA.
Tyrosine phosphorylation was analysed by Western blotting with the anti-
phosphotyrosine antibody 4G10. The pre-B cell lines 697 and Blin-1 are
shown as positive controls.
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ligation, whereas significant responses were obtainedpditbells obtaining bone marrow samples, Dr M. de Weers and Professor P. Beverly
in normal bone marrow and in bone marrow from X-linked hyper- for cell lines, and Professor M. Cooper for agitiC antibody. This work

IgM syndrome. In addition, no calcium flux was observed in anWas supported by Action Research and the Leukaemia Research Fund.
XLA B cell line on BCR cross-linking. In contrast, two pre-B cell
lines Nalm 6 and 697 expressing surfgogl C gave detectable
calcium responses. These lines have been shown by us to express

pyLCand cytc_>p|asm|c B_tk’ but no_llght chain [8]. Nalm 6 hgs t_)een 1 Bruton OC. Agammaglobulinaemia. Int Arch Allergy Immunol 1952;
reported previously to give a calcium response on cross-linking of  g.755_7
M_LLC [19], but in another stud_y nc_) calcium res_ponse yvas obtainedo pear| E, Vogler LB, Okos AJ, Crist WM, Lawton AR, Cooper MD. B-
with 697 [42]. The reason for this discrepancy with 697 isnotknown.  lymphocyte precursors in human bone marrow: an analysis of normal

In contrast to the calcium responses, XLA bone marrow individuals and patients with antibody deficiency states. J Immunol
cells responded to BCR ligation by tyrosine phosphorylation of a  1978;1201169-75.
115-kD cellular protein. Similar phosphorylated proteins have 3 CampanaD, FarrantJ, Inamdar N, Webster AD, Janossy G. Phenotypic
been described in pre-B cell lines and shown to correspond features and proliferative activity of B cell progenitors in X-linked
to the p85 and p110 subunits of phosphatidylinositol 3-kinase4 s/g?mnéa%()bu“r?emf fgq;munc;{l?g_?:me?s-_so.l i xinked
[42]. Our results provide evidence that Btk is required for the etne o, vorechovsky|, siderasetal the gene involved in 2-inked

| generation of G4 fluxes by human B cells in response agammaglobulinaemia is a member of the src family of protein-tyrosine

normal gene , " kinases. Nature 19936122633,
to Cr_oss'"_nk'ng of _the_ BCR, _bUt s not necessaiy for proteln 5 Tsukada S, Saffran DC, Rawlings B al Deficient expression of a
tyrosine kinase activation. This suggests that thé"Qeansient B cell cytoplasmic tyrosine kinase in human X-linked agamma-
may be dependent upon and subsequent to Btk activation, while globulinemia. Cell 199372:279-90.
activation of other tyrosine kinases occurs independently of 6 de Weers M, Verschuren MCM, Kraakman MEM al. The Bruton’s
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