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General introduction

Introduction

Each individual organism has to protect iself against a large variety of infectious microbial
agents, such as bacteria, fungi and parasites to prevent pathological damage and death. In
vertebrates, defense mechanisms against foreign substances, antigens, have evolved in the immune
system, which has two functional divisions; the ‘innate’ immune system and the ‘adaptive’ immune
system.

The ‘innate’ immurie system is aspecific and acts as a first line of defense, mediated by cells from
the myeloid lineage and soluble factors like complement and lysozyme. The main function of the
‘innate’ immune systein is to avoid entering of microorganisms into the body and to clear it of kilted
pathogens. In contrast to the ‘adaptive’ immune system, repeated infection does not improve the
resistance of the ‘innate’ immune system.

If the first line of defense is defeated, the second ling of defense, the ‘adaptive’ immune system,
which is very specific and can develop memeory to earlier accounted pathogens, is activated. The
specific immune response is mediated by lymphocytes belonging to the B and/or T lineages (B and
T cells). Both B and T cells express receptor molecules on their cefl membrane, which specifically
can bind antigens. The T cell receptor (TCR) can only bind antigens if these are processed into small
peptides, and presented by major histocompatibility complex (MHC) class I molecules on the
surface of host cells and MHC class Il molecules on the surface of antigen presenting cells.
Intracetlular antigens are processed into small peptides and presented on the surface by the MHC
class I complex. Recognition of the MHC-class I-peptide complex by the TCR of cytotoxic T cells
results in killing of the presenting host cells. MHC class 1T molecules present processed peptides,
which are derived from external endocytosed antigens. Recognition of MHC class Il-peptide
complexes by the TCR of T helper (Ty) cells results in the production of cytokines and stimulation
of cells of the immune system (‘cellufar’ immune response). The B cell receptor (BCR) binds 1o
unprocessed antigens. Stimulation of the BCR resulls in a ‘humoral’ immune response, i.e. the
secretion of soluble immunoglobuling (Ig), with the same binding specificity as the BCR to the
triggering antigen.

[g molecules are composed of the unique combination of two identical heavy (H) and two
identical light (L) chains. Both the H and L chains have a constant amino acid sequence at their
carboxyl lerminal region (C region), which mediates effector functions, such as membrane
expression, complement binding and binding to other cells of the immune system. The amino
terminal end contains regions that vary in their amino acid sequence (V region). The amino acid
variability of V regions is not distributed evenly throughout the length of these regions. In both H
and L chain V regions three hypervariable regions, also referred to as complementary determining
regions (CDR), are separated by intervening framework regions (FR). V region CDRs are the
antigen binding segments in the Ig. In Fig. 1, a schematic representation of an Ig molecule is given.
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Figure 1, Di(.rgmﬁz of an Ig molecule. Two identical heavy-chain (H) and two identical light-chain
(L) polypeptides pair lo form two identical antigen-binding sites. The ¥V, D, Cp, ¥y, Jp and C;
domains arve shown; the linge region is represented by H, disulfide-bridges by -ss-. The
approximate locations of the CDR and FR relative to Vy, D, Jy, Vi and Jy are shown by different
shadings on the left and right respectively, of the molecule.

B cell development in the nouse

B cell development is a highly regulated process of ordered events. During this process, a podl of
B cells is generated, in which each B cell expresses one specific non-autoreactive Ig with a maximal
affinity to a particular antigen. Furthermore, to protect the individual against a farge variety of
pathogens, the B cell repertoire has to be as diverse as possible. B cell development in mammals can
be divided into two phases. The first, antigen-independent, phase is found in the fetal liver and bone
marrow and involves differentiation of haematopoictic stem cells to B cells expressing a unique Ig
on their membrane. Afler successful Ig assembly, B cells migrate out of the bone marrew into the
peripheral lymphoid tissues. During the second, antigen-dependent, phase recognition of a specific
foreign antigen may result in selective expansion and differentiation of the resting B cells into Ig-
secreting plasma cells or info memory B cells.
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B cell development in the bone mearrow

B cell differentiation in the bone marrow was originally characterized by sequential V(D)
recombination of the Ig loci and expression of the Ig H and L chains. In the mouse, B cell
differentiation models have been developed using cell surface markers, such as CD45R/B220,
CD43, HSA, BP-1, c-kit or interleukin-(IL)-2 receptor and cell size (Osmond, 1990, Hardy e/ al.,
1991, Melchers and Rolink, 1995}, Despite much progress in elucidating the cetlular stages of B cell
development, diverse phenotypic criteria and terminologies are being used, which hampers the
comparison of experimental data, even when describing the same process, Here, we use the B cell
differentiation model of Osmond ef al. (1990) depicted in Fig. 2, whereas the corresponding B cell
slages according to Hardy er al. (1991) and Melchers and Rolink (1995) are given in parentheses,
respectively. B cell developinent in human shows remarkable parallels, as was recently reviewed by
Ghia ef al. (1998).

ASyk
ARAG-1/2 ACE
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G
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progenitor pro-B cells pre-B cefls

Hchain  GermtineH  D-JH VH-D-JH
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\(al—lH chan = tg-wp A= genomls detetion ~ = VproBWs l:dlﬂerentiaﬁon block\ﬂ/ = Immunoglobulin

Figure 2, Linear scheme of the B cell differentiation pathway, giving an overview of the temporal
expression of the (pre))BCR component molecules, surface markers wmoleciles and the
rearrangement status of the IgH and L chain components. Differentiation blocks result from
(partial) deletion of murine genes encoding essential transeription factors (Pax-5, Urbanek et al.,
1994, Nutt et al., 1997), the A5 gene (Kitamura ef al., 1992}, proteins and DNA regions, necessary
Jfor receptor gene recombination (RAG-1, Mombaerts et al., 1992, RAG-2, Shinkai et al., 1992, CE,
Hivamaisu el al., 1995, C, Chen et al., 1993, Zou et al., 1993, Ji1, Chen et al., 1993, Ehlich et al.,

1993), signaling elements (Syk, Igo, Torres et al, 1996, Twrner et al., 1995, lg, Gong and
Nussenzweig, 1996} and membrane exon of the H chain {tmp Kitamura et al., 1991).
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The earliest cells which are committed to the B cell lineage are the early pro-B cells (fraction A,
pro-B/pre-B-T), which constitute 1% to 1.5% of the total BM B-cell population and have all Ig loci
in germ-line configuration {(u'L"). However, not all cells within the early pro-B cell fraction are
comunitted to the B cell lineage. About 20% to 40% of the cells in this fraction co-express in
addition to the B cell markers B220 and CD43, also the NK1.1 surface molecule, but lack VpreB,
Ig-p and CD19 expression (Rolink ef af.,, 1996). These cells develop into natural killer (NK) cells. Li
et al. (1996) recently reported that cells with B lincage potential form a subpopulation within the
early pro-B cell fraction, which is characterized by the expression of the surface marker AA4.1.

Ig H chain V(D)J recombination is initiated at the B220" CD43 'L’ intermediate pro-B cell stage
(fraction A/B, pro-B/pre-B-I), characterized by the upregulation of HSA expression. In this stage
15% of the cells are in 8 or G2/M phases (Lin and Desiderio, 1995). Ig H chain loci (Fig. 3) become
accessible for recombination of a D (diversity) to a J(joining)y segment followed by the fusion of a
V{variable)y gene segment to the pre-existing DIy segment at the late pro-B cell stage (fraction C,
pro-B/pre-B-1). In this V(D)J recombination process any one form of an array of Vy gene segments
can be joined to one of many D and Ji; gene segments to generate CDR encoding antigen-binding
domain of the Ig, which is then located close to the constant region encoding genes of the H chain
(Cy). Murine B cells lacking Ig-f expression are blocked at the intermediate pro-B celi stage,
characterized by the presence of D to Jy but absence of Vy to DIy rearrangements (Gong and
Nussenzweig, 1996), :

Productive Ig j rearrangement is monitored by the expression on the surface of a p-pseudo-L
chain complex (pre-BCR}(Karasuyama ef al., 1990) and coincides with the transition to a large
rapidly cycling pre-B cell stage (fraction C°, large pre-B-II). This cetl stage is characterized by
downregulation of CD43 and recombination activating gene (RAG) expression and upregulation of
HSA expression, The pseudo L chain consists of A5 and Vpre-B gene encoded proteins, homologous
to J3.-Cp, and V3, respectively (Kudo ef al., 1987, Bauer ef al,, 1988, Sakaguchi ef /., 1986, Pillai et
al., 1987, Hollis ef al., 1989} and is thought to have a chaperone function in expressing the Ig u
chain on the ceil membrane.

Expression of the pre—BCR plays a critical role in the transition from the pro-B to the large pre-B
cell stage. Disruption of RAG-1 or RAG-2 expression (Mombaerts ef al., 1992, Shinkai ef al., 1992)
prevents the formation and expression of a pre-BCR and results in an arrest at the transition from
pro-B fo pre-B cells. A developmental blockade was observed at the same stage in mice with a
mutation in the membrane exon of the j1 chain gene (Kitamura et al., 1991), or a disruption of the Ig
Jy; gene segments {Chen ef al., 1993, Ehlich er af., 1993) or A5 gene (Kitamura ef af., 1992),
preventing membrane deposition of the pre-BCR. However in the latter case, the block appeared to
be leaky, leading to the development of & small number of functional B cells. Signaling through the
pre-BCR results in a feedback inhibition of H chain V(D) recombination to ensure the expression of
the functionally rearranged Ig H chain locus, whereas the other allele, often still in D-Ji; or gemmline
configuration (Al ef al., 1984) is not expressed, a phenomenon called ‘allelic exclusion’ (Storb et
al,, 1994). '
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After an interleukin (IL)-7 dependent proliferative expausion, in which 70% of the cells are in §
and G2/M phase (Karasuyama et al., 1994, Rolink et al., 1994), the 1'L'CD43* large pre-B cells
leave the cell cycle to become p'L'CD43" resting small pre-B cells (fraction D and smalf pre-B-II).
Within this population less than 5% of the cells are in § and G2/M phases. At this stage RAG
expression is upregulated {(Grawunder ef af,, 1995), followed by the iniliation of Ig L chain
rearrangements. In mammals, only two isotypes of L chain are preduced, Igk and Igh. In mice the
Igx locus consists of several hundred Vi gene segments, five Ji gene segiments and one Cy gene
segment. In the Igh system there are four Cp, genes, each with its own Jy, gene and two V), genes
(Fig. 3). Ig L chain gene assembly at the k locus normally precedes rearrangements of the A locus
(Hicter et al., 1981, Zou et al., 1993). In the majority of B cells and B cell lines x loci are
rearranged, while the A loci are still in their germ-line configuration leading to a 20-fold
overrepresentation of x+ B cells in mice (Melntrie er «f., 1970, Zon ef al., 1993), However, Igh
rearrangement does not require rearrangement of the Igk locus. A small fraction of progenitor B
cells rearrange Igh before Igk (Zou et al., 1993) and in mutant mice, unable to rearrange their Igk
locus, the Igh tocus is rearranged with an increased efficiency (Takeda ef @l.,, 1993). Downstream of
Cy there is a k-deleting element {Kde) known fo be involved in deleting the k genes in those B cells
which rearranged their Igh locus (Siminovitch ef al., 1985).

Expression of a complete Ig, rearranged H and L chain at the IgM’ immature B cell stage
{fraction E) is accompanied by a decrease in the expression of Vpre-B, A5, RAG-1 and RAG-2 (Li &
al., 1993) and ensures allelic exclusion, which, in the case of Igk and Igh chains, is called isotype
exclusion (Rajewsky, 1996). With the acquisition of antigen specificity, maturing B cells pass
through a tolerance-susceptible stage (Goodnow ef al., 1995) in which IgM'™IgD™ cells undergo
nested L chain rearrangements (receptor editing) and the more developed IthighIgD' cells acquire
sensitivity to apoptosis upon auto-antigen binding (Tiegs ef al., 1993, Melamed ef al., 1988). B cells
that do not bind auto-antigen acquire differentiation markers on their cell surface, such as IgD,
CD21 and CD23, and migrate out of the bone marrow to colonize peripheral lymphoid organs
(fraction F).

A crucial aspect of V(DY recombination regulation is ifs target specificity. H chain
rearrangements precede L chain rearrangements and both occur only in B lymphocytes. It is now
thought that enhancers have a clear function in positioning DNA binding proteins (Serwe and
Sablitzky, 1993, Takeda e/ al., 1993, Xu et al., 1996) and in DNA methylation, thereby affecting
DNA accessibility (Lichtenstein ef al., 1994). Immediately upsiream of each genmline Vy and V,
segment, a transcriptional promoter is located. High-level expression from the promoters of
rearranged Vy; and Vi genes depends on the activity of the intronic IgH enhancer (Ep) and the Igk
intronic enhancer {Ek} elements, respectively. These enhancers are located within the J-C infron
regions (Blackwell ef af., 1989), Powerful enhancers have also been identified downstream of the
Cao, Ck and CX genes; the Ey3® (Pettersson ef al,, 1990), the Igr3’ (Meyer and Neuberger, 1989)
end the A enhancer (Blomberg ef al., 1991) respectively. Hiramatsu and co-workers (1995) showed,
using transgenic substrates, that the Igk3’ enhancer contained a suppressive element that confrols
stage and cell type specific Igk gene reammangements. Possibly, these enhancer elemenis are able to
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locally open the chromatin structure giving access to the recombination machinery (Stanhope-Baker
ef al, 1996}, It has been reported that low level transcription of unrearranged Ig gene segments
(gerline transcription) usually precedes V(D)) recombination (Alt ef al., 1987, Yancopoulos ef af.,
1986, Schlissel and Baltimore, 1989). Whether this is a consequence of the open chromatin structure
or whether it may also enhance DNA accessibility is not clear yet. In comparison, germline
transcription plays an important role in targeting the IgH class switch recombination. Class
switching is directed to distinct classes by cytokines, which induce transcription of the targeted
DNA sequences. These transcripts are processed, resulting in spliced ‘switch’ transcripts. Switch
recombination can be directed to IgG1 by the heterclogous himan metallothionein ITA promoter in
mutant mice. Induction of the structurally conserved, spliced switch transeripts is sufficient {o target
switch recombination to IgG1, wheras transcription alone is not (Jung ef al., 1993).

IgH gene complex

JCA3

Figure 3. Schematic diagram of murine IgH and Igl. genes. Recombinase-recognition sites are
depicied by triangles, class switch sequences are represented as hatched circles.
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Enzymes involved in regulation of V(D) recombination

V{(D)I recombination is a process in which both B and T cells make double strand breaks in their
somatic DNA, The generation of double strand breaks has fo be a tightly regulated process and many
enzymes are involved. The cis acting elements in the recombination process are the recombination
signal sequences (RSS), which consist of a heptamer and a nonamer separated by a spacer of either
12 base pairs (on the 3° end) or 23 base pair {on the 5° end)., These RSS fonn hairpin structures, in
which a RSS with a 12 base pair spacer can anneal fo a complementary RSS with a 23 base pair
spacer, looping out the intervening sequences. Van Gent et al. (1995) were the first to show in a cell-
free system, that fymphoid specific proteins, encoded by the RAG-1 and -2 genes, were sufficient fo
catalyze DNA cleavage at RSS in a two step mechanism. Tn the hairpin structure the 3°0OH end,
generated by the nicking of DNA at the heptamer sequence of the RSS, attacks the phosphodiester
bond of the antiparallel strand, thereby releasing the hairpin signal ends from the hairpin coding
ends (Van Gent ef al.,, 1996}, Others (Hoim ef af., 1997, Grawunder ef af., 1997a), have shown that
nicking and double strand cleavage at RSS occurs in a stable complex of DNA with the RAG
proteins, which disassembles after completion of the reaction, Although RAG-1 and -2 by
themselves are able to achieve the DNA cleavage, the efficiency of the reaction is enthanced by other
nuclear components, like DNA bending high mobility group proteins (HMG}-1 and 2 (Sawchuk ef
al., 1997, Van Gent ef o, 1997).

After the cleavage step, the hairpinned coding end must be opened to allow further processing
and DNA double strand break repair. Enzymes known fo be ivolved in hairpin opening and
madification are DNA-dependent protein kinase (DNA-PK), a heterodimeric complex of Ku70 and
Ku86, and possibly the RAG-1 and -2 proteins themselves. DNA-PK is probably invelved in
phospliorylating endonucleases, which might be the RAG proteins, to activate them to open the
hairpin. In the natural occurring mutani mouse sirain with severe combined immunodeficiency
{SCID) (for review see Bosma and Carroll, 1991), due to a defect in the gene coding for DNA-PK, it
was demonstrated that coding end structures could not be opened (Roth ef al., 1992). The generation
of Ku70- and Ku86-deficient mice demonstrated that the heterodimeric complex of Ku70 and Ku86
is involved in the formation of coding and signal joints (Zhu ef af., 1996, Nussenzweig ef al., 1996).
It has been proposed by Gotttieb ef al. (1993) that the Ku70/86 complex served as a binding site for
DNA-PK. However, in Ku70-deficient mice, low levels of normal coding-joint formation oceurs, in
contrast to mice with defects in DNA-PK, which makes this model less attractive. In addiiion to the
DNA-PK stimulating role (Gottlieb et afl, 1993) an additional role for the Ku 70/86 complex in
replacing the RAG proteins from the signal ends and thercby allowing their ligation was proposed
(Zhw et al., 1996).

After the hairpins are opened, the four DNA ends are modified by other enzymes. To increase the
genetic variability of the Ig, terminal deoxy transferase (TdT), which is lymphoid specific, can add
nucleotides to coding and signal ends independent of the template. The coding ends, but not the
signat ends, could also be subject to nucleotide toss due to the action of yet unidentified nucleases.
Most likely, the signal ends are protected from nuclease but not TdT activities (Agrawal ef al., 1997)
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in a complex where all four ends are close to each other. This would also explain the eccurrence of
the so-called hybrid joints, in which a signal end is coupled fo a coding end (Lewis ef al., 1988). The
coding ends are then subject to alignment over a very short region of homology. A possible role for
the flap endonuclease {(FEN)-1, which removes 5° excess DNA, and polymerase 3, which fills in
DNA gaps, have been proposed in this reaction (Grawunder ef al., 1997b), although this is as yet not
clear. The blunt signal and the aligned coding ends are then ligated together by a complex forined by
XRCC4 and DNA ligase IV (Grawunder ef ¢f,, 1997h), although others believe it is DNA ligase I,
which forms a complex with ERCC4, is responsible for the ligation (Ramsden, ef al., 1997).

B cell differentiation in the periphery

Most newly produced IgM IgD’ B cells from the bone marrow migrate via the blood stream into the
B cell areas of the spleen and lymph nodes. The spleen is an important lymphoid organ, involved in
immune responses against all types of antigen that appear in the circulation. Its complex anatomical
organization, with distinct compartments containing speciatized cetl fypes, provides a micro-
environment which allows different cell-cell interactions and determines the direction of developing
immune responses (Van den Eertwegh ef o/, 1992). Many of the new B cell emigrants fail o receive
a positive selection signal in the spleen and die within a few days (Allman ef al., 1993}, The small
subset of B cells that is positively selected, enters the primary B ceil follicles and become
recirculating B cells, characterized by the upregulation of the anti-apoptotic protein bel-2 levels and
membrane IgD expression and downregulation of heat stable antigen (HSA) expression (Allman ef
al., 1993, Hardy ef al., 1995, Best ¢ al., 1995). In addition to B cells, the B cel follicles contain a
variety of stromal cells, like follicular dendritic cells (FDC), which may produce factors needed for
the chemoattraction (Fdster ef al,, 1996) of B cells into the follicle and for upregulating proteins
sitch as bel-2, As these survival factors are limited, migration into these follicles of newly produced
B cells is inhibited by the presence of follicular B cells. Recirculating B cells migrate between the
follicles of secondary lymphoid organs and have an average life-span of 6 weeks (Fulcher and
Basten, 1997}

B cell activation of all types of antigen, i.e. T cell independent (T1) type I and II and T cell
dependent {TD), leads to accumulation of B cells in the outer T cell zone (Van den Eertwegh ef al.,
1992, Claassen er al., 1986, Liu ef al., 1988, 1991, Jacob et al, 1991). In response to TI-i
{lipopolysaccharide) and TI-II antigens, profiferating B cells undergo plasma cell differentiation
within the outer T cefi zone or red pulp, but follicular B cell proliferation is moderate. In the primary
response {o a TD antigen, B cells take up, process and present antigen to Ty cells in the outer T cell
zone. Co-stimulation of Ty and B cells is mediated by CD40-CD40L and CD86-CD28 interactions
(Fachetti et al., 1995, Van Essen ef al., 1995, Grewal ef af. 1995, Ferguson ef al., 1996). Cognate
nteraction with antigen specific Ty cells results in either the formation of foci of antibody-
producing plasma cells in the outer T cell zone or the migration to a network of FDC in B cell
follicles where they form germinal centers (GC). Failure of Ty-B cell interaction leads to B cell
apoptosis within a few days (Cyster ef al., 1995). In the dark zone of the GC, the activated B cell

10
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immigrants differentiate into centroblasts, characterized by high profiferation rates. During this
proliferation phase, affinity maturation of the Ig occurs due to random somatic mutations in the Ig H
and L chain V regions (Jacob ef al., 1991). Centroblasts then migrate into the GC light zone and
differentiate into centrocytes. In the GC light zone FDC have sequestered antigens in the form of
immune complexes via their complentent receptors. Only those centrocytes with a BCR that has a
higher affinity than the original antibody can bind to the antigen bound by the FDC, The mechanism
of rescuing the B cell by the FDC is not clear yet, but probably involves interaction though adhesion
molecules (Lindhout ef al., 1993). Competition for anligen and subsequent rescue from apoptosis
provides a mechanism for selection of B cells with high affinity BCR, whereas B cells bearing lower
affinity BCR due to the somatic mutations are deprived from FDC mediated rescue and go into
apoptosis, Rescued B cells retrieve antigen from FDC and present them on the MHC class 11
molecules fo antigen-specific GC T cells. Recent experiments have shown that the syk tyrosine
kinase, an effector of the BCR signal transduction pathway, is also involved in the presentation of
peptide-MHC-II complexes. (Lankar ef al., 1998). If the T cell recognizes the processed antigen-
MHC-II complex it will express CD40L and eytokines, including 11-4 and IL-10 (Butch ef al., 1993,
Lederman er al., 1992, Casamayor-Palleja ef al., 1995) which initiate Ig isotype switching (Malisan
ef al., 1993). In mice the Cy locus contains Cp, C8, Cy3, Cyl, Cy2b, Cy2a, Ce, and Cou genes which
determine the Ig isotype class; IgM, IgD, IgG3, 1gGl, IgG2b, IgG2a, IgE and IgA respectively. An
activated B cell can join the V(D)J-rearranged region of the H chain to different constant region
genes, allowing the generation of different effector functions. In addition CD40L binds to CDA40,
expressed on the B cell surface and mediates downregulation on the Fas/CD95 apoptosis pathway
{Rathmell et al., 1996), The positively selected centrocytes then differentiate into plasma cells or
into memory cells, which will join the recirculating iymphocyte pool (Liu ef al,, 1991)

B cell populations

Based on the cell surface phenotype, anatomical localization and developmental characteristics,
murine B cells can be divided into three subpopulations: B-1a, B-1b and B-2 (conventional) B cells,
B-1 cells are derived from progenitor cells in the omentum and fetal liver, and are characterized
by a self-renewal mechanism from mature B-1 cells, whercas de novo generation is terminated in
post natal life (Lator ef af,, 1989), The B-1 subpopulation can be subdivided into B-la and B-1b
populations based on two key differences. Firstly, in contrast to B-1b, B-la cells express the
glycoprotein CDS on their celt surface. Secondly, upon bone marrow transplantation from adult
mice to irradiated recipients, B-1b cell levels are reconstituted to half the normal size, whereas B-1a
cells remain absent (Kantor ef al., 1992). B-1 cells are predominantly found in the adult peritoneal
and pleural cavities (Hayakawa ef al., 1985, Kroese ef al., 1992) and generate a large percentage of
the IgA-producing plasma cells in the gut (Kroese ef al., 1989). A detailed description of the origin
of murine B-1 cell lineages is given in Herzenberg and Kantor (1993).
B.2, or conventional B cells derive from the fetal liver and bone marrow in adult life and are
characterized by a constant de nove synthesis from progenitor cells in the bone marrow during post
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natal life. Conventional mature B cells are predominantly located in the secondary lymphoid organs,
like spleen, lymph node and Peyers patches.

X-linked agammaglobulinemia

Studies on nalural occurring immnunodeficiency diseases have given us more insight into
bymphocyte development. Most of the 50 gepetic immunodeficiencies recognized sofar, show an
autosomal recessive mode of inheritance (Rosen ef @l., 1997, Stichm., 1993), affecting only one
generation within a pedigree. In about 70-80% of the cases, patients are males (Conley ef al., 1994),
reflecting the fact that a substantial fraction of the best characterized immunodeficiencies are
inherited on the X chromosome. Due to the X-linked mode of inheritance, affected males are not
confined to one generation within a pedigree, making the X-linked immunodeficiency diseases to
the most prevalent ones. Immunodeficiency diseases which have been mapped to the X-chromosome
are: X-linked severe combined imununodeficiency (XSCID), X-linked hyper-IgM syndrome,
Wiskott-Aldrich Syndrome (WAS), X-linked lymphoproliferative syndrome (XLP), Properdin
deficiency (PD), X-linked chronic granulomatous disease (X-CGD) and X-linked
agammaglobulinemia {XLA). The genes responsible for these X-linked immunodeficiency diseases
have been identified using various approaches, including positional cloning (Table 1}.

Table 1. X-linked immunodeficiencies

Disorder Locus Cells affected Gene designation References

X-CGD Xp21 Granulogytes, Monocytes GpY1-phox ' 1-3 '

PD Xpli Macrophages/Complement Properdin 4,5

WAS Xpli Platelets, T/B lymphocytes WASP 6,7

Granulocytes, Monocytes

XLA Xq2 B lymphocyies Btk 8,9

K-linked Xq26 T-B lymphocyte inferaction CD40 ligand 10-14
hyper IgM

XLP Xp2s T/B lymphocytes SAP/SH2ZDIA 15-17

XSCID Xql3 T/B lymphocytes IL-y, receptor 18,19

References: 1: Dinauer ef al., 1987, 2: Smith ef al., 1991, 3: Teahan et al., 1987, 4: Groundis ef al.,
1088, 5: Nolan ef @i, 1991, 6: Derry ef al., 1994, 7. Nonoyama and Ochs, 1998, 8: Tsukada ef al.,
1993, 9: Vetrie ef al., 1993, 10: Allen ef af,, 1993, 11: Korthauer et al., 1993, 12; DiSanto ef al.,
1993, 13: Aruffo ef al., 1993, 14: Ramesh ef al., 1993, 15: Skare et al., 1987, 16: Sayos ef af., 1998,
17: Coffey et al,, 1998, 18: Noguchi et af., 1993, 19: Sugamura ef al., 1996,

Three out of § X-linked immunodeficiency genes that are involved in specific immunity, encode
intracetiular signaling molecules (XLA, XLP and WAS).
Clinicel aspects of XLA

XLA has an incidence of ~5/10° (Sideras ef al., 1995} and was the first humoral immunity
disorder to be described. Bruton (1952) reported an 8-year-old boy, who had suffered from recurrent
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bacterial infections since the age of 4'%, years and lacked detectable levels of serum
immunoglobulins due fo a general inability to synthesize these anlibodies. He further noted that the
condition of the patient improved dramatically upon administration of gamumaglobulins, showing a
relationship between control of infection and gammaglobulins.

Maternal antibodies levels, obtained by transplacental passage are protecting the patient against
infections during the first months of life, but in the majority the onset of symptoms is within the
first year of life (reviewed in Sideras ef afl.,, 1995). Patients suffer from serious recurrent pyogenic
infections, in most cases confined fo upper and lower airways, but meningitis, osteomyelitis, arhiritis
and gastro-intestinal manifestations have also been reported (Ochs ef al., 1980). Without treatment,
patients die from these infections between 2 months and 5 years of age (reviewed in Sideras and
Smith, 1995, Rosen ef al., 1997, Timmers ef al., 1991}, Due fo the therapy with antibiotics and
gammaglobulins, the frequency of bacterial infection decreases, but there is only a weak
prophylactic effect (Mease ef o/, 1981, McKinney ef al., 1987, Hermaszewski ef al., 1993). With the
current treaiment, patients can reach adulthood. However, substituted immunoglobulins do not reach
the mucous membranes and meost patients still suffer from chronic infections diseases, leading in
many patients to puimonary failure in their third decade,

Cellular aspects of XLA

XLA is generally regarded as a block in B cell development at the level of the pre-B cell. Serum
Ig levels of all classes are very low or absent in XLA patients due to the lack of plasma cells in the
secondary lymphoid organs. B cells are present in the periphery, although their numbers are severely
reduced and they exhibit an immature IgM"#" phenotype (Conley ef al., 1985). In the bone marrow,
pre-B cells expressing cytoplasmic Cp but no surface Ig are present at norma! or slightly decreased
numbers (Peatl ef al., 1978). Since hardly any surface Ig-positive B cells can be detected in XLA,
the transition from the pre-B cell stage to later stages in B cell development is affected, However the
developmental blockade at the pre-B cell stage is not absolute and there is phenotypic heterogeneity
among patients (Wedgwood et al., 1980, Krantman ef al., 1981, Landreth ef al,, 1985, Leikley ef al.,
1986, Campana er al., 1990). To characterize the heterogeneity among patients and the relation to
XLA severity, further analyses on BM samples of a larger group of patients with currently available
tools for genctic analysis and recently found B cell markers is needed (Conley and Cooper, 1998).

The XLA defect is intrinsic 1o B cells as was demonsirated by the unilateral X chromosome
inactivation in XLA affected B cells of carrier females {(Conley ¢t al., 1986, 1988, Fearon ef al.,
1987). In females, one of the two X chromosomes of somatic cells is randomly inactivated during
early embryogenesis. The inactive state of the X chromosome is maintained in atl progeny cells,
leading to the inactivation of one X chromosome in one half of the cells while the other X
chromosome is active in the other half of the cells. In female XLA carriers, the precursor B cells
having the defective XLA gene on their active X chromosome, will be arrested in differentiation, as
is found in XLA affected males. No developmental arrest occurs in those B cells, that have the intact
gene on the active X-chromosome. As a result, XLA carriers manifest a B cell population with an
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mnifateral X chromosome inactivation pattern. Unilateral X chromosome inactivation was only
demonstrated in the B cell population and not in other haematopoietic lineages such as T cells,
monocytes and granulocytes. These findings showed that the XLLA defect is infrinsic to and specific
for the B cell Hneage (Conley ef al., 1986, Fearon ef af,, 1987). The X-chromosome inactivation
patterns were used for genetic counseling to analyze XLA carrier status in females af risk (Fearon e
al., 1987, Conley et al., 1988, Hendriks and Schuurman, 1991).

Genetics of XLA

The gene affected in XLA patients was suggested to be localized on the X chromosome by the
predominant occurrence of the disease in males {Janeway ef al., 1953) and (his narrowed the search
for the gene to one chromosome, Using a series of DNA probes recognizing restriction fragment
length polymorphisms {(RFLPs) close genetic linkage was shown behwveen the XLA gene and the X
chremosome markers DXS17 (S21) and DXS3 (pf19-2) at Xq22 (Kwan ef al., 1986, Mensink ef al.,
1986, Malcolm ef «f., 1987). The availability of flanking RFLP markers provided reliable methods
for prenatal diagnosis and carrier detection in XLA pedigrees. No recombination of the XLA gene
could be detected in over 100 meioses with DXS178 (p212) in the Xq21.3-Xq22 region, setting the
order of loct in this regiom centromer-DXS83-(XLA, DXS178)-DXS94-DXS17-telomer (Guioli ef
al., 1989, Kwan ef al., 1990), The 7cM (~7Mb) of DNA, encompassing the region in which the
XLA gene was located, was further narrowed by linkage analysis with two other polymorphic
martkers, DXS442 and DXS101 (Lovering ef al., 1993, Parolini ef ol.,, 1993, de Weers ef «f., 1992),
reducing the XLA candidate region to 2 Mb of DNA.

Isolation of the gene affected in XL.A

The gene defective in XLA was isolated independently by two groups, using different approaches
(Vetrie ef al., 1993b, Tsukada ef al., 1993).

Vetrie and co-workers (1993b) used positional cloning to identify the gene. From a 5.2 Mb Yeast
Artificial Chromosome (YAC) contig, a clone positive for DXS178 was chosen and used to enrich
region-specific cDNA clones from libraries constructed from B cell lines. In parallel, cosmid clones
that hybridized to the YAC were also isolated and used to construct a physical map of the YAC. One
of the isolated ¢DNA clones detected DNA point mutations in two unrelated XLA patients,
indicating that the gene from which they were derived was the gene affected in XLA (Vetrie ef al,,
1993b). The cDNA clone was sequenced and was found to encode a cytoplasinic tyrosine kinase. '

The same gene was isolated by Tsukada and co-workers (1993), who were primarily interested in
isolating novel tyrosine kinases involved in B cell differentiation. Using the kinase domain of a
previously isolated tyrosine kinase, Ltk, as a probe for a mouse B cell progenitor cDNA library, they
isolated a gene of which the corresponding human ¢cDNA mapped to the Xq22 region, by fluorescent
in situ hybridization (FISH). These findings, combined with expression studies in cell lines derived
from patients, suggested that this gene was very likely to be the XLA gene,
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The X-linked immunodeficiency phenotype is caunsed by a mutation in the Btk gene

The CBA/N mouse strain, carrying an X-linked immunodeficiency {(xid), is characterized by a
wide array of immuie defects (reviewed in Scher ef al., 1982). These mice have low levels of serum
IgM and IgG3, whereas the levels of other isotype classes are normal (Perlmutter ef al., 1979, Slack
et al., 1980). Peripheral B cell numbers are moderately reduced and carry an immature phenotype
(IgM"#IgD"™, Hardy ef af,, 1983), whereas the B-1 (CD5") B cells are absent, Xid niice do not
respond in vivo fo T cell independent class II (TI-II} antigens, typified by haptenated-Ficoll and
other polysaccharide antigens, whereas T cell dependent (TD) responses are normal. Moreover, xid
B lymphocytes responses to in vitro stimuli, such as Ig receptor crosslinking, IL.-5, 1L-10, CD38 and
LPS are absent or impaired (Mond ef al., 1983, Go ef al, 1990, Hitoshi ef al.,, 1993, Santos-
Argumedo ef al., 1995, Koike ef al., 1995). Like XL A, also xid results from an infrinsic B cell defect
as was demonstrated by X-inactivation studies in female mice heterozygous for the vid mutation
(Nahm ef al., 1983, Forrester ef al., 1987). The gene defective in xid was mapped to the mouse X
chromosome, between the loci for phosphoglycerate kinase (Pgk-1} and the murine GLA gene (dgs)
(Brown et al., 1993). Comparative mapping studies of the mouse and human X chromosome have
shown that the mouse X chromosome containing the xid locus is highly conserved and shares
homology to the human Xq21.3-Xq22 region, containing the XLA locus. The finding that xid and
XLA map to the same conserved region of the mouse and human X chromosome, respectively, and
the fact that both disorders are only affecting B cells, suggested that also xid phenotype could be
caused by a mutation in the Brk gene. First, it was demonstrated that the Btk gene mapped to the xid
locus (Thomnas ef al., 1993, Hendriks ef al., 1994) and direct sequencing analysis demonstrated that
the Btk gene in xid mice carried a mutation converting the arginine residue at position 28 into a
cysteine (R28C) (Thomas ef al., 1993, Rawlings ef al., 1993). Initialty, the mild phenotype of the xid
mice, compared to the human XLA phenotype, was explained by the fact that the R28C mutation
was located in a non-catalytic domain of Btk that mediates protein-protein interaction and therefore
had only moderate effects on Btk function. Predictions were made that the same mutations in the
human Btk gene would afso result in a mild phenrotype (Vorechovsky ef al., 1993). However, the
identification of a mutation in the human Bk, converting Argy, to a histidine and thereby affecting
the same codon as is altered in xid did not result in a mild phenotype of the patients in one XLA
pedigree (De Weers ef al., 1994a). This finding suggested that mice do not develop a phenotype as
severe as the human XLA, and this was confimied by gene targeting experiments, resulting in a
disrupted Bik kinase domain (Kahn ef a/., 1995, Chapter 2). In table 2 the features of XLA and xid
are compared,
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Table 2. Comparison of the phenotypes of human XLA and murine xid

Studied phenotype X1LA xid
Early pre-B cells in bone marrow Normal Normal
Peripheral B lymphocytes Absent or low Redueed and show ‘immature’
{residual cells have IgM"™ phenotype
IgM™# phenotype)
CDS5 positive subset absent
Rearrangement of Ig genes Normal Normal
Immunoglobulin levels All isotypes absent IgM and IgG3 levels reduced
or low No THII response
Phenotype of heterozygous Normal Normal

female carriers

X-inactivation pattern in Non-random inactivation Nen-random inactivation
female carriers in B ceils inB cells

Other haematopoielic Unaffected, random Unaffected, random
lineages X-inactivation pattern  X-inactivation pattern

Genomic organization and expression of mouse and human Btk gene

The genomic organization of both murine and human Btk were determiined using mouse 1298V
genomic lambda, P1 phage clones and genomic cosmid clones (Sideras ef al., 1994, Hagmann ef al.,
1993, Ohta ef af., 1994, Rawlings ef af., 1993). In addition, 93 kb of the human region and 89 kb of
the murine region, containing Brk and adjacent genes coding for several other proteins, such as «-
palactosidase (GLA), the ribosomal protein L44L, the RNA-binding protein FTP-3 and the
deafness/dystonia peptide (DDP) have been completely sequenced (Oeltjen ef al, 1997, GenBank
accessiont no, U78027 and U58105, respectively). A physical map of the murine Brk loci is depicted
in Fig. 4. The coding regions were divided into 19 exons, spanning approximately 43.5 kb in the
mouse and 37.5 kb in humans. Whereas the 5’-UTR is encoded by the first exon and part of the
second exon, exon 19 encodes 23 carboxyl terminal amino acids as well as the 3’-untranslated
region (3’-UTR). Immediately upstream of the non-coding exon 1, multiple putative {ranscription
start sites have been mapped, Sequencing of the human and murine Btk promoter region 5° of exon 1
revealed that there were no obvious TATA or CAAT like motifs present, consistent with the
presence of multiple transcription start sites, which is seen more often in TATA-less promoters
{Geng ef al., 1993, Travis et al., 1991, Matsuzawa et al., 1991).

Btk expression was investigated in human, using cultured cell lines, leukemias and peripheral
blood samples (de Weers ef af,, 1993, Genevier ef al., 1994, Smith ef al., 1994a, Futatanani ef al.,
1998). In the mouss, Btk expression was analyzed in cultured cell lines, as well as in vive, by flow
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cytomelric analysis of LacZ aclivity in a mouse with a targeled, in frame, insertion of a LacZ
cassette in the Brk gene (Chapter 2} and intracellular flow cytometry (Chapler 4). Btk is expressed
thronghout B cell development, from the earliest pro-B cell stage up to mature B cells, except in
plasma cells and not in T cells, Btk is also expressed in cells of the myeloid lineage, but is not
required for myeloid differentiation, since cells from the myeloid lincage are not affected in XLA
nor in xid (Sideras and Smith, 1995).

Not much is known about the DNA elements that regulate the Brk expression. The tissue-specific
and differentiation stage-specific expression may, at least in part, be accomplished by ~450bp of the
Btk promoter region, which contains several binding sites for the transcription factors Spl, Sp3 and
PU.1 (Himmelman ef al., 1996, Miiller ef al., 1996). Although transient transfection experiments
implicate PU.1 as a major regulator, Btk expression is not abolished in fetal liver of PU.1-deficient
mice ( Miiller et al,, 1996). This implies that other elements may also be required in the absence of
PU.L. Such elemients, needed for appropriate Btk expression might be located further upstream or
downstream of the promoter region. To date, the reported transfection studies have only focused on
the ~400 bp promoter region and do not address the guestion of the importance of the in vivo
chromatin structure for Brk gene expression, Recent large-scale sequencing studies which compared
93 kb of the human sequence around Btk to 89 kb of the murine sequence in the same region
{Oeltjen er al., 1997) revealed highly conserved intronic regions. The importance of the conserved
regions was highlighted by an XLA patient with a mutation in a conserved region in intron one,
containing an Spl binding site (Rohrer and Conley, 1998).
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Figure 4. Scheme of the genomic organization of the murine Btk gene. Exons are represented by
[illed boxes and numbered I to 19, EcoRI restriction sites are indicated us E.

Btk protein

Both murine and human Btk consist of 659 amino acid, showing 99.3% homology, and have a
molecular weight of 77 kDa. Btk is a cyloplasmic Src-like profein {yrosine kinase (PTK) belonging
to the Tec family of related tyrosine kinases, which is characterized by the absence of a N-terminal
myristylation site and a C-terminal negative regulatory tyrosine residue and the presence of
pleckstrin homology (PH), Tec homology (TH), src-homology {(SH)3, SH2 and SHI domains
(Rawlings et al., 1994, Smith ef al., 1994b). In addition to Btk and Tec (Mano ef af., 1990, 1993}
other members of the Tec family are the T cell homologue Itk (Siliciano ef af., 1992) and Bmx
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{Tamagnone ef al., 1994). The linear structure of Btk is depicted in Fig. 5 and shows the different
domains,

The kinase domain (SH1), located at the C terminal region, consists of about 250 amino acids and
shares homology to the Sre family of protein kinases, The SH1 region contains 9 invariant and 15
highty conserved residues, involved in ATP binding and catalysis (Hanks ef al., 1988, Vihinen ef af.,
1994). To date, the only substrafe associated with Btk in vivo, is the DNA-binding protein BAP-135
or TFII-I (Yang ef af., 1997, Roy ef al., 1997, Gruencberg ef al., 1997). PLC-y is likely to be another
substrate of Btk. BCR-induced tyrosine phosphorylation of PLC-y is compromised in Bik-deficient
DTA0 cells (Takata ef e/, 1996), and in xid mice, the generation of inositol 1,4,5-triphosphate by
PLC-y is decreased upon BCR crosslinking (Rigley et al., 1989), indicating a role for Bik in the
patlnway emanating from the BCR and proceeding downstrean: through PLC-y. Furthermore, in vifro
overexpression experiments show that participation in PLC-y activation is a general property of Tec
kinases (Fluckinger ef al., 1998, Scharenberg et al., 1998).

Another region that shares homology to the Src-family is the SH2 domain, located at the N-
terminus of the SH1 domain. In Btk the SH2 domain includes about 100 amino acids. This domain
is found in a large number of signaling molecules and is involved in the specific interaction with
phosphorylated tyrosine residues of other signaling molecules (Songyang ef /., 1993). SH2 domains
have been shown to play a role in modulating enzymatic activity and in the recruitment by tyrosine
phosphorylated signaling melecules (Cantley ef al., 1991, Walksman ef af., 1992),

Next to the SH2 domain, the SH3 domain is located. It consists of about 60 amino acids. SH3
domains were shown to bind to proline and hydrophobic stretches in other proteins (Ren ef al., 1993,
Pleiman ef al., 1994a) and is like SH2 domains involved in locating signaling molecules to certain
areas in the celi. Association of the Btk-SH3 domain with signaling molecules, such as the Src-like
kinase Lyn (Cheng ef al., 1994), the proto-oncogene p120°™ (Cory et al., 1995) and WASP (Yang ef
al.,, 1995), the protein defective in the Wiskot-Aldrich syndrome and involved in cytoskeletal
organization, have been demonstrated in vifro, although the physiological significance of these
interactions in unknown.

The N-terminal region containg a 100 amino acid long PH domain. Originally, the motif was
identified in the protein kinase C substrate Pleckstrin. PH domains recruit signaling melecules to the
cell surface through specific interactions with phospholipids and proteins important for the
activation of these signaling molecules (reviewed in Lemmon ef af, 1996). Direct interactions
between the PH domain of Btk and the By subunits of G proteins and the a-subunit of the G, class of
G proteins have been demonstrated (Touhara ef al., 1994, Tsukada ef al., 1994, Bence ¢/ al., 1997),
but the functional relevance in the Btk signaling pathway still has to be proven. Physical association
of the PH domain of Btk with the calcium dependent protein kinase C (PKC) isoforms: ¢, BI and
BL, as well as with the calcium independent isoforms g and &, have also been shown in vitro,
whereas PKC-BI showed also in vivo association with Btk (Yao e al., 1994). Recently, membrane
association of Btk by binding of the PH domain to inositol phosphates was shown (Salim ef al.,
1996, Rameh ef al., 1997). Moreover, Btk membrane association depends directly on PI(3,4,5)P;
levels (Bolland er al., 1998, Scharenberg ef af., 1998, see below), The R28C mutation in xid mice
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was the first genetic evidence for the functional importance of this domain (Thomas ef al., 1993,
Rawlings et «f., 1993). The importance of the PH domain was also demonsirated by the E41K Btk
gain-of-function mutant, isolated in a random mutagenesis scheme {Li ef al., 1995), which showed
an increased membrane localization and tyrosine phosphorylation when transfected info 373
fibroblasts. The E4IK Btk mutant induced growth of 3T3 f{ibroblast in soft agar cullures and
relieved the 11.-5 dependence of pre-B cell line Ylo.

Between the PH domain and the SH3 domain a stretch of about 70 amino acids is present and is
called the TH domain as the domain was first identified in the Tec protein (Smith ef al., 1994b). So-
far, this TH molif has only been identified in proteins belonging to the Tec family. The TH domain
is divided into two subdomains, the Btk motif and a proline stretch. The Btk motif consist of a
stretch of 27 conserved amino acids of which 7 are invariant. The function of this region is not yet
clear. Next to the Btk molif a prolin stretch is present, which may serve as a binding site for SH3
containing tyrosine kinases, like Fyn, Lyn and Hck (Cheng er al, 1994, Yang et al., 1995).
Interestingly, the SH3 domain of Btk itself may bind to this prolin-rich region and in this way have a
regulatory function (Smith ef al., 1994b).

Finally, adjacent to the PH domain the presence of a Zn-finger motif has been detected (Hyvonen
et al., 1997). The function of this motif in Bik is unknown, However, its importance for Btk function
was demonstrated by a mutation in this mofif resuliing in XLA.

The putative binding proteins to the individual Btk domains are summarized in Table 3.

Table 3, putative binding pariners_for Btk and its domains

Btk domain  Binding proteins References
PH PKC-o,BLpIHLe,L isoforms Yao ef al., 1994
G protein fy-subunits Touhara ef al., 1994, Tsukada ef al., 1994
G, protein ci-subunit Bence ef al,, 1997
nosito! phosphates Salim ef al., 1996, Rameh ef al., 1997
SHI1 BAP-135/TFII-I Yang et al., 1997, Roy ef al., 1997,
Grueneberg ef al., 1997
SH2 pTyr proteins Cantley ef al., 1991, Walksman ¢f al., 1992
SH3 Lyn Cheng ef al., 1994
p120™ Cory ef al., 1995
WASP Yang ef al., 1995
TH Fyn, Lyn, Hek Cheng ef al., 1994, Yang ef al., 1995

To date over four hundred mutations, including deletions, insertions, missense and non-sense,
have been characterized in XLA patients distributed throughout the Btk coding region (Vihinen ef
al., 1998, hitp:///www. helsinki. fi/science/signal/bikbase.htmt). These studies showed that
approximately one third of the human Btk mutations cause single amino-acid substitutions {Vihinen
el al., 1997, 1998, Saha ef al., 1997, Vorechovski ef al., 1997, Haire ef al., 1997, Brooijmans ef al.,
1997, de Weers ef al., 1997, Gaspar ef al., 1998, Futatani er of., 1998, Holinski-Feder er al., 1998).
The amine-acid substitutions tend 1o cluster in the kinase domain, although they have been seen in
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all other domains, except the SH3 domain. Remarkably, amino-acid substitutions often lead to the
absence of Btk (Futatani et af,, 1998, Gaspar ef al., 1998). There is no clear correlation between Btk
genotype and the severily of the phenotype of XLA patients.

[E41K (Bik")

Lyn @

Y551

auto ®

Kinase

77 659

Figure 5, Linear structure of the Btk protein. Shown are the different domains. The positions of the
E4IK mutation and the R28C xid mutation are indicated. Numbers represent the amino acid
positions, The positions of tyrosine residues Y223 and Y351, involved in Btk activation are shown.

Regulation of Btk activation

Btk activation is associated with an increased fyrosine phosphorylation and an increase in
catalytic activity. Stimulation of the BCR induces tyrosine phosphorylation of Bik in vive, both in
human B cell lines and tonsilar lymphocytes (De Weers ef al., 1994b, Hinshelwood ef al., 1995) as
well as in muring B cell lines (Saouf ef af,, 1994, Aoki ef al, 1994) and is accompanied by an
increase in its kinase activity in vifro. Btk has also been shown to be phosphorylated and activated
upon stimulation of receptors for IL-5 (Sato er al., 1994), IL-G (Matsuda ef al., 1995) in B cells and
FesRI in mast cells (Kawakami ef al,, 1994). Kinetic analyses of protein kinase aclivation in a
murine cell line revealed that Src-like tyrosine kinases were activafed imunediately after BCR
engagement, followed by the activation of Btk within minutes (Sacuaf ef al., 1994). Two tyrosine
residues are important for activation of Btk. One tyrosine residue is located at amino acid position
551 (Y551} in the catalytic domain and the second one, an autophosphorylation site, in the SH3
domain at amino acid position 223 (Y223) (Fig. 5.). The role of the two tyrosine residues in Bik
phosphorylation following stimulation of BCR, IL-5-receptor and FceRI were investigated using
antibodies, specific for phosphorylated Y551 and Y223 (Waht ef al., 1997). Following receptor
stimulation, Y551 was rapidly phosphorylated, accompanied by autophosphorylation of Y223 and a
subsequent dephosphorylation of Y551 followed by dephosphorytation of ¥223. Phosphorylation of
the Btk SH3 domain may play a rele in the negative regulation of Btk activation, as was indicated by
the finding that additional Y223 to phelylalanine mutation or deletion of the SH3 domain further
activated the transforming activity of the E41K Btk mutant {Park er al., 1996). Src-like tyrosine
kinases play important roles in phosphorylating Y551 of Btk as was shown in Btk-Lyn/Fyn co-
transfection experiments (Rawlings ef al, 1996, Afar ef al., 1996, Wahl ef af., 1997). Btk
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phospliorylation was augmented by increased dosage of Lyn or Fyn, whereas co-expression of Btk
with a kinase-inactive Lyn (K275G) did nof result in an increase in Btk tyrosine phophorylation,
ptacing Bk downstream of Lyn and Fyn activation. In contrast, co-expression of Bik with Syk failed
to increase Btk phosphorylation and activation (Scharenberg et al., 1995).

Co-expression of Bik and PI3-K, which generates the membrane binding site PI(3,4,5)IP;,
also reswlt in enhanced Btk phosphorylation (Li ef af., 1997), suggesting that membrane targeting of
Btk mediated by the PH domain, places Btk in proximily to Lyn, which like other Src-family
members can bind via their SH3 domain to the Btk proline stretch {Cheng ef al., 1994, Yang et al.,
1995), and thereby promoling Lyn-dependent phosphorylation. The importance of this interaction
was demonstrated by the impairment of tyrosine phosphorylation of a kinase-inactive Btk with a
point mutation in the TH domain that abolished binding of SH3 containing proteins (Yang ef al.,
1995). Recruitment to the memmbrane seems to be important for Btk activation as is demonstrated by
R28C {xid) and E41K alferations of the PI domain leading to loss of function and activation of Btk,
respectively (Salim ef al., 1996, Ferguson ef al., 1995). As the Btk PH domain can also bind inositol
phosphates, By subunits of G proteins and PKC isoforms, these interactions and those directed by
other Btk domains may allow Btk to integrate membrane-targeting signals with those generated by
Sre-kinases-linked receptor activation. Membrane association and phophorylation of Y551 by Lyn
appears to activate Btk by unblocking its catalytic site. Autophosphorylation of ¥223 in the SH3
domain may be an early target of the catalytic domain and may lead via further conformational
changes of Btk to the creation of binding sites for other signaling proteins known to interact with
Btk. Similarly, phosphatases and phosphokinases, influencing Btk phosphoryiation and activation
may regulate interactions of Btk with other proteins. The phosphatase SHIP has been shown to
reduce the levels of P(3,4,5)1Py and thereby decrease the membrane association of Btk (Bolland ef
al., 1998, Scharenberg ef al., 1998), which is therefore the first pathway identified that, fogether
with P1-3K, can specifically regulate Btk activity (Fig. 6).

Signaling
The B cell receptor complex (BCR)

The BCR belongs to a class of receptors which includes the TCR as well as receptors for the Fe
regions. Characteristic for these receptors is that they are multicomponent and that ligand binding
and signal transduction are compartmentalized into distinct receptor units (Kurosaki ef af,, 1997). In
the BCR, the ligand binding unit is the membrane Tg. All Ig classes can be expressed on the
membrane or be secreted, depending on differential mRNA splicing {Wall e a/., 1981). Membrane
Ig has only a short cytoplasmic part, and upon Ig crosslinking, intracellular signals are transduced by
non-covalently associated, disulfide liked heterodimers Ig-o and Ig-§ (CD79%c and CD79§
respectively, Hombach ef al., 1988). Ig-u (34 kDa) is encoded by the mb-f gene and Ig-p (38 kDa)
by the B29 gene (Hombach er al, 1990, Campbell ef al., 1991). The B29 gene is expressed
throughout the B cell development whereas the md-! gene expression is tumed off in plasma cells
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(Fig. 3, Sakaguchi er af., 1988, Henmanson ef af., 1988). Boih Ig-a and Ig-p have one Ig-like
extracellular domain, a 22 amino acid fransmembrane part and a ecytoplasmic domain of
respectively 61 and 48 amino acids, The cyloplasmic domain contains a sequence motif of
approximately 26 amino acids, which is named immunoreceptor tyrosine based activation motif
{ITAM) is characterized by six conserved aniino acids in the sequence D/Ex;D/ExxYxxL/Ix;YXxL/
(in single-letter amino acid code, where x represenis any amino acid, Reth, 1989, Cambier, 1995).
When a p mutant, unable to associate with Ig-c. and Ig-B was introduced into RAG™ mice, failures
in signaling for allelic exclusion and a developmental blockade at the transition from pro- to pre-B
cells was observed. The phenotype could be rescued by introducing chimeric molecules, consisting a
fuston of the mutant p to the cytoplasmic domain of Ig-p and Ig-o (Papavasilion er af, 1995a,
1995b). However, in mice deficient for Ig-f3, while still expressing Ig-o, a comptete impairment in B
cell development was observed before the Vi to DIy occurred (Fig, 3, Gong and Nussenzweig
1996). In Ig-o truncated mice, lacking the ITAM, pre-B cells were present, but diminished by a
factor of 2 to 4, whereas the number of peripheral B cells was decreased 10-fold (Fig. 3, Torres ef
al., 1996). These data suggest that, at least patis of, both Ig-a and Ig-P are required for the formation
of an Ig-o/Ig-P heterodimeric complex, needed for signaling and/or membrane expression of the
(pre-} BCR. It would therefore be interesting to see, at which stage B cell development is blocked in
mice that completely lack Ig-o.

The pre-BCR and BCR have critical roles in B cell development. Expression of a pre-BCR in
carly B cells are needed for maturational progression as has been demonstrated in mice models
unable lo express a pre-BCR (see Fig. 3) As this progress is thought to occur in the absence of
foreign antigen, it Is stilf not clear whether it is an {endogenous} ligand or expression of the pre-BCR
by itself that stimulates progression to the more mature phases of B cell development. Like pre-BCR
expression is needed for early B cell development, Lam and co-workers {1997) have demonstrated
that expression of a BCR is critical for laler stages of B cell development. Using Cre-LoxP mediated
interferon inducible Vy; gene disruplion, they created a mouse model in which the effect of the BCR
could be investigated without dishurbing pre-BCR mediated B cell development, Loss of the Vy
gene leads te a decrease of BCR expression and apoptotic death. This presnmably means that the B
cell must somehow continuously receive signals through the BCR in order fo stay alive. Since nof all
living B cells are activated, the BCR must generate multiple signals or vary its signal strength in
order {o make a distinction between B cell maintenance and activation.

BCR triggered signal transduction pathways

Signals from the (pre-)BCR and co-receptors such as CD19, CD22, CD45 and FoylIB (sce below)
are integrated inside the cell allowing the B cell to react appropriately to a variety of stimuli. The
biochemical events triggered by BCR and co-receptor engagement include the recruitment and
phosphorylation of proteins and the subsequent activation of downstream signaling cascades. The
most rapid event upon BCR crosslinking is the increased tyrosine phosphorylation and activation of
Src-family tyrosine kinases (Src-PTKs), including Lyn, Bik, Fyn, Lck and Fgr (Burkhard! ef af,
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1991, Yamanashi ef af., 1992, Wechsler ef al., 1995). In vitre binding studies have shown that Lyn
and Fyn are afready associated with the amino-terminal residues of the Ig-o chain from the non-
stinulated BCR {Pleiman ef al., 1994). The activity of Lyn is regulated by the tyrosine kinase Csk
and the transmembrane phosplhiatase CD435, which can phosphorylale and dephosphorylate the
carboxyl-tenninal {yrosine residue of Lyn, respectively (Yanagi ef al., 1996, Hata er al., 1994). The
SH2 domain of Lyn is thoughi to bind to its own phosphorylated tyrosine, Y527, leading to
repression of kinase activity (Cooper ef al., 1993). The mechanism for initial Src-PTK activation is
still not clear, but it is very likely that intermotecular phosphorylation of the autophosphorylation
site in the catalytic domain is involved. Src-PTKs members are able to phosphorylate the two
tyrosine residues in the ITAM domains of Ig-¢¢ and Ig-B. The phosphorylaied ITAMs provide a SH2
binding site for Syk, bui also for the Src-PTKs themselves, Afler binding the activity of Syk is
greatly enhanced by phosphorylation. In addition Btk is phosphorylated by Lyn (Rawlings ef al.,
1996). Src-PTKs, Syk and Btk are likely to contribute to the activation a variety of downsiream
signaling pathways.

The three most studied pathways stimulated by PTK activation in BCR signaling are the
phospho-inositide hydrolysis, the Ras and the PI3-K pathway (Fig. 6).

The phosphe-inositide hydrolysis pathway (Fig. 6: A) was the first signaling cascade shown to be
activated after BCR cross-linking. Syk, and probably Btk, are required for the activation
phopholipase (PL)-C-y (Takata ef al., 1994, 1996), which is involved the hydrolyses of membrane
phosphatidylinosito! 4,5-biphosphate (PI4,5P,) to form the second messengers diacylglycerol
(DAG) and inositol [,4,5-triphosphate (IP;} {Bijsterbosch ef af., 1985}, DAG is known to activate
most of the protein kinase C (PKC) family. Substrates for PKC are the cAMP response slement
binding protein (CREB) franscription factor (Xie ef al., 1995, [996) and the G protein Ras, thereby
activating the mitogen activated protein (MAP) kinase pathway (Gold ef al., 1992). An isoform of
PKC, PKCy, is shown to be able to phosphorylate Syk iu vitro and thereby decreasing its activation,
suggesting a negative feedback system (Siderenko ef ¢l., 1996). IP; plays a role in the release of
calcium from intracellular stores, which on its tum lead to the activation of enzymes such as
calcium-dependent protein kinase II and calcineurin, a protein serine/threonine phosphatase.

A second intracellular signaling pathway activated upon BCR ligation involves Ras (Fig 6: B,
Lazarus ef al. 1993, Harwood er al, 1993), which can also be activated in the absence of PKC
activation (Richards ef al,, 1996), It is currently thought that stinmtation of the BCR leads to Syk
mediated phosphorylation of She (Nagai ef al., 1995) and assembly at the membrane of a complex
containing one She, two Grb2 and one mSOS molecule (Ravichadrau ef al., 1995, Harmer ef al.,
1997). The recruitment of the nucleotide exchange factor mSOS fo the membrane is sufficient to
activate Ras as was shown in experiments using an membrane localized mSOS (Holsinger ef al.,
1995), The activated form of the G-protein Ras, Ras-GTP, on its turn can activate the classical MAP
kinase pathway. The pathway appears to be important for aclivaling transcription via enhancer
serum response elements (SRE) (McMahon ef al., 1995) found in the genes c-fos and egr-{, both
coding for transcription factors.
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BCR stimulation induces a third signaling pathway, the recruitment and activation of
phosphatidylinositol 3 kinase (PI13-K, Fig 6: C),). With a proline-rich region PI3-K can bind to the
SH3 domains of Lyn and Fyn. (Pleiman ef /., 1994a). Little is known about the finction of PI13-K.
One of the products, PI3,4,5P;, generated by the phosphorylation of P14,5P,, is a membrane binding
site for Bik (Salim ef al., 1996, Bolland ef al,, 1998) and downstream targets for PI3-K products
wmay be Ser/Thr kinases, such as Akt and PKC-E (Franke et al., 1995).

Recent experiments in the chicken DT40 lymphoma cell line showed that Btk transduces signals
in the pathways leading to activation of ERK and JNK1, but niot in the pathway leading to p38 MAP

kinase activation (Fig. 0, Jiang ef al., 1998).
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Figure 6. Signaling pathways activated by the BCR. Boxes indicate the major signaling componenis
that become twosine phosphorylated wpon BCR engagement. Arvows represent either the
phosphorylation of the signaling components by BCR-activated kinases (Src-like PTKs, Syk or Bik)
or the connection between these signaling components and downstream signaling events by protein-
protein interactions, phosphorylation or the action of second messengers.
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Co-receptors involved in BCR signaling

The activation of downstream signaling pathways depends on the co-crosslinking of the BCR
with other transmembrane proteins. The BCR response may be enhanced or inhibited through the
recntitment of SH2-containing signaling profeins by co-receptors, such as CD19, CD22 and FeyllB,
upon activation by a variety of ligands.

CD19 is a B cell specific 95 kDa glycoprotein with two extracellular Ig-like domains, a
transmembrane segment and a large cytoplasmic fail, containing nine conserved tyrosine residues
(Zhou et al. 1991, Tedder e «f., 1989, 1997). Expression of CD19 is regulated by the pav-5 gene
encoded B-cell-specific transcription factor (BSAP, Kozmik ef al., 1992} and is found from early
pre-B cells until plasma cell differentiation (Zhou ef al. 1991, Tedder ef al., 1989). CD19 forms a
complex {ogether with CD21 (receptor for complement factors iC3b, C3d,g and C3d) and other
membrane proteins as CD81 and Leu-13. Signaling through the CD19 complex reduces the BCR
signaling threshold as was demonstrated in CD19-deficient and CD19-overexpressing mice (Zhou e
al., 1994, Engel et al, 1995, Sato ef al, 1997). CD19-deficient mice show an unperturbed
conventional B cell development, but lack GC formation causing impaired antibody responses, in
particularly to T cell dependent antigens (Engel ef @/, 1995, Rickert ef al, 1995). In contrast,
numbers of the self-renewing CDS' B-1 B cells in the peritoneum are severely decreased, suggesting
that CD19 plays an important role in signaling needed for the optimal proliferation and maintenance
of this population of B cells. Overexpressing of CD19 in transgenic mice tead to a dose dependent
blockade at the immature B cell stage in the bone marrow. BCR stimmlation results in tyrosine
phosphorylation of a smail number of BCR-associated CD19 molecules leading to the recruitment of
PI-3K by its SH2 domain, and subsequent activation. PI3-K activify is also stimulated by the
binding via its SH3 domain to the BCR associated Src-PTKs (Pleiman ef af., 1994a). When
complement factor C3d, a ligand for CD22, is bound to the BCR antigen and thereby stimulating
the co-ligation of the BCR with the CD19 complex, CD19 phosphorylation is enhanced, leading to
elevated recruitment and activation of PI-3K (Fearon ef al., 1995). So, prebably, BCR-CD19 co-
ligation results in enhanced recruitment of P13-K by CD19 and the simultaneously binding of PI3-K
to Sre-PTK and CD19 will greatly increase its activity.

FeylIB receptor stimulation is involved in inhibiting BCR signaling. In the cytoplasmic tail of the
FeylIB receptor a 13 amino acid tyrosine phosphorylated tyrosine immunoreceptor tyrosine
inhibitory motif (YTIM) is present, which is probably involved in binding the SH2 domain of the
phosphotyrosine phosphalase SHP-1 and subsequent activation. Co-crosslinking of the FeyllB
receptor to the BCR does not have any affect on the overall profile and time course of tyrosine
phosphorylation induced by BCR stimulation, except the phosphorylation PLC-y2, which appears to
be only transient upon BCR-FeylIB co-ligation (Sarkar ef of., 1996). The significance of the FeylIB
stimulated inhibitory pathway was demonstrated in moth-eaten mice, which due to a defective SHP-
1 (D’ Ambrosio ef al., 1995), showed an impaired B cell proliferation inhibition. FcylIB-deficient
mice {Takai ef al., 1996), displayed a slightly elevated Ig response to both thymus-dependent {TD)
and thymus-independent (TI) antigens. In addition, Bolland and co-workers (1998), showed the
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inhibitory effect of another SH2 containing inositol polyphosphate phosphatase, named SHIP, that is
recruited and activated upon FCylIB-BCR co-ligation (Fig. 6.). SHIP is able to dephospherylate the
membrane phosplolipid Pi(3,4,5)P,, creating PI(3,4)P, and the soluble 1(1,3,4,5)Py to 1{1,3,4)P,
{Damen ef af., 1996, Lioubin ef al., 1996). In their experiments, using wildtype chicken DT40 cells,
they showed that reducing PI(3,4,5)P, levels by SHIP resulted in a decrease of extracellular calcium
influx. In SHIP-deficient cells, however, a hyperresponsiveness to BCR stimulation was observed
due to increased levels of PI(3,4,5)P; suggesting an (indirect) role of PI(3,4,5)P; or associated
proteins in opening the calcium channels in the membrane.

A negative role in BCR signaling has been reported for CD22 upon co-cross-linking (O’kecfe ef
al,, 1996, Sato et al., 1996, Otipody ef al, 1996). CD22 belongs to the Ig superfamily and
expression in the mouse is found on all subsets of mature B cells (Erickson ef af,, 1996). Murine
CD22 recognizes «2,6-sialylated carbohydrate chains, which is highly expressed on cells in
secondary lymphoid organs (Van der Merwe ef al., 1996). CD22 associates with the BCR and
tyrosine residues in its cyloplasmic domain are rapidly phosphorylated upon BCR or CD22 cross-
linking (Schulte e af., 1992, Peaker ef al., 1993, Leprince ef al., 1993). Phosphorylation of tyrosine
residues in three ITIM motifs are involved in recruiting and activating SHPI (Doody ef al., 1995,
Campbetl ef af., 1995).The cytoplasmic domain also contains two ITAM motifs, by which it can
recruit the signaling protein Lyn, Syk, P13-K and PLC-yI (Tuscano ef al., 1996a, 1996b, Law ef al.,
1996}, which suggest also a positive role for CD22 in BCR signaling.. It has been shown that
ligation of CD22 alone can induce B cell proliferation (Tuscano ef al., 1996a). Whether CD22 is a
positive or negative regulator might be determined by its association with {the BCR. In non-
Iymphoid microenvironment the level of «2,0-sialylated carbohydrate is low, favoring CD22-BCR
association through o2,6-sialylated sugars expressed on IgM and thereby inhibiting BCR signaling,
In secondary lymphoid tissues however, high levels of 0.2,6-sialylated sugars are expressed, leading
{o dissociation of the BCR associated CD22 and pennitting enhanced signaling.

Downstream targets for Btk

BCR engagement leads to the activation of Src-like protein kinases and the subsequent
phosphorylation of Syk and Btk followed by the activation of Ras- and PLC-dependent phospholipid
hydrolysis signaling pathways. In Btk deficient chicken DT40 cells, following BCR engagement,
PLC-y2 phosphorylation was reduced, accompanied by a decrease in 1{3,4,5)P; generation and
subsequent Ca”* release (Takata ef af., 1996). In contrast, the Ras pathway, which can be activated
by DAG, a product of PLC-y activation, was vnpeturbed in Btk deficient DT40 cells (Takata ef al.,
1996). Syk is also essential for the PLC and Ras activated signaling pathways (Nagai ef al,, 1995,
Takata ef al., 1994). However, Syk activation was not impaired in Btk deficient DT40 ceils, but
disruption of Syk expression atso lead to loss of calciwm signaling (Takata ef al., 1994), suggesting
that Syk and Btk have distinct non-redundant functions in Ca®* signaling. Moreover, overexpression
of wildlype or E41K mutated Btk in Ramos B cells lead to an enhanced sustained extracellular
calcium influx, whereas it had only a limited effect on the initial calcium release. In conirast,
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overexpression of wildtype Syk had no effect on the sustained calcium influx, while overexpression
of dominanf-negative Syk, dramatically inhibited the initiation of calcium signaling (Fluckinger ef
al., 1998). As Btk activation is preceded by Syk activation upon BCR engagement, the increase in
1(3,4,5)P;5 levels by Btk above those generated by Syk, may lead to sustained increases in [Ca®"]
through the opening of biochemically differently operating calcium channels in the cell membrane
and the inhibition of calcium re-uptake by the intracellular stores (Fluckinger ef ol., 1998). This is
consistent with the finding that opening of calcium release-activated calcium (CRAC) channel
occurs only upon generation of high levels of 1(3,4,5)P; (Parekh ef «f., 1997).

Another downstream {arget for Btk is transeription factor BAP-135/TFIl-], which has recently
been found to associate in vive with Btk and is transiently phosphoerylated in response to BCR
crosslinking (Yang and Desiderio, 1997). However, the localization in the cell of these inferactions
remain unclear, since there are no studies yei, reporting a nuclear localization for Btk, although the
presence of a nuclear localization signal in Btk has been reported (Vetric ef al., 1993b).
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Aim of the thesis

X-linked agammaglobulinemia (XLA) is one of the most frequent inherited immunodeficiency
diseases in man and characterized by an almost complete arrest of B cell differentiation at the pre-B
cell stage. The gene defective in XLA hias been identified to code for a cytoplasmic protein tyrosine
kinase, Bruton’s tyrosine kinase (Btk). The natural ocourring R28C mutation in the Bk gene of
CBA/N mice results in a relative mnild B cell disorder. The Brk genc is expressed {hroughout B cell
differentiation, from the carliest stage identified, the pro-B cells up to mature B cells, except in
plasma cells. To date, numerous interactions of the individual domains of Bik with various protein
or lipid molecules have been reported. To study the impact of these inferactions on B cell
differentiation in vive, we have developed mouse models, in which wild-type or mutated Btk can be
appropriately expressed as transgenes. For these studies we used transgente constructs containing the
MHC-II Locus control region or the CD19 promoter, which were shown to provide position
independent, copy number-dependent expression and could therefore be used to target genes to B
lineage cells. To be able to answer the central question why B cell development is arrested in XLA
patients, the aim of this thesis is to investigate the role of Btk at the individual steps of B cell
development. In addition, we wanted to study the regulatory elements that are responsible for Btk
gene expression, to be able to manipulate Btk expression in vivo,

ht chapter 2, the generation of a Btk-deficient mouse, by an in-frame insertion of a LacZ gene is
described. Using the LacZ activity, Btk expression could be studied in vivo. The phenomenon of X-
chromosome inactivation in Bk heterozygous female mice enabled us to evaluate the in vive
competition between B cell progenitors expressing wildtype Btk and those expressing the Btk /LacZ
aliele in each successive step of development, This model enabled the detection of subtle defects of
Bik-deficient cells, characterized by only minor selective disadvantages, which were not recognized
in the phenofype of affected mate. In addition, this model has been used for back-crosses with other
transgenic Btk mouse models,

In chapters 3 and 4 the generation of fwo yeast artificial chromosome (Y AC)-transgenic mouse
strains is described, in which high-level expression of human Brk is provided by endogenous
regulatory cis-acting elements. These mouse models were generated to address the question, whether
human Btk can compensate the absence of Btk in the mouse. We could also investigate whether
regulatory sequences are conserved between humans and mice. These experiments are the first step
to analyze the regulation of the Bék gene expression in vive (and fo subsequently manipulate Btk in
vive). We choose to start with transgenic expression of a 340 kb YAC clone, as essential regulatory
elements may be located far upstream: or downstream of the Btk gene itself.

In chapter 3 we describe the generation of YAC transgenic mwouse strains, using a 340-kb
transgene, Yc340-hBk, which contained the Btk gene and 100 kb of 5 flanking DNA and 200 kb 3
flanking DNA. The expression patiem of the transgenic human Btk was found fo parallel that of the
endogenous murine gene. Furthermore, transgenic hmman Brk expression on a murine Btk-deficient
background fully corrected the xid phenotype,
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In chapter 4 the expression patiem of Bik is studied in various haematopoietic lineages, using
intracellular flow cytometry. The expression pattern of murine Btk was compared to the expression
pattern of the human Btk from a Yc240-hBtk transgene, which in addition to the entire Btk gene,
contained 5 kb 5' flanking DNA and 200 kb 3' flanking DNA. As was for Yc¢340-hBik transgene, Rrk
expression from the Yc240-hBik transgene on a Btk-deficient background fully corrected the xid
phenotype. In parallel, (putative) regulatory elements within the Btk gene itself were characterized.
The role of Spi/3 and PU.1, binding to the Btk promoter was studied, using in vitro transfection
assays as well as targeted disruption of the genes coding for Spl and Sp3 in vivo. Finally, possible
regulatory sequences within the human Btk gene were identified using DNAsel hypersensitivity site
mapping.

To identify signaling pathways that are activated by Btk late in B cell development in vivo
(chiapter 5), we generated MHC-II-hB# transgenic iice, which either overexpress wild-type hBrk,
or various levels of the E41K gain-of-function Brk mutant, which represent a constitutive activated
form of Btk. Whereas wildtype Btk overexpression had no adverse effects on B cell function, and
essentially corrected the xid phenotype, E41K-mutant Btk expression resulted in a block in the
development of follicular recirculating B cells. .

We also wanted to analyze the functions of Btk activity early in B cell differentiation in the bone
marrow. In chapter 6, the in vivo effect of the BE41K-Bfk was investigated using the early active, B
cell specific CD19 promoter. While wildiype CD19-driven Brk expression resulted in the correction
of the xid phenotype, E41K-Btk expression, driven by the CD19 prometer tead fo a developmental
block at the transition of IeM™ to IgM"" immature B cells in the bone marrow. Furthermore a role
for Btk in the regulation of Ig L chain assembly was observed.
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Bruton’s tyrosine kinase (Btk) is a cytoplasmic protein
kinase that is defective in X-linked agammaglobulin-
acmia in man and in X.linked immunodeficiency in
the mouse, There s conlroversy regarding the sfages
of B cell development that are dependent on Btk
function. To determine the point in B celt differentiation
at which defects in Btk become apparent, we generated
a mousc model by inactivating the Bik gene through
an in-frame insertion of a lacZ reporter by homologous
recombination in embryonic stem cells, The phenom-
enon of X-chromosome inactivation in Bk helero-
zygous Female mice enabled us to evaluate the com-
petition belween B cell progenitors expressing wild-
type Btk and those expressing the Bik/lacZ allele in
each successive step of development. Although Btk was
already expressed in pro-B cells, the first selective
disadvantage onty became apparent at the transition
from small pre-B cells to immature B cells in the bone
marrow. A second differentiation arrest was found
during the maturation from [gD**IgMMeh (o
IgD"eRIgM™ slages in the periphery. Our results
shovw that Bk expression is essential at two distinct
differentiation steps, both past the pre-B cell stage,
Keywords: B cell development/Btk/immunodeficiency/
XLAMid

Introduction

B lymiphocyte differentiation proceeds through successive
steps involving two distinct phases (Figure ). The first
anligen-independent phase occurs in the bone marrew and
includes the ordered rearrangement of immunoglobulin
tlg) heavy and light chain varjable region genes, leading
to the generation of surface IgM-bearing B cells (Al
et al., 1987, Rolink and Melchers, 1991). In the mouse,
the IgM- precursor B cells can be divided into four groups
based on their differential expression of the cell surface
markers CD43, heat stable antigen (HSA) and BP-1 (Hardy
et al., 1991). In the second phase, the immature IgM* B
cells leave the bone marrow and undergo antigen-driven
protiferation and selection in secondary lymiphoid tissues,
where they gain an IgDVePgho™ surface phenotype and

differentiate into either plasma cells or memory B cells
{Hardy et al., 1983; Nossal, 1993).

Bruton’s tyrosine kinase {Btk) is a cytoplasmic protein
tyrosine kinase that is essential for B cell difierentiation;
mulations in the Brk gene fead to X-linked agamma-
globulinaemia {XLA) in man and to X-linked immuno-
defictency {xid) in the mouse (reviewed in Conley ¢f al.,
1994 Rawlings and Witte, 1994: Sideras and Smith,
1995). Btk encodes a 639 amino acid protein that, like the
sre family of tyrosine kinases, contains an SH2 and an
SH3 domain and a single catalylic domain {Tsukada
ef al, 1993; Vetrie et al., 1993). Bk, together with the
homologous Tec, Itk, Bmx and Txk genes, comprise a
subfamily with a unique N-terminal region that contains
a pleckstrin homolegy (PH) domain (Musacchio ef al.,
1993) and a prokine-rich Tec homology domain (Vihinea
et al., 1994) but lacks a myristylation site for membrane
anchoring.

XLA patients display a lage varety of genomic
mutations, including deletions, insertions and point
mutations in all domains, but missense mutations were
found to be confined to the PH, SH2 and kinase domains
(Vihinen et al., 1996). XLA patients suffer from proteacted
and recurrend bacterial infections caused by very low
serum concentrations of all Ig classes (Bruton, 1952). In
the peripheral blood, surface g™ B cell numbers are
severely reduced, and in Iymphoid tissues, plasma cells
are virually facking; the small numbers of B cells that
remain have an aberrant IgMME surface phenotype
(Conley, 1985). in the boae marow, the number of pre-
B cells is either nomnal or decreased, and those pre-B
cells present have a decreased proliferative activity (Pearl
et al., 1978, Campana ef al., 1990). TFherefore, XLA
reflects an almost complete failure of B cell precursors to
differentiate into mature B cells. This defect is intrinsic
10 the B cell, because female XLA carriers manifest a
unilateral X-chromoesome inactivation in the peripheral
blocd B lymphocyte population (Conley et af., 1986;
Fearon et al., 1987) because of a selective disadvantage
of cells that have the defective 8k gene on the active X
chromosome.

A less severe B cell deficiency has been observed in
the CBA/N mouse strain carrying the xid mulation, which
alters a highly conserved arginine (Arg28) in the PH
domain into cysteine (Rawlings et af,, 1993; Thomas
et al., 1993). xid mice have ~50% fewer B cells in the
spleen than normal, and the residual cells manifest an
TeMUETEDO¥ profile and cannct make antibodies to type-
2 thymus-independent antigens {reviewed in Scher, 1982).
In the serum of these mice, lgM and IgG3 concentrations
are low, but other Ig classes are normal,

The milder phenotype of murine xid compared with
human XLA cannot be explained by the nature of the
mutations involved. Mutation of the same Arg28 amino
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Fig, 1. B ¢2ll differeatiation in the mouse, The classification of B lineage <clls into bone mamew fractions A-F is according to the expression of ¢ell
surface molecules (Hardy ef el 1991) and the status of the Ig loci (Ehlich et al.,, 1993). The three marure B cell populations are distinguished on the
basis of their diffesential expression of EaM and teDr {Hardy ef f. 1982). The dotted arrows indicate thal fraction F in the bonge marrow reflects

recircutating cells that have been selected in the periphery.

acid into histidine has been observed in patients with
classic severe XLA phenotypes (de Weers er al., [994a;
Ohta ef al., 1994). Furthermore, the extensive phenotypic
analysis of mice deficient for Btk in their germline (Bik-
kinr), which were generated recently by gene targeting,
showed that the general absence of Btk protein also results
in a xid phenotype {(Kahn er af., 1995).

Brk is expressed throughout B cell differentiation, except
in plasma cells (de Weers et af., 1993; Smith et al,
1994), and is implicated in several receptor-coupled signal
transduction pathways, such as interleukin (IL)-5R, IL-
6R, IL-10R, CD38 and CD40 (Go er al., 1990; Hasbold
and Klaus, 1994; Sato et ol,, 1994; Matsuda ef al., 1995;
Santos-Argumedo ef al., 1995). Stimulation of the BCR
induced tyrosine phosphorylation of Btk in wive and its
kinase activity it vitro (Aoki e al., 1994; de Weers et al.,
F994b; Saouaf ef al., 1994).

At present it is not known which of the signalling
functions of Bik are responsible for the immunodeficient
phenotypes of XLA and xid. Moreover, the exact stage in
B celi differentiation at which defects in Btk become
apparent is also unclear. In the XLA patients analysed,
the numbers of pre-B cells in the bore marrow varied:
they were either not detectable or present in reduced or
normtal numbers {Pearl ¢1 al., 1978; Campana ef al., 1990},
Incidentally, pre-B cells exhibited a rare TdT* phenotype.
in the mouse, the xid or Bik-kin mutations do rot appear
to affect pre-B cell numbers or proliferative capacities
{Reid and Osmond, 1985; Kahn et al., 1995). The only
obvious effect of the absence of Btk on the bone marrow
B lineage fractions was a deficiency of recirculating
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mature [gh¥lgD* B cells (Figure 1, fraction F), which
would imply that B cell differentiation up to the immature
IgM*igD™ B cell is normal (Kahn ef af., 1995}, However,
the analyses of X-chromosome inactivation patterns in
bone marrow from mice heterozygous for the xid mutation
(Forrester et al., 1987) produced evidence for a slightly
earlier arrest in differentiation: from the pre-B cell (fraction
D) to the immature B cell (fraction E). In contrast with
these findings, in vive competition experiments of normat
C57BL/6- and Btk ES-derived B cell precursors indicated
a deficit in the abifity to expand between the pro-B/flarge
pre-B {fractions A-C) and the pre-B cell {fraction )
(Kerer et al., 1995). Thus, the differentiation stage of B
cell precursors in which Brk expression appears to be
critical in mice and humans remains pezzling.

To gain further insight into the role of Brk in the
expansion and differentiation of B c¢ell precursors, we
have also generated a mouse model in which the Bik gene
is inactivated but have labelled the cells at the same time
by inserting a fucZ reporter by homologous recombination
in ES cels, Because of the process of random X-chromo-
some inactivation in Bik*/~ heterozygous female mice.
each X chromosome is active in about half of the cells
within the bone mamow and the peripheral compartment.
This phenomenon enabled us to evaluate the competition
between cells expressing wild-type Brk and those
expressing the Btk flacZ allele in each successive step of
B cell development. This approach allows the novel
detection of subtie defects that only lead to miner selective
disadvantages, which may not be recognized in the pheno-
type of affected males.



Inactivation of Brk by insertion of LacZ

Resuits

Generation of Btk~/lacZ-expressing mice

To inactivale the Bk gene, we constructed a vector that
contained an in-frame fusion of L5 kb 5' genomic
sequences of Btk {at the Munl site in exon 8) to the
nuclear localization signal {nls) of the SV40 large T
antigen and the Escherichia cali lacZ gene (Figure 2A).
The targeting veetor included the herpes simplex virus
(HSV) thymidine kinase gene for negative selection, the

neomycin resistance gene for positive selection and 8 kb’

of 3° Btk homology.

The linearized plasmid was transfected into El4 ES
cells and, after double selection, surviving clones were
sereened by Sonthern blotting of EcoRi digests (Figure
2B). Four homolegous recombination events were obtained
out of 356 clones. These were karyotyped and subjected
to further analysis to ensure that they carried intact Bek
excns [-7 and only a single facZ copy {data not shown).
Two of the Bik~ clenes with a 70-90% normal karyotype
were injected into mouse blastocysts to generate chimeric
mice that transmitted the Br allele through the germline.
Male chimeras were bred to FVB or C57BL/6 mice to
oblain heterozygous (B1&*) females or hemizygous (BrE/
Y) males (Figure 2B).

Western blotting experiments were performed on cell
lysates from 5 week-old mice, using a polyclonal rabbit
antiserum specific for Btk amino acids 163-218 to show
the absence of Btk prefein. The normal Brk gene encodes
a 77 kDa protein that was detected in the spleen of Brk*
male and Brk™~ female mice, but not in the spleen of
Btk males nor in any thymus samples (Figure 2C).
Transcription of the targeted allele would result in a
hybrid mRNA, containing Btk sequences fused to nlslacZf
poly(A). By utilizing the regular first ATG in the Bk gene
inexon 2, Btk (amino acids 1-234)-nlsfacZ fusion proteins
of [40-150 kDa would be generated in splenic B cells of
Btk male mice. No such proteins could be detected in
Western blotting analyses using the available Bik-specific
antiserum {Figure 2C). However, evidence for transcrip-
tional and translational activity of the targeted locus was
provided by the detection of B-galactosidase activity in
Btk male and Bt female mice (see below).

The Btk=/Y mice manifest an xid-like
immunological phenotype

The effect of the Bik-/lacZ mutation on B cell maturation
was investigated by flow cytometric analyses of cell
samples from the spleen, mesenteric lymph node (MLN),
thymus and peritoneal cavity (Table I). No significant
differences could be detected between normal male or
female mice and the Bk~ females. The phenotype of the
BiY mice was charactenized by decreased numbers of
B220* B cells in the periphery and a severe deficiency
of CDS* B cells in the peritoneum. Fhymocyte and T cell
numbers were not affected. In the myeloid compantment,
no differences between the B%/Y and thelr nommal
littermates were observed (data not shown),

In 5 week-old Bik/Y mice the serum concentrations of
IgM and 1gG3 were reduced significamly (50 and 20% of
normal, respectively). The in vitro antibody responses to
lipopolysaccharide of spleen cells demonstrated a severe
deficiency in the production of 1gG3 (0.f1 * 0.04 pg/mt

in Brk~/Y mice and 6.5 * 1.2 ng/ml in normal litermates).
whereas the production of ITgM, IgGl and IgG2a was
equivalent in the two groups. ‘Together with the
IghihishIgDY™ surface profile of peripheral B cells (see
below), these findings indicate that the immunological
defects of the BrA/Y mice are similar to those observed
in xid or Bek-kin~ mice {Kahn et al., 1995).

Expression of the Btk~/lacZ allele in the
haematopoietic compartment

The introduction of the lueZ gene allowed us (i) to
determine the Brk expression pattern in the affected male
mice and (i} to cvaluate the competition between cells
expressing wild-type Btk and those expressing the B/
lacZ allele in heterozygous females by using fluorescein-
di-fi-p-galactopyranoside (FDG) as a fluorogenic substrate
in conjunction with flow cytomelry.

A majority of the B220* B cell precursors in the bone
marrow of Bk males, and virually all mature B cells in
the periphery, expressed facZ (Figure 3A). Because of the
process of random X-chromosome inactivation, ~40-50%
of the B220* bone marrow cells were lacZ™ in Bk
heterozygous female mice, with fluorescence intensities
comparable with those in males. In contrast, only a small
fraction of peripheral B cells in these mice expressed lacZ
(Figure 3A}. These findings Hlustrated a profound selection
against those B cells that lack Btk, which has also been
observed in xid (Nahm et al., 1983; Forrester ¢f al., 1987)
and XLA (Conley er al., 1986; Pearon ef al., 1987).

No lacZ activity was detected in the peripheral CD4*
or CD8* T cell populations. In the thyimus of Bik~ males,
lacZ expression was restricted to a small fraction (8.3 =+
0.3%) of the CD4-CD8- cells. These cells, which could
not be detected in Btk females, were found to be surface
fgM* and B220%, and most probably represent B cells
present at very low numbers in the thymus {(Myama-Inaba
et al., 1988). The B /Y mice manifested lacZ activity in
nearly all the ER-MP20%#" cells (de Bmijn ef al., 1994)
of the monoccyte lineage in the bone marrow and the
Mac-1% peritoneal mizcrophages (Figure 3B). The ER-
MP20™¥vm fraction of granulocyte precursors in the
bone marrow manifested heterogencous levels of lacZ
expression. The mature granulocyle population in the
spleen (Mac-1*/Gr-1%) contained 52 + 6% of cells with
a significant JacZ activity. There was no evidence for a
critical function of Brk in the expansion or proliferation
of cells in the myefoid lincage: in the heterozygous females
the numbers of facZ* myeloid cells were approximately
half those found in the Bk~ males. The variation in the
fractions of lacZ* cells between different feinale mice
(e.g. 28-63% in peritoneal macrophages) most probably
reflected individual differences in the X-chromosome
inactivation ratios of the hacmatepoictic compartment.

Btk B celis show a defect in the maturation to
lghiewigDhish stages in the periphery

Cell samples from spleen, MLN, peripheral blood and
peritoneal cavity of 5 week-ofd mice were evaluated for
facZ activity in conjunction with their surface expression
of IgM and IgD (Figure 4 and Table T). The Brk/Y mice
exhibited a selective deficiency of the malure
IgM9»IgDMEh population in the peripheral compartment,
as found previously for the xid or Bek-kin~ mice (Hardy
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Fig. 2, Insertion of a JacZ reporter 10 disrupt the muring B gena. (A) A partial genomic map of the wild-type (top) and the targeted {bottom)
murine Btk gene (Sideras ¢ al, [994), encompassing exons 5-19, which are highlighted as closed boxes. In between the gene-targeting construct is
shown, containing BS, the herpes simplex T gene, the nuclear focalizaticn signal (nls) of simian virus large T fused 10 E.colf JacZ and the
neomycin resistance gene (neo). The expected EcoRI fragments and their sizes before and after homologous recombination are indicated. B, BamHl:
E, EcoRL (B) Southem blot anzlysis of DNA, from a targeted (BA/Y) and 1he wild-type E14 ES cell clone, and of DNA from mouse tails,
demonstrating germling transmission of the mutation. DNA samples were digested with EcoRI and probed with a human Brk ¢cDNA fragment
encompassing exens 2-11 (de Weers et al,, 1993}, which shows an unaltered 8.1 kb bend corresponding 16 exens 2 and 3. The 14 kb fragment is
from the wild-fype allele and the 10.3 kb fragment is from the targeted allele. The weak ~13 kb fragment (in the two BX7Y Janes) probably
represents incomplete digestion of the EcoRI site in the nls because the fragment alse hybridizes lo a facZ probe. The genotypes are indicated at the
top [wild-type male (BH™/Y) or female (Bek*1F), mutated male (Brk/Y) and heterozygous female (BikTF). (C) Western blor analysis of Bik protein
expression in total cell lysates feom spleen cells or thymecytes. Btk was detected by a polyclonal rabbit antiserum rafsed against a fusion protein of
glutathione S-transferase and amino acids 163-218 of the human Btk gene. The genetypes are given at the top; the position of the wild-type 77 kbDa

Bik band is indicated.

et al., 1982, 1983; Kahn e/ al., 1995). Because a small
fraction of peripheral B cells in Bik™~ heterozygous
females express fecZ, il was possible to specifically
analyse the surface phenotype of those cells that have the
BikflacZ allete on the active X chromosome. The gated
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lacZ” mature B cells exhibited an IghMAgD surface profile
similar to that of B cells in normal mice, whereas
the gated JacZ-expressing cells manifested an Ighthish
phenotype reminiscent of the B cell population found in
Bik~/Y mice (Figure 4). This phenomenon, which was
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Table i, Flow cytemetic analysis ef (he peripheral lymphocyle

Table 1. E\Er\es.ﬁon of JacZ in the peripheral B cell compartmient in

compartment femafe Bk mice
Bl 7Y Bk 'Y Tissue Age  Peneptage of laeZ* il
{weeks)
Spleen [EMEF DY [AFE[DR 1gaDte
Fotal nucleated cells {(x10%) 91 =21 178 + 58
B220* cells (%} 28 = 10 50 %353 Spleen {m = ) 3 387535 171 £ 5.3 2810
CD4* cells (%) 12 %} 8.6 x 1.4 Spleen (= ) 20 216 = 69 73238 L2x04
CD3* cells (%) 63 X 02 59 x 12 MLN (= 2) 5 3z 69 8620 L6 02
MLN Bloed (m = 4} 5 oz ie 163 x 6.5 27% 15
B220* cells (%) 4 *+ 88 42 £23 Pedioreum (n = 3) 3 18 =1L 3sxaa 1.7 =06
CD4 cells (%) 47 + 66 3% =09
CD8* cells (%) 26 09 19 =14 The percentages {mean * standard deviations) of facZ* cells are
Peritongeum given within the gated pepulatien. These values are corrected for
CD5*[gM* B cells (%) 03 0.1 85x42 individual X-chromosome inactivation ratios using the facZ expression
CD5 IeM* B cells (%) 27 +07 64 =18 values feom both periloneal macrophages and ER-MP20WS monocytes
CD5*Igh T cells {56} 222140 2306 in the bone marrow. In the BEYY mice, facZ activity was detected in

“Mice were 6-8 weeks old. Numbers of mice analysed are two to four
for spieen and MLN and four to eight for peritonsal cells,

Btk-IY Bk +/-

Bong marrow

B220

Mesenteric
tymiph pode

Bone marrow
—ER-MP20.s

Peritoneal
macrophages
5 T

facZ +

Fig. 3. Selection against Btk facZ™ cells in the B lincage bul not in
the myeloid lineage. Two-colovr How cytometric analysis of facZ
expression using FDG in 5 week-old BIA /Y males and heterozygous
Bii*F females. (A) The B cell compartment was analysed by staining
with anti-B223-APC for bune marrow and snti-B220-PE for MLN
cells, {B) Two distinet bone marrow myelold populations are revealed
by staining with ER-MP20; monocytes are ER-MP20P4® and
granclogytes are ER-MP20757, The peritoneal macrophage
population was gated by forward and side scatter, and revealed by
staining with anti-Mac-1-PE, Data are shown as dot plets
represealalive of the mice examined, The percentages of lacZt cells
within the indicated gates are shown.

QO-95% of cells: the background values in wild-type male or fenate

mice were 1% for peritoneal vells and <2< for the olher lymphoid
tissues,

*The [gM¥£MgD"™* B cell fraction in the peritoneum consists mainly

of CP5* cells.

found in the spleen, MLN and peripherat blood, also
implied that the fraction of lacZ-expressing cells in the
heterozygous females decreased during maturation, from
~30% in IaMMhaDR* 1o almost undetectable Jevels in
IgM*%* [gDYe" mature B cells ¢(Table I[}. The finding that
lacZ expression in the IgMMgD™ fraction in Bkt~
females was less than half that in males implied a selective
disadvantage of Bik/lacZ-expressing cells at the stage in
which the B cells from the bone marrow emerge into the
periphery.

To investigate whether selection against Bri-deficient
cells becomes more pronounced with inceeasing age, we
analysed spleens from mice that were aged >4 months,
The fraction of facZ-expressing cells was found to be
reduced when compared with 5 week-old mice, but never-
theless >>20% of cells within the tgM"EhgD'e™ popuiation
still expressed the mutated allele.

In the peritoneum of Br&** female mice, the develop-
ment of both the conventionat and the CD5* B cells that
express lacZ appeared to be compromised, The fraction
of lacZ* cells within the CD5* (2.5 £ 0.8%, n = 5) or
in the conventional B cell population (4.2 = 1.5%, n =
53 did not exceed background values. Simifar results were
obtained when peritoneal B cells were classified on the
basis of the Ig expression pattern (Table Ii).

Bk~ B cell progenitors show impaired
differentiation from the pre-B cell stage onwards

A flow cytometric analysis of boae marrow cell suspen-
sions of 5 week-old #&/Y mice and normal littermates
revealed no significant alterations in the fractions of the
myeloid or lymphoid/erythroid lineages or in the total size
of the B220* B cell precursor compartment (Table 111),
Btk /Y mice had fewer IgM*IgD™ immature B cells
(fraction E; ~70% of normal) and showed a significant
decrease in the Ighi**TgDRs" mature B cells (fraction Fy;
~H% of nermal; Table 111). Similar {o the observations
made on peri~teral B lymphocytes, the numbers of
Ightierighhish .1 -ure B cells (fraction Fy} were reduced
severely in boti the affected males and the JacZ* popula-
tion in heterozygous females (Figure SA). The analyses
of gated lucZ™ and lacZ® populations of B220* bone
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Fig. 4, The effect of the BrL™ mutation on the surface IgM/IgD profile of periphersl B cells, Tri-colour Nlow ¢ytometeic analysis of spleen, MLN and
peripheral blood from 5 sweek-old Brk™fY normal males, Btk 1Y affected males and gated JacZ- and facZ* cells frons Bk ¥ hetezozygous females.
The distribution of cells aver the three compartments (T, IgM* ™ IgD™®; 11, 1gMMePIgDMe UL, IgM®IgD'™; Hardy et of., 1982) in percentages is
indicated. Cells were loaded with FDO and stained with anti-IgD-PE, bictinylated anti-IgM and streplavidin-TriColor. Data are shown as 5% {or
0% for the gated JacZ* ceils from Bric* females) probability contour plols, Dead cells were gated out, based on forward and side scarter

charactenistics,

Table IIL Flow cytometric analysis of bone mamrow cell pepulations

Cell fraction Surface markers  BIKYY Wild-type
o =4) (1 = 8)

Monocytes ER-MP20Hsh 10+ 27 10+ 042
Granulocyles ER-MP2G7 40230 3275
Lymphoid/erythroid  ER-MP20- 48 88 35 = 10
Total B lineage B220* BE 12 24 +7
Pro-B (A, B and C) B2207CD43* 53427  46*16
Pre-B (D) B220*CD4}IgM™ 11 =4 12+5
Immature B (E} BI20*IgM* gD~ 41207 61 % LT
Mature B (F)

F Tghre g 062 = 008 066 > (.16

Fu IgMM e gDtEh 040 = 0,12 063 = 037

Fr iAo gD 008 = 002 084 % 062

Totat cell numbers {one femur and one tibia) were 53.0%10% =
7.1X10% for the B1X/Y mice and 46.0X 105 = 6.6 10° for wild-type
mice,

The percentages (mean * standard deviation) frem total nucleated
cells with the indicated phenotype are given.

*For non-parametric consideration of the hypothesis that the Bk 7Y
mice manifested significant differences in cell numbers compared with
wild-type littermates, the Mann-Whitney U-test was applicd. Except
for B lineage populations E and Fj, the values were not sigaificantly
different.

YThe decrease in BA/Y mice was just sigaificant, with a one-tailed P
valoe of 0.036,

“The decrease in Bk 7Y mice was significant, with a one-tailed P
value of 0.002.
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marrow cells from Bt** female mice further revealed
abundant lacZ expression in IgM-1gh- cells (fractions A~
D) and Ighi* gD~ cells {fraction E).

To identify the precise stage at which B-cell differenti-
ation is impaired in the Bik~ precursors, we performed
four-colour flow cytometry using markers specific for the
successive stages of B cell development. In the earliest
stage (B220YCDA3 HSA™, fraction A), ~59% of cells in
BriTY males were found 1o express facZ {Figure 5B and
C). In all following differentiation stages, lacZ aciivil)y
was detected in the majority of cells. In the Brk*™
heterozygous female mice, ~30% of fraction A cells were
lacZ*, i.e. about half the number found in the Bk~ males.
‘Fherefore, the expression of Bik did nol appear to be
essential for the survivat of B cell progenitors at this very
early stage. Selection against the Btk #lacZ* cells was also
not observed in the pro-B ceils of fraction B or in the
pre-B cells (fractions C and D) (Figure 5C). These results
indicate that development up to the large pre-B cell
{fraction D) is not affected by the Brk mutation. The
first selective disadvantage of Bik-deficient cells became
apparent at the transition from pre-B cells to immature B
cells (fraction E). The percentages of facZ-expressing cells
in heterozygous females decreased from 43% in fraction
D to 29% in fraction E (Figure 5C), When the immature
B cells develop into the TgMM&"gDl* B cells of fraction
F, the percentage of lucZ-expressing cells remains at
~30%, a value which was also found for the lgMtizhfgDlow
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Btk +/Y Btk -fY Btk +/- Btk +f-
facZ- cells lacZ+ cells
A ]‘ . N
5]
Sla Joas
Btk +)-
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Fraction A
Fraction B
Fraction §
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Fig. 5 The Bk mutation affects the development of B celf precursors from the small pre-B to the mature B ¢l stage, (A) Bone mamow celt
suspensions from 5 week-old k7Y normal males, 7Y affected males and 8rk** heterozygous females were stained with FDG for fecZ, anti-
B210-APC, anti-IgD-PE and anti-Igh (biotinylated)sireplavidin-Red 613, Gated B220* (male samples), B220%lacZ” and B220*Hacz" cells {from
a heterozygous female) are displayed. Drata are shown as 50 probability contour plots. The gates for fractions A-D and E and the individual F
fractions are shown. Dead cells were gated oul, based on forward and side scarter characteristics. (B) Bone marrow cell suspensiens from § week-old
mice were [oaded with FDG and stained with anti-B220-APC, anti-CD43-PE and anti-HSA (biotinylated)fstreptavidin-Red 6F3. Fraction A was
identified by analysing the Tow side scatter and the HSA™ fraction (gate in lefi contour plot) for the expression of CD43 and B220 (right conlour
plot), shawn for a B/Y mouse. Fraction A (B220*CD131HSA"} was analysed for lucZ expression, and the resuli is displayed as a histogram, The
percentage of lacZ* cells within fraction A is indicated for an affected male and a heterozygous femate mouse. (C) Quantitztion of the percenlau, of
lacZ* cells in the individual B lincage fractions in the bene marrow of BrA77/Y male 2nd Bt female mice. Bone marmow cell suspeasions were
analysed for lucZ cxpression using FDU and stzined with anti-B220-APC. The B220* fmclions were classified on the basis of the expression of wo
additional markers labelled with PE (anti-Igly, anti-CD43 or anti-HSA)Y or ﬁreplaudlmRed 613 (biotinylated anti-Igh1 or anti-BP-1) as follows:
HSA"CDY3* (fraction A), HSASPBP-i~ (fraction B), BP-17CD43* (fraction C). CD43* 1M~ (fracsion Dy, Igh *1gD- (fraction E), TgMP gD
(fraction [,"), Igh “‘lgD‘ £ (Fraction By} and ["\l“"]gD N (Fraction Fpb. Data shown aze the mean values * standard deviations obtained fmm the
analyses in four 8t~ male mice and five (fractions A-T» or seven {fractions E and F) hetesozygous female mice. The values for the female mice are
comrected For individual X-chromosome inactivation ratios {se2 legend to Table 1), The numbers above the bars represent the mean value of the ralio
between facZ* cell percentages in heterzygous females and in the Bi7Y males for cach B lineage cell fraction. Using the non-parametric two
taited Wikcoxon signed-rank fest, these valess weee significantly different from 0.50 for fraczions E, Fypy, Fyy and Fy (£ = 0816 in all four fractivns).

B cells in the peripheral [ymphoid compartiment (Table Discussion

f[). During further matwration within the F fraction,

selection against Brk-deficient cells was more profound, To determine the stage in B cell development at which
Finally, in the IgM"* 1gD"eh fraction, JacZ expression was defects in Btk become apparent, we generated a mouse
virtually absent. model in which the Brk gene is inactivated through an in-
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frame inserlion of a lacZ reporter. The B#/Y mice had
moderately reduced B cell numbers in the periphery, a
specific deficiency of IgMP*IgDYeh mature B cells, an
absence of peritoneal CD3* B cells, reduced IgM and
IgG3 serum concentrations and their splenic B cells
exhibited defective IgG3 production upon lipopoly-
saccharide stimulation in vitro. These findings confirm
those of Kahn et al. (1995), that mice deficient for Bk in
their germlire exhibit an xid phenotype and that the
elimination of Brk furction does not lead to an almost
complete block in B cell development, which is typical
for Xi.A in man.

The presence of the lacZ reporter enabled us to deter-
mine the Btk expression profile in vive, Moreover, because
of the competition between cells expressing wild-type Bik
and those expressing the Btk flacZ allele in heterozygous
females, our strategy allowed the detection of the prolifer-
ative disabilities of Brk-defictent cells in each sugcessive
step of B cell development. The results clearly show that
defects in Btk do not generally affect proliferation or
survival throughout B cell differentiation, as has been
proposed (Conley, [985), but rather that Btk is essential
a1 two distinct steps, i.e. at the transition from smali pre-
B cells to immature B cells in the bone marrow, and
during the antigen-driven maturation of selected B cells
in the periphery.

The expression pattern of Btk

The Brk-/lacZ mutation was designed to visualize the Brk-
deficient cells in affected males and heterozygous females
on the basis of lacZ activity using FDG as a substrate and
resulting in fuorescence values that were ~20-30 times
background levels, The absence of any detectable Brk-
lacZ fusion proteins of the expected size in Western
blotting probably indicates that our anti-Btk antiserumn
does not recognize such fusion proteins. The alternative
explanation, of a translation start further downstream, is
not very likely because ondy the 77 kDa protein starting
at the first ATG is normally present in vivo (Tsukada
ef al.,, 1993) and the ATG at the introduced lecZ casselte
does not fulfil the sequence context criteria for an iniliation
codon {Kozak, 1987},

The Btk expression profile was determined using the
lncZ gene activity under the control of the endegenous
Btk promoter and regulatory elements. Consistent with
previous findings in cell lines (de Weers et al., 1993;
Tsukada er @l., 1993; Genevier ¢ af,, 1994; Smith e ol,,
1994), we found expression of the Bik gene to be restricted
to the myeloid and B ccl compartments. Within the
monocyte-macrophage lineage, Bk expression appeared
to be abundant in all cells. In the granulocyte population
in bone marrow and spleen, Brk was expressed in a4 major
fraction of the cells but at variable levels. Peripheral T
cells did not contain detectable amounts of Bk and,
moreover, we did not find any evidence for Btk expression
in the earlier stages of T cell development in the thymus,

The analyses of B220% cells in the hone marrow and
the peripheral compartment showed that the Brk gene is
expressed i the vast majorily of cells throughout B cell
differentiation. The finding of Bik-expressing cells in the
very early fraction of HSA™ pro-B cells in the bone
marrow, fraction A, implies that Bk expression precedes
the expression of many other genes associated with early
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B cell development, such as TdT, Mb-L V.5, A5, RAG-
1 and RAG-2 (Li et af, 1993). The fact that not all
cells in fraction A uniformly express Btk may parly be
explained by its heterogencous nature because it appears
that not all the cells are completely committed to the B
lineage (Hardy 7 al., 1991; Rolink ef al., 1996).

Btk is not requirad for the generation of mature
myeloid cells

Btk was found to be expressed in the bone marrow
miyeloid cells, in splenic granulocytes and in peritoneal
macrophages. The absence of any selective disadvant-
age of Bri-deficient cells in heterozygous females demon-
strates that Btk expression as such is not required for the
expansion or differentiation of the various mature myeloid
celt populations. This corclusion is turther supported by
the apparently normal macrophage function observed in
xtd mice (Scher, 1982) and the random X-chromosome
inactivation patterns found in peripheral blood granulo-
cytes of XLA carriers (Cenley ef al., 1986; Fearon ef al.,
1987). The neutropenia that is frequently observed in
XLA patients has been assumed to be secondary to
ongoing infection because it resolves after !g substitution
therapy {(Kozlowski ard Evans, 1991). The absence of
any detectable effects of Brk deficiency on myeloid cells
may by explained by redundancies within tyrosine kinase
patiways or may indicate that Bik is involved in a
signalling pathway that is not essential for myeloid cell
survival.

Btk is eritical only past the pre-B cell stage

The analyses of lacZ expression in the bone mamow of
Btk*- heterozygous female mice showed that Brk-deficient
B cell progenitors develop to the small pre-B cell stage
at normal frequencies. Furthermore, because none of the
pro-B or pre-B fractions contained >50% lacZ*t cells,
there was also no accumulation of B cel precursors that
ate blocked in differentiation. The earliest detectable
selective disadvantage of Bik-deficient cells was recog-
nized at the fransition from small pre-B to immature B
cells, In the heterozygous females only 29% (reduced
from 505%) of the immatare B cells expressed lacZ, which
is in good agreement with the reduction in size of this
popuiation in affected males {70% of normal). These
findings agree with previous findings that vid pro-B or
pre-B cells are unaffected by this mutation, whether in a
hemizygous male (Reid and Osmeond, 1985) or in competi-
tion with normal cells in a heterozygous female (Forrester
el al., 1987). In contrast, Kahn e7 al. {1995} noticed an
increase in the pro-B cell population in both CBA/N xid
and Brk-kin~ mice, indicating some role for Btk in the
transition from pro-B 1o pre-B cells. However, the signi-
ficance of this finding is unclear because vid mice with &
C57BL/6 background manifested a slightly reduced pro-B
cell fraction size. Our results are in apparent conilict with
those obtained by Kemner ef al. (1995}, who observed g
severe failure of Btk™ cells to expand to the small pre-B
cell stage in in vivo competition assays, in which Bk~ ES
cells were injected into wild-type blastocysts. We cannot
formaily exclude the possibility that there are functional
differences in the respective mutations, but both targeted
disruptions almost certainly represent true null alleles.
Alternatively, it is conceivable that the selection against
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Btk pre-B cells may result from geretic background
differences between 129 ES cell-derived H-2%/Ly9.1*
cells and C57BL/6 blastocyst-derived H-28/Ly9.2% cells.
In this context, the same Brk~ ES cells only partially
rescued peripheral B cell numbers in RAG-2-deficient
hosts (1-15% of normal), whereas blastecyst comple-
mentation by Btk-kin~ ES cells (Kaln et al., 1995) resulted
in chimeras with B cell numbers comparable with those
in xid mice (60-70% of normal). Because in heterozygous
niice Btk-expressing and Bik-deficient cells arise through
the process of X-chromosome inactivation, there are no
additional genetic differences between the two cell types
in our Bek~flacZ mouse model.

A dramatic selection against Brk- cells only occurs late
in B cell differcatiation, during antigen-driven proliferation
and maturation of the B cells, In the heterozygous females,
the more imumature igM"eh[gD cell population still
confains a substantial proportion of Brk-deficient cells,
whereas in the Igh**1gDhe" matre B cell population
these cells are virtually absent. With increasing age,
selection against the Brk-deficient B cells becomes more
pronounced. In this respect, there are no differences
between our Brk-deficient mice and the xid mice {Forrester
et al, 1987). The major differentintion nrrest in the
periphery is consistent with a crucial function of Btk in B
cell receptor signalling. This hypothesis is also supported
by the observed lower responses of a#/ B cells to anti-Ig
antibodies (Rigley ef al., 1989), and is substantiated further
by the findings of tyrosine phosphorylation of Bik in vive
accompanied by an increase in its kinase activity & vitro
after B cell receplor stimulation (Acki ef al, 1994; de
Weers ef al,, 1994b; Saovaf ef al., 1994).

Because affected males lack CDS* B cells in the
peritoneum, it was not surprising to see that Brk-deficient
CD3% B celis were also absent in heterozygous females.
However, the finding that /acZ-expressing cells were also
not detected within the conventional B cell popalation in
the peritoneum would argue for a more critical role for
Btk in the development of conventional B cells in the
peritoncum  compared with other peripheral lymphoid
compartments.

Functional roles of Btk in early B cell development
Our findings imply that in the mouse Btk is not involved
in signalling pathways essential for the proliferation of
pro-B and early pre-B cells, which is stroma cell-dependent
and driven by ILs such as IL-4, TL-5 and in particular
IL-7 (Rolink and Melchers, 1991). Tn addition, the fraction
of lacZ* cells in Brk*"~ female mice remains the same
(~30%) between the immature B celbs in the bone marmow
(fraction E) and the IgM*=P gD B cells in the periphery
(Figure 5C and Table H). Together with eardier findings,
that the homing properties and recirculating abilities of
aid B lymphoeytes are nommal (Sprent ef al., 1983), our
results indicate that Brk expression is not refevant for the
migration process of immature B cells from the bone
mareow info the periphery, or the initiation of surface gD
expression.

A 1ole for Brk in signalling at the stage between pre-B
cells and B cells still remains puzzling. Morcover, the
outcome of defective Btk function appears to be different
between mice (which exhibit an impaired transition to
immature B cells) and man (where an alizost complete

block is observed at this stage). These defects may well
involve the same stage of B cell development. but with
quantitative differences between mice and man. In addi-
tion, a large vaciation in the numbers of pre-B celis present
in the boae marrow of XLA patients (Pearl or af, 1978:
Fuer al., 1980: Campana e/ al.. 1990) would point towards
a role for Bk in the survival of pre-B cells in humans. In
this context, it is interesting to rnote that mice and
humans show differences in their expression patterns of
Ig surrogate lght (SL) chains at the transition from pre-
B 1o inunature B cells (Lassoued of of., [993; Karasuyama
et al., 1994). Although both murine snd haman pre-B cell
lines express SL chains on the cell surface in association
with pi chain, the surface expression of this pH-SL
comnlplex on normal bone marrow cebts can only be detected
in humans {on late stage pre-B cells; Lassoued ef af.,
1993). This offers the possibility of an interaction of the
#H-SL complex with an environmental ligand to promote
the transition from pre-B to immature B cells in humans.
In the mouse, the surface expression of SL ceases oace
UH is produced; the smatl pre-B cells express pH intni-
cellularly but do not express SL in cither the surface or
the cytoplasm. An attractive model for Brk funciion in the
pre-B cell would be its involvement in signat transduction
from the pH-SL complex. which in humans wewld be
essential for the enhanced survival of pre-B cells and
further differentiation into the immature B cell. In mice,
the role for Bk appears to be less critical because immutlure
B cells are generated at only moderately reduced numbers.

In summary, our BikflacZ mouse model alfows the
novel detection in heterozygous females of subtle defecis
that may only lead te minor selective disadvantages for
Bik-deficient cells. In future studies, such as transgenic
rescue experiments or crosses with other knock-out strains,
these mice will again offer the same possibility of the
identification of defects which may not be recognized
from the phenotype of only affected males.

Materials and methods

Construction of the targeting vector

Hrk-containing cosmid clones weze isolated frem a 129 mouse genomic
DNA lbrary (Nuez ¢ al., 1995) by screening with a human 8rk cDNA
probe (de Weers of ol 1993). A 2.0 kb Seft-SucE end fragment
encompassing exons 7 and 8, and a 7.4 kb BeaHI fragment encompassing
exons 13-17, were cloned into Bluescript (BS). A 4.6 kb Bsplil fragment,
with the ilsfecZ gene and the nee-selectable marker (Nuvez er af.. 1993).
was blunted and cloned inte a partially digested and blunted Moai
fragment at exen 8. The in-frame insertion of the feZ gene m Bik
Leu235 was veriied by 5 DNA sequence analysis. A Kpnl-Spel frugmem
containing the PyEn-HSV thymidine kinase (TK) gene was subsequently
introduced in the BS pelylinker upstscam of exon 7, The samc 4.6 kb
BspHI nlsfeeZ-neo fragment was alsa cloned inte the Snral site of the
BS polylinker at the 5* ¢nd of the 7.4 kb Bl fragment. The targeting
vector was constructed by combining the two phuamids, one contain-
ing the TK gene, 5' Brk homelogy and nlshicZrve, and one containing
nsfucZnco and 3’ Atk homology. using a unique Clul site in the fueZ
gene and Kpal siles in the BS polylinkers.

Generation of mutant mice

EE$ ES cells were cultured in BRL~<onditioned medivm supplermented
with F000 U/ml Jeukacmia inhibitory fuctor. The largeting vector was
lincarized with Neil and electroporsted into ES cells (8 ug DNA per
107 ceils in SEO YL, as described previously (Zhou ef af . 1995), Selection
with 0.2 mgiml G418 and 0.2 M FEAU was started 24 h afier
electroporation. After 8-10 days, double-resistanl clones were selected
and expanded, partly frozen in [0% dimethylsulfovide and panly used
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to isolate genomic DNA. Screening for homologous recombinants
was performed by Scuthern blotting of FroRl-digested DNA and
hybridization to a human Btk cDNA fragment clone (133-1153 bp)
hybridizing 10 exens 2-11 (de Weers ef al., £993). Four muant EL4
clones were identified and verified by Southem blot analyses of EcoRl,
HumHl and HindHT digests, using genomic probes specific for Bik exen 1
{1.8 kb mouss genomic EcoRI fragment), exon 2 (0.9 kb moeuse genomic
Psil fragment}, exeons 12-19 (L0 kb human 3’ fragment cDNA probe;
de Wecrs e af, 1993) and 2 JacZ probe. Two ES clones carrying the
Bik~flacZ mutation were injected into blastocysts of CS7RL/6 mice
(Robertsen, 1987) and transplanted into BL&/CBA foster mothers. The
resulting mate chimeras that had >>80% agouti were mated to C37BL/G
females. Germline transmission of (he targeted Bek allele to female
offspring was verified by a Southern blog analysis. These females were
further bred 1o CS7BL/G males: thorefore the mice analysed had a nrved
129/C57B1/6 background.

Western blotting

For the Westem blotting analysis, Iysates of 5% 10° cells weee separated
on H0% SDS-PAGE gels under reducing conditions and transfermed 1o
nitroceilulose. Blots were blocked with 5% non-fa1 dry milk in 20 mM
Fris-HC), pH 7.6, 137 mM NaCl, 0.05% Tween 20 and incubated with
first- and second-step reagents in the same buffer with [% non-fat dry
milk. The polyclonal Bk antiserum was mised against fusion proteins
af glutathfene S-transferase and amino acids 163218 of the human Bik
protein (Kazz ef of., 1994). The antibody, which also detects murine Bk
because amino acids 163-206 are completely conserved, was used in a
1:1000 dilution with horserzdish peroxidase-conjugated swine anti-rabbit
13 a5 a second step and developed by enhanced chemituminescence, as
described previously (de Weers 1 af., 1994b}.

Flow cytometiic analysis

Single-cell suspensions were prepared from Iymphoid organs in PBS,
essentally as deseribed previously (Slicker ¢ ol 1993), Peripheral
blood moenonuctear cells were isolated by density gradient centrifugation
using Lymphoprep {Nycomed Pharma AS, Oslo, Nerway). B-Galactosid-
ase aclivity was analysed by loading 2X10° cells in 50 pl Dulbecca’s
modified Eagle's medium (DMEM)/ 104 fetal bovine serum (FBS) with
an equal volumg of 2 mM FDG (Molecular Probes Eurcpe, Leiden, The
Netherlands) at 37°C for 60 s (Nolan et of., 1988). To stop th: reaciion,
1 ml i¢e<cold DMEMFBS was added. FDG-loaded cells were aflowed
to react with the FDG substrate for 30 min (on ice). and subsequently
stained with monoclonal antibodies. When kept on ice, FIXG staining
was found to be stable up to 7 b after loading.

Approximately 12 1(P cells weee incubated with antibodies in PBS/
0.5% bovine serum albumin (BSAY20 mM NaNj in 96-wel! U-boltomed
plates for 30 min at 4°C. Cells were washed twice in PBS#.5% BSA/
NaMy. For each sample. 3X10% cells were scored using a FACScan
analyser (Becton Dickinson, Sunnyvale, CA) equipped with appropriate
filters for a three-colour analysis. For fourcolour immunoflucrescence
of the bone mammow samples, 1-3310°% events were scored using a FACS
Vantage dual faser (488 and 595 nm excitation) facility at Becton
Dickinson {Erembodegen, Belgium). FACS data were analysed using
CellQuest version 1.0 computer sofiware; statistical evaluations were
performed with Instat version 2.0 (Graphpad Sefiware, San Diego, CA).

The following monoclonal antibodies weze purchased from PharM-
ingen (San Diego, CA); PE-conjugated anti-CDS/Ly-1, anti-CDI11b/Mac-
1, anti-HSAM /69 and anti-CDH3/87; biotinylated ani-HSAMNE/6, ami-
BP-I/6C3 and anti-Ighf; and Cy-Chrome- and APC-conjugated anti-
B226/RA3-6B2, Fluorescein isothiocyanate-conjugated anti-B220/RA3-
682 was obtained from Sigma (St Louis, M0), and PEconjugated anti-
TgD was purchased from Southern Biotechnology (Birmingham, AL).
PE-conjugated anti-CEY was purchased from Becton Dickinson. Anti-
CB8/53-6.7, anti-Gr- I/RBG-8C3 and ER-MP20 were purified monoclonal
antibodies cenjugated to biotin (de Bruijn ef af, [994). Secondary
antibodies used were TriCofor- or PE<conjugated streptavidin (Caltag
Laboratories, CA) or sireplavidin-Red 613 (Becton Dickinson).

In vitro cultures and Ig ELISA

Whole-spleen cell suspensions from 5 week-otd mice were prepared and
cultured with 50 pg/m] £.colf lipopolysaccharide as deseribed previously
(Savelkou! ¢t al., 1988), The cultare supematants were assayed for the
production of IgM, 1gG1, 1gG2a and 1gG3 on day 7 in an fsotype-
specific ELISA using antisera purchased from Southem Biotechnology,

54

Acknowledgements

We thank M.de Weers, N.Galjun. C.Kinnon, M.Kuit. ALangeveld.
D.Michalovich. H.Savelkoul, T.Verkerk, R.Bongaarts and Lde Wit for
advive, assisance and materials at various stages of the project. RAWH.
was supporled by the Royal Academy of Arts and Sciences. These studies
were supported by the Duich Prevention Foundation (RMWH.. AM. and
G.M.Dy.

References

ARLEW., Blackwel L T.K. and Yancepoulos,G.D. {H987) Davelopment of
the primary antibody repertoire. Sefeire, 238, 10791087,

Aoki Y., [sselbacher. K ), and Pillai.S. (1694) Bruten tyeosine kinase is
tyrosine phosphorylated and activated in pre-B Eymphecytes and
reseptor-lizgated B cells, Proc. Natl Acad. Sci. USA. 91, [0606— L0609,

Bruton,0.C. (1952) Agammaglobulinemia. Pediards, 9, 722-138.

Campana D., Farrant ), Tnamidar.N.. Webster,D.B. and Janossy,G. {1990)
Phenotypie features and proliferusive activity of B cell progenitors in
X-linked agammaglobalinemia. J. framenol., 145, 1675-1630,

ConfeyM.E. (19853 B cells in paticnts with X-linked agamma-
glebulinemia. L fmmunzal, 13, J070-3074.

ConleyM.E. BrownP, Pickard AR, BuckleyR.H., MillerDS..
Raskind, W.H., Singer.J.W. and Fialkow,PJ. (F986) Expression of the
gene defect in X-linked agammaglobulinemia. N. Engl. J. Med., IS,
56+-570.

ConleyM.E., Parolini, 0., Rohrerd. and Campana,D). ([994) X-linked
agammaglohulineniaz new approaches to ol questions based en the
identification of the defeclive gene. fmmumol. Rev., 138, 5-21,

de Bruijn M.ETR., Slickee, WA T., Van der Loo.J.C.M., Voerman J.S.A..
Van Ewijk,W. and Leenen,PLM. (1994} Distinct mouse bone mamow
macrophage precursoss identified by differential expression of ER-
MPI2 and ER-MP20 antigens, Eur J fmtol, 24, 22792281,

de Weers M., Verschuren M.C.M., Kraakman M.EM., Mensink, R.GJ.,
Schunrman R.K.B,, Van BoagenJJM. and Hendriks R, (1993}
The Bruten's tyrosine kinase gene is expressed throughout B cell
differentiation, from early precursor B cell stages preceding
immunoglebulin gene reamrangement up to mature B cell stages. Fur
L Famnmof,, 23, 3109-3114.

de Weers, M., Mensink R.GJ., Keaakman M EM., SchuurmanRK B,
and Hendriks, R.AW. (1994a} Mutation analysis of the Bruton’s tyrasine
kinase gene in X-linked agammaglobulinemia: idemification of a
futation which affects the same codon as s altered in immunddeficient
xid mice, Hum, Mol. Genet., 3, 161-166.

de Weers M., Brouns,G.S., HinshelweodS., KinnonC., Schuuraan.
R.K.B,, Hendriks,RW, and Bonst ). (1994b} Bell antigen receptor
stimulation activates the human Bruton's yrosine kinase, which is
deficient in X-linked agammaglobulinemia. J. Biol Chem., 169,
23857-23860.

Ehlich.A., Schaal,S., GuH., Kitamura 1., MaHer,\V, and RajewskiK.
(1993) Immunoglobulin heavy and light chain genes rearmange
independently atearly stages of B cell development. Cell, 72, 695-704.

Fearen.E.R., Winkelstein . A., Civin,C.L, Pandoll,D.M. and Vogelstein.B.
(1987) Carvier detection in X-linked agammaglobulinemia by analysis
of X chromosome inactivation. . Engl. £, Med., 316, 32713},

Forrester.L M., Anscll )LD and Micklem 1S, {[987) Developmem of B
Iymphocytes in mice heterozygous for the X-linked immunodeficiency
{xid) mutation. S, Evp. Med., 165, 349955,

Fu 8., Hurfey J.N., McCune, L M., Kunkel H.G. and Good R AL (1980)
Pre-B cels and other possible precursor lymphoid cell lines derived
from patients with X-linked agammaglobulinemia. J. Exp, Med., 152,
1519-152¢.

Genevier, HC. er al. (19%4) Expression of Bruten's tyrosine kinase
protein within the B cell fineage. Eur J. fumntiiiol., 24, 3100-3 (05,
Go.N.F, Casile,B.E2, Barret,R., Kastelein, ., Dang W, Mosmann, T.R.,
Moore, K. W. and Howard M. (1990} Interdeukin 10, a novel B cell
sfimulatory  factor:  unresponsiveness  of  X-chromosome-linked

immunodeficiency B cells. £ Evp. Med., 172, 1625-1631.

Hardy.R.R., Hayakawa K., Haaijman ], and Herzenberz. LA, (1952 B-
cell subpopulations ideatified by two-colour fluorescence analysis.
Naturee, 297, 588-591,

Hardy.R.R., Hayakawa,K., Parks,D.R. and Herzenberg.L.A. ([983)
Demonstration of B ¢ell mawration in X-linked immunodeticient
ntice by simultanecus three-colour immunofliorescence, Awnire, 306,
270-272.



Inactivation of Brk by insertion of LacZ

Hardy,R.R., Carmack,C.E., Shinten,3.A., Kemp,).D, and Hayakawa X,
(1991) Resolution and charcterizalion of pro-B and pre-B cell stages
in normal mouse bone marmow. J, Exp, Med., 173, 1213-1225,

Hasbold J. and Klaus,G.GB. (1994) B cell from CBA/N mice do not
profiferate following ligation of CDH0. Ewr. L Imnumne,, 24, 152-157,

Kahn,W.E ¢t al. (1995} Defective B cell development and function in
Brk-deticient mice. fmmunity, 3, 283-299,

Karssuyama,H., Rolink,A., Shinkai¥., YoungF,  AILEW. and
Melchers F, (1994) The expression of Vi.sfAS surrogate light chain
in early bone mamow precursor B cells or normal and B cell-deficient
oitant mice, Cefl, 77, 133143,

Katz,FE., LaoveringR.C., BradleyL.AD., Rigley,KP, Brown.D,
Colter.F, Chessels 1AL, Levinsky.R. and Kinnon,C. (1994) Expression
of the X-linked agammaglobulinemia gene, btk, in B-cell acute
Iymphoblastic deukemias. Leikaemnia, 8, 574577,

Kemer LD, ApplebydW., MohrR.N, ChieaS., Rawlings.DD.T.,
Maliszeweski,C.R., Wite,O.N, and Perlmuter,R, (1995) linpaired
expansion of mouse B cell progenitors lacking Bk, lmmunity, 3,
301-332,

Kozak M. (1987) An analysis of 5 noacoding sequences from 699
vertebrate messenger RNAs. Nuclele Acids Res., 15, 8125-8148,

Kozlowski,C. and Evans,D.LK. (F991) Neulmwpenia associated with X-
linked agammaglobulinemia. J. Clin. Pathol., 44, 383-390.

Lassoned K., Nuitez,C.A., Billips.L., Kubagawall, Nonteiro,R.C.,
LeBien, T.W. and Cooper,M.D. (1993) Expression of surrogate light
chuin receptors is restricted (0 & late stage in pre-B cell differentiation.
Celt, 73, 73-86.

14,¥.-8., Hayakawa K, and Hardy,R R. (1993) The regulated enpression
of B lincage associated genes during B ocll differentiation in bone
marrow and feral Jiver, £ Exp. Med, 178, 951260,

Matsuda,T. of al (1995) Association and activation of Btk and Tec
tyzosing kinases by gpE30, a signal wunsducer of the interleukin-6
family of cytokines. Bined, 85, 627-633.

Musacchio.A., Gibson, T, Rice,P., Thompson,). and Saraste,M. (1993}
PH domains; a cormmon piece in the structural patchwork of signalling
prteins. Treads Bioclem. Sei., 18, 343-38.

Myama-Inaba.M., Kuma,§., Inaba.K.. Ogata H., InwaiH.. YasumizuR,
Muramats,S., Steinman,RM. and lkehae 5. (1988) Unusual
phenotype of B cells in the thymus of nermal mice. J. Exp. Med..
168. 811-816.

NahmM.H., Paslay, W, and DavieJA. (1983) Unbalanced X-
chromesome mesaicism in mice with X-tinked immunodeficiency.
I Evp, Med, 158, 920931,

Nolan,G.P., Fiering.5.. NicolasJ-F and HerzenbergL.A. (1988}
Fluorescence-activated cell analysis and sosting of viable mammalian
cells based on P-D-galactosidase activity after transduciion of
Escherichia coli lacZ. Proc. Nad Acad. Sci. USA, 85, 2603-2607.

Nossab GLY. (1992) The molecular and cedlufar basis of affinity
nuataration in the antibody response. Celf, 68, [-2.

NuezB,, Michatovich,D,, Bygrave,A., Pleemacher,R, and Grosveld.F
(1995} Defective haematopoiesis in fetal liver resultling from
inactivation of the EKLF gene. Muoture, 378, 316-118.

Ohta,Y. ef ol (1994) Genomic organization ard structure of Beuton
agammaglobulinemia tyresine kinase; Tecalization of mutations
asseciated  with varied clinical presentations and course in X
chromosome-linked agammaglobulinemia. Proc. Narl Acad. Sci. U/SA,
04, 062-9066,

Pead ER., Vogler, LB, Okos,AJ, Christ WM., Lawton A.R.IM and
Coapen,ALD. (1978) B [ymphocyte precursors in human bone mamow:
an analysis of normal individuats and patients with sntibody-deficiency
states. J. fmmunol., 120, 1169-1175,

Rawlings,D.J. and Wine O.N. (1993) Bnuton’s tyeosine kinase is a key
regulator in B cell development. Jmowmol. Rev.. 138, 105-119.

Rawlings,D.J. €f al. (1993) Mutation of the unique region of Bruton's
tyrosine kinase in immunodeficient mice, Science, 261, 333-361.

Reid,G.K. and Osmend,D.G. (1983} B Iymphocyte production in the
bone marow of mice with X-linked jmmunodeficiency faid). J,
Tnmunel,, 135, 2299-2302.

Rigley K.P,, Hamelt MM, Phillips.R.J. and Klaus,G.G.B. (1989)
Analysis of signaling via surface immunoglobulin receptors on B cells
from CBA/N mice, Fur J. Inunel,, 19, 20812085,

Robertson,E.J. (1987} Teratocarcinemas and Embryanic Stem Cells. IRL
Press at Oxford University Press, Oxford, UK.

Rolink.A. and Melchars F. (1991) Molecular and cellular onigins of B
Iymphocyte diversity, Cell, 66, F08{-F094.

Rolink,A., tern BoekelE., Melchers,F, Fearon DT, Kropl. and
Andersson, L (1996} A subpopulation of B220% cells in muting bonz

iurow does nol express CD19 und contains natural killer cell
progeniters. L. Exp. Med.. 183, [87-194,

Santos-Argumedo.l, Tund EE. Heath AW, SolvasonN., Wa WAV,
Grimaldi.C.. Parkhouse. RME. and Howard M. (1995} CD38
unzesponsiveness of Wl B cells implicates Bruton's yresine Kinase
1b1k) as a regulater of CD38 induced signal transduction. Int. fiuptenel..
7, 163-170.

Saouaf.SJ., MahajanS., RowleyR.B. KurS.A.  Fargnelil.
Burkhardt, A L., “fsukadaS. Wine O.N, and BolendB. (1994)
TFemporal differences in the activation of three classes of non-
transembrane protein tyrwine kinwses following B-cell antigen
receptor surface engagement. Proc. Nl Acad. Svi. USA. 91, 9524
9528,

Sato,S. er al. (1994) IL-5 receptor-mediated tyrasine phosphorylation of
SH/SH3-containing proteins and activation of Bruton's gyrosine and
Janus 2 kinases. . Exp. Med., 180, 2201-2111.

SavelkoulHES, Lebman DA, BennerR. and CofimanR.L. (1938)
Increase of precursor frequency and clonal sire of murine IgE-
secreting colls by IL-4. S fnumal, H1, 749-755,

Scherd. (E982) The CBA/N mouse siriim: an experimental model
illustrating the influznice of the X-chromosome on immunity. Adi
Imnizenel.. 33, 1-71.

Sideras,P, and Smith,C.LE. (1995) Molecular and cellular aspects of X-
linked agammaglobulinemie. Adv hnmierol., §9, 135-223,

Sideras P, ef af. (1994} Genomic organization of mouse und human
Bruton's agammaglobulinemia tyrosing kinase (#e4) tocl, 4. fovmuel.,
£33, 5607-5617.

Slicker. WALT, e Rijk-d2 Bauijn M.ETR., LeenenPSM. and van
Ewijk,W. (1993) ER-MP12 antigen, a new surfave marker on mouse
bone marcow ¢2fls with thymus-repopulating ability. 1. bnathymie
repopulating ability of ER-MP[2-positive bone marmow cells. [al
frmunal., 8, 1G33-1098.

Smitth,C.EE. er al. {1994) Expression of Bruten's agammaglobulineniia
tyeasing kinate gene, BTK, is selectively down-regulated in T
iymphocytes and plasma cells. J. fmmunel., 152, 557-563.

Sprent,, Bruce,l, Ron,Y. and Webb,5.R. (1985) Physielogy of B cells
in mice with X-linked immunodeficicney, 1. Size, migratory propedies,
and turnover of the B cell pool. J famnnof., 134, 14421448,

Thomas,J.D., Sideras.B, Smith,C.LE.. Vorechovsky.l,, Chapman,V, and
Panl, WE. (1993) Colocalization of X-linked agammaglebulinemia
and X-linked immunodeficicney genes. Science, 261, 355-358,

Tsukada,S. et ol (1993) Delicient expression of a B cell cytopfasmic
tyrosine kinase in human X-linked agammaglobulinemia. Ceff, 72,
279-250.

Vetrie,D, et of (1993} The gene involved in  X-linked
agammaglobulineria is a member of the src farily of pratein tyrosine
kinases. Nefnre, 361, 226-233,

Vitinen M., Nilsson,L. and Smith C.LE. ([924) Tec homology (TH}
adjaceat ta the PH domain. FEBS Leit., 356, 263-265.

Vihinen. AL, lwata, T, Kinnon,C., Kwan,8.-F, Ochs H.D., Yorechovskyl.
and Smith.C.LE. (1996) BTKbace, mutation dalabase for X-linked
agammaglobutinemia (XLA). Nucleic Acids Res., 24, 160165,

Zhou XY, er al. (1995} Mouse model for the lycosomal disorder
gatactosialidosis and comrection of the phenotype with averexpressing
ceythrold precurser cells. Genes Dew, 9, 2623-2634,

Received on April 2. 1990; revised on May 29, 1996

55



Chapter 2

56



Chapter 3

The X-linked immunodeficiency defect in the mouse is corredted by
expression of human Bruton’s tyrosine kinase from a yeast artificial
chromosome transgene.

Alex Maas, Gemma M. Dingjan, Huub F.J. Savelkoul, Christine Kinnon , Frank Grosveld and
Rudolf W. Hendriks

Eur. J Immunol 27:2180-2187, 1967




Chapter 3

58
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The X-linked immunodeficiency defect in the
mouse is corrected by expression of Inunan
Bruton’s tyrosine kinase from a yeast artificial
chromosome transgene

Mutations in the gene for Bruton’s tyrosine kinase result in the B cell differentia.
tion defects X-tinked agammaglobulinemia in man and X-linked immunodefi-
ciency in mice. Here we describ the generation of two yeast artificial chromo-
some (YAC)-transgenic mouse strains in which high-level expression of human
Btk is provided by endogenous regulatory cis-acting elements that are present on
a 340-kb transgene, Yc340-hBrk. The expression pattern of the transgenic human
Btk was found to parallel that of the endogenous murine gene. When the Yc340-
hBik-transgenic mice were mated onto a Btk-deficient background, the xid B
cell defects were fully corrected: conventional and CD5* B-1 B cells were pres-
ent in normat numbers, serum Igh and IgG3 levels as well as responses to T celi-
independent type II antigens were in the normal ranges. In vivo competition
experiments in Btk female mice demonstrated that in the conventional B cell
population the Ye340-hBtk transgene could fully compensate the absence of
expression of endogenous murine Brk. We conclude that in the YAC-transgenic
ntice Bik is appropriately expressed in the context of native regulatory scquences.

1 Introduction

Bruton's tyrosine kinase (Btk) is a non-receptor protein
tyrosine kinase that is mutated in X-linked agammaglobu-
linemia (XLA) in man and X-linked immunodeficiency in
the mouse [1-4]. XLA is characterized by severe and
recurrent bacterial infections. Affected males have very
low serum fevels of all Ig classes. In the periphery, surface
Ig* B cell numbers are severely decreased and plasma cells
are virtually missing. Because in BM of XLA patients pre-
B celis are present, the disease is manifested as an arrest in
differentiation of pre-B cells to later B celf stages (for
review see [5]). Although Bik-deficient mice exhibit a less
severe B cel deficiency, the first selective disadvantage of
Btk-deficient cells was also found at the transition from
small pre-B to immature B cells in the BM [6]. Both CBA/
N mice carrying an Argy pleckstrin homology (PH)
domain mutation, and mice with targeted disruptions of
Bik in their germ line display the x-linked immunodefi-
ciency (xid) phenotype. The disorder is characterized by a
decrease of peripheral B cell numbers, specifically of
mature surface TeM TeDM cells, an absence of perito-
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neal CD5* B-1 B cells, low levels of serum IgM and 1pG3
and severely impaired responses to T cell-independent
type 11 {TI-F) antigens [6-8].

The Btk gene encodes a 659-amino acid protein that con-
tains a single kinase domain, the src homology donains
SH2 and SH3, and an N-terminal region with a PH domain
and a unique proline-rich Tec homolegy (TH) domain
[1-5]. Several molccules, including Src family kinases,
protein kinase C, By subunits of heterotrimeric G proteins,
and the 120kDa protein encoded by the ¢-cbl proto-
oncogene have been shown to interact with the individual
domains of Btk, mainly by studies in vitre (reviewed in
{9]). Btk has been implicated in signaling events induced
by cross-linking of the surface Ig receptor, IL-5, IL-6,
CD38 and CD40 in B cells and FeeRl in mast cells and
basophils {5, 9j.

The expression pattern of the Bk gene was investigated in
mice and man using cultured celf lines [18, 11], as well as
by analysis of §-galaciosidase activity in vive in mice with
a targeted in-frame insertion of a lncZ reporter in the Bik
gene [6]. Btk is expressed throughout B cell development,
from the earliest identifiable pro-B cell stage
(B220*CD43 HSA Ig"; 12) up to mature B cell stages, At
the transition from mature B cells to plasma cells, expres-
sion is down-regulated. Btk is not expressed in the T cell
lineage. Although Bik is also expressed in myeloid cells, it
is not required for myeloid differentiation, since myeloid
cells are not affected in XLA or in xid {5].

The tissue-specific and differentiation stage-specific Bk
expression may -- af least in part - be accomplished by the
Btk promoter region, which contains several binding sites
for the transeription factors Spl and PU.1 [13, 4}
Although transient transfection cxperiments implicate
PU.1 as a major regulator for Brk expression in B cells and
myeloid ceils, other elements may welt be required, espe-
cially because Bik expression is not abolished in fetal liver
of PU.1-deficient mice [14].
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To develop methods to investigate the effects of Brk muta-
tions in vivo and to analyze the developmental control of
Btk gene expression, we generated Btk-transgenic mice,
Because far upstream or downstream cis-acting regulatory
elements arc essential for correct expression of genes
[15-17], large DNA transgenes are needed to exclude any
influence of the chromatin envitonment at the position of
integration in the mouse genome {17, 18]. We have used a
340-kb yeast artificial chromosome (YAC) clone contain-
ing the human Brk gene fo generafe transgenic mice in
which the expression of Brk is under the control of native
regulatory sequences, By mating these Bk transgenic mice
onto a Btk-deficient background, we show that the xid
phenotype in the mouse is completely corrected by expres-
sion of human Btk from the YAC transgenc.

2 Matcrials and methods
2.1 Southern and Western blotting

High molecutar weight DNA was extracted and processed
by Southern blotting analyses using standard methods [19].
The 340-kb YAC clone Yc340-hifrk was from the ICT
human DNA YAC library [20] and was selected by hybrid-
ization to probes specific for the DXSI78 locus. The
DXS$101, DXS178, DXS8265, DX$366, DXS442, SDS/DDP
and GLA probes and ¢DNA, for which the Yc340-hBrk
YAC was screened, have been described [21, 22]. In addi-
tion, the following probes were applied: Btk.! (human Btk
¢DNA bp 133-1153 [23); Bik.2 (human Btk ¢cDNA bp
1049-2159), FTP-3, a 1.8-kb PCR fragment from position
9373 to 10749 [24], YeL {YAC left arm prebe; a 2.3-kb
Pvuli-EcoRI fragment of pBR322 [25}) and YeR (YAC
right arm probe; a 1.4 PenfI-Sell fragment of pBR322

[25]).

Western blotting was performed as described [6].

2.2 Isolation of YAC DNA and generation of fransgenic
mice

Isolation of the YAC was performed cssentially as
described [18], except that the agarose blocks of yeast cells
were made in | % low-melting point agarose in SCE (I M
sorbitot, 100 mM scdium citrate pH 5.8, 10 mM EDTA}
and a fiiral zymolyase concentration of 4 mg/ml. The aga-
rose blocks were incubated in SCE containing 10 mM
DTT at 37°C for 2 h, followed by incubation in 400 mM
BEDTA pH 7.5, 1% sarkosyl and 2 mg/ml proteinase K at
36°C overnight, Size-fractionation of yeast chromosomes,
isolation and preparation of YAC DNA were as described
[18}. Purified YAC DNA was micro-injected info pronuclei
of FVB fertilized oocytes [26] at various concentrations
(2-10 ng/ml}.

2.3 Reverse transcripfion polymerase chain reaction

Isolation of RNA and c¢DNA synthesis have been
described [27]. PCR reactions were performed in 50 pl
PCR buffer (Life Technologies, Paisley, GB), 1 pmolful of
each primer and 9.3 uCi of {a-"P]dATP. Amplification
was for 25 cycles with denaturation at 94°C for 30 s, fol-
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lowed by anncaling at 58°C for 30 s and extension at 72°C
for 45 s. PCR products were visualized by electrophoresis
on a 6% polyacrylamide 1X TBE gel followed by autoradi-
ography. Quantifications were performed using IMAGE-
QUANT (Molecular Dynamics). Primers specific for
human Brk (5'-GACTGCTGAACACATTGCCC-¥ and
5'-AGAAGTAGAACCAAGAAGCTTAT-3'} and murine
Btk (5-GACAGCAGAACACATTGCTCA-3' and 5
CTCAGGAAACATGGAATTAGGT-3') were in exons 18
and 19. Murine hypoxanthine phosphoribosyl-transferase
(HPRT) primers have been described [27].

2.4 Flow cytomeiric analyses

Preparation of single-cell suspensions, loading of cells with
fluorescein-di-B-p-galactopyrancside to  measure  f-
galactosidase activity and three-color flow cytometry have
been described {6]. Cells (3 x 10°-5 X 107} were scored
using a2 FACScan flow cytometer (Becton Dickinson, Sun-
nyvale, CA). mAb obtained from Pharmingen (San
Diego, CA) included PE-conjugated anti-CD4, anti-CDS5,
anti-CDHb/Mac-1 and anti-CD43; biotinylated anti-IgM
and anti-CD8; FITC-conjugated anti-B220/RA3-6B2 and
anti-CD3, PE-conjugated anti-IgD was purchased from
Southern Biotechnology Associates {SBA, Birmingham,
AL}. TriColorconjugated streptavidin (Caltag Laborat-
ories, CA) was used as a secondary antibody.

2,5 Serum Ig detection and immunizations frr vitro

Serum fevels of Ig subclasses were determined by iso-
type-specific sandwich ELISA [28]. To measure Ti-1I
responses, mice were injected i.p. with 50 pg DNP-Ficoll
in PBS and DNP-specific Ig subclasses were analyzed at
day 7 by ELISA. To measure thymus-dependent (TD)
responses, mice were immunized with 100 pg TNP-KLH
precipitated with alum; after 3 months a booster dose of
100 g TNP-KLH was given and TNP-specific [g subclasses
were analyzed at day 7 after the booster. For DNP/TNP-
specific sandwich ELISA assays, plates were coated with
isotype-specific antibodies and serum dilutions were
incubated over night, Subsequent steps were biotinylated
TNP-KLH, streptavidin-coupled peroxidase and azino-bis-
ethylbenzthiazolinc-sulfonic acid (ABTS) as a subsirate,
Absorbance (A) was read at 419 nm,

3 Results

3.1 The Yc340-hBk-transgenic mice contain the human
Bik gene

The YAC clone Yc340-hBtk was isofated from the ICI YAC
library [20] on the basis of hybridization with the DXS178
probe, which is 80-150 kb distal to Bik [1, 21]. Yc340-hBek
was found to contain tire 40 kb human Brk gene, approxi-
mately 100 kb of 5 flanking DNA and 200 kb of 3’ flanking
DNA (Fig. 1A). The YAC also included several other
genes, such as a-galactosidase A, the ribosomal protein
LA4L, the RNA-binding protein FTP-3 and the deafness/
dystonia peptide (DDP) [22, 24}, as well as the poly-
morphic markers DX8178 and DXS265. The YAC was
negative for more distant markers, including DXS366,
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Figure 1. Generation of Yc340-hBtk-transgenic mice. (A) Map of
the 340-kb YAC transgene construct, showing the location of the
Btk gene (filled box}, the L44L, «galactosidase A (GLA) and
FTP-3 genes (open boxes) and the polymorphic marker DXS178,
Arrows indicate the direction of transcription. {B) Southeimn blot
analysis of DNA from the two different Ye340-hBrk-transgenic
mouse lines T9 and TH on various backgrounds, wild-type (Bik*),
knockout (Btk™), or heterozygous females (Brk*"), as well as from
human and mouse controls, DNA samples were digested with
FcoRI and probed with a human Brk ¢DNA fragment (Bik.1).
The closed arrows indicate the 10.7-kb and 5.8-kb Yc340-hBik-
transgenic bands, The open amows indicale the erdogenous
murine bands, which are 8.1 kb and 14 kb (wild-type allele} or 8.1
and 10.9 (knockout allete). The genotypes are indicated at the

top.

DXS8442 and DXS101. In a comparison of Yc34G-h Brk with
other DXS$178-positive YAC and genomic DNA, by pulse-
field gel electrophoresis, Southern blotting and Alu fin-
gerprinting, we did not find evidence that the Ye340-hBrk
is rearranged, deleted or a hybrid clone {data not shown).

‘The Ye340-hBrk YAC was isolated by pulse-field electro-
phoresis, purified and microinjected. Out of 50 offspring
born, two hBrk-transgenic mouse lines, T9 and Til, were
obtained (Fig. 1B). In Southem blotting analyses using
BamHI, EcoRI1, HindlIl, Xéal and Pvull and probes spe-
cific of the entire Btk gene, FTP-3 and DXS178, all restric-
tion fragments present in the Yc340-hBtk YAC clone were
also found in the transgenic lines; both lines contained left
and right YAC arm sequences. Densitometric quantifica-
tions indicated that T9 and T11 were low-copy transgenic
lines, containing two to three copies of the hBtk gene {data

not shown}. Fluorescence in sifie hybridization of meta-
phase chromosomes to human Btk scquences demon-
strated single integration spots at chromosome 14 for T9
and chromosome 3 for Til. In the transgenic lines, no
developmental defects or any increased susceptibility to
infectious diseases or malignancies were observed on vari-
ous genetic backgrounds {FVB, 129 or C57BL/6} for over
10 months of age.

3.2 The expression pattern of transgenic human Btk

To investigate whether the expression of the transgenic
human Btk gene is comparable lo that of the endogenous
murine Brk gene, RT-PCR experiments were performed
on varfous Hssues from Yc340-hBtk-transgenic mice
(Fig. 2A). Both the human and the murine Brk gene were
found to be highly expressed in spleen and BM, whereas

—mBtk

<02 <0.2 <02 hBk (%5 Hpri)

19 7 04 035

34 90 1S <02<02 23 mbrk(% Hpri)
B

Bt /Y Bik-1Y

- " =T Yc340-hBtk transgenic I
9. T T T T

Figure 2. BExpression of the Ye340-hBrk transgene. {A) RTPCR
analysis of ¢cDNA samples from the indicated tissues from a
Yc340-h Bik-transgenic  Brk** mouse. Spleen from a non-
transgenie mouse was included as a contro! (NT). The human and
the murine Brk-specific amplified products were ~ 200 and ~ 230
bp, respectively. Yields were normalized using HPRT REPCR
products {~ 250 bp). At the bottom, the relative densities of the
human and the murine Btk RT-PCR products are given as per-
cenfages of the values of the HPRT RT-PCR preducts. (B) Wes-
tern blot analysis of Brk expression in total celt lysates {2 x 10°
cellsfane) from spleen from Z-mondh-old wild-type {Hrk*fY),
knockout (Bek YY) and Ye340-hBrk-transgenic #rk7TY mice. The
position of the 77-kDa Bk band is indicated.
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Table §. Flow cytometric analysis of the lymphocyte compartments in Ye340-hBik-transge nic mice”

Non-transgenic Yc340-hBtk-transgenic
Tissue Cell population Bty BikTY Bik'rY BIkTY
Bone marrow B210% cells, % 16+ 3 15 + 2 19+ 4 19+ 1
Pro-B (CD43*), % 3+ 1 3 &1 3 1 3t 1
Pre-B {CD43Igh), % 5+ 2 5 2 7+ 1 6+ 1
Tmimature B (Igh*IgD7), % 4+ 2 3 1 44 1 3+ 1
Mature B (IgM*IgD*), % 4% 1 1.0+ 04 4+ 1 5+ 2
Spleen Nucleated cells, x 1 192 + 33 g2 £15 173+ 28 155 + 27
B220* cells, % 51 4 10 29 +12 55+ 3 5+ 7
IpM™1gD"# B cels, % x5 6 + 3 0t 3 3t 4
CD3*CD4* Teells, % 20+ 3 19 + 5 9% 2 18+ 1
CD3*CD8* Tcells, % It 4 10 £ 3 0+ 3 11+ 3
MLN B220* cells, % 24t 4 12 = 2 4+ 4 Bx 6
IgM*"IgD™ B cells, % 21+ 2 3 £ 1 17+ 4 18% 4
CD3'CD4* Teells, % 48+ 7 52 + 9 5+ 3 3B+ 8
CD3'CD8* Teells, % 23+ 3 27 £ 6 23+ 3 3% 4
Peritonaum CDS5* B cells, % 4+ 2 03+ 03 3 2 9+ 5
CD5 B cells, % 10+ 6 2 =1 0x 4 15+ ¢
CD5* Teells, % 4+ 2 4 + 2 3% 3 4+ 2

a) Mice were 6-10 weeks old. Numbers of mice anlyzed are: 7 for Ye340-hBik-transgenic BILYY mice and 4-7 for the other groups.

low but detectable signals were present in (hymus and
lung. Quantification of the densities of the amplified prod-
ucts indicated that the expression levels of the human and
the murine Bik genes were similar, Murine or human Bk
RT-PCR products were not detected in liver, brain, kidney,
intestine, ovary or heart {Fig. 2A, and data not shown},
indicating the absence of additional, integration site-
dependent, expression of the Ye340-hBik transgene.

The Yc340-hBrk-transgenic mice were mated onto a Brk™
background, {.e. mice with a targeted inactivation of the
Btk gene by an in-frame insertion of a LacZ cassette {6].
Btk protein expression was evaluated by Western blotting
of total spleen cell lysates from Ye340-hBik-transgenic
Btk Y male mice (Fig, 2B}, Using a polyctonal rabbit anti-
serum which recognizes both human and murine Btk, a 77-
kDa band was observed in wild-type Brk*/Y mice and
absent in knockout Brk'/Y mice. In the two Yc340-hBth-
transgenic lines T9 and T11 on the Btk 7Y background, Btk
protein was detected at levels comparable to those in wild-
type mice (Fig. 2B). In all further analyses described
below, the two Yc340-hBik lines did not exhibit any differ-
ences and, therefore, data from the two transgenic lines
were combined.,

3.3 Transgentc YeM0-WBtk expression restores B cell
numbers

To investigate whether expression of the Ye340-hBek trans-
gene could fully compensate the absence of the endoge-
nous murine Brk gene, we examined the lymphoid popula-
tions in four groups of 6-10-week-old male mice: wild-type
and BikfY mice, either non-transgenic or Ye340-hBik-
transgenic {Table 1; Fig. 3). Flow cytometric analyses of
BM, spleen, mesenteric lymph nodes (MLN), thymus and
peritencum displayed the xid phenotype in the Brk7/Y
mice {6-8]. The numbers of B lymphocytes, in particular
recirculating IgM“IgD+ B cells in the BM and mature
IgM™1gD™" B cells in the periphery, were significantly
reduced and the population of CD5* B-1 B lymphocytes in
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the peritoneal cavity was missing. In contrast, the Bik/Y
mice that expressed the Ye340-hBek transgene had normal
numbers of mature B cells in BM, spleen and MLN, and of
CD5* B-1 B cells in the peritoneum {Table 1; Fig. 3}. The
additional expression of the Yc340-hBrk transgene on the
wild-type background did not have any effect on the B cell
numbers. The four groups of mice analyzed did not show
significant differences in the numbers of myeloid or T lin-
eage cells,

3.4 Transgenic Ye340-hBtk expression resfores serum Ig
levels and responses to TEII antigens

Although Ye340-hBtk-transgenic Btk Y mice had normat
B cell numbers, a possibility remiained that B ceil function
was not fully restored.

Serum levels of all Ig isotypes were determined by ELISA
in 2-month-old mice from the four genotype groups
described in Sect. 3.3. The Brk7Y knockout mice had de-
cresed concentrations of IgM and IgG3 in the serum
(Fig. 4A), whereas the levels of IgG1, IgG2a, TgG2b, IgA
or IgE were in the normal range (data not shown). The
Yc3d0-hBtk-transgenic mice, both on the wild-type back-
ground and on the Brk7/Y background, manifested serum
Ig levels that were In the normal range for all isotypes,
including IgM and IgG3 (Fig. 4A).

To analyze the responsiveness to TI-I1 antigens in vivo, 2-
month-old mice were injected i.p. with DNP-Ficoll, and
after 7 days DNP-specific antibodies were measured by
ELISA {Fig. 4B}. In Brk-deficient mice, DNP-specific
ipM or IgG3 was completely absent: absorbance measured
did not differ from the values of unimmunized animals, In
contrast, the TI-H responses of Ye340-hBik-transgenic
mice, both on a wild-type and on a Bik/Y background,
were comparable to those of wild type mice. As a control,
secondary responses were measured after immunization in
vivo with the T cell-dependent antigen TNP-KLH. The
TNP-specific IgM, IgG1 and IgG2a responses were not sig-
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nificantly different between the four groups of mice ana-
lyzed (Fig. 4C).

In summary, these results show that transgenic Ye340-h Btk
expression did not affect serum Ig concentrations of TI-1I
or TD responses in vive in the presence of endogenous
murine Bek. More importantly, the selective IgM and IgG3
deficiency in the serum and the unresponsiveness in vivo
to TI-II antigens of Btk7/Y knockout mice was restored by
transgenic Ye340-hBrk expression.

3.5 In vivo competition between B cells expressing only
Yc340-hBtk and B cells that also express endogenous
murine Btk

In the BikflacZ mice, expression of the disrupted Bik
allele can be monitored by lacZ activity: in Btk™ males,
virtually all B220* cells, except for HSA"CD43* pro-B
cells in the BM, express facZ. Because of the process of
random X-chromosome inactivaton, about half of the B-
lineage cells in female Bik*" heterozygous mice wil have
the disrupted Brk allele on the active X chromosome.
When these cells reach a developmental stage at which Bik
is required, they are arrested in differentiation, We previ-
ously identificd selective disadvantages of Brk™ cells within
B cell subpopuiations by a reduction of the proportion of
lacZ* cells below the value of 50 % [6]. In the BM of Brk**
heterozygous mice such selective disadvantages were
absent up to the B220*CD43 pre-B cell stage, but were
first exposed at the transition to the immature IpM*IgD™B
cell and, more markedly, in mature IgM*TgD* B cells [6).

In the Ye340-hBik-transgenic mice, we used lecZ expres-
sion anlysis as an in vivo competition assay to compare the
capacities of B cells that only express transgenic human
Btk and B cells that express the transgenic human Bk in
addition to the endogenous murine Brk, Cells from BM,
spleen, MLN and peritoncum from Brk*” females, either
non-transgenic of Yc340-hBrk-transgenic, were analyzed
for facZ expression by flow cytometry. Fluorescein di-f-p-

Boné marrow

Spleen

MLN

Peritoneum

Figure 3. The effect of the Yeld0-hik transgenc on
peripheral B lymphocyte pepulations. Thiee-color flow
cytomedric analysis of BM, spleen, MLN, and perito-
neal cavity from 6-8-week-old nona-transgenic and
Ye340-hBik-transgenic Bek*/Y or Bik 7Y mice, Spleen,
MLN and BM cell suspensions were stained with bioti-
nylated anti-IghM  and  streptavidin-TriCelor, PE-
conjugated anti-Ig, and FITC-conjugated anti-B220,
and B220* cells are displayed. Percentages of total BM
cells thal are B220*Igh'IgD* are displayed in the
boxes (Fraction F; [£2, 29)). For spleen and MLN the
proporiions of cells that are IgM™TgD™* (Fraction I;
[29]), 1gMM*1gDY® (Fraction H), and IgMY gD~
{Fraction 11} are shown. Peritoneal cells were stained
with anti-B228, anti-fgh! anti-CD5-PE and B220* cells
are displayed. The percentages of total cells {including
peritoneal macrophages) that are B220°CD5S* B cells
or convenitonal B220*CD3" B cells are indicated. Data
shown are representative of the mice examined and
shown as §% probability contour plois.

galactopyranoside was used as a substrate, in conjunction
with surface markers that define various B cell popula-
tions. The proportions of facZ-cxpressing cells in the non-
transgenic females decreased during B cell maturation
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Figure 4. Expression of the Yc340-h Btk transgene corrects serum
Ig levels and responses in vivo to TI-H antigens, (A) Serum con-
centrations of IgM and IgG3 in unimmunized 2-month-old mice
from the four different groups indicated. (B} For TI-II responses,
serum concentrations of DNP/TNP-specific IgM and IgG3 anti-
bodies were defermined 7 days after i.p. injection of DNP-Ficell.
For each serum dilution, the A {OT) are shown as mean values
from 6 to 12 mice in each group. The values for pre-immune sera
{# = 8, 2 from ecach group) were not significantly different
between the four groups. (C) To determine secondary TD re-
sponses, serum concentrations of DNPTNP-specific Igh, IgGi
and IgG2a were measured 7 days after an i. p. booster with TNP-
KLH.
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Figure 5. ‘The effect of the Ye340-hBik transgene in female Bik**
mice. Cell suspensions of non-transgenic and Ye340-hBik-
transgenic Btk*!" mice were toaded with FDG to asses LacZ activ-
ity, and subsequently stained with anti-B220-FITC, biotinylated
anti-IgM/streptavidin-TriColor, and either PE-conjugated anti-
Igl3, PE-conjugated anti-CD$ or PE-conjugated anti-CD43, For
the indicated developmental B cell fractions in the BM and the
peripheral organs [12, 29], the proportions of cells that express
LacZ are shown. Data are given as mean values and standard
deviations from three to nine non-iransgenic mice and five to ning
Yc340-hBuk-transgenic mice that were 7-10 weeks of age. D =
B220*"CD43" pre-B cells, E = IgM*IgD- immature B cells, Fyy =
1gMY¥P D™, F, = IgMY?IgD*®, F, = IgM"™ gD mature B
cells.

from ~50% in CD43™ pre-B cells (Fig. 5, fraction D), to
~30% in immature IgM* B cells (fraction E) in BM, and
to almost undetectable levels in mature IgM™ IgD** B
cells (fraction F} in BM, spleen and MLN, as previously
reported [6]. In contrast, in the Yc340-hBrk-trangenic
Bik** heterozygous females, lacZ-expressing cells repre-
sented 50 % of the B cell population at every developmen-
tal stage in the BM (Fig. 5). Likewise, no selective disad-
vantages of incZ-expressing cells were observed in the var-
jous peripheral mature B cell fractions Fy (IgM**IgD**},
Fi(IgM®IgD"), and Fy(IgM™1gD") in spleen and
MLN. These findings indicate that the Ye340-hBrk trans-
gene could fully compensate the absence of the endoge-
nous murine Bik gene.

In the CD5* B-1 B cells or the conventional CD5 B cell
populations in the peritoneum from non-transgenic Brk*"
mice, freZ* cells were hardly detectable (Fig. 5 and [6]).
In contrast, the Yc340-hBik-transgenic mice manifested
IncZ activity in significant proportions of their CD5* B-1 B
cells (6% +£7%) and conventional CDS B cells
(35% =+ 11%) (Fig. 5). These values did not appear lo
result from a down-regulation of Btk expression in a signif-
icant proportion of peritoneal B cclls, because lacZ
expression was found in 97% £ 0.4% of the CD5" B-i
andin 98 % * 0.3 % of the convertionat peritoneal B cells
of Ye340-hBik-transgenic Brk 7Y mice.

4 Discussion
Although Btk has been implicated in several receptor-
mediated signal transduction pathways, it is currently

unknown which of these signaling functions account for
the disease phenotypes of XLA and xid, Morcover, the
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function of Btk in early pre-B cell stages or the molecular
mechanisms that lead to an arrest of B cell development at
the pre-B cell level in XLA are unknown. The reported
interactions of Btk with various proteins have mainly been
studied in vifro ([9] and references therein), The signifi-
cance of these findings still has to be established in vivo,
e.g. by studies in transgenic mice using mutated Bk trans-
genes. For most genes, expression in transgenic mice is
influenced by surrounding chromatin at the site of integra-
tion, leading fo low expression levels of the transgene, or
to expression in cell Jineages that normally do not express
the transgene. Therefore, transgenes should contain the
essential regulatory sequences, such as tramscriptional
enhancers or suppressors that are located cither in introns
or at the 5" or 3' flanking regions of genes, to obtain
position-independent copy number-related expression,

We have generated two fransgenic mouse strains in which
expression of human Bik is provided by the endogenous
regulatory cis-acting elements present on the 340-kb YAC
clone. Qur results indicate that all relevant regulatory
sequences that are required for high-level expression of
Btk during B cell development are contained within the
340 kb of genomic DNA.

The RT-PCR and Western blot experiments showed that
the expression of the Ye340-h Btk transgene is similar to the
expression of the endogenous murine Brk gene, providing
evidence for the absence of position effects.

When the Ye340-h Brk-transgenic mice were mated onto a
Bik-deficient background, the Yc340-hB1k transgene could
fully compensate the absence of the endogenous murine
Btk gene. In BM and peripheral tissues, the numbers of B
cells and their surface IgpM/IgD profile were normal. In the
peritoneum normal amounts of CD5* B-1 B lymphocyles
were present. Furthermore, the serum concentrations of
IgM and IgG3, as well as the responses in vive to TI-1E
antigens were restored.

The in vivo competition experiments in Btk*" female mice
demonstrated that expression of human Bik from the
Yc340-hBek transgene completely eliminates the selective
disadavantages of Brk-deficient cells at the {ransition from
small pre-B cells to irmmature B cells in the bone marrow,
as well as the severe arrest during maturation of conven-
tional B cells from IgD* TgM¥e to IgD™ [gM*™ stages in
the peripheral tissues. These findings indicate the absence
of any dominant negative effects of the expression product
of the targeted Bik-lacZ allele, and also show that the
human Btk can functionally substitute the murine protein,
In this respect, the Yc340-hBtk transgenic rescue differs
from the correction of the xid phenotype by transgenic
expression of human Btk driven by the MHC class 1 Ea
locus controt region, which we previously reported {27]. In
those mice, the fractions of lecZ-expressing cells in the
MHBCIT-hBtk transgenic Brk*" females did not reach 50%,
but only ~ 10 % in the most mature IgM**IgD"® B cells in
the periphery. Although the xid defects were completely
corrected, apparently there were some minor insufficien-
cies in the expression of the MHCII-hBik transgene that
were only detecied by competition in vive in heterozygous
females. The native regulatory sequences present on the
Yc340-hBtk transgene, however, appear to provide appro-
priate expression of Btk in conventional B cells,
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In contrast, within the peritoneal CD5* B-1 B cell popula-
tion of Ye340-hBik-transgenic Brk** mice, the fractions of
lacZ-expressing cells still only reached 10-20%. This find-
ing implies that the human Btk protein has a slight intrinsic
inability to substitule for murine Bik in peritoneal B cells,
Twelve out of 659 amino acid residues are different
between murine and human Bik, three of which are clus-
tered at positions 207-214 in the TH domain thought to be
involved in the interaction of Bik with SH3 domains of
other tyrosine kinases [1, 2, 27, 30]. The alternative
explanation of a selective down-regulation of Btk expres-
sion in a major fraction of CD5* B-1 B cells seems
unlikely, because in the Yc340-hBtk-transgenic BikYY
mtice, lacZ was found to be expressed in nearly all CD5* B
cells.

The finding that in the Ye340-hBik-transgenic mice Bik is
appropriately expressed in the context of native reguiatory
sequences, is a starting point for the identification of the
clements involved in the regulation of Btk expression in
the hematopoietic system. Using the inherent homologous
recombination system of ycast, various deletions within
the Bik locus or its flanking regions can be readily intro-
duced in the Yc3d0-hBik YAC. After transfer of these
modified YAC into transgenic mice, functional analyses

should allow the identification of essential regulatory -

elentents. Using similar methods, precise site-specific
mutations can be introduced into YAC [31, 32], enabling
the analysis of the effects int vivo of Bik gain-of-function
mutations [34], or Btk variants that lack the function of
specific domains. In these mouse modcls, Btk transgenes
should be expressed at natural levels, with a stage and tis-
sue specificity that parallels the endogenous Btk locus,

Knowledge of the regulatory elements involved in ik
gene expression would not only help to explain XLA cases
without mutations in Btk coding region [34], but would
also be essential for the development of gene therapy stra-
tegies for XLA: the constructs that will eventually be used
to express an intact Bik gene in pre-B cells of XLA pati-
ents should preferably contain regulatory sequences from
the Brk gene itself. For restoration in vivo of B cell func-
tion in XL A, a Brk mini-locus could be designed that con-
tains genomic Brk sequences and the major regulatory
clements. The development of gene therapy vectors with
less sirict size limitations, e.g. based on receptor-mediated
delivery [35], would make such a Brk mini-locus DNA con-
struct applicable for use in gene therapy to achieve physio-
logical levels of Bk expression during B cell development.
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Abstract

Defects in the gene for Bruton’s tyrosine kinase (Btk) result in X-linked
agammaglobulinemia (XLA) in humans and X-linked immunodeficiency (vid) in mice. Brk is
expressed throughout B cell development, but not in plasma cells, Btk is also expressed in
other lineages of the haematopoietic system, except in T celis, In this chapter we addressed the
question how this unique expression pattern is accomplished. Using intracellular flow
cytometry we show fhat Brk is already expressed at significant levels early in B cell
development. We describe the generation of yeast artificial chromosome (YAC) transgenic
ntouse strains in which the human Bek (hBrk) expression is provided by endogenous regulatory
cis-acting elements that are present on a 240 kb YAC transgene, Yc240-h Bk, which contained
the Brk gene and ~6 kb 5' flanking DNA and ~200 kb 3' flanking DNA. When the Ye240-1 Btk
transgenic mice were mated onto a Btk-deficient background, B cell numbers were fully
restored, The expression pattern and levels of the transgenic hBk were found to parallel the
endogenous murine Btk gene, The expression level of Btk did not change significantly during
the subsequent stages of B cell development, To identify cis-acting regulatory elements, within
the Btk locus itself, DNAsel hypersensitive site (HSS) mapping was performed. Nine HSS were
identified, one of which was found to be B cell specific and conserved between mouse and men,
Furthermore we show that although Spl, 8p3 and PU.1 are able to transactivate the Brk
promoter synergistically in in vifro fransfection assays. However, targeted deletion of Spl or
Sp3 doees not result in decreased Btk expression fn vive. We conclude that not only the Btk
protein itself is conserved befween mice and men, but also the regulatory elements that drive
Btk expression. This study provides a foundation for the development of a Btk mini-locus to
develop strategies to manipulate Brk expression in vivo.

Introduction
Bruton’s tyrosine kinase (Btk) is a cytoplasmic protein tyrosine kinase that plays a crucial role in
B Iymphocyte development and function. Mutations affecting the Btk gene lead to X-linked

agammaglobulinemia {XLA) in humans and X-linked immunodeficiency (vid) in mice (Tsukada ef
al., 1993, Vetrie e al,, 1993, Rawlings ef al., 1993, Thomas et al., 1993). Affected patients display a
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large variety of mutations in the Btk gene (Vihinen ef al,, 1998}, XLA is characterized by an almost
complete block in B cell development at the pre-B cell stage. Both CBA/N mice with a R28C
mutation in the PH domain as well as mice with a targeted disruption of the germline Bfk locus
display the xid phenotype (Khan ef al., 1995, Hendriks et al, 1996), which is a less severe B cell
disorder than XLA.

The Btk gene encodes a 659-amino acid protein that contains a single kinase domain, the sre
homology domains SH2 and SH3, and a N terminal region with a PH domain and a unique proline-
and cysteine-rich Tec homology (TH) domain {see for review: Sideras and Smith, 1995, Desiderio,
1997).

Brk expression has been investigated in human using cultured celi lines, leukentias and
peripheral blood samples (de Weers ef al., 1993, Genevier ef al,, 1994, Smith et af., 1994, Futatani,
et al., 1998). In the mouse, Btk expression has been analyzed in cultured cell lines as well as in vivo,
by flow cytometric analysis of LacZ activity in a mouse with a targeted insertion in frame of a LacZ
cassetle in the Btk gene (Tsukada ef al., 1993, Hendriks et al., 1996). Bik is expressed throughout B
cell development, from the earliest pro-B cell stage up to mature B cells, except in plasma cells, Btk
is also expressed in cells of the myeloid lineage, but is not required for myeloid differentiation, since
cells from the myeloid linecage are not affected in XLA nor in xid (Sideras and Smith, 1995). Bik
expression is not found in T-lineage cells. :

It is not clear to date, how the tissue-specific’ expression pattern of Brk is accomplished.
Knowledge of the regulatory elements involved in Brk gene expression would not only help to
explain XLA cases without mutations in Bk coding region, but would also be essential for the
development of gene therapy strategies for XLA: the constructs that will eventually be used to
express an intact Btk gene in pre-B cells of XLA patienis should preferably contain regulatory
sequences from the Btk gene itself.

Sequence analyses of the ~280 bp Brk promoter region revealed no obvious TATA box, but
several E boxes and PU.1, Spl and Sp3 binding sites were found (Sideras ef al., 1994, Himimelmann
el al., 1996). Spi, Sp3, Spi-B and PU.1 were shown to bind in vitro to this part of the promoter
region (Miiller ef af., 1996, Himmelman ef al,, 1996). A construct, containing the first 450 bp of the
Btk promoter showed high activity in Btk expression in B cell lines and the erythroleukemisa line,
K562, but not in Btk negative Hela cells or various T celf lines. Moreover, PU.1 and Spi-B can
transactivate the Bfk promoter in the T-cell line Jurkat which does not contain these factors
endogenously. However, in fetal liver of PU.1 homozygous mutant mice, Btk was still expressed,
albeit at a slightly reduced level (Milller ef al,, 1996). The transcription factors Spl and Sp3 are
closely related members of a gene family of zinc finger proteins with similar structural features.
They share a highly conserved DNA binding domain and recognize a GGGCGGGG- or
GGGTGGGG-box with identical binding affinities (Hagen et «f, 1992). Like Spl, Sp3 is
ubiquitously expressed {Hagen ef al., 1992, Supp ef al., 1996). The transcription factor PU.1 belongs
to the Ets family of sequence specific DNA binding proteins which specifically bind to purine-rich
sequences characterized by an invariant GGA core sequence (Klemsz et af., 1990, Moreau-Gachelin
1994 and references therein), PU.1 is expressed in haematopoietic cells, with the highest expression
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in B-cells, myeloid cells and erythroid cells but PU.1 is absent in T-cells (Su ef 4/, 1996). Numerous
target genes for PU.| have so far been identified in the B cell and monocyte lineages, such as mb-1,
Ig I chain and Ig 1, x and X chains {Eisenberg ef al., 1995, Pongubala ef al., 1997, Mittrucker ef al.,
1997).

Besides the promoter region, additional far upstream, downstream or infragenic cis-acting
regulatory elements, such as enhancers and locus control regions are often essential for correct
expression of genes (Carson et al., 1993, Grosveld ef al., 1989, Graeves ef al., 1989, Yannoulsos et
al., 1996), Multiple regions in Btk introns showed extensive conservation, to over 95% identity,
between mice and men (Oelijen ef al, 1997), which suggests that these regions may contain cfs-
acting regulatory sequences, As a first step in the characterization of the regulation of Bk gene
expression, we have previously described the generation of yeast artificial chromosome (YAC)
transgenic nyce strains, Yc340-hBrk, in which human Btk (hBtk) expression is provided by
endogenous regulatory cis-acting elements present on a 340 kb YAC transgene (Maas ef al., 1997).
When the Yc340-hBik mice were mated onto a Btk ™ background, all features of the xid defect were
fully corrected. We have now shortened the 340 kb YAC by homologous recombination in yeast and
reduced the ~106 kb flanking the 5° end of the Brk gene to ~6 kb. The shortened 240 kb YAC was
used to generate iransgenic mice. By maling these Brk-transgenic mice onio a Bik-deficient
background, we show that the xid phenotype in the mouse is corrected, and that the in vivo
expression patterns and levels of the transgenic hBtk are similar to that of the endogenous murine
Btk .

The chromatin structure of promoter and enhancer regions of actively transcribed genes is often
hypersensitive to DNAsel endonucleases, which reflects the accessibility of the DNA in vivo for
interaction with proteins, like transcription factors and nucleases (Gross, 1988). We performed
DNAsel hypersensitive site analyses to identify any cis-acting regulatory sequences within the Btk
region.

To elucidate the role of the transcription factors binding to the Bik promoter we have performed
transfection experiments with expression vectors for Spl, Sp3 and PU.L. In addition, the effect on
Brk expression by targeted deletion of Spl and Sp3 was studied.
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Results
1. In vive expression of murine Bk

We have previously described the generation of a Bik-deficient mouse model by inactivating the
Bik gene through an in-frame inserlion of a LaeZ reporter gene {(Hendriks ef al., 1996). Expression
of LacZ activity, driven by the endogenous Btk promoter and regulatory elements, allowed us to
determine the Brk expression pattern in affected male mice. Expression of the Brk gene was found to
be restricted to cells of the myeloid and B cell lineages. In the bone marrow, the ER-Mp20M&R
precursor cells of the monocyte lineage (De Bruijn ef al., 1994) showed tacZ activity, whereas the
ER-MPZ()med fraction of granulocyte precursors manifested heterogeneous levels of LacZ
expression (Hendriks ef af,, 1996, and Fig. 1}. In the erythoid lineage (Ter-1 19+), LacZ activity was
only detected in the immature population of large erythroid precursors, representing the
(pro)erythroblast stages.

To study the in vivo murine Btk protein expression, we applied intracellular flow cytometry,
using a rabbit polycional antibody to a recombinant Btk-fusion protein, containing aa 25-173. Cells
from Bik-deficient mice served as negative controls (Fig. 2A and C). As shown in the upper panel of
Fig, 2A, in the bone marrow, Btk is expressed throughout B cell development from the pro-B cell
slage up to the mature IgM * IgD T B cell stage. From the intensities of the fluorescence signals, it
was clear that Brk was already expressed at sigoificant levels in early B cell development. During B
cell differentiation, only minor changes in the Bk expression ievels were observed. In the spleen and
mesenteric lymph node Btk expression is found from the immature IthighIngcw up to the mature
IngOWIgDmgh cell stages as well as in activated B lymphoblasts, as identified by large FSC B2207
cells (shown for spleen in Fig. 2A, middle panel). In the peritoneum Btk was found to be expressed
in conventional CDS'IgM+ B cells and in CD5+IgM * B.1 B cells. For the B-1 B cell population,
the fluorescence signals in wild-type could not be compared with knock-out cells, since these cells
are absent in Btk-deficient mice (Hendriks ef al., 1996).

In the BM, very low levels of Btk expression were observed in the ER-MP2
the ER-Mp20™Med granulocyte precursors (Fig. 2B, upper panel}. Btk could not be detected in the
Ter-1197 erythroid lineage of the bone marrow. In the periphery (Fig. 2B, lower panel), Btk was
found to be expressed both in the Ge-1~ Mac-1+monocytes in the spleen as well as in the peritoneal
Mac-11 macrophages, In the Gr-17 Mac-1* granulocyte populations, the expression level was found
to vary between different mice (shown for two wild-fype mice in Fig. 2B, lower panel).

Btk could not be detected in any of the thymocyte subpopulations, nor in T cells or NK cells in
the spleen (Fig. 2C).

Ohjgh monocyte and
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Figure 1, Surface profile of the ER-MP20 and Ter-119 markers of cells from the bone marrow (top).
The gated (R) subpopulations were analyzed for LacZ expression and the resulls are displayed as
histograms. NK cells were Mac-1 oW The Ter-119"-ER-MP2" erythroid cells (R4) were
subdivided, using forward side scatter profiles (FSC) into small (M1) and large (M2) erythroid
cells. Subsequently, LacZ activity was analyzed in these subpopulations and displayed as
histograms. Solid lines represent cell populations of Bik'/LacZ -mice, dashed lines represent the

background staining as determined in wild-type mice.
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Figure 2. Intracellular expression of the endogenous murine Btk and transgenic human Bik in 8-10
week-old wild-type or Btk mice and Yc240-hBtk transgenic mice on the Btk background. The
indicated populations were gated and analyzed for Btk expression. The results are displayed as
histograms, cell populations are given at the top, originating tissues at the left. Pro-B cells were
defined as B220%CD43%, pre-B cells as B2201YCD43-. ER-MP20MWgh cells are monocytes
(precursors) and ER-MP20Weditm cefis are granulocyte (precursors). The peripheral Gr-1%-
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Mac-1" population represents the gramiocyte fraction and the Gr-1-Mac-1t population the
macrophage fraction of the spleen. Data are obtained from 10° -106 fotal evenis, (A-C) Btk
expression in wild-type (solid Ilines) and background Btk staining as determined in Bk mice
(dashed lines). (D-F) Btk expression from the Yc240-hBtk fransgene (solid lines) and backeround
staining (dashed lines).
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2. In vivo expression of human Btk from a 240 kb Ye240-hBek transgene
2.1 Generation of Ye240-hBtk YAC transgenic mice

The 340 kb YAC clone 9DAG, containing the human Btk gene and ~100 kb 5° flanking and ~200
kb 3’ flanking DNA (Maas ef al., 1997) was shortened by homelogous recombination, using 2 7.5
kb HindIH genomic DNA fragment encompassing the first exon of the Btk gene (Fig. 3A) The
obtained 240 kb YAC, Yc¢240-hBtk was isolated by PFGE, purified and micro-injected. Out of 50
offspring born, three independent hBtk-transgenic mouse lines, Ye240-hBtk 52, 83 and S30 were
generated, In Southern blotting analyses, using Hindlil, Pvull, Xbal and BamHI and probes specific
for the entire Brk gene and Y¢240-hBrk itself, all restriction fragments present in the Yc240-hBrk
YAC clone were also found in the Yc240-hBtk transgenic lines. Densitomeiric estimations indicated
that $2, 83 and $30 contained 1-3 copies of the transgene (data not shown). Fluorescence in sifu
hybridization of metaphase chromosomes to human Btk sequences demonstrated single integration
spots at chromosome 2 for 82, chromosome X for 83 and chromosome 8 for 530, As the transgene
was integrated on the X chromosome in line 83, we did not use this line for further analyses.

The two other lines manifested expression of the Bik transgene as was evaluated in cells from
spleen and peritoneal cavity by RT-PCR using a range of cDNA concentration dilutions (shown for
spleen of line S2 in Fig. 3B). In the transgenic lines S2 and 830, neither developmental defects nor
any increased suscepfibility to infectious diseases or malignancies were observed on various genetic
backgrounds (FVB, 129 or C57BL/6} for over 12 months of age.
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Figure 3. Generation of Ye240-hBtk-transgenic mice (A) Map of the 340kb Ye340-hBtk YAC (top),
showing the location of the Btk gene (filled box) the L44L, -galaciosidase (GLA) and FTP-3 genes

{open boxes) and the polymorphic marker DXS178 (Maas et al., 1997). In the middle section, the
genomic orgamization of the murine Bik gene, including the position of the 19 exons (Sideras et al.,
1994} and the retrofitting vector are shown, At the bottom, the tavgeted construct Ye240-hBitk is
shown, indicating the location of the Btk gene. E, EcoRI; H, HindIll. (B} RT-PCR analysis of cDNA
samples fiom spleen of Ye240-hBtk transgenic line 82 and wild-type. Shown is a PCR concentration
range using 0.3-1-3 | cDNA, for wild-type (lanes 1-3) and Ye240-hBtk transgenic mice (lanes 4-6).
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2.2 Transgenic Ye240-hBtk expression restored B cell numbers and paralleled endogenous Bik

expression

To investigate whether expression of the Yc240-hBtk could fully compensate the absence of the
endogenous murine Bk gene, lransgenic mice were bred onto a Bik-deficient background (Hendriks
ef al,, 1996). As shown in Table 1, flow cylometric analyses of spleen, mesenteric lymph nodes,
peritoneum and bone marrow of Bitk-deficient mice displayed the vid phenotype (Hendriks ef al.,
1996, Scher, 1982, Khan et af,, 1995), characterized by a reduction of Igi\'Ib“VIgDhig11 peripheral B
cells and a lack of CDS5 * B cells in the peritoneum. Expression of Yc240-hBtk on the Btk-deficient
background resulted in correction of the B cell numbers to levels comparable to those of wild-type
(Btk ty ) mice. No differences between the two lines were observed and, therefore, data of the two

transgenic lines were combined.

Table [, Frequencies of lymphocyte populations

Compartment Cell population Non-transgenic Yc240-hRtk
Btk Ty Bk /Y Btk /Y
Spleen
Nucleated cells, x 106 200437 12841t 160+29
B220% cells, % 5145 3345 574
Of which, IgMMEMgDIOY B cetls, % 843 3247 10+3
Of which, IgMM8MgnMEN B colis. o 2544 3945 265
Of which, IgM®V1gDMER B cells, % 6746 3043 6447
cD3t T cells, % 3545 48403 35+1
Lymph Node
B220" cells, % 2844 71 214
Of which, IgMMBBEDIOV B ceis, % 741 1541 541
Of which, IgMUBMeRMEN B et o 4543 6741 512
Of which, 1gM'®VIgD8Y B celis, % 4742 1942 441
Peritoneum
CDSTIgM’ B cells, % 51 < 124:4
CDS IgM" B cells, % 35416 2843 497
CD5 TgM™ T celts, % 33411 44+8 2048
Bone Marrow
B220% cells, % 3515 3424 404
Of which, IgM” pre-B cells, % 18+10 2242 2415
Of which, IgM ' IgD" B cells, % 743 841 8+
Of which, IgM ' 1eD™ B cells, % 941 241 742

The phenotype of lymphocyte population was determined by flow cyfometry; dead cells
and high side scatter cells were excluded by gating. Data are mean values + standard
deviations from 2-6 mice analyzed per group. Mice were 8-10 weeks of age.
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Using intracellular flow cytometry, the expression of human Btk from the Yc240-hBtk transgene
was evaluated in cells of the bone marrow, spleen, thymus and peritoneum. (Fig. 2E-F). The
transgenic human Btk expression pattern was similar to the murine endogenous Brk expression
pattern and, moreover, expression levels were in the same range. As was found for the endogenous
murine Btk (Fig. 2A), the levels of transgenic human Bik were found to be similar in the individual
stages of B cell development.

3. The role of transcription factors 8pl, Sp3 and PU.1 in activation of the human Btk
promoter

3.1 8Sp!t, 8p3 and PUL1 activate the Btk promoter in SL2 cells

To assess the individual role of transcription factors binding to a 280 bp fragment containing the
Btk promoter {(-280-Btk-Luc, Fig. 4A) we performed cotransfection experiments in Drosophila
Schneider (SL2) cell, which are devoid of endogenous Sp factors or PU.1-like activities (Courey and
Tjian, 1988). Nuclear extracts prepared form SL.2 cells transfected with either Spl, Sp3 or PU.1
expression plasmids contained complexes that were able to bind to sites in the Btk prometer,
specific for these transcription factors, as was verified in electromobility shift assay (EMSA, data
not shown), This binding was specific since it could be competed with specific oligonucleotides but
not with unspecific oligonucleotides,

To determine the range in which expression of Spl, Sp3 and PU.1 were in a linear range as
referred to the amount of transfected plasmid, 2 ng fo 2 pg of the expression vectors were
transfected into SL2 cells, and luciferase activity was determined {Fig. 4B). Transactivation was
clearly detected with 200 ng of each of the expression vectors. For Spl and Sp3 a plateau was
reached with about Ipg expression plasmid.

3.2 PU.L, Spl and Sp3 activate the Btk promoter synergistically.

We performed cotransfection experiments nsing the Sp1, Sp3 and PU.1 expression plasmids
either alone ot in combination, Although relative huciferase activity were found o vary between the
individual experiments, consistent effects of cotransfection of individual plasmids were observed.
Using different amounts of the Sp3 and Spl vectors, it was shown that the two transcription factors
had additive stimulatory effects (Fig. 4C). Transfection of 200 ng of the PU.1 expression plasmid
resulted in about five-fold activation of the Btk promoter, whereas the same amount of expression
plasmid for Spl and Sp3 was able to transactivate the Btk promoter six-fold and 2.5-fold,
respectively (Fig. 4D). Cotransfection of PU.1 with either the Spl or Sp3 vectors, activated the Btk
promoter 62 fold and 32 fold, respectively. Transfection of all three expression plasmids together
activated the Btk promoter 124-fold (Fig. 4D). These data show that PU.I is able to act
synergistically with Spl and Sp3.
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The contribution of each of the two individual Sp-binding sites (GC-, and GT-box, Fig, 4A) to
the transcriptional activation of Brk, was investigated by mutating them
separately. When 200 ng of the respective expression plasmid was transfected, mufation of either
Sp-binding site reduced the inducibility of -280-Btk-Luc by Spl or Sp3, indicating that both Sp
binding sites are functional in SL2 cells (Fig, 4D). The effect was more prominent when 400 ng of
the expression plasmids were used (data not shown). To address the question if the two Sp-binding
sites could contribute equally to the synergistic effect with PU.1, the Spl-, 8p3- and PU.i-
expression plasmids were cotransfected with either wild-type or mutant reporter constructs, Upon
coexpressing PU.1 with either Spl or Sp3, the mufation of the GT-box had a more proncunced
effect than the mutation of the GC-box. Since the GT-box and the PU-box are in close proximity in
the Btk promoter (sce Fig. 4D), these findings suggest a functional interaction between PU.1 and Sp
factors binding to the GT-box,

Figure 4. Btk promoter siudies. (A) Schematic representation of the human Btk promoter. Shown is
the promoter area from -250 fo +30 and cis-acting regulatory elements that have been identified in
this region. The major transcription initiation site is determined as +1, GC and GT represent the
two Spl/Sp3 binding sites, PU the binding site for PU.1 and E represents an E-box. Black bars
indicate the position of the binding sites for Spi/3 and PU.1. (B) PU.1, Spl and Sp3 activate the Bik
promoter. SL2 cells were transiently transfected with 8 g of the 280-Bth-Luc construct and variable

amounts of the Spl, Sp3 or PU.I expression plasmids, as indicated. (C} Spl and Sp3 have additive
stimulatory effects. 8g of the 280-Btk-Luc construct was transfected ltogether with variable

amounts of Spl and Sp3 vectors, as indicated, (D} Cotransfection of Spi, Sp3 and PU.1 in SL2 cells.
8 g of a reporter construct was fransfected fogether with 260 ng of the Spi, Sp3 and PU.1

expression plasmids, respectively, as indicated. Filled bars represent data obiained by iransfecting
the reporter construct 280-Btk-Luc, open bars by transfecting 280-Btk-GC-M-Luce, and shaded bars
by transfecting 280-Btk-GT-M-Luc. (B-C) The relative activity measured after transfection of the
empty expression vecior was sef 1. Data represent the mean and the standard deviation of a
represeniative experiment.
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3.3 Btk expression in the absence of Spl or Sp3 in vivo.

To study the functional importance of Spl for in vive Bik expression, Spl”+ and Spi'/ i
embryonic stem (ES) cells were examined using RT-PCR (Fig. 5A). In these experiments,
densitometric values were normalized fo the HPRT RNA content, since the expression levels of this
gene were shown to be indistinghuisable between wild-{ype, Sle " and SpE'/ " mice (Marin ef al.,
1997). As shown in Fig. 5A, the expression of Btk was not affected in Spl'/' ES cells. Due to
lethality of Spi'/ ” mice at embryonic day 9-10 (Marin ef af., 1997) no lymphoid tissues of Spl'/ -
mice can be analyzed. The low expression of the Btk gene in day 8.5 embryos, which was at the
borderline of detection, precluded a quantifative comparison of Btk levels in Spl+/+, Spi'H' and
Spl'/" iotal embryo's. However, in at least one Sp1™" day 8.5 embryo we detected significant levels
of Btk (data not shown). Subsequently, we analyzed day 11.5 embryos at which time point, due to
the lethality of Spl-deficient embryos, no Spi'/ " mice can be found. Densitometric analyses
demonstrated that expression levels of Btk were similar in wild-type and Sp1+’l " heterozygous
embryos (Fig. 5B). We also did not detect differences in Btk expression between Sle * and Spl+/ B
day 14.5 fetal liver samples (data not shown). These results demonsirated that Spl is not absolutely
essential for Bk expression in vive and can be compensated for by other factors,

One of these compensating factors might be transcription factor Sp3. As Sp3"l " mice die
perinatally (Peter Bouman, unpublished data), we analyzed fetal livers of day 19 dpe Sp3+/+ and
Sp3'/' embryo's to study the functional importance of Sp3 for in vivo Btk expression. As shown in
Fig. 5C, Btk was expressed at comparable levels in fetal liver cells of both Sp3+/ * and Sp3'/ " mice,
as detected by Western blotting experiments.

A B
Transeript [8p1** Spi*] | Trenscript |Spt* spt™ sp1*|

Spt [wetes - spt |t

10 063 0bi

B [ | Bk

10 119 088

HPRT HPRT 4

Proleln { Sp3™* sSpa*t  Sp3*t  sp3*

Bk

8pa*"

Figure 5. Effect of Spl and Sp3 on Btk expression. (A) RT-PCR analysis of the indicated transeripts
in Sp]+ * and Spi -+ ES cell clones. (B} RT-PCR analysis of the indicated transcripts in day 11.5
embryos. Genotypes are given at the top. Under the franscripts, the relative densities of the yield are
given. Using HPRT, the relative densitometric values of Spl and Bik transcripts of the Spl i
embryo were sef to 1.0. (C) Western blot analysis of Btk expression in total cell lvsates (2 x 1
cellsflane) from spleens of day 19,5 embryos, Genolypes are indicated at the fop.
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4. DNAsel hypersensitive site mapping of the human Bk gene

To identify regions within the human Btk gene that are possibly involved in regulation of Btk
expression, we performed DNAsel hypersensitivity experiments on human tonsil cell suspensions.
Nuclei of these celis were incubated with DNAsel and, DNA was subsequently extracted, and
digested with restriction enzymes, and fragments were separated on agarose gels, Digests of fcoRl,
Bglll, BamHl, Pst] and Hindlll were hybridized 1o a large series of single-copy probes from the Btk
region. Fig. 6A shows the genomic organization of the human Bk locus and indicates the 9 DNAsel
hypersensitive sites (HSS) that were detecied, The localization of the identified HSS was compared
to the regions identified by Qeltjen ef al. (1997), in which there is strong conservation of intronic
DNA sequence between mice and man (Fig. 6A). Five of the HSS were strong, and representative
blots, showing hypersensitive fragments, hybridizing to the indicated probes pl, p2 and p3 are
shown in Fig. 6B-F. Using probe pi, two HSS could be detected in a 7.5 kb HindIll fragment
encompassing exon 1 (F and 1T in Fig. 6A and B), With probe p3 a HSS site 3 of exon 19 in a 3.0
kb Bgill fragment could be detected (IX in Fig. 6A and C). Two additional HSS could be detected in
a 19 kb BamHI fragment with probe p2 {V and VI in Fig. 6A and D). The localization of these HSS
was confirmed in genomic digests of muitiple restriction enzymes, using probes located both at the
5" end and at the 3' end of the restriction fragments (data not shown). To test B cell specificity of the
strongest HSS, we isolated B and T cell fractions from human tonsils, using standard E-rozetting
techniques. HSS V and VI appeared to be B cell specific, as DNA isolated from tonsilar B cells was
very sensitive to DNAsel, whereas DNA isolated from tonsilar T cells was much more resistant to
DNAsel {reatment (Fig. 6F and F). When we analyzed the B cell specificity of the other HSS, only
minor differences between the B and T cell fractions were detected {(data not shown), HSS VI was
found to co-localize to a 229 bp intronic region that showed strong conservation between men and
mice {Oeltjen er af., 1997) (Fig, 6A). The region contained binding sites for PU.1 and transcription
factor C/EBP (Lee ef al., 1997) that were conserved between men and mice,

Figure 6. DNAse I hiypersensitive site assays on human tonsilar B and T cells. (A) Map showing the
genomic organization of the Btk gene, including the position of the 19 exons (Sideras et al., 1994)
ard intromic regions of more than 80% conservation between human and mouse (open boxes).
Restriction fragments and the position of the probes (p} are indicated at the botiom. Roman nunbers
represent the HSS detecled. E, EcoRI; H, Hindlll: B, BamHI; Bg, Bglli (B-F) Southern blot
analysis of the DNAsel treated DNA from tonsilar lynphocytes (B-D), B cells (E} and T cells, (F).
Black triangles above the blots indicate the increase in DNAsel-concemtraiion (0-6 units/ml). The
restriction enzymes and probes used are indicated at the bottom. The size of the uncleaved
restriction fragment and the HSS (roman nwmbers) are given on the right.
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Discussion
Btk expression patterns in vivo

Although Brk has been demonstrated to be expressed throughout the B cell development, with the
exception of plasma cells, and in other cells, such as monocytes, granulocytes and megakaryocytes
(De Weers ef «d., 1993, Smith ef af,, 1994, Genevier ef o/, 1994, Tsukada ef al., 1993) these studies
were mainly done in cultured cell Lines or leukemia samples. Therefore, data on the expression
patiern in vivo or the levels of Bik in the individual stages of b cell development were not available.
To study murine Btk expression in vive we used the Brk/ LacZ mutation (Hendriks ef af., 1996),
intraceliular flow cytomelry and RT-PCR. Consistent with published data in the mouse and in
human, we found that Brk was expressed throughout the B cell differentiation, from the early pro-B
cell stage up to the activated B lymphoblasts. In contrast to the enormous differences in expression
levels of the BCR on the cell surface (e.g. between IgM“™ and IgM™ immature B cells) the
expression of Btk appeared to be constant during B cell development. In the myeloid cell lineage,
Btk was found to be expressed in the different stages of monocyte/macrophage development,
whereas Btk expression in granulocytes and their precursors in the bone marrow was fow or
variable, In contrast fo the LacZ activity observed in the Ter-1197 (pro-)erythroblast population in
the bone marrow of Btk/Y mice (Fig. 1), indicating the expression of Bk, we could not detect Btk
expression using flow cytometry in this cell population. Although it can not be excluded fhat there
are erythroid-specific negative regulator sequences present in the region encompassing exon 8 to 13,
which is deleted in Btk/Y mice (Hendriks ef ol., 1996), the discrepancy is very likely to reflect
differences in sensitivity bebween the two methods.

Regulation of Btk expression

Surrounding chromatin at the site of integration influences the expression of most transgenes,
leading either to low expression, or o expression in cell populations that normally do not express
the transgene. Therefore, to obtain position-independent and copy-number related expression,
transgenes should contain the essential regulatory sequences, such as transcriptional enhancers or
suppressers that are located either in introns or af the 5° or 3’ flanking regions of genes (Carson ef
al., 1993, Grosveld ef al., 1989, Graeves ef al., 1989, Yannoutsos ef al., 1996). We have previously
reported that the human Brk gene was appropriately expressed in transgenic mice from a 340 kb
YAC transgene, Yc340-hBrk (Maas ef al, 1997). We have now generated a YAC clone, Yc240-
hBrk, by homologous recombination in yeast, in which ~100 kb upstrecam of the human Bk is
deleted. With this ~240 kb Y¢240-hBek clone we have generated two transgenic mouse strains,
When the Yc240-hBtk transgenic mice were mated onto a Btk-deficient background, the Yc240-hBtk
could fully compensate the absence of the endogenous murine Btk gene. B cell numbers in the bone
marrow and peripheral tissues were in the same range as compared to the wild-type littermates. The
intracellular flow cytometric experiments showed that the expression pattern and expression levels
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of the Yc240-hBrk transgene were similar to the endogenous murine Btk. Qur results indicate that
native regulatory sequences present on the 240 kb YAC are sufficient for appropriate expression of
the human Btk gene and that eis-acting elements, which detenuine the cell lineage specificity of Btk
as well as the expression level of Btk during the different stages of B cell development are highly
conserved between mice and humans.

We furthermore studied the effect of Spl, §p3 and PU.1 binding on Btk expression. Although
each individual transcription factor was able fo transactivate the reporter construct, we have
furthermore shown that transcription factor PU.1 is able to act synergistically with either Spl or Sp3.
This synergistic effect is mediated muainly through the PU-box and the adjacent GT-box since
mutation of the GT-box, resulted in a much greater reduction of activation than mutation of the GC-
box, which is located about 100 bp further upstream. It has been shown that an exchange of ¢cytosine
in & typical GC-box (GGGCGQG) for a thymidine, creating a GT-box (GGGTGG) weakens the
binding of Spl (Letovsky ef al, 1989). It seems therefore that the position of the Sp-site is more
important than the affinity. It is interesting to note in this context that the PU-box and the adjacent
GT-box are highly conserved between the human and the mouse promoter wlhereas the more distant
GC-box in the human promoter is replaced by a GT-box in the mouse promoter (Sideras ef al.,
1994). The finctional importance of the PU-box was recently confirmed by the finding that a point
mutation (agggaac—ragggeac) in this site leads to XLA (Holinski-Feder ef af, 1998). The
synergistic effect can be mediated by several different mechanisms, One possibility is that Spl and
Sp3 interact directly with PU.1, as was shown for Spl with several transcription factors (Perkins et
al, 1994, Li ef al,, 1991, Lee ef al., 1997, Sif ef al., 1996). This is possible through the different
functional domains of Spl, such as the DNA binding domain, as described for the inferaction with
E2F and p65 {Karlseder er al., 1996, Perkins ef al., 1994} or the activation domains, as shown for the
interaction with C/EBPP (Lee et al, 1997). Also for PU.1 interactions with several other
transcription factors have been described (Nagullapalli ef al, 1995, Pongubala ef al, 1992,
Hageineier ef al.,, 1993). Even though a direct interaction between Spi and Ets-1, another member of
the Ets family of proteins, has not yet been demonstrated, it has been shown that Spl can act
synergistically with Ets-1. Both proteins are able to form a ternary complex in the presence of DNA
and bind cooperatively to their cognale siles (Gégonne ef al., 1993, Dittmer et al, 1994). Further
analysis will be necessary to reveal the nature of the synergism in the Btk promotet,

Although Spl and Sp3 are clearly able fo transactivate the promoter construct in transfection
assays, Btk expression is not abolished in mice with targeted deletions of the genes coding for Spl
(Marin ef af, 1997) or Sp3, suggesting they can compensate for each other, It will therefore be
interesting to analyze Bik expression in Sp1*Sp3™ double knock-out mice, :

Large scale comparalive sequence analysis of the human and murine Btk loci revealed highly
conserved clusters within intronic regions (Oeltjen er. af, 1997). It is very likely that these
conserved regions contain {ranscription conirol elements, as has heen shown for introns of several
other lymphoid genes, including the immunoglobulin (Staudt e al,, 1991), T-cell receptor (Leiden e/
al., 1992), IL-4 (Henkel ef al,, 1992) and CD4 genes (Sawada ef al., 1994). Recently, a negative
regulator for Bik expression in pre-B cells and two Spl binding sites were identified within the first
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580 bp of intron I of Btk that may account for the fine tuning of Btk expression {Rohrer and Counley,
1998). Furthermore, intron 10 contains éwo E-boxes, @ silencer element and methylated site in pre-B
cells that becomes specifically demethiylated in B cells (Parolini ef af., 1995). However, a regulatory
role in Bik expression in B cells is not supported by our HSS analysis, since we did not find any
HSS in this intronic region.

Using the homologous recombination system of Yeast, further regions can be deleted from the
249 kb YAC and precise site specific mutations within the Bt locus or its flanking regions can be
introduced (Kaiser ef al., 1994). After transfer of these modified YAC into transgenic mice,
functional analyses should alfow the determination of the in vivo importance of these mutated sites.
Knowledge of the complex regulation of the expression of Brk would be essentfial for the
construction of a Btk mini locus, containing endogenous regulatory sequences, to develop further
strategies to restore in vivo the B cell function in XLA patients.
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Materials and Methods
Construction of targeting vector and shortening of YAC by homologous recombination

A 7.5 kb HindlIII fragment encompassing the first exon of the Brk gene was isolated from a Bik"
cosmid (De Weers ef al., 1997) and cloned into the Hindll site of pBluescript (BS). Subsequently,
this 7.5 kb fragment was excised from pBluescript, using a EcoRV/Safl digestion and cloned into
the Claf (blunted) and Sall site of pCGS990HISS-I-Scel retrofitting vector. The construct was
linearized by a Safl digestion and transformed into Yeast strain AB1380 containing the 9DAG6 YAC
(Trp and Ura selectable) (Maas er ¢/., 1997} using the lithium acetate method (Kaiser ef af,, 1994).
Colonies were plated out on Ura", His™ sclective plates and after five days colonies were picked,
DNA was isolated from these colonies and checked for the presence of a shortened YAC using pulse
field gel electrophoresis (PFGE). Qut of 20 colonies picked, one colony contained a ~240 kb YAC,
Yc240-hBtk, positive for the Brk gene and was chosen for further analyses. No abnormalities in
restriction enzyme pattern of Yc240-hBtk were observed with Psel, Bgll, HindIH, EcoRl, BamII and
Punl, compared to YAC clone 9DA6 and human genomic DNA using Btk-cDNA and the YAC arms
(Maas ef al., 1997) as probes, The following probes were applied: Brk-cDNA (human Btk cDNA),
Bkt (human Btk cDNA bp 133-1153) and Bek.2 {(human Btk cDNA bp 1094-2159) (De Weers ef
al., 1997, Maas ef al., 1997).

Isolation of YAC DNA and generation of transgenic mice

Size-fractionation of yeast chromosomes and preparation of YAC DNA was essentially
performed as described previously (Maas ef af, 1997). Yeast DNA, embedded in agarose blocks
were digested with meganuclaese I-Sce-I according the manufactures protocol (Boehringer
Mannheim, Mannhein Germany) before size-fractionation of the yeast chromosomes. Purified YAC
DNA was micro-injected into pronuclei of FVB fertilized oocytes (Hogan ef @l,, 1994) at ~ § ng/ml.
Oocytes were implanted into pscudopregnant CBA/N x C57/BL6 female mice. Tail DNA was
analyzed by Southem blotting and transgenic offspring was crossed with Btk /LacZ mice of mixed
129/8v x C57BL/6 background (Hendriks ef al., 1996).

Flow cytometric analyses
Preparation of single-cell suspensions, loading of cells with fluorescein-di-p-D-
galactopyranoside to measure P-galactosidase activity, intracellular flow cytometric detection of

cytoplasmic Btk protein, and three- or four-color flow cytometry have been described (Hendriks ef
al., 1996, Dingjan et af,, 1998).
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Plasmid construction

Luciferase constructs -280-Btk-Luc, -280-Btk-GC-M-Lue, -280-Btk-GT-M-Luc and -280-PU-
M-Luc have been described previously (Miiller ef al, 1996). The plasmid pPACSpl, PACUSp3,
pPAC and the B-galactosidase expression plasmid p97b have been described (Hagen ef af., 1994,
Dennig er al, 1996). For the expression in Drosophila Schneider cells we generated the PU.I
expression plasmid pPACPU.1.

The PU.1 ¢cDNA from AEB Spi-1 (a kind gift from Dr. Dominique Ray-Gallet) was cloned into
pBluescript IT KS. A 1.4 kb BamHI/XTrol fragment was subscquently subcloned into pPACSpl
plasmid from which the Spl cDNA was removed by BamHI/X#ol cleavage. To achieve an in frame
protein a PCR product was generated between the following primer pairr  5°-
GCGGGATCCATGTTACAGGCGTGC-3' and 5°-CTCTGGAGCTCCGTGAAG T-3" and cloned
between the BamHI and S5/1 sites (translational fusion). The structure of the construct was verified
by nucleotide sequencing (Sanger, 1977).

Celf culture and transfections

The human B-cell line DG75 (Epstein-Barr virus-negative Burkitt’s lymphoma) was cultured
under conditions previously described (Sideras er al, 1994). Drosphila Schneider (SL2) cells
(Schneider 1972) were maintained in Schneider medium supplemented with 10 % fetal bovine
semim and 2 mM glutamine at 25°C. One day prior to fransfection cells were plated at a density of
3.6 x 160 cells in 6 cm dishes. Cells were transfected by the calcium phosphate method. (DiNocera
et al., 1983), Bach plate received 14 pg of plasmid with 4 pg of the B-galactosidase reporter plasmid
p97b as internat control. DNA amount was kept constant by adding the empty expression vector
pPAC. After 14 h the medium was changed and cells were harvested 48 h post transfection.

Luciferase and -galactosidase assays

Cells were harvested after 2 washes in phosphate buffered saline in 200 pl lysis buffer (25 mM
Tris-Acetate pH 7.8, 2 mM DTT, | mM EDTA, 10 % Glycerol, 1 % Triton-X-100). 100 ul tysate
was mixed with 400 p:t Luciferase reagent (20 mM Tris-Acetate pH 7.8, 33 mM DTT, 1 mM EDTA,
3.74 mM MgS04, 0.27 ;M Coenzyme A, 0.47 mM luciferin, 0.53 mM ATP) and assayed using
standards procedures {(Maniatis ef al., 1989). Transfections were carried out in duplicates which
were repeated three times and normalized to the {3-Galactosidase activity. §-Galactosidase activity as
determined according to Hall et al. (1983).

Reverse transcription (RT)-PCR and Western blotfing

Spl"l " ES cells and entbryos have been described (Marin ef al, 1997). Isolation of RNA, ¢DNA
synthesis and PCR reactions were essentially performed as deseribed previously (Maas ef af,, 1997).

89



Chapter 3

Amplification was for 25, 33 or 35 cycles with denaturation at 94°C for 1 min, followed by
annealing at 56°C for I min and extension at 72°C for 45 s. The PCR products were visualized by
electrophoresis on a 6 % polyacrylamide 1 x TBE gel foliowed by autoradiography,
IMAGEQUANT (Molecular Dynamics} was used for quantifications. Specific primers for murine
Bik, human Btk, HPRT and Sp1 have been described (Maas ef af,, 1997, Marin ef af,, 1997),

Western blotting was performed as described (Hendriks ef af., 1996) using 2 x 10 spleen cells
per lane,

Mapping of DNAsel hypersensitive sites

Human tonsilar lymphomononuclear cells (MNC) were isolated by standard Ficoll-isoplaque
gradient cenfrifugation. T-cells were separated from non-T cells by incubating 2 x 107 cells/ml on
ice for 40 minutes with 2-aminoethylisothiouroniumbromide (AET)-treated sheep erythrocytes and
erythrocyte free fetal calf serum (FCS). The T-cell-AET- roseites were separated from the non-T
cells by centrifitgation on a Ficoll-isoplague gradient (Schuurman et al., 1980). B-cells were isolated
from the interphase and washed twice with PBS, T-cells were isolated by resuspending the celt-
pellet in lysisbuffer (0.155M NH4CL, 0.01M KHCO3, 0.1 mM Na-EDTA pH 7.4) on ice to lyse the
erythocyles, followed by washing with RPMI medium supplemented with 10% FCS,

Nuclei of T and B cells were isolated by incubating 5 x 108 cells in HS-buffer (15 mM Tris-HC1
pH 7.4, 60 mM KCI, 15 mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA, 5% glycerol, | mM DTT, 0.15
mM Spermine, 0.1 mM Spermidine, 1 mM PMSF) on ice. Nonidet NP40 was added to a final
concentration of 0.1 % and the cell suspensions were transferred to an all glass Dounce
homogenizer. The lysis of the cells was monitored by visually examination of samples. Nuclei were
collected by centrifugation at 1500 mpm at 2°C and resuspended in ice-cold HS-buffer at a
concerttration of 3 x 107 nuclei/ml.

DNAsel treatment was performed in a total volume of 2 ml of HS-buffer, containing 3 x 107
nuclei, supplemented with 20 mM MgClp, ImM CaClp and various amounts {0-6 units/ml) of
DNAsel (Bochringer Mannheim) and incubated on ice for 30 minuies. Reactions were stopped by
adding equal volumes of 2x proteinase-K buffer (0.2 M Tris-HCI pH 8, 0.4 M NaCl, 1% SDS} and
200 pg/ml proteinase K, followed by an incubation ovemight at 45°C. DNA was isolated and
digested with restriction endonucleases followed by agarose gel electrophoresis and southem
blotting. Southern blots were hybridized with various probes covering the Btk Probe pl (Fig. 1) isa
2.4 kb PstA-Hindlll genomic fragment containing exon 1, probe p2 is a 1.6 kb genomic PCR product
from ¢xon 8 to exon 10 and probe p3 is a genomic 2.1 kb EcoRI fragment including exon 19,
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To identify B-cell signaling pathways activated by
Bruton’s tyrosine kinase (Btk) in vivo, we generated
fransgenic mice in which Btk expression is driven by
the MHC class II Ea gene locus control region. Btk
overexpression did not have significant adverse effects
on B cell function, and essentially corrected the X-finked
immunodeficiency (xid) phenotype in Btk mice. In
confrast, expression of a constitutively activated form
of Btk carrying the E41K gain-of-function mutation
resulted in a B cell defect that was more severe than
xid, The mice showed a marked reduction of the B celi
compartment in spieen, lymph nodes, peripheral blood
and peritoneal cavity. The levels in the serum of most
immunoglobulin subclasses decreased with age, and
B cell responses to both T celi-independent type II
and T cell-dependent antigens were essentially absent.
Expression of the E41K Btk mulant enhanced blast
formation of splenic B cells in wifro in response to anti-
IgMI stimulation, Furthermore, the mice manifested a
disorganizailon of B cel areas and marginal zones in
the spleen. Our findings demonstrate that expression
of constifutively activated Btk blocks the development
of follicular recircufating B cells,

Kevivards: B cell antigen receptor/B lymphocytes/Bik/
xid/XLA

Introduction

Bruton’s tyrosine kinase (Btk) is a non-receptor protein
tyrosine kinase that is crucial for B Iymphocyte develop-
ment and function. Mutations in the Bik gene are the
genetic basis for X-linked agammaglobulinemia (XLA} in
man and X-linked immunodeficiency disease (xid) in the
mouse (Rawlings er af, 1993; Thomas et af., 1993;
Tsukada er af,, 1993; Vetrie ef af., 1993). Brk encodes a
659 amino acid protein that contains, in addition to the
Src homology domaing SH2 and SH3 and a single catalytic
domain, a unique pleckstrin homology (PH) domain at
the N-terminus and an adjacent proline- and cysteine-rich
Fec homology (TH) domain (for review see Sideras and
Smith, 1995; Desiderio, 1997).

XEA patients displaying a large variety of mutations in
the Btk gene (Vihinen et al., 1998) are very susceptible
to bacterial infections. XLA is characterized by an almost
compleie block in B celt development at the pre-B cell
stage, resulting in a severe decrease of circulating B cells,
Plasma cells are virtually absent and serum levels of all
Ig classes are very low. The B cell defects in the CBA/N
xid mice which carry an R28C mutation in the Btk PH
domain are less severe (Wicker and Scher, 1986). These
mice have ~50% fewer B cells in the periphery and the
residual eells exhibit an unusual IgMMEgbl™ profile,
They lack the €D5* B-1 B cell population and have tow
levels of IgM and IgG3. Although vid mice are generally
able to respond to T cell-dependent {TD} antigens, they
cannot make antibodics to thymus-independent type 2 (TI-
II) antigens. Detection of a similar PH domain mutation,
R28H, in a patient with classical XLA suggested (hat the
distinction beiween the two phenotypes did not resuit
from an allelic difference (DeWeers ez al., 1994a). This
was confirmed by the construction of null mutations in
the mouse Btk gene, which also resulted in xid phenotypes
{Kahn ef al., 1995; Kemer er al., 1995, Hendriks et al.,
1996). By analysis of competition in vivo between wild-
type and Btk celis, it was shown that the first selective
disadvantage of Btk-deficient cells in the mouse is also at
the transition from pre-B to immature B cell {Hendriks
et al., 1996).

Btk is expressed throughout B cell development, from
the earliest pro-B cell stage up to mature B cells, and
expression is dowaregulated in plasma cells (DeWeers
et al., 1993; Sideras and Smith et e, 1995; Hendriks
et al., 1996). Bik is also expressed in cells of the nycloid
lineage, but not in T cells. Btk has been implicated as a
mediator of signals from various receptors, including the
antigen receplor, interleukin 5 receptor (IL-5R), IL-6R,
and CD38 in B lymphocytes, and the FceRI in myeloid
cells {reviewed in Desiderio, 1997). Btk activity is regu-
lated by Src family kinases, phosphatidylinositol (PI}
3-kinase-y and the ai-subunit of the G, class of G proteins
{Rawlings ef al., 1996; Bence et al., 1997; Li er al., 1997).
After stimulation of the antigen receptor or IL-5R in
B cells and the FeeR! in mast cells, Src family kinases
rapidly induce phosphorylation of Y551 in the Btk kinase
domain, followed by Btk autophesphoryiation at Y223 in
the SH3 domain (Wahl ef af., 1997). These concerted
phospharylation events were shown to be enhanced by a
Glu-to-Lys mutaticn, E41K, in the PH domain of Btk
{Park ef ai., 1996). The E4 1K mutant, which was isolated
using a retroviral random mutagenesis scheme, was shown
to induce transformation of NIH 3T3 fibroblasts in soft
agar culiures and factor-independent growth of the 1E-5-
dependent pro-B cell line Y16 (Li et af., 1995). The
transforming activity of the E41K mutation is associated
with increased membrane focalization and tyrosine
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phosphorylation of Btk in transfecied NIH 3T3 fibroblast
cells. PH domains recrtit signaling molecules to the cell
surface through specific interactions with phospholipids
and proteins (reviewed in Lemumon ¢f al., 1996). Binding
of the Btk PH domain to various (phosphatidyl}-inositol
phosphates, Py-subunits of heterotrimeric G proteins and
protein kinase C isoforms has been described (Tsukada
et al., 1994; Yao et al., 1994; Fukada et al., 1996; Salim
et al., 1996). The activating nature of the B41K mutation
might be explained by its close proximity to the predicted
inosital-phosphate binding site, as was indicated by X-ray
erystallography studies (Hyvbnen and Saraste, 1997). In
this context, the E41K mutant binds inositol 1,2,3,4,5,6-
hexakiphosphate with a 23X higher affinity than wild-iype
Btk (Fukada et al., 1996).

We have previously described the generation of trans-
genic mice that express human Brk (hBtk) under the control
of the class H major histocompatibility complex (MHCII}
Ea gene locus control region, which provides gene expres-
sion in myeloid cells and in B-lineage cells from the pre-B
cell stage onwards (Drabek et al., 1997). When the MHCH-
hBik mice were mated onto a Btk~ background, Btk protein
expression was restored to apparently normal levels in the
spleen and the Btk phenotype was comrected. B cells now
differentiated to mature IgM"*IgDbizh stapes, peritoneal
CD5* B cells were present and serum Ig levels and in vive
responses to TE-M antigens were in the normal ranges
{Drabek ef al., 1997}, These results indicated that in this
system the hfrk gene was appropristely targeted to both
conventional and CD5* B-1 B cells.

The activation of Btk by B cell antigen receptor-
mediated phosphorylation (Aoki et al., 1994; DeWeers
et al., H994b; Saoual et al., 1994, Wahl et al., 1997) raises
the question about the nature of specific events that are
controlted by Btk in developing B cells. To be able to
identify signaling pathways that are activated by Bik
in vive, we have now modified the MHCI1-hBtk transgene
construct and generated two different types of transgenic
mice, which either overexpress wild-type hBik, or express
varions levels of the E41K gain-of-function Btk mutant.
These transgenic models would indicate whether over-
expression or constitutive activation of Btk leads to
proliferation of cells in the B cell lincage, immunodefici-
ency caused by elimination of B cells from the circulation,
or induction of B cell anergy.

In this repont we show that overexpression of hBik had
only minor effects on B cell development and function.
In contrast, E41K hBtk mutant mice manifested an
immunodeficient phenotype that is more severe than xid
and is characterized by very low numbers of circulating
B cells, an almost complete absence of B cell responses
in vive and z disruption of the cellalar architecture of
the spleen.

Results

Generatlon of WT-hBik and E41K-hBtk transgenic
mice

The constructs wsed in this study containing either the
wild-type (WT-hB1k) or the E4IK mutant {E41K-hBrk)
Bik gene, as well as the MHCH-hBr construct previously
used to obtain transgenic BIX expression (Drabek er al.,
1997), are shown in Figure 1A. The B41K mutation was
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Fig. 1, Structure and protein expression of the hBrk transgeacs.

(A) Map of the transgen¢ constructs, showing the locations of the five
DNase I hypersensitivity sites present in the 0.6 Kpnl-Prul mouse
MHC class H vpstream Ea fragment. The WT-h8ik and E41K-hBik
transgenes contain a 27.4 kb h8rtk cDNA-genomic DNA fusion
segmientt with exons 1-19, as well as a foxP sequence. The MHCII-
hBik transgene contains a 2.1 kb hBtk cDNA fragment (hatched box)
and 2 2.8 kb human B-globin fragment with part of exon 2, exon 3
and the 3’ untranslated region. E, ZcaRL; K, Kpal; M, &ffel; P, Pvul;
S, Swal. (B) Western blot anatysis of Btk protein expression in total
spleen cell lysates (2X B0° cellsflane) from the indicated mice.
Transgenic mice were on the Btk background. A polyclonal rabbit
antiserum was used, which was raised against fusion proteins of
gluthatione S-transferase (GST) and amine acids 163-218 of hBtk and
also recognized E41K hBtk or murine Bik. Ranges of the relative
densities of the 77 kDa Bik signals as compared with the control Bik*
mice are given a1 the boltom. Values were comected for differences in
the proportion of B cells in the spleen, which were determined by flow
cytometey. {C} Entracellular Btk expression during B c¢ll maturstion in
the spleen. Sirl§le splenic cell suspensions from 3-month-old non-
transgettic Bkt or Bk~ mice, as well as WThiek or B4 K-hBrk
transgenic mice on the Bik background wer: stained for surface B220
and fgM and subsequently for intracellular Bik. Data are shown as 5%
probability B220MigM contour plots of otaf Jymphocytes, which were
gated by forward and side scatter characteristics (top). The indicated
IgMUE and 1gM™* B220* B cell populations were gated and
analyzed for Bik expression (bottom). The results are displayed as
histograms of the indicated mice {solid lines), together with the
background staining as determined in Bik~ mice tbroken lines).
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introduced by a G to A replacement at position 257, using
in vitro site-directed mutagenesis, Since only high copy
number MHCH-hBek transgenic ;mice (iwo out of five
lines) expressed hBtk levels similar to those found in
normal mice (Drabek er al, 1997}, we altempted to
increase hBrk expression levels by inciuding more hBik
genomic DNA, as well as the endogenous 3’ untranslated
region, in the transgene construct. The transgenes con-
tained a 10.6 kb MHC class H genomic DNA fragment,
a 0.3 kb fragment with the first three exons of hB#k as a
cDNA sequence, as well as a 27.1 kb genomic DNA
fragment, encompassing the hBsk exons 319 (Figure 1A).
The transgene constructs were microinjected into fertilized
oocytes and four independent B4 1K-hBtk transgenic lines
(#8,#10,#11 and #14) and three WT-hBt transgenic lines
(G5, F2 and A5} were obtained, Founder mice were mated
to Brk~/lacZ mice, in which the Btk gene is inactivated by
a targeted in-frame insertion of a facZ reporter in exon 8
{Hendriks ef al., 1996).

Expression levels of the E41K and WT hBtk
proteins

Btk protein expression was evaluated in fransgenic mice
on the Btk~ background by Western blotting of total spleen
cell lysates {(Figure 1B). The mice exhibited a wide range
of transgenic Btk expression levels in the spleen, which
were directly comelated with the transgene copy number
as estimated by genomic Southern blotting analyscs,
To estimate the Btk expression levels of the individual
transgenic mouse lines, the densities of the Western blot
Btk protein signals were quantificd and corrected for the
propartion of B cells in the spleen (which were significantly
lower in the E41K-hBik transgenic mice; see below). In
contrast to the MHCIT-hB% transgenic mice which showed
approximately endogenous Btk levels, the WT- and E41K-
hBtk mice manifested vp to 14X overexpression of hBtk in
their splenccytes (Figure 1B). The experiments described
below were mainly performed on WT-hB1k line A5, and
on B41K-hBtk line #8. Except where specifically indicated,
no differences were detected between independent lines
in the performed analyses, either for the WT-ha8sk or the
E41X-hBtk transgenic mice.

Using intracellular flow cytometry, we compared the
expression levels of transgenic WT and E41K hBtk with
the endogenous murine Btk during B cell differentiation.
The individua! subpopulations of developing B cells in
the bone marrow or spleen showed equivalent expression
levels of the endogenous Btk ¢shown for spleen in Figure
1C). In constrasl, a significant increase in WT or E41K
transgenic hBtk protein was found as B cells maturated
from IgM"&" to IgM!°™ cells in the spleen (Figure 1C). In
the bone mamrow, transgenic Btk was only detected in
recirculating IgM*IgD* cells, Additionat flow cytometric
analyses demonstrated that transgenic Btk was also
expressed in peritoneal B-1 B cells, in <10% of the
Mac-1* myeloid cells in the spleen and peritoneum, but
not in T cells or NK cells {data not shown).

When transfected into NIH 3T3 fibreblasts, the E41K
Btk mutant manifested enhanced auto-phosphorylation
and increased membrane targeting, while the in vitre
kinase aclivity was similar to wild-type Btk (Li e al.,
1995). Howgver, wheh we:analyzed unstimulated spleno-
cytes, whether from normal niice, WE-hBIE or E41K-hBtk

transgenic mrice, the majority of Btk protein was found in
the cytosolic fraction, Also, in vive tyrosine phesphoryl-
ation or in vitro autokinase activity of the hBtk protein in
these cells did not appear 1o be enhanced by the E41K
mutation {data not shown).

Depletion of peripheral B cells in E41K-hBtk
transgenic mice

The B cell populations in bone marrow, peripheral bloed.
spleen, mesenteric tymph nodes and periteneal cavity from
E41K-hBik and WT-hBik mice on the Btk' or Bik~
background were examined by flow cytometry in 6- to
8-week-old mice (Table I; Figures 2 and 3). Celis from non-
transgenic Btk* and Btk™ littermates served as controls,
showing that the Btk-deficient mice had fewer mature B
cells (~30-50% of normal) in peripheral blood, spleen,
mesenteric Iymph node (Figure 2A) and bore marrow
(IgM*IgD? fraction), and a specific deficiency of mature
surface IgM¥1gDMsh B cells (Figure 3A) as previously
described (Hendriks et al,, 1996). In the peritoneal cavity
of Btk™ mice, the numbers of conventional B cells were
reduced and CD5™ cells were lacking (Table [; Figure 2B).

Comection of the xid B cell deficiency, although not
complete, was obtained by WT-hBtk transgene expression
on the Btk~ background. ln the peripheral blood, spleen,
mesenteric Iymph node and bong mamow the B cell
numbers only reached wvalues similar to those of Btk
mice, but the numbers of peritoneal CD5™* cells were in
the normal ranges, and the peripheral B cells exhibited a
normal surface Igh/EgD profile (Table I; Figures 2 and
3A). The effect of Btk overexpression on the Btk*
background was limited: the numbers of B220% cells were
slightly reduced in peripheral bloed, but were in the
normal ranges in the other organs analyzed (Table ).

In contrast, when B4EK-hBrk mice on the Bk~ back-
ground were compared with Btk™ mice, a further depletion
of B cells was observed in all lymphoid tissues analyzed
(Table I, Figure 2). Also in the mesenteric lymph nodes
from the three other independent E41K-hBt: {ransgenic
lines, the proportion of B cells was [-5%. Expression of
the E41K-hBik ransgene on the Btk* background resulted
in an analogous reduction in the numbers of circulating
B cells, although the effect was less severe than on the Bik~
background (Table I). The reduction of the proportions of
circulating B cells in the E4IK-h#k transgenic mice was
accompanied by a relative increase of the percentages of
CD47 and CD8 T cells (Table 1). The six groups of mice
did not manifest significant differences in the numbers of
Mac-19"DX5* NK cells or Mac- 52t myeloid cells in the
spleen cell suspensions {data not shown), In the bone
marrow of B41K-hBtk mice, pro-B, pre-B and immature
B cells were present in normal proportions, whereas
mature recircuiating IgM*IgDt B cells were virtuatly
absent (Table I). Additional analysis of the three pro-B
cell subfractions, as defined by expression of surface
markers B220, heat-stable antigen (HSA) and BP-1 {Hardy
et al., 1991) in E41K-hBrk mice revealed no delectable
aiterations from the distribution in nommal or WT-hiek
mice {data not shown).

In strong contrast to the restored IgM/IgD expression
profile found on peripheral B celis from WT-hB8:k trans-
genic Btk~.mice, B cells in spleen, mesenteric Iymph node
and peritoneal cavity from™E41K-h8tk transgenic Bk~
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Tuble L. Frequencies of lymphocyte populations in WT-hBik and E41K-hB:k wansgenic mice

Contpartment Cell population Non-iransgenic WT-hBik E4K-h8ik
Bkt BIk~ Bik* Bk~ Bik* Bk~
Splesn® Nucleated cells (X 10°%) 190 + 50 84 R 34 1217 199x20 191 =38
B220* cells (%) 38=+0 15 =5 410 25 W6 0 x3
CD3*CD4* (%) W+3 2 *s 26 + 4 PX 267 7 x5
CD3*CDS* (%) n=+2 12 %3 123 12x3 15=4 15 =4
Lymph node B220* cells (%} 24+ 4 § *2 HtSs 72 5% 0.4 2 %1
: CD3'CDI (%) 46 x5 53 %2 50+ 4 56 =1 =5 62 *3
CD3*CDS* (%) bV 3 2 252 27+3 284 % =3
Blood B2I0* cells (%) M9 2 +4 19+6 10+ 4 7x2 4 =1
of which B220"*[gD™™ (%) W4 4 =16 105 237 25 & 14 31 x4
of which B220¥MgD¥Eh (%) TME3 36 x5 665 46+ 5 37 =12 17 %10
Peritoneum CDSYIgM* B cells (%) 16 =8 04 =03 28 * 16 47 1+2 2 o+
CD5IgM* B cells (%) 24+ 10 10 =4 24 =[5 £+ 423 1 ozt
CD5*IgM- T cells (%) M3 6 =8 Wy 47 = 00 65+ 4 62 *+8§
Bone marrow B220% ealls (%) 37+3 36 1 910 Bx7 37xs I =2
CEM3*IgM- pro-B ceils® (%) 603 3 =1 63 g+ 7+3 6 04
CIM3 1M pre-B cells (%) 542 6 *1 45 126 135 12 =3
TgM*Igh B cells (%) 72 g 03 92 82 $+03 7 o]
IEMFIgD™* B cells (%) 6+2 2 205 S+t 203 1 £03 04 * 02

*BIKY mice were Bk*7Y males or Bik™ females; k™ mice (Hendriks ef al, 1996) were either BoFY males or Brk™ females. PMice were 6-8
weeks old. Data are mean values + standard deviations from three mice analyzed, except for spleen where values are from 5-20 mice per group,
The phenotype of Iymphocyte populations was determined by flow cytometry; dead ceils and high side scatter cells were excluded by gating.

“Classificalion of pro-B and pre-B cells was according to Hardy et al. (1991),

A Bik+ Bik-
- =]
Lymph E 7 c @ I
Node _WT-hak Bik- EAIK-hBrk Bik-
B220 .
B
Peritoneal
Cavity
CDS

Fig. 2, Depletion of peripheral B cells in E4tK-hBrk mice, Flow
cytometric analysis of (A} mesenterdc fymph node and (B) peritoneal
cavily from 7-week-0ld mice of non-transgenic Bk™ or Bk~ mice,
and WE-hBik or E4IK-hBik transgenic mice on the Bik~ background.
Single-cell suspensions were stzined wirth biotinylated anti-Tgh! and
steeptavidin-TriColoz, and either FITC-conjugated anti-B22¢ or PE-
conjugated anti-CD}5. Data are displayed as 5% probability contour
plots of total lymphocytes, which were gated by forward and side
scatter characteristics. Percentages of total lymphocytes within the
indicated gates are given. Data shown are representative of the mice
examined {Table Iy,
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mice manifested an IgMMshlgD™ phenotype, reminiscent
of the B cell population found in non-transgenic Btk~
mice (shown for spleen in Figure 3A). The peripheral
blood contained mainly newly-generated B cclis that had
just left the bone marrow (B220°*TgD® cells), rather
than recirculating cells migrating between follicles
(B220MIgDhizh cells: only [7 + 10% of B cells in E41K-
hBrk transgenic mice and 7 £ 3% in normal Btk* mice).
As these observations suggested & matvrational defect in
the peripheral B cell compartment, we investigated the
expression levels of B220 and HSA: B cells that are
B220"*HSAMES have recently feft the bone marrow and
further differentiate into mature B220MEhHSAMY cells of
the fong-lived B cell pool (Allman et al,, 1993). While
the spleen of non-transgenic Btk* or Bk~ mice contained
~60% mature B220PEMHS AN cells, a small reduction in
this population was observed in WT-hB1k transgenic mice
and a 3- to 4-fold reduction in E41K-hBk transgenic mice
(Figure 3B). These results indicated that recent emigrants
from the bone marrow failed to mature in the spleen into
long-lived B220MEMHSAYY B cells.

Serum immunoglebulin levels in E41K-hBtk and
WT-HiBtk mice

Serum Ig fevels were determined by ELISA in 2-month-
old non-transgenic Bik* and Btk~ mice, as well as E41K-
hBtk and WT-hBk transgenic mice (Figure 4). The Bik-
mice had severcly decreased levels of Igh and 1gG3,
variable levels of TgG1 and somewhat decreased levels of
IgG2a as compared with control Bik* Hutermates (Drabek
et al., 1997). When the WT-hBrk transgene was expressed
on the Btk~ background, Ighf levels were elevated and alt
other Ig subclasses were restored to normal levels, similar
to the comection previously observed as a resubt of MHCII-
hBik transgene expression (Drabek er al, 1997). In the
WT-hBtk transgenic mice on the Bik* background, serum
Ig subclass fevels were in the same ranges. In the E4IK-
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Fig. 3. Expression of E41K Bik induces a deminant maturational
defoct in peripheral B cells. (A) Surface IgM-1gD profiles of splenic

B cells. Percentages of B220* cells that are Ing’“!gDhsh are given.
These cells are matore B celis, whereas IgMEEgD™ cells are more
immature (Hardy et af, 1982). Data are displayed as dot plots of all
gated viable B220* cells from 3X 1 total events. (B) Surface B220-
HSA profiles of splenic B cells. Percentages of FgM™* cells that are
immatuore (B220"*HSAEY) or malture (B220VEHSAR®) are indicated,
Data are displayed as dot plots of all gated viable IgM* cells from 10
total events {or 3% 10% 1otat events for E41K-hrk transgenic mice on
the Bik™ background). Spleen-cell suspensions from 7-wezk-old mice
of the indicated genotypes were incubated with biotinylated anti-Ight
and streptavidin-TriColor, FITC-conjugated anti-B220 and either PE-
conjugated anti-IgD or anti-HSA and analyzed by threz-color flow
cytometry. Data shown are representative of the mice examined;
lymphiocytes were pated on the basis of forward and side scatter.

hBtk mice serum IgM was restored o normal or elevated
tevels, IpGi was similar to the levels in Btk littermates,
while serum IgG3 was comected to normal values for 12
out of 20 animals analyzed (Figure 4). The concentrations
of Ig(G2a and Ig2b were gererally in the normal ranges,
whereas IgA was quite variable but on average reduced
compared with the other three groups of mice. No influence
of the Btk™ or Btk~ background was detected.

Except for 1gM and IgG2b, the serum g concentrations
of the E41K-hBtk mice decreased significantly with age.
In 6-month-old E41K-hBrk mice, the levels of IgGl,
1gG2a, IgG3 were only 37 = 10, 38 = 20 and 21 %
15 pg/ml, respectively (n = 3). In age-matched WT-hB1k
mice these levels were 970 + [70, 470 & 40 and 280 =
100 pg/ml (n = 4).

Defective In vivo rosponses in E41K-hBitk
transgenic mice

The absence of a dramatic decrease of serum Ig in E41K-
hBik transgenic mice at the age of 2 months indicated
that despite the observed maturation defect of peripheral

FgGI 1aG2a
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Fig, 4. Effects of transgenic WTE-hBik and B41K-h8:k expression on
serum Tg Tevels. Serum concentrations of the indicated Ig subclasses in
non-transgenic mice (Btk*, n = 113 Btk a = 16), as well as WE
hBik (n = 7) and EAIK-hBik (r = 20} transgenic mice on the Btk
background, wheteby each syrbo! indicates an individual animal,
Mice were 2 months old and Ig fevels were determined by ELISA.

B cells, significant numbers of B cells were induced to
differentiate into Jg-producing plasma cells. However, the
possibility remzined that these B cells could not mount
specific antibody responses. Therefore, we tested the
responses of 2-month-old non-transgenic, WT-hBtk and
E41K-hBik transgenic mice on the Btk* or Btk back-
grourds to TI-II and 'TD antigenic challenges in vive.
The responsiveness to the TI-If antigen dinitrophencl
(DNP)-ficoll was measured seven days after inlraperiteneal
(i.p.) injection by enzyme-linked immunosorbent assay
(ELISA; Figare 5A). Consistent with previous findings in
Btk-deficient mice (Wicker and Scher, 1986; Kahn et al.,
1995; Prabek ef al, 1997), DNP-specific IgM or 1gG3
was completely absent in Btk~ mice, as the absorbence
measured did not differ from the values of unimmunized
animals, On the Btk* background, the FI-H response of
WT-hBtk mice was comparable with the response of
normal mice, while on the Btk™ background, expression
of the WT-h8zk transgene could onty partially restore the
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Fig. 5. Defective in vive responses in E41K-hBrk mice, (A) 1gM and
1gG3 responses to the Ti-H antigen DNP-ficoll. () Primary IgM
responses to the TD antigen TNP-KLH, determined ? days afier i.p.
iniection. {C) Secondary TD responses to TNP-KLH, determined

7 days after i.p. injections performed 5-8 weeks after the pimary
immunization, Serial serum dilutions were acalyzed for DNP/TND-
specific antibodies of the specific subclasses and optical densities are
shown as mean values from 412 mice in each group. The optical
densities in the pre-immune sera did not vary significantly beiween the
six groups and arg shown in {C),

TI-I response. The TI-1I antibody response in E4EK-hBrk
mice was very low bui detectable, whether on the Bfk*
or the Btk~ background.

To investigate TD antibody responses, mice were injecied
1.p. with trinitrophenol-keyhole limpet haemocyanin {TNP-
KLH), After 7 days, TNP-specific IgM was measured by
ELISA (Figure 5B). Btk™ mice mounted a moderate
primary IgM response compared with wild-type litter-
mates, as previously found in xid mice (Wicker and
Scher, 1986). Whereas Bik overexpression in the WT-
hBtk transgenic mice appeared to have a minor inhibitory
effect on the levels of TNP-specific IgM and IgGl, the
TD primary sesponse was completely absent in E41K-
hBik transgenic mice, both on the Btk* and on the Btk-
background (shown for IgM in Figure SB).

When the mice were 34 months old, TNP-K1H booster
injections were given and secondary TD responses were
measured at day 7. TNP-specific levels of IgM, IgG1 and
IgG2b were not significantly different between the non-
transgenic or WT-hBrk transgenic Btk or Btk™ groups of
mice (Figure 5C). TNP-specific IgG2a was decreased in
WT-hBtk transgenic mice and TNP-specific 1gG3 was low

100

in WE-hBrk mice on the Bik™ background., In strong
contrast to these limited adverse effects of the WT-hBk
transgene, we found that secondary TD responses were
very low or Jacking in E41K-hBrk mice, irrespective of
their Btk* or Bik~ background (Figure 5C). Because Brk-
defictent mice show a normal secondary response to TD
antigens (Wicker and Scher, 1986; Kahn er al., 1995;
Drabek et al., 1997; Figure 5C), the finding that TD
responses are ¢ssentially absent in E41K-hBtk transgenic
mice was skriking.

Aberrant in vitro responses of E41K-hBtk
transgenic B cells

To examine the capacity of B cells to respond to mitogenic
signals in vitro, B cell-enriched spleen cell suspensions
were stimulated with LPS, anti-CD40 and [L-4, and
different concentrations of a goat-antiserum to mouse Ight.

Profiferative sesponses to LPS, determined by quantitat-
ing [PH]thymidine incorporation after 60 h of culture,
were low in Bk~ B cells compared with control B
cells (Figure 6A). Expression of the WT-hfBtk transgene
completely restored the proliferative capacity, while
expression of E4IK-hBik had a minor effect. These
differences in  proliferative responses to LPS were
paralleled by the in vitro Ig production profiles in LPS-
stimulated cell cultures as measured by ELISA at day 7
(Figure 6B). The defective IgM, IgG1 and IgG3 production
in Btk® B cells was comected by transgenic WE-hBk
expression, but the effect of E4EK-hBik expression was
moderate for Igh, and negligible for IgGl and IgG3.

Consistent with previous reports (Kahn et af, 1995;
Anderson ef af,, 1996; Ridderstad ¢! af,, 1996) Bik- B
cells showed normal proliferatien induced via CD40 in
the presence of TL-4. Btk overexpression in the WT-hBik
transgenic mice was accompanied by a small but significant
increase in proliferative responses. Transgenic expression
of the E41K mutant did not have a detectable effect on
proliferation in response to anti-CD40 and 1L-4 (Figure
6B), nor in response to anti-CD40 alone or to anti-CDJ0
and INF-y {data not shown). When the production of 1gM,
IgGt and IgG3 in anti-CD40- and H.-d-stimulated celt
cuitures was evaleated, 2 marginally lower production was
observed in Bik™ and E41K-hBik B cells as compared
with normal Btk™ or WE-hBrk B cells.

Qne of the hallmarks of Btk™ B cells is that they do
not enter 8 phase when triggered through their surface
1gM receptor (Wicker and Scher, 1986; Kahn et al., [995;
Anderson ¢f al., 1996). We observed that the absence of
proliferative response to anti-ight antibodies was correcied
by transgenic expression of both wild-type and E4iX
mutated hBk (Figure 6C). Morcover, when the E41K-
hBik transgene was expressed, B cells enlarged more
rapidly in response to anti-Ighf stimulation (Figure 6D).
After 24 h of culture, the E41K-hBik B220" cells showed
a significantly higher proportion of large blast cells when
compared with non-transgenic Bik* and Btk~ or WT-hB8rk
transgenic B220% cells. Blast formation was already
manifest in the absence of anti-IgM, but became more
pronounced in the presence of anti-IgM up to 1 pg/ml.
At high anti-lghf concentrations alse WT-h&1k wansgenic
B cells showed enhanced blastogenesis when compared
with B cells from non-transgenic mice. Increased blast
formation of E4fK-hBrk transgenic B cells was also
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Fig. 6. Transgenic ESLK-hBk B cells show abemant responses to
milogenic signals in vitro. (A} Proliferation, determined by
[PH]thymidine incorpozation, of cells cultuced in medium 2lore, in the
presence of LPS, or anti-CD40 antibodies and IL-4. (B) Ig levels of
supernatants of 7-day cultures in the presence of LPS or anti-CD40
and 1L~4. {C} Proliferation, determined by [*H]thymidine
incorposation, in response lo various concentrations of goat anti-mouse
IgM. (A-C) Enriched splenic B cell fractions Bik¥, Bik™, WT-hBrk
transgenic and E41K-hB1k transgenic mice were culiured in vitro wilh
various mitogens. The groups of transgenic mice contained animals on
Bik* or Btk~ background; no differences were detected between mice
from these two backgrounds. Data are given as mean values + SE
wilth 4-9 anfmals in each group (A), as symbols that indicate the
values in culivres of individoal animals (B) or as mean values from
4-9 mice in each group (C). (D) Total splenocytes from Bik*, Brk-,
WT-hBk ransgenic Bk~ and EA{K-hBrk transgenic Bk~ mice were
cultured with [ pg/ml goat-anti-mouse Ighf for the indicated time
points (feft), or in the presence of the indicated wlghf concentrations
for 24 h {right}. The proportion of blast cells was determined by flow-
cytometric analysis of forwand light scatter of viable B220* cells,
Pata are given as mean valees from 2-4 mice in each group,

observed in response to stimulation with 50 pug/ml LPS
{data not shown).

The impairment of TD responses in the E41K-hBrk did
not appear to be due to defective induction of MHC class
1l or the co-stimulatory molecule B7.2 (CD86) on activated
B cells, as these activation markers were upregulated after
stimulation with goat anti-mouse kg™, LPS, or anti-CD40
and TL-4; culture with anti-CD40 and IL-4 also induced
upregulation of CD23 on E41K-hBrk B cells {(data not
shown).

Disruptad splenic architecture in E41K-hBtk mice
By immunohistochemical analyses, the spleens of
2-month-old unimmunized Bikt, Btk~ or WT-hak trans-
genic mice demonstrated a characteristic organization, in
terms of segregation of T and B cells in the white pulp,
with T cells clustered in the periarteriolar Fymphocyte
sheath (PALS) and surrounded by B cell-rich areas con-
taining follicles, and the presence of marginal zones at
the ouler boundaries of the white pulp. In contrast, E41K-
hBtk mice derived from all separate founder lines showed
a specific effect of the E41K Bik mutation on the architec-
ture of the spleen. When expressed on the Bk~ background,
a disruption of splenic architecture was observed, charac-
terized by a reduction in the number and size of B cell
areas (consistent with our flow cytometric analyses), [oss
of the strict compartmentalization of B and T lymphogytes
ard loss of a distinct marginal zone.

Figure 7 shows double-labeling of serial spleen seclions
with either anti-B220, anti-CD3 or MOMA-1, a mono-
clonal antibody specific for the metallophilic macrophages,
which constitute a major component of the marginal zone
(Kraal, 1992), together with the N418 antibody specific
for the CD1lc integrin on dendritic cells (Steinman et al.,
1997). In the E41K-hBrk mice, B220% cells were present
in B-cell areas neighboring the T cell zones (Figure 7A,
B and C), but B cell numbers were reduced. These B cell
areas conlained significandly more T cells than the B cell
follicles in control Btk* or Wi-hBrk transgenic mice
(compare Figure 7D, B and F), and contained also CDlict
inferdigitating dendritic cells, which normally do not
extend into B cell follicles (Steinman ef al., 1997) (compare
Figure 7G, H and I). No distinct marginal zones were
present; the outer boundary of the white pulp did not
contain B220* cells and metallophilic macrophages were
only incidently present as a smatt rfim of MOMA-1* cells
adjacent to the B cell areas (Figure 7H). In this area, an
expansion was manifest of CDiic* marginal dendritic
cells, which nomally form bridging channels into the red
pulp (Steinman ef ai., 1997} (compare Figure 7G, H and
1). The numbers of ER-TRS* marginal zone macrophages
(Kraal, £992) were severely reduced, and the reticular
fibroblast network, characleristic for marginal zones, as
revealed by ER-TR7 staining (VanVdiel er al., 1986}
appeared fo be absent (data not shown). We observed a
dose-dependency of the effect of E41K-hBrk expression
on the disruption of splenic architecture, because in line
#14, which showed a higher transgene expression level
than line #8 (Figure 1B}, MOMA-1™ cells were essentially
absent {Figure 7K and L). Neveriheless, in line #10 with
low-level transgene expression (Figure 1B) the MOMA-I*
cells were reduced in number, CDI1c* cells extended into
the B cell areas and the strict separation of B and T cell
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Fig. 7, Distupted splenic architecture in EALK-hBk transgenic mice. Immunohistochemical analysis of 5 yum splenic frozen sections from Bik* mice,
WT-hfrk Bk~ mice and E41K-hBrk transgenic mice {{C). (F), (1} and (K), line #8, and (L), line #14] on the Bk~ background. Sections were stained
with anti-B220 [blue, (A—C)] for B cells, anti-CD3 [blue, (D-F)] for T cells or MOMA-1 [blue, {G-L)} for metallophilic marginal zone
macrophages, together with anti-CD{Le/N418 (brown) to detect dendritic cells, Arrows {sections (I} and (K] indicate the presence of small rims of
MOMA-1¥ ceils in the marginal zone, a, centeal arteriole; f, B cell follicle. Original magnifications; %50 {(A-I) and %16 (J-L).

areas was lost (data not shown). In WT-h8rk mice,
MOMA-1* cells were not affected and B cell areas did
not contain CD1lc* interdigitating cells (Figure 7H and
1). The splentc abnommalitics of E41K-hBk (ransgenic
mice on the Btk* background were variable, but became
more severe with age. When spleens from 4- to 5-month-
old mice were anaiyzed, the segregation of B and T cell
areas was lost and the numbers of MOMA-1* and ER-
TR cells were severely reduced. : -

Germinal center formation was evaluated by immuno-
histochemical analysis of the spleen, both in 4- to 5-month-
old unimmunized mice and in mice 7 days after booster
injection with TNP-KLH adsorbed to alum. In contrast to
the Btk* mice, Btk and WT-hB/k transgenic Btk~ mice,
the E41K-hBrk wansgenic Bik~ mice did not develop
germinal centers, as B2207 gD cells that showed binding
of peanut agglutinin (PNA} were completely absent (data
net shown),
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Analogous 1o the distuption of splenic architecture, also
in mesenteric lymph nodes from E41K-hBik ntice on the
Btk background B cell distribution defects were observed.
B220" cells expressing IgM and IgD were almost absent
in the cortical B cell areas, whereas IgM*TgD* B cells
were present in low numbers as clusters in the paracortical
T ¢ell zones {data not shown),

Discussion

To datg, munerous interactions of the individual domatns
of Btk with various protein or lipid molecules have been
reported (Fukada ef al., 1996; Bence ef af., 1997, Li et al.,
1997, Wahl et al., 1997; reviewed in Mautsson et al.,
1996). To be able to study the impact of these particular
interactions on B cell differentiation and function in vive,
we have developed mouse models in which wild-type or
mutated Btk can be appropriately expressed as transgenes,



We previously showed that expression of hBIk driven by
the class H MHC Ea locus LCR resulted in physiclogical
Bik protein levels in the spleen, which completely cor-
rected the features of the xid phenotype {Drabek et al.,
1997).

Limited effects of overexpression of Btk

By the introduction of 16 out of 18 intron segmeats of
the Bk gene, together with the endogenous 3" untranslated
region, high-level Btk expression was obfained. It seems
likefy that these modified transgenes contained endogenous
regulatory elements of the Brk gene, since Btk intron
sequences were shown {o contain multiple clusters of
extensive conservation between mouse and man (Qeltjen
ef al., 1997}, one of which, a 229 bp region in the fifth
intron with 90% identity, showed co-localization with a
DNase I hypersensitive site present in B cells but not in
T cells from huvman tonsils (G.M.Dingjan, unpublished
resulis), Thus, the transgenic Btk expression pattern may
reflect a combination of the effects of MHC class II Ea
gene LCR and endogenous Brk regulatory sequences,

On the Bik~ background, overexpression of hBtk cor-
rected most of the xid defects, as indicated by the
appearance of normal proportions of mature Igh**IgDsh
circulating B cells, CD5T B cells in the peritoneum,
restored serum IgM and IgG3 levels and i vitro responses
{e anti-IgM or LPS stimulation. However, in contrasi with
our findings in the MHCII-hBtk mice, TE-H responses
were only partially restored and primary TD igh responses
were somewhat reduced.

Although WT-hBtk overexpression on the Btk* back-
ground was found to be associated with partially enhanced
blastogenesis and proliferation of B cells in respoase to
anti-IgM stimulation in vitre (Figure 6C and D), this did not
appear to result in adverse effects on B cell development or
function: B cell numbers were largely in the normal
ranges, and B cell responses to TI-I[ or TD antigens
in vivo or LPS in vifre were not notably affected. Therefore,
we conclude that Btk overexpression per se dees not tead
to significant activation of downstreain signaling pathivays.

E41K-hBtk ropresents an activated form of Btk

In contrast, expression of the Btk E41K gain-of-function
mutation on the Btk~ background blocked maturation of
peripheral B ¢eils, leading to a B ceil deficiency that was
more severe than the xid phenotype. Although E41K-hBik
transgenic mice produced normal numbers of immature B
cells in the bone marrow that began to express IgD, they
failed to become malure recirculating follicular B cells in
the periphery. A severe reduction of B cell numbers was
observed in all peripheral tissues and those B cells present
in the periphery were mainly B220* and HSAFS, Tt is
most probable that these cells represented rewly-generated
virgin B cells, which generally have a lifespan of only
3 days (Fulcher and Basten, [997). Tofal serum Ig levels
were not seriously affected at the age of 2 months, but
they decreased significantly with age. The in vive B cell
response to TI-IT antigen was very low and only marginatly
restored compared with Btk™ mice, white B cell responses
to TD antigen were lacking. The finding that E41K-hBt#k
transgene expression restlted in a decrease of circulating
B cell numbers and a loss of B cell functions, even in the
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presence of intact endogerous murine Btk, substantiated
the dominant nature of the E41K mutation.

When expressed in NIH 3T3 cells in vitro, the gain-of-
function activity of the E41K Btk mutant was associated
with increased membrane localization and was shown to
require kinase activity (Li ef al.,, 1995). Our biochemical
analyses in onstimulated B cells demonstrated that the
E41K mutant had in vifre kinase activity, but did not
reveal a dramatic increase in membrane targeting, Never-
theless, we cannot exclude that the E41K mutation was
associated with relatively small changes in subcellular
localization of Bik, which are difficult to detect in bio-
chemical assays. In this context, it was shown that subtle
variations in antigen concentration or expression of CD19,
a co-receptor that lowers the threshold for antigen receptor
stimulation, resulted in dramatic changes of the fate of
B cells in vive (Cook et al., 1997; Tedder ef al., 1997).
Nevertheless, two of our findings indicated that the E41K
mutation represented an activated form of Bik. (i) Bxpres-
sion of E41K enhanced in vitro blast formation of splenic
B cells in culture, either with or withont mitogens {(Figure
6D). (ii} Splenic BE41K-hBik B cells showed proliferation
upon stinmlation with anti-Ighf antibodies (Figure 6C),
despite the wvnusually high proportion of immature
B220 HSAMe! cells in this population. Normally, such
B220°VHSAY virgin B cells are refractory to anti-ight
stimulation (Allman et e, 1992).

Expression of E41K-hBtk impedes folllcular entry
and disrupts marginal zone microarchitecture

Qur findings in the BE41K-hBek ransgenic mice indicate
that constitetive activation of Btk blocks the development
of follicular B cells. The numbers of recirculating B cells
were severely reduced, specifically in peripheral blood
and lymph nodes. in the spleen, B cell areas typically
contained CDilc? interdigitating dendritic cells, which
normally do not extend inte B cell follicles, as well as
unusually high numbers of T cells. Signals that induce
B ccls to become recirculating follicular B cells are
mediated by the B-cell anligen receptor, as most peripheral
B cells are ligand-selected {Gu et al., 1991} and mutations
of the CD7%0/Igu or Syk signaling components of the
B cell antigen receptor block the entry of B cells into
follicles (Torres et al., 1996; Turaer et af., 1997). These
findings demonstrated that low-level stimulation of the
B ceH antigen receptor provides a signal that is required
for fellicular entry. Qur results show that in the presence
of EIK-hBtk expression such signals were not transduced,
Together with the reported abrormal maturation into
IgM"*{gDh2d follicular B cells in Bik-deficient mice
{Wicker and Scher, [986; Kahn et al, 1995; Hendriks
et al., 1996), this argues for a crucial role of Bk in the
recruitment of B cells in the long-lived recirculating
B-cell pool.

Although the possibility that constitutive activation of
Bik leads to a general defect that imnpedes the survival or
affects the migration of B cells in the periphery cannot
be excluded, it is altractive to hypothesize that expression
of the E4EK Btk mutant mimics B celf antigen receptor
engagerment, In the E41K-hBik mice those cells that

- were present in the spleen were IgMMENHSARhE230lew

immature B cells that have just left the bone marrow.
Normally, immature B cells in the bone mamow are
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susceptible to negative selection (Goodnow ef al., 1995)
and immature HSAYME splenic B cells are refractory to
stimulation with anti-IgM or phorbol ester and calcium
tonophore (Allman et al., 1992). Therefore, the immatuce
status of the E4EK-hBfk activated B cells may hamper
their subsequent expansion or differentiation and induce
their elimination instead. In this context, E4 IK-hB1k B cells
may resemble auto-reactive B cells which have received
a stimulatory signal through their antigen receptor,
resulting in arrest in the outer PALS where their lifespan
is reduced to 34 days in the absence of T cell help
(Futcher and Basten, 1994; Goodnow ef af., 1995). Addi-
tional parallels with auto-reactive B cells include the rapid
increase in size of auto-reactive B cells upon self-antigen
recognition immediately before their disappearance
(Fulcher et al., 1996; Rathmell of al,, 1996} and their
absence in the splenic marginal zones (Mason et al., 1992},

The lack of splenic marginal zone B cells in E41K-
hBtk mice could be a direct result of the impeded follicular
entry of B cells, as marginal zone B cells are derived
from follicular B cells (Kumararatne apd MacLennan,
1981}, The B ceil abnormalities in E41K-hBtk mice may
also hamper the normal development of marginal zone
macrophage populations. Further studies will be required
to clarify whether the B cell or the macrophage poputation
of the marginal zone is intrinsically affected in B41K-
hBtk mice, or whether the defects in both populations are
secondary to accessory cell dysfunction. Since we have
observed & similar disruption of splenic marginal zone
architecture in mice that express the E41K-hBtk mutant
under the control of the B cell specific CDI9 promoter
(A Maas, unpublished resukts), it seems less probable that
macrophage development is intrinsically affected by the
expression of the E41K Btk mutant. Clues about the
relationship between these cell populations may come
from experiments in mutant mice that present with closely
related phenolypes, such as mice deficient in members
of the nuclear factor-kB family of transcription factors
(Franzoso ef al., 1997, 1998; Caamafio ¢f al., 1998} or
tumor necrosis factor ligand and receptor family members
(Matsumoto ef al., 1997}, which present with defects in
humoral responses, germinal center formation and mar-
ginal zone macrophage subpopulations.

The role of Btk In B celf development
Studies in transgenic mice carrying rearranged Ig genes
have established that strong antigen receptor signals (¢.g-
transmitied by autoantigens) can result in antigen receptor
editing or elimination of immature B cells in the bone
marrow (reviewed in Goodnow ef al., 1995; Melamed
et al,, 1998). The absence of any defects in developing
B cells in the bone mamrow of E41K-hBik mice (except
in the recirculating mature cells) does not imply that
constitutive activation of Btk would not have any effect
it the bone marrow. Qur intracellvlar ftow-cytometric
analyses indicate that the expression level of the E41K-
hB1k transgene may not have reached a critical threshold
value in the bone marrow to affect B cell development.
In fact, the first defects in the B cell lincage only became
apparent in the spleen, where we identified a significant
increase in expression of the hBtk transgenes during
maturation from IgMPeh to TgM'** B cells.

In summary, we conclude that Btk is essential for the
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transduction of signals that govern the development of
recirculating follicular B cells. The absence of Btk leads to
abnormal maturation into IeM**TgDhed follicular B cells
{(Wicker and Scher, 1986; Kahn ef al., 1995; Hendriks
et al., 1996). We have shown that transgenic expression
of the E41K Btk matant blocks the development of
recirculating follicular B cells, indicating that constitutive
zctivation of Btk induces the elimination of virgin peri-
pheral B cells. Fuether experiments are required to investi-
gate whether this elimination is causcd by the absence of
a basal antigen receptor signal that is thought to direct
developmental progression of B cells, or by the presence
of a signal that mimics B cell receptor occupancy by
self-antigens.

Materials and methods

In vitro mutagenesis

The E41K mutation was created by a G te A replacement at pasition
257 in the hBtk ¢DNA clone phBik2.55 in pBlueScrpt {Prabek e/ al,
1997). Double-stranded site-directed mutagenesis {Stratagene, La Joila.
CA) was performed with the E41K mutagenic primer 5-GCACA
AACTC TCCTA CTATA AGTAT GACTT TGAAC GTGGG-3" and &
39 bp Kpnl—Bgill selection primer, and the oblained mutant plasmids
were sequenced, using standard methods. From the original wild-1ype
hBtk and the E41X mutated ¢cDNA clone, 303 bp Pral-NalV fragments,
encompassing the first two exons and part of exon 3, were used in the
construction of the transgenes.

Construction of WT-hBtk and E41K-hBtk transgenes

The two transgene constructs WT-hBrk and EAIK-hBrk are shown in
Figure 1A. From the MHC class H Ea gene cosmid 32.1 (Carson and
Wiles, 1993} a 4.0 kb Kpnl fragment, conaining DNase [ hypersensitivity
sites (HS5) I and IT and a unique Pyal sitz at position +14 in the Ea
gene, was cloned into pBlueScript, using a Nosl-Smal-Kpal-Swal-
Xhol-Notl polylinker. The resulting pfasmid was partially digested with
Asp718 in the presence of ethidium bromide 1o introduce a 94 kb
AspT18 fragment from cosmid 32.1, encompassing HSS I to V.
Subsequemly, a 134 kb Nol fragment from this plasmid was cloned
into a Not-digested cosmid vecior pTLS (Lund et al., 1982), in which
the same polylinker as described above was introduced at a unique Bglll
site. In a mext step two fragments were cloned into this plasmid. using
the unique Pyul site in the Ea gene and the unigue Swal site within the
polylinkerz (1) 2 303 bp Peul-NialV WT or BH1K-mutated h8rk <DNA
fragment (as described above) and a 97 bp NalV-Swal (ragment
oblained by PCR amplification using primers at positions 46846 and
47029 of the hBik gene {Oelljen et af, 1997) and subsequent digestion
with MalV and Swal_ In the two resulting plasmids with the WT or
E41K-mutated first three 5tk exons, a 109 bp Safl-Xhol fragment
containing loxP sequences {obtained by insertion of a foxP oligonucleo-
tide, 5'-ATAAC TTCGT ATAGC ATACA TTATA CGAAG TTAT-3'
into the Asp?18 site of the pPolyHl vector) was cloned into the Xhol site
within the Netk-Smal-Kpnl-Swal-Xfiol-Nell polylinker. Subsequently, a
23,1 kb Swal-Sail fragment, encompassing Btk exons 5-19, was intro-
duced using unique Swal and Xiiol sites within the polylinker. This
23.1 kb Swal-Sall fragment was from a 32.9 kb cosmid which was
isolated from a mini-library constructed from a 340 kb YAC clone
containing the hBik geae (DeWeers er al., 1997). Finally, a ~4 kb Swal
fragment from the same cosmid clone, which contained Bik exon 4, was
immoduced into the unigue Swafk site,

Generation of transgenic mice

The WT-hBik and E41K-hBik constructs were digested with Netl to
release the ~38.2 kb DNA fragments shown in Figure 1. Gel-purified
DNA was injected into pronuctei of FVBXFVB ferilized oocyles at a
concentration of ~2 ngf#) and implanted into pseudopregnant female
mice. Taif DNA was analyzed by Southem bloting using a partiai h8ik
cDNA probe (bp 133-i153) to determine the genotype of the founder
mice and mice gencrated in subsequent crosses with B AecZ mice of
mixed 129/8vXC57BL/6 background (Hendriks et al., 1996).

Flow eylomettic enalyses
Preparation of single-cell suspensions and three- or four-color flow
cytometry have been described (Hendriks ez all, 1996). Intracellular flow
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cytometrie detection of cytoplasmic Btk protein was performed on cells
that were first stained for cell surface markers and subsequently fixed
in 2% paraformaldehyde and permeabilized vsing 0.5% saponin. Eveals
(383 10%) were scored using a FACSean or FACSCalibut flow cytometer
and aralyzed by CellQuest software (Becton Dickinson, Sunnyvale,
CA). The following moenoclonal antibodies were obizined from
Phammiogea (San Diego, CA): FITC-conjugated ami-B220/RAJ-6B2,
anti-HSAMI/6, anti-CD3, anti-DX35, and anti-BP-1/6C 3, PEconjugated
anti-CDAST, anti-CD11bMacl, anti-CD5Ly-E, anti-CDY, Cy-Chrome
conjugated anti-B220/RA3-682 and anti-CDS§, and biotinylated anti-
HSA/MI/6 and anti-IgM. PE-conjugated amti-FgD was purchased from
Southern Biotechnology (Birmingham, AL). Ani-CD23 (BIB4} and
anti-CD28/B7,2 (GLI} were purified monocional antibodies conjugated
1o biolin and FITC, respectively, according lo standard procedures.
Alfinity-purified polyclonal rabbit anti-Btk was from Phammingen.
Secondary antibodies used were TriColer- or PE-conjugated streptavidin
(Caltag  aboratories, Burlingame, CA), streptavidin- APC (Phammingen)
er FITC-conjagated goat anti-rabbit Ig {Nerdic, Capistrano beach, CA).

Ig detection and in vitro immunizations

Levels of [g subclasses in serum or cullure supematants were measured
by sandwich ELISA, using unlabeled and peroxidase-labeled anti-mouse
Ig isotype-specific antibodies (Southermn Biotechnology). Serally diluted
sera were incubated at room temperature for 3 h, and azino-bis-ethylbenz-
thiazoline sulfonic acid was used as a substrate. Anlibody concentrations
were calculated by using purified isotype Tg proteins as standards. TD
and TI-H immunizations and TNP-specific ELISA were essentially
performed as described previously (hMaas er al, 1997). Booster doses
were given after 5-8 weeks. Serum dilutions wese incubated at reom
temperaturz for 3 h and the biotinylated TNP-KLH step was overnight
at 4°C,

in vitro B cell cultures

Whole spleen cell suspensions from 7- to 16-week-old mice were
depleted of erythuocytes by standard NHCl Lysis and enriched for B cells
by incubation with anti-ThyE.2 (36-H12}, anli-CD4 (GKL.5) and anti-
CDE(YTS191) at room temperatire for 20 mir, and subsequent treatment
with mmbbit complement (Cedarlane Laboratories, Homby, Ontario,
Canada) at 37°C for 30 min. The fractions of B220% cells remaining
after trealment were determined by FACS analyses. The enriched 8
cells werz cultured in round-bottomed microcutture plates at a final
concentration of 10° B cells/well in RPMI 1640 culture medivm
supplemented with 5% FCS and $3107* M 2-mercaptoethanol, in the
preseace of SO pg/ml Escherichia coli LPS (serotype 026:B6, Difca
Laborateries, Detroit, M), several concentrations of polyclonal goat-
anti-mouse IgM (Southem Biotechnology), 10 pg/mi nat anti-mouse
CD40 (FGK-45.5, kindly provided by D.Gray), 100 ng/ml (JL~3 (R&D
Systems Inc., Minneapolis, MN) or 200 Elfm| (INF-y (R&D Systems
Inc.). To measure DNA synthesis, afier 2 days of culture cells were
pulsed with [*Hithymidine for 16-18 h, harvested and counted using
standard methods. Culture supernatants were assayed for Ig production
by ELISA on day 7. Expression of CD28/B7.2, CD23 and MHC class
1l was evaloated by flow cytometry al various time points.

Blochemical analyses

For Western blotting experiments, lysates of 2X 10° total spleen cells were
analyzed as described (Hendriks ef al., 1996). Subcellular fractionation,
immunoprecipitations and in vitro kinase assays were performed essen-
tially as described previously (DeWeers et al, 1994b), A polyclenal
rabbit anti-hBIGST ansiserum {kindly provided by C.Kinnon) was used
for Western blotting and for Btk immunoprecipitation. Rabbit anti-hBtk
(mised against a peplide containing aming acids 6988 and used as
biotinylated purified Ig; DeWeers ef af., 1994h) and anti-pTyr (4G10,
Upstate Biotechnology Inc., Lake Placid, NY) were used in immuno-
blotting.

Immunohlistochemistry

Spleens were embedded in OCT cempound; frezen 3 pm cryostat
sections were fixed in acetone or pararosaniling and single- and double-
labeting was performed as previously described {Defong et al, 1991
Lecnen ef al., 1998). Monocfonal antibodies anti-B220/RA3-6B2, anti-
CDIMKTI, anti-CD1ic/N418 (Steinman ef al., 1997}, ER-TRT (VanVliat
et al, 1986), ER-TRY and MOMA-1 (Kraal, 1992) were applied
as hybridoma culture supematants; biolinylated anti-IgM was from
Pharmingen, anti-IgD was from Southermn Biotechnology and biotinylated
PNA from Sigma (St Louis, MO). Second-step reagents weré perotidase-
labeled goat anti-rat kg (DAKO, Glostrup, Dearnark) or anti-hamster Ig

{Fackson TmmuncResearch Eaboratories, West Grove, PA) and goal anti-
at Ig alkaling phosphatase (Southern Biotechnolegy).
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Abstract

We generated transgenic mice that express a constitutively acfivated form of the
eytoplasmic tyrosine kinase Btk, the E41K gain-of-function mutation, under the control of the
CD19 promoter. In these mice, B cell development was arrested at the transition of IgM™" to
IthighIgD' tmmature B cells in the bone marrow, representing the first immune tolerance
checkpoint where auto-reactive B cells hecome susceptible to apoptosis, A correlation was
observed befween Btk activity and Ig /A L chain usage: the proportion of Ig A L chain
expressing B cells was inereased in E41K-Btk transgenic mice and decreased in mice with a
targeted deletion of the Btk gene, We also observed that Btk™ cells accumulated within a
subpopulation of small resting pre-B cells, These findings in the mouse define a role for Bk in
Ig I chain assembly at the transition of pre-B to immature B cells, coinciding with the
developmental arrest in X-linked agamma-giobulinentia in nran,

Introduction

B lymphocyte development in the bone marrow is characterized by assembly of immunoglobulin
(Ig) heavy (H) chain and light (L) chain variable region genes from component V, (D) and J gene
segmnents (reviewed in Tonegawa, 1983; Rajewski, 1996). V(D) recombination is a highly ordered
process, initiated by DNA rearrangements at the H chain loci in pro-B cells. The expression of a
functional p H chain is monitored through the formation of a pre-B cell receptor (pre-BCR)
complex, together with A5 and VpreB proteins (Melchers ef af,, 1995). Signaling through the pre-
BCR results in feedback inhibition of H chain V{D)J recombination to ensure altelic exclusion and
IL-7 dependent proliferative expansiots. The rapidly proliferating pre-B cells then exit cell cycle and
performt Ig L chain gene rearrangements (reviewed in Lin & Desiderio, 1995). Productive L chain
expression leads to the formation of complete Ig molecules and the transition of pre-B cells into
surface IgMJrIgD“ inumature B cells, With the acquisition of antigen specificity, maturing B cells
pass through a tolerance-suscepfible stage (Goodnow, 1996). Auto-antigen binding in newly
generated IngD“'IgD' B cells results in continusgi ég L chain rearrangement, i.e. recepter editing. In

18

constrast, B cells that have advanced to the IgM =" stage lose this ability and concomitantly acquire

sensitivity to antigen-mediated apoptosis (Tiegs ef al., 1993; Melamed et al., 1998). Ithigh B cells
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that do not bind {o awte-antigen acquire various differentiation markers on their cell surface, such as
Igh, CD2] and CD23, and migrate out of the bone marrow to colonize peripheral lymphoid organs.

One of the molecules that is involved in BCR signaling and directs B cell development is the
Tec family non-receptor tyrosine kinase Btk (Bruton's tyrosine kinase), which when mutated results
in X-linked agammaglobulinemia in humans and X-linked immunodeficiency {(xid} in mice
(reviewed in Sideras and Smith, 1995; Desiderio, 1997). Patients with XLA have very low B cell
numbers in the peripheral blood, and those few B cells present exhibit an immature Ithigh
phienotype (Conley, 1985). As the numbers of pre-B cells in the bone marrow are not significantly
reduced, XLA reflects impaired developmental progression or increased cell death at the pre-B to B
cell transition. XLA patients manifest protracted recurrent bacterial infections due to a profound
reduction of serum Ig of all classes.

The xid phenotype, present both in CBA/N mice carrying an Arg2g mutation and in mice with
targeted disruptions of Bek in their germ line, is distinet from XLA (Scher, 1982; Kahn et af., 1995;
Hendriks er al., 1996). Compared to normal mice, Btk-deficient mice have ~50% fewer B cells in
the periphery, with an over-representation of immature IthighIgD]""w cells. The CD5" B-1 B cell
population is absent, and the levels of IgM and IgG3 in the serum are reduced. Although Btk-
deficient mice do not make antibodies to a subset of T cell independent (TI} type II antigens, they
arc able fo respond to most T cell dependent (TD) antigens. Bik-deficient B cells do not enter §
phase when triggered through the B cell receptor (Scher, 1982; Kahn, 1995). Whereas xid is
characterized by a defect in peripheral B cell maturation and function, there is no substantial block
in early B cell development, as in XLA. Nevertheless, by analysis of competition in vivo between
wild-type and Btk-deficient cells, it was shown that the first selective disadvantage of Bik-deficient
cells in the mouse is also at the transition from pre-B o immature B cell (Hendriks ef al., 1996).

Btk is a 659 amino acid protein that contains a single C-terminal catalytic domain, the Sre
homology domains SH2 and SH3 and a unique pleckstrin homology (PH) domain at the amino
terminus, with an adjacent proline- and cysteine-rich Tec homology (TH) domain (see for review:
Sideras and Smith, 1995; Desiderio, 1997). Btk is expressed throughout B cell development, but not
in plasma cells (de Weers ef al., 1993; Sideras and Smith, 1995; Hendriks ef al., 1996). It has been
shown that Btk tyrosine phosphorylation and in vitre kinase activity increase upon BCR stimuiation
(Saouaf ef al., 1994; de Weers ef al., 1994; Aoki ef al., 1994). BCR engagement leads to activation
of phosphatidylinositol  3-kinase (PI3-K), which generates the second messenger
phosphatidylinositol-[3,4,5}triphosphate (PtdIns-3,4,5,-P1}. In concert with Sre family kinases
{Rawlings et al., 1996, Wah! e/ al., 1997), PidIns-3,4,5,-P; initiates Btk activation by targeting the
kinase to the plasma membrane through interactions with the Btk PH domain (Salim ef al., 1996;
Scharenberg ef al., 1998; Bolland ef al., 1998). These interactions are critical to the activity of Btk
and result in PLC-y tyrosine phoesphorylation, inositol triphosphate (IP3) preduction and caleium
mobilization. This pathway is inhibited by engagement of the Fe receptor yIIB through the activity
of SH2-containing inositol polyphosphate (SHIP) which regulates the association of Btk with the
membrane by reducing the level of PIP3 (Bolland er al., 1998; Scharenberg et al., 1998).

surface
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Bik-deficient B cells exhibit a reduced IP3 peak levet and Cat flux following BCR cross-
linking (Fluckiger ef al., 1998). Conversely, a consitutively active form of Btk, E41K, a Glu-to-Lys
mutant at position 41 in the PH domain close to the predicted inositol phosphate binding site
(Hyvénen and Saraste, 1997) is associated with increased membrane localization and {yrosine
phosphorylation of Btk (Li ef ai., 1995). Expression of the E41K Btk mufant was shown to stimulate
growth of NIH 3T3 fbroblasts in soft agar (Li ef al., 1995), to enhance the sustained increase in
[Ca2+} following BCR cross-linking in Ramos B cells (Fluckiger ef af., 1998), and to enhance blast
formation of splenic B cells in response to BCR cross-linking (Dingjan ef al., 1998). Transgenic
expression of the BE41K Btk gain-of-function mutant driven by the MHC class IT Ea gene locus
control region resulied in an immunodeficient phenotype that is more severe than xid: recirculating
B cells were lacking, in vivo B cell responses to TD or TI-II antigens were essentially absent and
splenic architecture was disrupted (Dingjan er al., 1998). The arrest in development in the spleen
coincided with a marked increase in expression of the transgene during maturation from Ithigh to
Ingow B cells,

To be able to study the effect of constitutive activation of Btk in early B cell development, we
generated transgenic mice in which expression of wild-type or E41K human Btk (hBM’WF or
hBE EK) is driven by the human CD19 promoter, which contains a critical high-affinity binding
site for the B-cell-specific transcription factor BSAP/pax-5 (Kozmik ef al., 1992). Expression of a
human CD19 transgene was reported to be completely restricted to the B cell lineage and to appear
carly in development (Zhou ef af,, 1994). Here, we show that transgenic expression of the E41K Bik
mutant driven by the CD19 promoter resulted in an arrest at the transition of IgM™Y to IgpPigh
immature B cells in the bone marrow, and in an increase of the proportion of Ig A L chain
expressing cells. Conversely, mice with a targeted deletion of the Btk gene (Hendriks ef al., 1996)
had decreased proporiions of & expressing B cells. A role for Btk in Ig L chain assembly was further
supporied by the observed accumulation of Btk-deficient cells within a subpopulation of small

resting pre-B cells.

Results

Transgenic expression of 0BT and hB"M® under the control of the CD19 promoter

A 6.3 kb genomic fragment with the CD19 promoter, containing the critical BSAP/pax-5 site
(Kozmik ef «l, 1992), and 5' flanking DNA was used to express the hBeYT and hBgEAK
transgenes (Figure 1A). To construct the transgenes, a 27.4 kb hBtk ¢cDNA-genomic DNA fusion
segment containing either the wild-type or the E41K mutant human Btk was ligated at an Mspl site
in exon ! of the human CD19 gene, located I8 bp 5' of the ATG translation start, After micro-
injection into fertilized oocytes, two CD19-hB™ T and four CD19-hBAEHE founder mice were
obtained. These founders were mated onto a Btk-deficient background, in which the Btk gene is
inactivated by a targeted in-frame insettion of a facZ reporter (Hendriks ef al., 1996), The offspring
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of these founders did not exhibit developmental defects or any increased susceptibility to
malignancies for over 9 months of age.

In the transgenic lines, expression of Btk was detected by Western blotiing analyses {data not
shown) and intracellular flow cytomelry using a polyclonal rabbit antiserum specific for Btk (Fig.
1B). Expression of transgenic Btk was restricted to B220" cefls and increased while bone marrow B
cell progentiors matured to surface Ig+ peripheral B cells, As compared to the endogenocus levels,
both CD19-hBk"™ " and CD19-hBik"HE transgenic B cells manifested a significant overexpression
of Btk protein, in particular in the peripheral Iymphoid tissues. T cells, granulocytes, menocytes and
macrophages did not express detectable amounts of transgenic Btk (data not shown).

E41K
-
Eg EFASs s E E E EE EE EE
i E ‘I 1: | ‘]l ll!!l‘:ll: ::: ‘
13 4 5 01’ SI012 13415 151118 19 LogP
hCD19 human Btk

cb19-hei"T cp19-hamk '

Pra-/pro-
B cells

Immature
B cells

Mature
B celis

Figure 1. Structure and expression of the CDI 9-1nBek™" and CDI19-hBaEHK transgenes.(A) Map
of the transgene constructs, showing the 6.3 kb hwman CD19 promoter region and the 27.4 kb hBrk
cDNA-genomic DNA fusion segment with exons 1 to 19, as well as a loxP sequence. The position of
the E41K mutation in exon 3 is indicated. E=EcoRI, Eg= Fagl; P=Pvul; $=8wal, (B) Intr acellrdm
Btk expression in B cells from 2-month-old non-transgenic Bkt or Bi mice, and CDI9-hBUMHT
and CDI19-hBiFHK transgenic mice on the Btk background. Cell suspensions were siained for
surface B220 and IgM and subsequently for intracellular Bik. Ti:e indicated populations of pro-
/pre-B cells (32201 OWigh') and immature B cells (3220] OngM ) firom bone marrow, as well as
mature B220+IgM B cells from spleen were gated and analyzed for Btk expression. The results
are displuyed as histograms of the indicated mice (solid lines), together with the background

staining as determined in Btk mice (dashed lmes) Data are from 10 total events (B cell numbers
were significantly lower in the CD19- hBaEHK -ansgenic mice, see Table 1),
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Tabie 1.
Frequencies of lymphocyie populations in CD19-hBik™ T and CD19-hBrE4IK transgenic mice

Compartment Cell population Non-transgeiic CD19-hBtk Y T CD19-hBrEA1K
Btk T Btk

Bkt Bik- Btk * Btk
Spleen ) Nucleated cells, x10°0 114+29 58113 103:17 8821 47414 40:11
B220" cells, % 4245 2213 3817 4245 0.2+0.1  0.5+0.4
CD3TCDAY Teells, % 2733 2042 23:l 2644 4135 4242
CD3TCD8T Teells, % 14543 1941 1441 14x1 3015 3047
Lymph Node B220 cells, % 1812 6+0.4 20£0.3 1941 <01 <0.1
CD3 CD4T T eells, % 5084 56+1 4782 4742 65¢4  631d
CD3TCD8Y Teells, % 25:3 3242 2644 26+l 3413 3614
Blood B220" cells, % 5242 27402 ND® ND <0.1 <0.1
Peritoneum  CDS' IgM+ B cells, % 2448 0.5£0.2 22114 1915 0.910.2 1104
CD5~ IgM' Beells, % 34:7 1914 24¢] 2816 0.6+0.5 0.740.7
cpst IgM ™ Tcells, % 30:6  48+1 28+1 3045 64£15 629
Bone B220 " cells, % 48+5 3518 46+8 4743 27+4 2515
Marrow  Ig pro/pre B cells, % 2944 2345 3216 3022 2244 214
IgM IgD™ Beells, % 1012 932 942 10+5 411 341
IeM gD Beells, % 843 341 542 742 0.0 02402

The phenotype of Iymphocyte populations were determined by flow riyiomehy; dead cells and high
side scatter cells were excluded by gating. 4 Bk Y inice were Btk /Y males or Btk - Semales,
Btk ™ mice were Btk /Y males (Hendriks et al., 1996). ) mice were 6-9 weeks old, Data are mean
values standard deviations from 5-10 mice analyzed per group, except for blood, where values are
Sfrom 2-4 mice per group, ) ND = not determined,

Transgenic CD19-hBiEK cxpression blocks B cell development af the immature B cell stage

To examine the offect of CDI-hBA&™' and CD19-hBEHK expression on B cell
development, total cell suspensions from various lymphoid fissues from trapnsgenic and non-
transgenic mice, either on a Btk or a Bik background were analyzed by flow cytometry {Table 1;
Figure 2). As previously described (Hendriks ef al., 1996), the Btk™ mice had fewer mature B celis
(~30-50% of normal) in spleen, lymph node, peripheral biood, and bone marrow (B22('}'}""=’>h1g1'\r1+
fraction; Figure 2A). In addition, these¢ mice exhibited a specific deficiency of mature
IgM"’“’IgD‘“gh B cells in the spleen (Figure 2B), and CDS' B-1 B cells in the peritoneal cavity
(Figure 2C). In mice that expressed the CD19-hBek™VT transgene on the Btk™ background, a
comflete correction of the B cell numbers was observed in all lymphoid tissues analyzed. On the
Btk background, expression of CD19-hBe™* did not appear o have any effect on the sizes of B
cell subpopulations (Table 1} Figure 2).
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non-Tg  CDI1S-hBIK" CDig-hsK=™

Btk*
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b coio-hBi"™ cp19-hBiF ™
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Figure 2. The effects of transgenic CD19-hBit™" and CD19-hBuEK expression on B cell
development. Flow cytomelric analyses of (A) bone marvow, (B) spleen, and (C) peritoneal cavity of
the indicated mice on the Bk or Bk background. Single cell suspensions were stained with
biotinylated anti-IgM and streptavidin-TriColor, and either FITC-conjugated anti-B220, PE-
conjugated {gD or PE-conjugated anti-CDJ3. Data are displayed as dot plots of total lymphocytes,
wiich were gated on the basis of their fon-s'ard and side seatter characteristics. Percentages of fotal
ymphocytes within the indicated gates are given. Dafa shown are representaiive of the mice
examined (Table 1),
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In contrast, fransgenic CD19-hai R expression resulted in a block of B cell development at
the immature B cell (B220]°“'IgM+IgD") stage in the bone marrow, irrespective of the Btk or Bk
background. Compared with wild-type or Btk™ mice, the size of the immature B cell population was
reduced by a factor of fwo to three, and lacked Ithigh cefls (Table 1; Figure 2). The almost
complete absence of the 1.’»220[”8}‘1;;,}'«1Jr population of mature recirculating B cells in bone marrow
and peripheral lymphoid compartments indicated a reduction of the mature B cell pool to <1% of the
normal size (Table 1; Figure 2). Tn addition to the defect in conventional B cells, the CD19-
nBerBAIK transgenic mice also lacked both CDS5' and CDS™ B-1 B celis in the peritoneal cavity. The
six groups of mice analyzed did not manifest significant differences in pro-B or pre-B cell fractions
in the bone marow, as assayed by expression of the surface markers B220, CD43, heat stable
antigen and BP-1
(Hardy ef al., 1991); they also did not manifest differences in the thymocyte subpopulations (data
not shown). In the CD19-haktk {ransgenic mice a relative increase of the proportions of T cells
was observed in spleen, lymph node and peritoneal cavity (Table I).

Igh is present, but antigen responses are defective in CD19-hBnFHK transgenic mice

To evaluate the capacities of the residual B cells present in the CD19-hBiEAIK {ransgenic mice,
we analyzed serum Ig levels and iy vive immune responses.

Serum Ig levels were determined in 2-month-old CD19-b84™ T and CD19-hBEK transgenic
mice, with non-transgenic Btk' and Btk mice as controls (Figure 3A). The levels of [gM and 1gG3
in the sera of Btk™ mice were decreased as compared with those in control Bk? littermates (Scher,
1982; Kahn ef al. 1995, Drabek ef al., 1997). This defect was corrected by transgenic CD19-hBi™ T
expression: IgM levels wete somewhat elevated and IgG3 levels were in the normal range. By
contrast, in CD19-hBrPHK transgenic mice the serum levels of IgM were low, with values between
those for Bik-deficient and conirol mice. Notably, the serum levels of all other subclasses were
strongly reduced, whether on the Bik' or Bik" background (Figure 3A). In the CD19-hBiPHIK
transgenic mice the serum IgM levels increased with age: when the mice were 6-7 months old, the
IgM concentration in the serum was ¢levated, as compared to normal or CD19-hBuWT transgenic
mice (Figure 3B). At this age, [gG1 and IgG2a remained undetectable, IgG2b and 1g(G3 were in the
range of Btk™ mice and IgA was vatiable.

The finding of substantial IgM levels in CD19-hBu 1K transgenic mice implied that - in spite
of the reduction of the mature B cell pool to <1% of the normal size - significant numbers of IgM
secreting plasma cells were present. To investigate whether functional antibodies could be produced,
we analyzed the immune responses to a Tl fype II antigen, dinitrophenol{DNP)-Ficoll, and a TD
antigen, trinitrophenol-keyhole limpet haemocyanin (TNP-KLH).

Consistent with the reported findings (Scher, 1982, Kahn et al., 1995, Drabek ef af., 1997}, the
Btk™ mice were unresponsive to DNP-Ficoll: the detected NP-specific IgM or IgG3 levels at day 7
after i.p. injection did not differ from the values of unimmunized animals. Whereas expression of the
CD19-hBi™t transgene restored the TI type II response, expression of the CD19-hBr K
transgene abolished this response, already on the Bik' background (Figure 3C).
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The primary IgM response at day 7 or the secondary IgG1, 1gG2a or 1gG2b responses, at day 7
after booster injection with TNP-KLH, were not significantly different between Btk", Btk or CD19-
hBieYT transgenic mice. However, the CD19-hB B4 transgenic mice were unable to mount
detectable primary or secondary humoral immune responses against the TD antigen TNP-KLH
(Figure 3D).

In summary, we conclude that those few B cells that populated the peripheral immune system
and were able to develop into plasma cells did not respond productively to TD or TI type II antigens,
Follicrlar and marginal zone B cells are absent but plasma cells are present in CD19-hBHK
mice

Seven days afier booster injection with the TD antigen TNP-KLH, the spleens from 3-month-old
non-fransgenic, CD19-h8&™" and CD19-hBAHK transgenic mice, each on the Btk' or Bk
background, were examined by immunochistology. Double labelings of serial spleen sections with
monoclonal antibodies specific for B cells (anti-IgM, anti-IgD and anti-B220), T cells (anti-CD3),
metallophilic macrophages (MOMA-1) or interdigitating dendritic cells (anti-CD11c/N418), as well
as peanut agglutinin (PNA) are shown in Figure 4. The spleens of non-transgenic or CD19-hakYT
mice, either on the Btk or Btk™ background, demonstrated a characteristic histological organization,
in terms of separate T and B cell areas in the white pulp, with T cells surrounding ceniral arterioles
{Figure 4, a-d) and B cells in foilicles (a-c,e-g,i-k) with pNAT germinal centers (e-g), In these mice,
the marginal zones at the outer boundaries of the whife pulp contained ing"w B cells, as well as
MOMA-1 macrophages interrupted with nests of strongly N418-expressing dendritic cells that
form bridging channels into the red pulp (Steinman ¢f al,, 1997),

By contrast, in the CD19-hpiPA1K transgenic mice only few B cells were detected. They were
present partly as isolated cells in the T cell areas, and partly in small clusters, close to the N41ghigh
dendritic cells at the periphery of the white pulp nodule (Figure 4, d,h,j). There was no evidence for
the presence of a distinct marginal zone, as the outer boundary of the white pulp did not contain
B220" cells and MOMA-1¥ metallophilic macrophages were largely absent, except for the
incidental presence of some MOMA-1¥ cells close to the small B celi clusters (Figure 4p). In the red
pulp, lgM+ plasma cells were present in apparently normal numbers (Figure dd). Consistent with the
absence of TD immune responses in vivo, pNAt germinal center B cells were not detectable (Figure
4h).

In summary, these findings show that in CD19-hBiEHK transgenic mice, those few B cells that
emerged from the bone mamrow did not develop info follicular or marginal zone B cells, but were
present in T cell areas and were subsequently driven into plasma cell differentiation.

The splenic B cells in CD19-hBPIK transgenic mice have an aberrant surface phenotype
The residuai splenic B cells of CD19-hB™K transgenic mice were further characterized by

three- and four-color flow cytometry, As shown in Figure 5A, those B220" B cells present

manifested close to normal IgM expression on the membrane, but the level of cell surface IgD was

decreased, as compared to CD19-hBk™ ' transgenic B cells. The B cells manifested a normal
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forward scatter profile and did not appear to belong to the B-1 lineage, as CDS or Mac-f were not
present on the cefl surface (data not shown). The B cells had a B220"°YHSAME! phenotype,
reminiscent of recent emigrants from the bone marrow that have not yet differentiated into mature
B220MEMHS ALY cells of the fong-lived B cell pool (Allman er al, 1993). The lack of
B220MEPHSAPY cells (Fig. 5A) indicated that in CD19-hBA"HE transgenic mice those fow
immature B cells that have left the bone marrow failed fo mature in the spleen info long-lived
recirculating cells.

Figure 3. Sertm Ig levels gnd humoral immune responses in CDI 948tk T and cp19-nput! K
transgentic mice. (A, B) Serum concentrations of the indicated Ig subclasses in non-transgenic Brk+
or Btk mice, CDI 9—IJB!RWT fransgenic mice on the Btk+ or Bik™ background, as well as CD19-
npuEAK transgenic mice on the Bkt or Bk background. Mice were 2 months (4} or 6-7 months
{B) of age. (C) igM and IgG3 responses against the TT type Il antigen DNP-Ficoll at day 7 after i.p.
injection. (D) Primary IgM responses against the TD antigen TNP-KLH (determined 7 days after
i.p. infection} and secondary TD responses of the indicated subclasses (determined 7 days after an
Lp. booster injection approximately 4 weeks after the primary tmmnization). Pre-immune levels
were <10 Uil for IgM, <2 Ulnl for 1gG3, <5 g/mi for IgG2a and <10 g/mi for IgG1 aud IgG2b.
Mice were 2 months old, total or NP-specific Ig levels were determined by ELISA and each symbol
indicates an individual animal. (Next page).
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Btk and Ig I, chain assembly

E41K

Btk® Btk CD19-hBtk "' CD19-hBtk

Figure 4. Histology of the spleen from CD! 9-hB*T and CD19-hBaEVK transgenic mice,
Dhimunolistochemical analysis of 5 m splenic frozen sections from Biic* mice, Btk™ mice, as well as

cD19-hBtk™ T and CD19-nBHEK transgenic mice on the Btk™ background. Sections were stained
with anti-CD3 (blue, a-d) for T cells, anti-IghM (brown, a-d), anti-IeD (blue, e-h) or anti-B220 (blue,
i-f) for B cells, PNA (brown, e-h) for germinal center B cells, anti-CDI1c/N418 (brown, i-p) for
dendritic cells and MOMA-I (blue, m-p) for metallophilic marginal zone macrophages. Open
arrows indicate the presence of plasma cells in a-d or PNA" germinal centers in e-g. Closed arrows
indicate the location of small clusters of B cells (d1,1) or MOMA-1 Y cells () in CD19-hBHEVK
transgenic mice. Original magnifications are 16x.
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A -~ cD19-hBiIYT cD19-haiEYK
h ] % -
16 2

Btk-
CD19-hBIkWT
CD19-hBIkE/K R
MHCII-hBtkWT & :
MHCH-hBikESK T

R S e o
Proportion of ig At cells (%)

Figure 5. Aberrant surface phenotype of CD19-hBiFHK transgenic mice. (A) Surfuce profiles g[
splenic B cells. B220" cells were gated and analyzed for IgM and IgD expression (lop). CDI9

cells were gated and analyzed for B220 and HSA expression (wmiddle) or B220 and Ig ) L chain
(hottom). Data are displayed as dot plots, and the percentages of gated cells within the indicated
quadrants are shown. (B) The proportions of Ig )\ L chain expressing cells of the total
220t cpi9t fraction in the spleen (left) and of the Ig+B220’ YeDI9Y inumature B cell fraction in
the bone marrow (right} of the indicated mice as determined by flow cytometry. Dala are shown as
mean x standard error from 5-10 mice per group, except for the MHCH-hBIKEYX mice where 3

mice were analyzed.
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Btk and Ig A L chain expression

In normal mice ~95% of B cells express Ig « L chains, while only ~5% express A L chain, In
CD19-ha#EHE transgenic mice the proportion of Ig & L chain expressing cells in the spleen was
found to be increased to ~9.0%, compared to CcD19-h3k VT transgenic mice (~6.5%) or wild-type
mice {~4.9%) (Figure SAB). Conversely, in Btk™ mice we noticed a significant reduction of the
proportion of Ig 2t cells to ~2.3%. When we analyzed the transgenic mice in which the expression
of the E41K Btk mutant is driven by the MHC class I LCR (Dingjan ef «f., 1998), also a significant
increase in the proportion of Ig A L chain expressing cells in the spleen was observed (Figure 5B).

To further investigate whether the expression of A L chain is more dependent on Btk function
than x L chain, we investigated the competition in vive between Btk and Btk™ 27 B cells in female
Bik™" heterozygous mice. In these mice, expression of the disrupted Btk allele could be monitored
by lacZ expression (Hendriks e af, 1996). Because of the process of random X-chromosome
inactivation, ~30% of the B-lineage cells will have the disrupted Btk allele on the active X
chromosome. When these cells reach a differentiation stage at which Btk is required, their further
development is arrested and the proportions of lacZ' cells decrease below this value of 50%
(Hendriks ef al., 1996). In 4-month-old female Btk heterozygous mice, we found that the fraction
of lacZ" cells in the most immature population of IgD'*¥B220" B cells in the spleen was 22% + §
(1=5). However, within the subpopulation of surface Ig A L chain positive IgD°¥B220" B cells, the
fraction of lacZ" cells was only 11% % 4 (n=5). Consistent with our findings in wild-type and Btk
mice {(Figure 5B), we found that within the immature IgD"’“’B220+ splenic B cell population of
heterozygous Btk females, the proportion of Ig A L chain expressing cells was 4.4% + 0.7 for
lacZ " Bik* cells, and 1.9%+ 0.5 for lacZ" Bk cells.

The reduction of Ig A L chain expression in Btk™ mice was confirmed in an Ig A-specific ELISA:
the percentage of A L chain containing 1gM in the serum was found {o be <0.4% in Btk™ mice,
4.4%t0.4 in wild-type littennates and 6.9%+0.8 in CDI19-hB#™ T transgenic mice. In the CD19-
hBuPHIK transgenics this fraction was rather variable, ranging between 1.1% and 8.7%.

The observed differences in k/A ratios could partly result from differences in peripheral B cell
selection mechanisms between the mouse groups, Therefore, A L chain expression was also analyzed
in the fraction of B220l°ng+ immature B cells in the bone marrow, and was found to be ~2.0% in
Btk™ mice, ~3.2% in heterozygous Blk+/' females, ~4.9% in wild-type mice and ~6.6% in CD19-
ha™ T transgenic mice (Figure 5B). The low levels of Ig expression on the surface of immature B
cells in CD19-hBB4IK transgenic mice {Figure 2A) precluded a reliable estimation of x/A L chain
distribution. These data demonstrated that the correlation between Btk activity and Ig x/A L chain
usage was already present at the level of the immature B cell in the bone marrow.

Accumulation of Btk cells within the pre-B cell population

We previously reported a selective disadvantage of Bk~ cells to contribute o the population of
immature B cells in the bone marrow, as in heterozygous Bk female mice the percentage of lacZ
expressing cells decreased from ~50% in pro-B and pre-B cells to ~30% in'immature IgM+ B cells.
(Hendriks ef al., 1996). This finding could reflect a selective disability of Bik™ cells in Ig L chain
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assembly at the small pre-B cell stage, or alternatively a decreased survival of Btk cells within the
immature B cell population, To discriminate between these two possibilities, we tried to identify
subpopulations of cells within the pre-B cell or immature B cell stage that would manifest an
accumulation of cells that are blocked or delayed in development. In such subpopulations, the
proportion of lacZ+ cells was expected to be >50%.

A four-color flow cytometric analysis of bone marrow suspensions of 5 week-old Bik™ and Bk
males, as well as heterozygous Blk+/' females was performed, using the markers B220, CD43/87,
IgM and facZ. The earliest slages of B cell development, pro-B cells and large cycling pre-B cells
express CD43 on their cell surface but the expression is down-reguiated at the transition to smal}
resting pre-B cells which are 1eM CD43%Y~ (Hardy er af., 1991). Within this 1gM CD43 %
population of small resting B cells, we identified a subpopulation of IgM CD43™ cells, in which
Btk™ cells appeared to accumulate: the size of this subpopulation was 1.5% + 0.4 of all B220% in
wild-type mice (n=3), 7,1% + 2.2 in Btk” mice (n=4) and 4.4% + 1.8 in Bt heterozygous females
(n=5) (Figure 6). Most importantly, when Btk™ cells were in competition with wild-type cells in vivo
in the Bk heterozygous female mice {n=5), a substantial accumulation of lacZ" Bik™ cells was
observed within this IgM CD43" subpopulation, which contained 72% + 9 lacZ™ cells (Figure 6).

Within the fraction of immature B cells (IgM+IgD'), we could not detect any accumulation of
Bk~ cells: the fraction of lacZ™ cells was ~30%, irrespective of the surface IgM expression level
{(data not shown). In summary, these findings in male Btk™ and female Btk™" mice indicate an
accumulation of Bik™ cells within the pre-B cell population, as a result of impaired progression into
the stage of immature sigM expressing B cells.

A . Btk*male Btk” male _ Btk*" female

—CD43uup

B i 0.6% 96% 81%
,.g, [ ] ] 2 I
8 . - - .‘Lr
; * . s - - O -f' “- a1 .=“'-‘
LacZ .
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Figure 6. Btk cells are arrested at the pre-B cell stage. (A} Surfuce CD43-IgM profile of B220%
cells from bone marvow of the indicated mice. For each sample the percentage of total B2207 cells
wihich is within the indicated gate of CD43 IgM pre-B cells is indicated. (BY The gated
subpapulation of CD43 Igh pre-B cells were analyzed for lacZ expression and the resulls are
displayved as histograms. The percentages of lacz™ cells within Sraction A are indicated. The data
shown are representative of 3-5 mice exainined within each group.

Discussion

We have generated transgenic mice in which expression of wild-type human Btk or the E41K
Btk mutant is under the control of the promoter and §* flanking region of the CD19 gene. High-level
Btk expression was obtained, specifically in B cells, but since the transgene constructs used
contained ~27 kb of genomic DNA from the Btk gene itself, it is very well possible that Btk
endogenous regulatory elements coniributed to the expression patterns of the transgene. When the
CD19-hBuN T transgenic mice were mated onto a Btk™ background, correction of all xid features
was observed, comparable to our earlier findings in transgenic mice in which Btk expression was
driven by either the MHC class 11 Ea gene locus conirol region or endogenous regulatory regions in
a 340kb yeast artificial chromosome (Drabek et al,, 1997; Maas et al,, 1997; Dingjan et al., 1998).

Constitutive activation of Btk leads to a developmental block at the immature B cell stage

The present data demonstrate that expression of a constitutively activated form of Btk, the E41K
mutant, causes an almost complete arrest of B cell development within the IgM+IgD"_immature B
cell population at the progression from Ingow to Ithigh igD™ B cells. Since the IthighIgD'
immature B cell stage reflects the first intmune tolerance checkpoint where auto-reactive B cells
become susceptible {0 apoptosis, we conclude that constitutive activation of Btk mimicked B cell
occupancy by selftantigens, An alternative explanation, that expression of the CD19-hag R
transgene would impede basal BCR signaling, which is thought to direct developmental progression
of B cells, scems less likely, because in mice which lack essential signaling components of the BCR
complex, such as the CD79 (Iga) cytoplasmic tail or the syk tyrosine kinase, B cell development is
arrested at a slightly later stage, ie. the stage of recruitment of IthighIgD_ immature B cells into
the circulating B cell poot (Torres et al., 1996; Tumer et al., 1997).

The phenotype differed markedly from our previously reported MHCI-harE4 1K
mice, which did not show detectable defects in developing B cells in the bone marrow, but
manifested a deficiency of recirculating B cells (Dingjan et al., 1998). The differences between the
two BtkPHE expressing mouse strains most likely resulted from differences in the expression level

of the transgene in the bone marrow, which was found to be higher in the CD 19-hBeF4IK

transgenic

transgenic

mice.
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Constitutive activation of Btk drives peripheral B cells into plasma cell differentiation

In the CD19-hBeZHE transgenic mice the block at the Ithigh immature B cell stage was
teaky, allowing very small numbers of B cells to populate the peripheral immune system. Such cells
were almost exclusively found in the spleen as B220°¥HSAMER cells, which normally represent
immature B cells that have just left the bone marrow. In parallel to our findings in the of MHCII-
hBEAK fransgenic miice (Dingjan ef al, 1998), the expression of BPHE further impeded
follicular entry of these cells, as B220MEEHSA®Y cells were absent in the spleen and recirculating B
cells in the bone marrow or lymph nodes were completely lacking.

In spite of the reduction of the mature B cell pool to <1% of the normal size, significant numbers
of IgM secreting plasma cells were present in the splenic red pulp, Serum IgM levels were
substantial, and increased with age to levels that were elevated, as compared o those in normal
mice. However, specific TD or TI antibody responses were lacking, indicating that B cells failed to
interact productively with T cells or antigen presenting cells. Therefore, we conclude that
constitutive activation of Btk drives the residual B cells that have been able to emerge from the bone
marrow into plasma cell differentiation, apparently without functional selection.

Btk and Ig L chain assembly

Our findings in the Btk-deficient mice and the CD19-hBi 1K transgenic mice indicate a role
for Btk during the L chain rearrangement process at the transition of pre-B cells into immature B
cells.

Btk-deficient celis accumulated within a subpopulation of small resting B cells, suggesting a
delay in the onset of L chain rearrangement. In this respect, Btk™ deficient mice show resemblance
with mice carrying a targeted deletion in the Ig x locus, which manifest an increase in the percentage
of small resting CD43™ pre-B cells (Zou ef al., 1993; Chen ef al. 1993). It is possible that Btk is an
essential transducer of signals that initiate rearrangement of the Ig L chain locus, e.g. by regulating
the re-expression of the RAG gene products, which are absent in the large cycling pre-B cells and re-
activated in the small resting pre-B cells (Grawunder et al., 1995). This would be supported by the
finding that expression of the RAG genes is dependent on BCR signaling in immature IsM'®¥ B
cells (Melamed et al,, 1998). Btk could also iransduce signals that result in changes in chromatin that
allow the recombinase access to the Ig L chain gene segments. This would be analogous {o findings
in the T cell system, in which anti-CD3e treatment of CD4 CD8" cells of RAG-deficient mice
induces the opening of the TCR a locus, as monitored by genm-line J transcription and methylation
status (Villey et al,, 1997}. Concomitantly, large numbers of cp4tepst thymocytes are generated,
a process that was also seen when an lck transgene encoding a constitutively active kinase was
introduced into RAG-deficient mice (Mombaetts ef al., 1994),

The proportion of X L chain expressing cells was decreased in Btk™ mice (~2%), and
significantly increased in CD19-hpiPHE transgenic mice (~9%), as compared fo normal mice
(~5%). Low-level expression of the E41K muant in bone-marrow of MHCI-hBiPHE transgenic
mice already increased the proportion of At B cells to ~10.6% {Figure 5B). Also overexpression of
wild-type Btk appeared to increase A L chain usage, as we found 6-7% At cells in CD19-1BEWT
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transgenic mice. Collectively, these findings indicate a critical role for Btk activity at the pre-B to
immature B cell transition. Alse in human the absence of Btk results in a deviation from the normal
xttoa™ ratio of 50:50, as was shown by the finding of only ~25% 2T cells in the peripheral blood
B cell population or in B lymphoblastoid cells lines from XLA patients (Conley, 1985; Timmers of
al., 1993).

The observed ratio of k¥ to A7 B cells of 95:5 in normal mice is thought to reflect the earlier
initiation of rearrangements at the x locus and the ~3-fold higher probabitity of productive «* versus
. rearrangements per chromosome, within the limited life span of the small pre-B cell (Hister ef al.
1981; Ramsden and Wy, 1991; Arakawa ef al., 1995). It was estimated that only those small pre-B
cells that failed to produce k L chain afler up to three sequential x rearrangement attempts per allele,
would proceed with A rearrangements {Arakawa ef al, 1995). As L chain rearrangement occurs
without cell division or substantial cell loss (Osmond, 1991), the k to A ratic of the innmature B cell
population directly reflects the probability of productive " and 0¥ rearrangements (Arakawa ef al.,
1995). Therefore, our finding of reduced A L chain expression in Btk™ mice, indicales that the
absence of Btk resulis in a delay in the initiation of L chain rearrangements, a reduced survival of
pre-B celis that are in the process of L chain rearrangement, and/or impaired receptor editing of
immature IgM'°% B cells.

In this context, the CD19-haPHE
expression of the Bel-2 apoplotic inhibitor in B cells, which also showed a significant increase in the
percentage of 2te cells, either /n wive in the presence or absence of auto-reactive Ig transgenes
(Tiegs et al,, 1993; Lang et al. 1997) or in bone marrow cultures /i vitro {Rolink et al., 1993). These
results were explained by assuming that B cells normally have too little time to take full advantage
of the potential A L chain repertoire that could rescue non-functional or auto-reactive B cells (Lang
et al, 1997). It is attractive to hypothesize that, like Bel-2 {ransgene expression, also CDI19-
hp P expression resulfs in an extended life-span of pre-B cells (or immature Ing’w B cells)

transgenic mice parallel transgenic mice with enforced

providing an extended time window per cell for L chain rearrangement or editing. Conversely, the
absence of Bik would limit the survival of pre-B cells that are in the process of L chain
rearrangement and therefore result in fow A/k ratios. A role for Btk in (pre-)B cell survival would be
supported by the findings that Bel-2 expression is reduced and sIg-mediated bekxg induction is
absent in xid B cells (Anderson ef al., 1996; Choi ef al, 1996; Woodland ef af., 1996). In addition,
the large variation found in the numbers of pre-B cells present in the bone marrow of XLA patients
(Sideras and Smith, 1995) could be explained by a crucial role for Btk in pre-B cell survival.
Furthermore, this would be consistent with experiments that indicate that a certain tevel of basal
BCR signaling is required for developmental progression or survival of (pre-)B cells (Gu ef af,,
1991, Lam ¢f al., 1997).

Btk transduces signals at multiple checkpoints in B cell development

The phenotypes of the xid and the MHCI-hBrE41R transgenic mice already indicated that Btk
is essential in signaling pathways that govern the maturation of peripheral B cells (Scher, 1982;
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Khan ef al, 1995, Dingjan ef al., 1998). Now, we report that constitutive activation of Btk can drive
peripheral B cells into tenminal plasma cell differentiation.

Our findings in the mouse show that Btk also transduces signals at several check-points in B cell
development in the bone marrow. The lack of progression of BtkF!X B cells into the IgMMeMgD"
cell stage, would place Btk in the BCR signal pathway that eliminates auto-reactive B cells in the
bone marrow. Morecover, the present data provide the first evidence for a role for Btk in Ig L chain
assembly at the transition of pre-B cells to immature B cells, whereby defective Bik function results
it an ahmost complete developmental arrest in XLA and only a minor selective disadvantage of Btk-
cells in xid. In the absence of Bk, signaling through the pre-BCR complex still mediates its normal
checkpoint function (Rajewski, 1996) by effecting Ig H chain allelic exclusion, II-7 driven
proliferative expansion and progression to the resting small pre-B cell stage. However, the
subsequent assembly of Ig L chain, resulting in progression into the lgM+ immature B cell stage, is
impaired when Btk is defective, e.g. because of defective re-expression of the RAG genes or
insufficient accessibility of Ig L chain loci, or because of reduced survival of pre-B cells that are in
the process of L chain rearrangement. Further experiments are needed to directly demonstrate the
involvement of Btk signaling in any of these events.

Experimental procedures

Generatlon of CD19-bB&" T and CD19-hBuEX transgenic mice

The transgene constructs cD19-b8%YT and CD19- hB!k_E“K, in which the E41K mutation was
introduced by site-directed mutagenesis (Dingjan ef al., 1998), are shown in Figure 1A. The cosmid
clone containing the human CDI9 promoter region (kindly provided by M. Busslinger, Research
Institute of Molecular Pathology, University of Vienna, Austria) was isolated from a human
genomic cosmid library by sereening with a homologous murine CD19 ¢cDNA probe (Kozmik et al.,
1992). A ~16 kb Xbal fragment containing 5' flanking DNA, and a 317 bp Xbal-Mspi(blunted)
fragment (positions 1072-1389 of the human CD19 gene; Kozmik ef al., 1992) were cloned into
cosmid vector pTLS (Lund ¢f al,, 1982), using a Belll-Minl-Xbal-Smal-Pvul-NotI-Bglll polylinker.
A unigue Fagl site in the 16 kb Abal fragment was used to isolate a 6.3 kb Eggl(blunted)-Pyul
fragment and to ligate it to the 27.1 kb Pyul-Nof fragment, containing 400 bp (Btk exon 1-3) of the
wild-type or E41K mutated hBek ¢cDNA, a ~27 kb genomic DNA fragment (Btk exon 3-19), and a
109 bp LoxP fragment (Dingjan ef al., 1998).

The ~34 kb MIul-Notl inserts of the CD19-hB&" | and CD19-hBk™*1X constructs wers excised
from the vector and gel-purified. DNA (~2 ng/pl) was injected into the promuleei of FVBxFVB
fertilized oocytes, which were subsequently implanted into pseudopregnant foster mice. Tail DNA
was analyzed by Southern blotting of BamHI digests and hybridization to a partial hBsk cDNA probe
(hBrk pos. 133-1153), to determine the genotype of the founder mice and next generations generated
by crosses with Brk-/LacZ mice of mixed 129/8v x C57BL/6 background (Hendriks ef al., 1996).

Southern and Western blotting techniques have previously been detailed (Hendriks ef al., 1996).
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Flow cyfometric analyses

Preparation of single-cell suspensions, and three- or four-color flow eytometry have previously
been described (Hendriks ef af., 1996; Dingjan erf al., 1998). The following monoclonal antibodies
were obtained from Pharmingen (San Diego, CA): FITC-conjugated anti-B220/RA3-6B2, anti-Igk
/R5-240, anti-HSA/M1/6, anti-CD3 and anti-BP-1/6C3, PE-conjugated anti-CD43/87, anti-CD5/Ly-
1, anti-CD4, anti-CD19, anti-CD11b/Mac-1, CyChrome-conjugated anti-B220/RA3-6B2 and anti-
CD8, and biotinylated anti-HSA/M1/6, anti-Igh/R26-46 and anti-IgM. PE-conjugated anti-lgD was
purchased from SBA (Binningham, AL). Affinity-purified polyclonal rabbit-anti-Btk (Pharmingen)
was used for intracellular flow cytometric detection of cytoplasmic Btk protein, as previously
described (Dingjan ef al, 1998). Secondary antibodies used were TriColor- or PE conjugated
streptavidin (Caltag Laboratorics, Butlingame, CA), sireptavidin-APC (Pharmingen} or FITC
conjugated goat-anti-rabbit Ig (Nordic, Capistrano Beach, CA).

Serum Ig detection, in vitre Iimmunizations and immunohistochemistry

Total or NP-specific levels of serum Ig were measured by subclass-specific sandwich ELISA as
described previously (Dingjan ef af., 1998). In these assays TNP-specific standards were used for
IsG1, Ig(G2a and IgG2b, whereas for IgM and Ig(G3 values were calculated as arbitrary wnits, using a
reference serum sample. [Immunizations with TD and TI type IT antigens were essentiaily performed
as described {Maas er al., 1997). Booster doses were given after 4 weeks.

For immunohistochemical analyses, tissue samples were embedded in OCT compound and
frozen 5 um cryostat sections were acetone-fixed and single and double labelings were performed
using standard procedures (Leenen et al., 1998). Monoclonal antibodies anti-B220/RA3-6B2, anti-
CD3/KT3, anti-CDI1¢/N418 (Steinman ef al., 1997) and MOMA-1 {(Kraal, 1992) were applied as
hybridoma culture supernatants; biotinylated anti-IgM was from Pharmingen, biotinylated PNA
from Sigma (St. Louis, MI} and anti-IgD from SBA. The second-reagents used have been previously
described (Dingjan ef al., 1998),
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General discussion
xid as a model for XLA

B Iymphopoiesis is regulated by multiple signals derived from stromal cell contact, cytokines,
antigens and helper T cells. /u vitro biochemical and gene fargefing in vivo experiments have
implicated tyrosine kinases as key regulators of many of these signaling pathways (Satterthwaite and
Witte, 1996). T

Btk is one of several kinases involved in regulating the differentiation of the B cell lineage.
Defects in the Btk protein lead to XLA in humans, Since the discovery of the Btk gene'(Vetrie ef al.,
1993, Tsukada ef al. 1993} over four hundred mutations, distributed over the entire Btk coding
region have been characterized in XLA patients (Vihinen ef af., 1998). There is phenotipical
heterogeneily among patients, even among patients from single XLA pedigrees (Vihinen ef al.,
1998, Holsinki-Feder ef al., 1998, Bykowsky ef al, 1996). Sofar, it has not been possible to
correlate severity of the phenotypic presentation with the genotype. Also the precise arrest of B cell
development in XLA patients has not been revealed (Campana ef al., 1990). Recently developed
new techniques, such as single cell PCR, and the characterization of cell surface markers could hetp
to study the Bk expression patiern and its role in B cell development in human. However, the large
genelic variety, differences in habitat or therapeutic interventions between patients might complicate
these studies. Mouse models therefore could serve as an altemative to study the effect of Brk
mutations and its role in B cell developiment, since they exhibit an uniformly genetic background
and can be kept under comparable conditions. However, mice do not develop a phenotype as severe
as the human XLA (Khan ef al., 1996, Kemer, e af., 1995, see introduction, Table 2). The
molecular bases of these differences between the two species are not well understood. In addition,
severity of the xid phenotype is dependent on the genetic background of mice (Bona et af., 1980,
Khan ef af., 1996). Differences in phenotype severity between human and mouse can be caused by
the relative contribution of alternative pathways of B cell differentiation in a Btk-independent
manner. This hypothesis is supported by the observation that Btk-deficient mice that also lack CD40
have decreased numbers of peripheral B cells and lower serum immunoglobulin levels, comparable
to XLA patients (Oka ef al,, 1996, Kalm ef al., 1997), This would imply that the mechanism by
which mice can compensate to some degree for Btk-deficiency is T cell dependent. An alternative
explanation, are differences in availability or functionality of Bik-relatives that may compensate Btk
function. The BCR-induced hydrolysis of phospholipids in Btk-deficient chicken DT40 and XLA
cell lines is severely reduced, leading to a strong reduction in Ca® flux, whereas xid B cells
demonstrate only a twofold reduction in phosphatidyl-inositide hydrolysis (Takata e al,, 1996,
Fluckinger ef af., 1998). Expression of wild-type Btk as well as other members of the Tec family
including human Itk and murine Teg, restored Ca®™ flux in these cells (Fluckinger ef al., 1997).
While Itk expression is restricted to the T and NK cells, Tec is expressed in multiple haematopoietic
lineages, including myeloid cells and B cells, as well as in liver, kidney ovary and heart (Siliciano ef
al., 1992, Heyeck ef al., 1993, Mano ef al., 1993, Sato ef al,, 1994). Since murine Tec expression
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was able to correct impaired Ca™ flux in cell lines derived from XLA patients, the expression of Tec
endogenously in xid B cells may compensate, at least In patt, for the absence of Btk. Therefore the
differences in phenotype between XLA and xid may be caused by differences in expression level or
expression patterns of Bik-relatives (Tec). An alternative, but not mutually exclusive, explanation
could be a higher degree of homology between nwrine Brk and Tec. It would therefore interesting fo
see the phenotype of mice lacking both Btk and Tec.

In spite of the obvious differences in severity of the phenotype, Btk appears (o be a conserved key
factor involved in both murine and human B cell development. Btk has been shown to be involved
in the BCR. signal transduction pathways in both human (Hinshelwood et al., 1995, De Weers et al.,
1994) and murine (Acki ef af., 1994, Saouf ef al.,, 1994} B cells. In vivo competition experiments in
female Bk *" mice between B cells either expressing the wild-type Btk gene or the LacZ gene from
the disrupted Bik allele, demonsirated that the first defects of Btk cells became apparent at the
transition from the pre-B cell stage to the immature B cell stage (chapter 2). Moreover, the
accumuiation of Bik™ cells within a subpopulation of pre-B cells indicated that Bik™ cells are
defective in the pre-B to B cell transition (chapter 6). This arrest of B cell transition is the hallmark
of XLA. Moreover, the genomic organization of the murine Btk gene is very homologous to the
human Btk gene and the Btk proteins share 99.3% homology. As is described in chapters 3-6,
transgenic human Btk could fully compensate for the absence of murine Btk, indicating that the
essential sites for Bik interaction with other signal transduction components are conserved between
hutnan and mouse. In addition, large scals comparative sequence analysis of the human and murine
Btk loci revealed clusters of sequence conservation in non-coding regions throughout the loci
(Oeltjen ef al., 1997), which may play an essential role in the complex gene regulation, Moreover,
when human Btk was expressed under the conirol of the endogenous cis-acting clements, the
expression pattern of transgenic Btk paralleled that of the endogenous Bik. We concluded that aiso
cis-acting elements that regulate Btk expression have been conserved, Studies on Btk using mouse
models, therefore, lead to a better understanding of the regulation of expression and the role of Btk
and its domains in human B cell development,

Mouse models for other X-linked immunodeficiency diseases

A comparison between the XLA- and xid-phenolypes is given in the general infroduction (chapter
1, Table 2.). From this comparison it is clear that xid represents a less severe phenotype. A similar B
cell differentiation disorder results from defects in the A5 pseudo-light chain component. The
difference in severity of B cell deficiency resulting from the Btk gene mutation in mouse and man is
reminiscent of that which arises due to mutations in the A5 gene, resulting in a less severe phenotype
in mice, and & more severe phenotype CVID in man (Conley ef al., 1994, Scher, 1982). The effects
of the human B-lineage developmental defect appear to be more severe than those seen in A5-
defective mice. While normal numbers of CD19* TdT" pro- and pre-B cells were detectable in CVID
patients, as in the A5-defective mice, there were even fewer pre-B-II cells in mouse, and the
peripheral B cells were IgM™ and CD38"*, Since the patient’s father was heterozygous for the
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25(14.1) mutation and had normal numbers of B cells, an additional dominant negative mutation
coniributing to the severity of the B cell defect appears unlikely. Tn other X-linked
immunodeficiencies, also differences between the phenotypes of human immunodeficiency patients
and phenotypes of mouse models for these diseases are observed, A comparison of these differences
in phenotypes for the XSCID, X-linked-hyper-IgM-syndrome and Wisckott-Aldrich syndrome
(WAS) immunodefciencies are summarized in Table I. Mouse models tend to have a less severe

phenotype as the human patients, although the bases for these differences are not clear yet.

Table 1. Comparison of phenotypes of human immunodeficiencies and nmouse models

human

MOouse

XSCID (IL-2 R):

Severe impairment of B and T cell function

T cells absent or low

Peripheral B cell numbers normat or increased
Ig class switch defects

NK cell numbers normal or reduced

Thymus [acks cortex/medullar demarcation,
Hassall’s corpuscles not detectable

With age, T celf numbers remain low

X-linked hyper-Ight (CD40I)
Low levels of serum IgA and IgE
IgM serum levels generally elevated

Immune responses are impaired
No germinal centers
Normal B and T cell numbers

WAS :

Severcly decreased platelet numbers, reduced
platelet size

Defective T cell activation

Eczema

Variable B cell defects

Poor responses to carhohydrate and protein
antigens

Lymphoreticular malignancies

No chronic colitis

Severe impairment of B and T cell function

T cells absent or low

Peripheral B cell numbers decreased

Ig class switch defects

NK cells absent

Size of thymus diminished, differentiation of
cortical and medullary zones, Hassall’s
corpuscles present

Development of a peripheral pool of

(activated) CD4' T cells with age

Low serum levels of IgG1, 1gG2b and IgA, lack
of IgE, [gG3 levels slightly reduced, IgM
serum levels normal

Immune responses are impaired

No germinal centers

Normal B and T cell numbers

Modest reduction in platelet number, normal
platelet size

Defeclive T cell activation

No eczema

Normal antigen-induced B cell stimulation

Normal Ab responses to TD and TI-I[ antigens

No haematopoietic malignancies
Development of chronic colitis

References: XSCID: Fischer ef al,, 1997, Sugamura ef al., 1996, Cao ef al., 1995, DiSanto ef al.,
1995; X-Linked-hyper-IgM: Foy ef al., 1996, Renshaw ef al., 1994; WAS: Snapper ef al., 1998.
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ALA, mouse models and gene therapy

For the development of future strategies towards gene therapy as a means of correcting the XLA
defect, experiments in which mouse models are used, will be essential. Using mouse meodels, the
efficiency of gene transfer strategies, the final Btk expression levels in B cells and the obtained
correction of the xid phenotype can be investigated,

Despite the fact that most XLA patients respond quite well to current ireatments, it is obvious that
repetitive administration of antibodies {gammaglobuiin) or antibiotics, is inferior to a natural
immune response. Many XLA palients manifest chronic pulmonary infections of a disabling
character. Gene therapy is the obvious future choice for correction of this hereditary disease, as it
would restore an active immune response to infection, Several features of the Btk gene make XLA
an attractive model to develop methods for somatic gene therapy. Firstly, XLA, which is one of the
most frequent inherited immunodeficiencies in man, affects only one single cell lineage, without any
defects outside the B cell system. Secondly, the findings that (1) the first selective disadvantage of
Btk B cells occurs at the transition from pre-B to B cells (chapter 2), and (2) Btk expression from
the pre-B cell stage onwards is sufficient to correct the xid phenotype (Drabek erf ai., 1997), indicates
that the Btk gene does not need to be introduced in the very small population of haematopoietic stem
cells to restore B cell development in XLA patients. Instead, Bik gene transfer to any of the
precursor B cell stages up to the small pre-B cell stage would correct the XLA defect, thereby
increasing the target population to ~10 % of total celis in the bone marrow. In addition, Btk
expression only needs to be transient, since Btk is not required in plasma cells (Sideras and Smith,
1995, De Weers ef. al., 1993). Furthermore, bone marrow cells are easily accessible for ax vivo gene
transfer, and there is a natural selective advantage for developing B cells that have been corrected
{Drabek ef al., 1997, chapter 3). Finally, in contrast to the fact {hat certain protein tyrosine kinases
have been implicated in tumor formation when mutated or overexpressed, we have shown that
overexpression of Btk or the B41K mutated form of Btk did not lead to the development of
lymphoinas or leukemias in mice (chapter 4 and 5). As the construct that eventually will be used to
express an intact Brk gene in pre-B cells of XLA patients should preferably contain regulatory
sequences from the Btk gene itself, it is of importance to identily all elements involved in the
regulation of Btk gene expression,

Multiple roles of Btk in B cell development

The main subjects of the research described in this thesis was the analysis of the regulation of Brk
gene expression and the function of Btk in the individual subsequent stages of B cell devetopment in
vive. Therefore we have generated one Btk-knock-out mouse model and several transgenic mouse
models that express either wild-type or E41K mutated Bik under the control of different promoters
or regulatory clements (chapters 2- 6). As the data described in each chapter have already been
discussed at length at the end of each chapter and represent our current view, this section will
overview the involvement of Btk during B cell development {(Fig. 1).
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Each successive step in B cell differentiation, as well as the mature B cell response fo antigen,

depend on signals mediated by the (pre-)BCR complex (Kitamura ef gl., 1991, Lam et al., 1997, Gu
ef al., 1991). The majority of B-lineage cells tha{ are generated in the bone marrow de not migrate to
peripheral tissues to participate in an immune response buf, instead, undergo apoptosis and are
disposed of by resident macrophages (Osmond et al., 1994). Two reasons for the death of B cell
precursors are the non-productive assembly of the heavy or light chain segments and the generation
of a BCR that is self-reactive. A third, related reason for pre-mature celi-death inay be that ¢ells have
exhausted their potential for additional V| chain gene rearrangements by receptor editing.
Studies on the in vive expression pattem of murine Bk, using the LacZ-labeled disrupted Bik allele
(Chapter 2 ) or intracellular flow cytometric Btk detection {Chapter 4) demonstrated that Btk is
expressed in vivo throughout B cell development, from the pro-B cell stage to the most mature
IgM"“ IgD"& peripheral B cell and activated B lymphoblasts stage. These expression patterns were
consistent with other Btk expression pattern studies in cell lines and teukemias (De Weers ef al.,
1993, Genevier et al., 1994, Smith ef al., 1994, Tsukada ef «f., 1993). The finding that Btk is
expressed throughout B cell development and the involvement of Btk in BCR-signaling pathways
(De Weers ef af., 1994, Aoki ef al., 1994, Saouf ef al., 1995, Hinshelwood ef al., 1994), support the
idea that signaling cascades activated by Btk have a crucial role during the B cell differentiation
process, as well as in the activation of mature B cells in the periphery (Fig. 1).

(Q) Bik is not required in pro and large pre-B cells

A critical role for Btk in the assembly of the 1 H chain and the subsequent transition from the
pro-B to the smali pre-B cell stage is very unlikely, Firstly, this transition is not affected in human
XLA, since pre-B cells are generally present at normal numbers in XLA patients (Sideras and Smith,
1995). Secondly, in addition, in mice, the absence of Btk did nof result in a selective disadvaniage
up to the small pre-B celf stage, as was shown by the in vive competition assays in female Btk "
mice (chapter 2), Thirdly, the xid phenotype can be corrected by transgenic expression of Btk from
the pre-B cell stage onwards (Drabek ef af., 1997). Finally, prokiferation of pre-B cells that have
successfully rearranged their IgH chain locus and have performed altelic exclusion (both indicated
by pre-BCR signaling) are not affected in Btk-deficient mice. We conclude that Btk is not reguired
in pro- and farge pre-B cell stages (Fig. 1).

{1} A role for Btk in Ig L chain assembly

The first role for Btk becomes apparent at the transition of the small resting pre-B cell stage to the
IgM™IgDy immature B cell stage (Fig. 1). This transition is affected both in XLA patients (Conley,
1985) and in mice, in which B cells that lack Btk show a selective disadvantage compared to B cells

‘that express Btk (Chapter 2). ‘The observed accumulation of Bitk-deficient cells within a
subpopulation of small resting pre-B cells (Chapter 6} further indicates that Btk is involved in
signaling pathways, leading to the initiation of IgL chain rearrangement and/or expression of a
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complete IgM-molecule on the membrane, needed for further B cell maturation (Rajewski, 1996). It
might be possible that Btk is an essential transducer of signals, involved in regulating the re-
expression of the RAG gene products, which are absent in the large cycling pre-B cells and
reactivated in small resting pre-B cells (Grawunder ef «l, 1995) needed for Ig L chain
rearrangements. This hypothesis is consistent with the finding that expression of the RAG genes is
dependent on BCR signaling in immature IgM"™™ B cells that are in the process of receptor editing
(Melamed er af. 1998). Alternatively, Btk could also transduce signals thai result in chromatin
structure changes that allow the recombinase access to the Igh chain gene segments,

A role for Btk in Ig L chain rearrangement events is also suggested by the finding that the
proporlion of & L chain expressing B cells is decreased in Btk-deficient mice whereas proportion of
A L chain expression B cells is increased in CD19-hB#™'® transgenic mice, compared to wildtype
mice (Chapter 6). The observed 95:5 ratio of k:A expressing L chain B cells in normal mice is
thought {o reflect the earlier rearrangement initiation at the k locus and the higher probability of
productive k* rearrangements within the limited life span of the small pre-B cell (Hieter et al., 1981,
Ramsden and Wu, 1991, Arakawa ef al., 1995). As L chain rearrangemeni occurs without cell
division or substantiat cell loss (Osmond, 1991), the /A ratio of the immature B cell population
directly reflects the probability of productive x and X Ig L chain rearrangements. The reduced A L
chain expression found in Btk-deficient mice, therefore, indicates that the absence of Bik results in a
delay in the initiation of Ig L chain rearrangements (e.g. by defective RAG activity upregulation, or
L chain locus accessibility), a reduced survival of pre-B cells that are in the process of L chain
rearrangement, and/or impaired receptor editing of immature IgM™ B cells,

The increased proportion of A L chain expressing cells in the E41K transgenic mice may be due
to early initiation of the IgL chain rearrangement, caused by the constitutively activated form of Bik,
or, alternatively be a result of an extended life-span of pre-B cells (or immature IgM™ B celis), each
of which would increase the limited time window for Ig L chain rearrangements, In the latier case,
the CD19-hB#™* transgenic mice parallel transgenic mice with enforced expressior of the anti-
apoptotic profein bel-2 in B cells, which also showed a significant increase in the percentage of A L
chain expressing B cells, eilher in vivo in the presence or absence of auto-reactive Ig transgenes
(Tiegs ef al., 1993, Lang ef al., [997) or in bone marrow cultures in vifro (Rolink ef al., 1993). The
high A ratio in Bel-2 transgenic B cells were explained by assuming that B cells normally have too
little time to take full advantage of the potential A L chain repertoire that could rescue non-functional
or autorcactive B cells (Lang ef ol., 1997). Conversely, the absence of Btk would limit the survival
of pre-B cells that are in the process of L chain rearrangement and therefore result in low A/x ratios,
A role for Bik in {pre-)B cell survival would be supported by the findings that bel-2 expression is
reduced and slg mediated bel-x; induction is absent in xid B cells {(Anderson ef al., 1996, Choi et al.,
1996, Woodland ef al., 1996).
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(2) A role for Btk in central immumne tolerance

With the expression of the IgM and the resulting aniigen specificity on the cell surface of
immature B cells, they become susceptible to immune tolerance (Goodnow, 1996), Recently, two
subpopulations within the immature B cell stage with differences in apoptosis sensitivity were
described (Melamed and Nemazee, 1997). Upon BCR stimulation in an in vifre IL-7 driven BM
culture system, IgM"&IgD immature B cells, representing an intermediate between early IgM™*IgD-
immature and recirculating B cells, were extremely sensitive to apoptosis, whereas stimulation of the
BCR of IgM™ Tgl¥ immature B cells promoted nested L chain rearrangements, f.e. receptor editing,

In mice, the absence of Btk did not affect the transition from the IgM™ gD to IgM™®IgD
immature cell stage (chapter 6), indicating that the absence of Btk expression is not critical for
transition to the [gM™"IgD" cell stage. Conversely, expression of the constitutively activated E4IK
Btk mutant driven by the CDI9 promoter resulted in an almost complete absence of IgM"™ gy
immature B cells (Chapter 6), The IgM"®IgD" immature B cell stage reflects the first immune
tolerance checkpoint where autoreactive B cells become susceptible to apoptosis. Therefore, the
absence of IgM"™ gD’ immature B cells in CD19-hB#="® transgenic mice, suggests that constitutive
activation of Btk mimics autoreactive BCR crosslinking. The absence of the IgM"®[gD" B cells
would imply that Bik is involved in the BCR signaling pathway that eliminates auto-reactive B cells
at the TgM™"[gD" B cell stage. An alternative explanation for the absence of IgM"™IgD B cells
could be that the B41K Btk mutant blocks the transition from the IgM™ gD to IghMM™gD
immature cell stage, because of sustained receptor editing (Melamed and Nemazee, 1997). Finally,
cells might die due to exhausted potential for nested L chain rearrangements.

(3) A role for Btk in follicular entry

In contrast to the phenotype of the CD19-hBk** transgenic mice, mice in which E41K Btk
expression is driven by the MHC class IT LCR (MHCIT-hB#A™™ mice) display normal B cell
development in the bone marrow, but manifest a deficiency of recirculating follicular B cells
(Chapter 5). Cells that were present in the spleen were [gM"™® HSA™ B220" immature B cells that
have recently left the bone marrow, The differences between the two Btk™* expressing mouse
strains can be explained by the escape of negative selection in the bone marrow of the MCHII-
hBHE"™ expressing cells because the expression level had not reached a critical threshold value. Due
to the nature of the MHCH-LCR, transgenic Btk®“* expression is upregulated after cells have
arrived in the spleen (chapter 5). As a result only late in B cell development an active state of the B
cell is mimicked, Tn this context, MHC-I-E41K Btk transgenic B cells may resemble {ransgenic B
cells, autorcactive for antigens present in the periphery (Eibel ef al., 1994, Goodnow ef al., 1995,
Russel et al,, 1991). In these mice, immature B cell numbers in the bone matrow were present in
normal mumbers but were eliminated shorily after leaving the bone marrow, bearing an immature
phenotype. In comparison, cell transfer studies with antigen-specific transgenic B cells have shown
that naive cells could migrate into follicles, but were retained in the outer T cell zones in the
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presence of antigen, even without competition of follicular B cells {Cyster and Goodnow, 1995).
This is consistent with the observation that antigen-specific B cells accumulate in the outer T cell
zone within the first days of an immune response where they are in close contact with T helper cells,
specifically recognizing the presented antigen. As the outer T cell zone is 2 major trafficking region
for T cells, it is likely that selective retention of antigen-reactive B cells in this zone functions io
promote encounter between antigen-specific T and B cells. Activated B cells that are excluded from
follicles can be rescued from cell death and stimulated to proliferate and differentiate, in response to
stimuli, provided by the activated T helper ceils. Likewiss, the activated state of the MHCI-ABH#E"™
B cells may result in follicular exclusion. Concomitantly, the immature IgM'™*"HSAM"B220"*
phenotype may inhibit rescue by T helper cells, thereby resembling the apoptosis-sensitive
IgM"* gD immature B cells in the bone marrow, in which apoptosis is induced upon strong BCR
signaling,

(4) Follicular matwration and survival

B cells are positively selected to become long-lived TgM™ TgD"# recirculating follicular B cells
by BCR mediated signaling (Gu ef al., 1991, Lam ef «f., 1997). Mutations in BCR signaling
components such as Ig-a or Syk, block the entry of B cells into follicles (Torres et al., 1996, Turner
et al., 1995). Btk-deficient B cells are not excluded from B cell follicles, but fail to develop from the
immature IgM"®[gD" stage into the long-lived recirculating follicular IgM®*Igh"" B cell stage
(Wicker and Scher, 1986, Khan ef al., 1995, chapter 2). As xid B cells express only low levels of
bel-2 and undergo spontancous apoptosis more rapidly than wild-type B cells in vitro (Woodland ef
al., 1996), Btk must play a critical role in survival and maturation, mediated by low-level BCR
signaling (Gu et al., 1991, Lam ef al., 1997), to become long-lived recircutating B cells (Fig. 1).

(5} Plasma cell differentiation

Another role for Btk was observed in the CD19-hB#™'¥ transgenic mice. As the block at the
1gM"™" gD immature B cell stage was leaky, B cells were found in the peripheral organs in very low
numbers, almost exclusively bearing a IgM"®HSAM"B220"~ immature phenotype. In parallel to the
MHCI-hBiE™ "™ transgenic mice, the expression of Btk™* impeded follicular entry of these
immature B cells and their subsequent maturation. Despite the severe reduction of the mature B cell
pool, significant numbers of IgM secreting plasma cells were present in the spienic red pulp. Serum
IgM concentrations were substantial and increased with age as compared to those in normal mice,
Therefore, we conclude that Btk activation quite efficiently induced the terminal differentiation of
the residual B cells into IgM-producing plasma cells, In the CD19-h8rk™™* transgenic mice, serum
levets of the IgG and IgA subclasses were severely decreased, confiring that constitutive BCR
signaling in the absence of co-stimulation by CD40-CD40L interactions does not induce B cells o
perform IgH chain class switch or germinal center formation (Foy ef al., 1996).
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Tigure 1. Scheme of the B cell differentiation. The multiple stages at which Bik is involved are
shown, together with the mouse models that provided evidence for a role of Btk (in parenthesis),
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Downstream targets of Bik activation during B cell development

Although our analysis of transgenic and knock-out mice in vive have defined at least five stages
of B cell development in which Bik activity is involved, it is unknown by which downstream
signaling pathways these effects on B cell development are accomplished. Only two possible targets
of Bik have been identified so far (see also introduction)., Btk-deficient cell lines display a reduced
phosphorylation of PLC-y upon BCR cross-linking (Takata et af., 1996, Fluckinger et al., 1998).
PLC-y is involved in the hydrolysis of phosphatidyl-inositol 4,5-biphosphate (PI4,5-P2) into
diacylglycerol (DAG) and IP,, (Bijsterbosch ef al., 1985). DAG aclivales most protein kinase C
(PKC) isoforms and IP3 generales an increase in Ca** flux. The involvement of Btk in the PLC-y
signaling pathway is suggested by the phenotype of PKCpB-deficient mice, which is similar to xid.
Moreover, deletion of PLC-y2 in DT40 cells, abolished TIP3 production and Ca®* mobilization
(Takata er al, 1995). As a result, the induction of apoptosis, which normally follows BCR
stimulation in these cultured cells, was blocked. Increases in the intracellular [Ca™] are required for
the induction of the mitogen-activated protein kinase (MAPK), c-JunN terminal kinase {¢-JNK) and
p38 cascades, as well as the calcium-dependent transeription factors NF-AT and NF-xB (Dolimesch
ef al., 1997, Healy ef al., 1997). These are important signals that lead to cell proliferation and
differentiation (Fluckinger ef al., 1998). In confrast, intermittent or subthreshold oscillation in
caleium concentrations result in activation of ontly a subset of these downstream signals and lead to
decreased survival and apoplotic death (Fluckinger ef af,, 1998}, In mast cells, ¢-JNK plays a role in
apopltosis in a Btk dependent way (Kawakami ef al., 1997). It would be interesting to investigate
whether apoptosis, stimulated by BCR-mediated signaling, in immature IgM"#'IgD" B cells is also
regulated via c-JNK in 2 Btk dependent manner.

Another important downstream signaling pathway, activated by Btk may involve proteins leading
to the activation of cell survival proteins, such as bel-2 and bel-x; (see discussion section of chapter
6).

Recently, the widely expressed transcription factor BAP-135/TFII-I was shown 1o be tyrosine
phosphorylated by Btk in response to BCR crosslinking in wivo (Yang ef al., 1997). It is presently
unclear, whether Bik is also present in the nucleus. BAP-135/TFIL-, interacts with E-boxes and
initiator (Inr) sequences (Gruencberg ef al,, 1997, Roy ef al., 1997). Moreover, the protein is
suggested to be involved in the formation of a multiprotein complex at the promoter of the early B
cell response gene c-fos (Grueneberg er al,, 1997). C-fos is involved in the regulation of the [g x L
chain transcription (Schanke ef a/., 1994) and it is intriguing to hypothesize that ¢-fos may cause an
increase in the accessibility of the IgL chain loci for recombination. The alimost complete block of B
cell development at the pre-B cell stage in XLA could then be explained by defective initiation of Ig

L chain rearrangement,
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Concluding remarks

Our findings in the mouse show that Btk is expressed throughout B cell development, except in
plasma cells, and that signaling cascades activated by Btk are critical at several checkpoinis
throughout B cell differentiation. The transition into IgM” immature ceil stage is impaired when Bik
is defective, indicating a role for Btk in re-expression of the RAG genes, insufficient accessibility of
Ig L chain loci, or a reduced survival of pre-B cells that are in the process of L chain rearrangement.
Expression of the CD19-bRFH' transgene resulted in a Iack of progression of B cells inlo the
TeM"® gD immature celf stage, placing Btk in the BCR signaling pathway that eliminates auto-
reactive B cells in the bone marrow. A similar role for Btk was observed in the periphery: in
transgenic mice expressing MHCIL-hRHA™"¥, the development of recirculating follicular B cells is
blocked, showing that constitutive activation of Btk induces the elimination of virgin B cells. Btk-
deficieni B cells manifest an impaired survival and maturation in the periphery, indicating a role for
Btk in basal BCR signaling needed to direct developmental progression of B cells, Finally, the
phenotype of CD19-hBriE"™ transgenic mice, provide evidence that Btk activation (in the absence of
co-stimulatory signals) drives B cells into IgM"* plasma cel differentiation,

Our studies show remarkable similarities between XLA and Xid. XA patients show a block in B
cell development at the transition of the small pre-B cell stage to the immature B cells. In
compatison, in Btk-deficient mice, the first selective disadvantage for Btk-deficient B cells occurred
at the same transition. Mereover, the proportion of A L chain expressing cells is decreased in Btk-
deficient mice comparable to humans, in which the absence of Btk results in a deviation from the
normal x to A7 ratio of 50:50, to only ~25% A ¥ ceits, We therefore conclude that xid is a good
animal modef for XLA.

The molecular mechanisms by which Bik mediates B cell development, cell activation and cell
death need further elucidation and further identification of downstream signaling targets and
pathways. Knowledge of the regulatory elements involved in Bek gene expression in vivo would help
the design of a Btk mini-locus. Such a mini-locus would not only be essential for the progress of
gene therapy strategies as a means to correct the B cell defect in XLA patients, but would also be
helpful for the achievement of physiological levels of Btk expression in studies of the in wvive
function: of the separate Btk-domains in transgenic mouse models, Different domains can casily be
mutated and the effect on interacting proteins and signaling pathways activated by Btk can be
studied. The biochemical characterization of proteins that associate with the individual domains of
Btk at the subsequent stages of B cell development could be facilitated by the generation of
transgenic mice that express a tagged form of Bik. Similar approaches could be used for other
signaling molecules implicated in BCR signaling which will eventually lead to a betfter insight in B
cell development and function.
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Summary

X-linked agammaglobulinemia (XLA) is one of the most frequent inherited
immunodeficiency diseases in man and is characterized by severe, recurrent bacterial infections.
Affected males manifest a dramatic decrease in malure B cell numbers and immunoglobulin (Ig)
levels of all isotypes. Current treatment of XLA patients includes gammaglobufin substitution and
antibiotics. XLA reflects an arrest in B cell differentiation at the pre-B cell stage. The gene defective
it XLA has been identified to code for a cytoplasmic signaling prolein, named Bruton’s tyrosine
kinase (Btk). In the mouse, inactivation of Bik results in a relative mild B cell disorder, xid,
characterized by a reduction of mature IgM* IgD"* B cells in spleen and lymph nodes, lack of
CD5" B-1 B cells and low serum levels of IgM and IgG3. In contrast to XLA patients, Btk-deficient
mice generally make functional antibodies {o proteins, however, they manifest impaired responses
to T cell independent type 1l antigens. Brk is expressed throughout B cefl development, except for
plasma cells and is implicated in several receptor coupled signal transduction pathways, including
the B cell antigen receptor (BCR).

To study the role of Btk in B cell differentiation in vivo, we have developed mouse models,
in which wild-type or mutated human Brk are expressed as transgenes, The aim of the thesis was to
investigate the role of Btk at the individual steps of B cell development, to answer the ceniral
question why B cell development is arrested at the level of the pre-B cell in XL A patients.

Chapter 1 is the general introduction and presents an overview of murine B cell
development. Furthermore, identification and cloning of the Bk gene as well as clinical and
molecular aspects of XLA and xid are described.

Chapter 2 describes the generation of a Btk-deficient mouse model by inactivating the Bk
gene through an in-frame insertion of a LacZ reporter by homologous recombination in embryonic
stem cells, The phenomenon of X-chromesome inactivation in Bf&™ heterozygous female mice
enabled us to evaluate the competition between B cell progenitors expressing wild-type Brk and
those expressing the Brk/LacZ allele in cach successive step of development. Although Btk was
already expressed in pro-B cells, the first selective disadvantage of Bik-deficient cells only became
apparent al the fransition from small pre-B cells to immature B cells in the bone marrow. A second
differentiation arrest was found during {he maturation from IgM""gD" to IgM" {gD"#" stages in
the periphery.

Chapter 3 describes the generation of fwo yeast artificial chromosome (Y AC)-transgenic
mouse strains in which high-level expression of human Btk was provided by endogenous regulatory
cis-acting elements that are present on a 340-kb transgene, Y¢340-hBfk, which contained the Bk
gene and ~100 kb 5° flanking DNA and ~200 kb 3’ flanking DNA. The expression pattern of the
transgenic human Btk was found to parallel that of the endogenous murine gene, When the Yc¢340-
hBk-transgenic mice were mated onto a Brk-deficient background, all features of xid were corrected.
We conclude that expression of human Btk can fully compensate for the absence of endogenous Btk
in the mouse, and that in the YAC-transgenic mice Btk was appropriately expressed in the context of
native regulatory sequences.
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Chapter 4 describes the generation of yeast artificial chromosome (YAC) transgenic mouse

strains in which the human Bk is expressed from a 240 kb YAC {ransgene Yc240-hBtk, containing
the entire Btk gene and ~6 kb of 5° flanking DNA and ~200 kb of 3° flanking DNA. When the
Yc240-hBtk transgenic mice were mated onto a Btk-deficient background, B cell development was
fully restored. Using intracellular flow cytometry, the expression pattemns and expression levels of
the transgenic human Btk were found to parallel the endogenous murine Brk gene, indicating the
conservation of Btk regulatory sequences between mice and men.
As a first step to identify cis-acting elements, involved in the regulation of expression of Bk,
DNAsel hypersensitive site mapping (HSS) were performed within the Btk genomic region, Nine
HSS were tdentified, one of which was found to be B cell specific and strongly conserved between
mouse and man. Furthermore, we show that Spl, Sp3 and PU.1 aro able to fransactivate
synergistically the Btk promoter in in vitro transfection assays, while targeted deletion of Sp1 or Sp3
does not result in decreased Brk expression in vivo,

Chapter 5 describes the generation of transgenic mice, in which Btk expression was driven
by the MHC class IT Ea gene locus control region. Btk overexpression did not have significant
adverse effects on B cell function, and essentially corrected the xid phenotype in Bik' mice, By
contrast, expression of a constitutively activated form of Btk catrying the E41K gain-of-function
mutation, resulted in a B cell defect that was more severe than x/d. We demonstrate that expression
- of constitutively activated Btk blocked the development of follicular recirculating B cells, The levels
in the serum of most Ig subclasses decreased with age and in vivo B cell responses were essentially
absent. Expression of the E41K Btk mutant enhanced blast formation of splenic B eells in response
to anti-IgM stimulation in vitro. '

Chapter 6 describes the generation of transgenic mice that express the E41K Btk mutant
under the control of the human CD19 promoter. In these mice B cell development was arrested at the
transition of IgM*" to IgM"™®1gD)" immature B cells in the bone marrow, and the proporiion of A L
chain expressing cells was increased. Conversely, Bik-deficient mice manifested a decrease in the
proportion of A expressing B cells. Together with the observed accumulation of Btk-deficient cells
within the small pre-B cell stage, these results indicate a role for Btk in the developmental control
of Ig L chain assembly at the transition from pre-B to immature B cells, coinciding with the arrest of
B cell development in XLA patients,

Chapter 7 discusses the data presented in this thesis and gives an overview of the role of Btk
in B cell development. Our findings in the mouse show that Btk is expressed throughout B cell
development and that signaling cascades activated by Btk are critical at mudtiple checkpoints
throughout B cell differentiation. When Btk is defective, the transition from pre-B cell into IgM*
hmmature cell stage is impaired and the proportion of A* cells is reduced. These findings indicate a
role for Btk in re-expression of the recombination activating genes, that accomplish V(D)
recombinalion, the regulation of accessibility of Ig light (L} chain loci for recombination, or the
survival of small pre-B cells that are in process of Ig L chain rearrangement. Expression of the
CDI9-hBH™' transgene resulted in a lack of progression of immature B cells into the [gM™ gD
cell stage in the bone marrow, placing Btk in the BCR signaling pathway that eliminates auto-
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reactive B cells. A similar role for Btk, but at a late stage in the periphery, was observed in mice
expressing transgenic MHCI-hBAH™, which resulted in a block in the development of recirculating
follicwlar B cells. In the periphery, Btk is essential for B cell survival and maturation, indicating a
role for Btk in basal BCR signaling needed to direct developmental progression of B cells, Finally,
the phenotype of CD19-hB#4&™'® transgenic mice, provided evidence that Btk activation in peripheral
B cells drives them into terminal IgM* plasma cell differentiation.
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Samenvatting

X-gebonden agammaglobulinemia (XLA) is een van de meest voorkomende erfelijke
immuundefeciéntie ziekten bij de mens en wordt gekenmerkt door ernsiige, vaak terugkomende
bacterigle infecties, In XLA patiénten is het aantal rijpe B cellen in perifeer bloed sterk verlaagd.
Antistoffen van alle sub-klassen zijn nauwelijks detecteerbaar in het serum, De huidige behandeling
van XLA patiénten bestaat vooral uit het toedienen van gammaglobuline en antibiotica. XLA wordt
gekenmerkt door een blokkade in de B cel differentiatie op het pre-B cel niveau. Het gen dat defect
is in XLA codeert voor cen cytoplasmatisch signalering eiwit, Braton’s tyrosine kinase (Btk). In de
muis, mutaties in het Btk gen resulteren in een relatief mild B cel defect, xid, gekenmerkt door een
afname van rijpe immuungtobuline {Ig)-M™*IgD™ B cellen in milt en lymfekHeren, de afvezigheid
van CD5" B-1 B cellen en cen verlaging van de antistof sub-klassen IgM en IgG3 in het serum. Bik-
deficiénie muizen maken, in tegenstelling tot XLA patiénien, normaliter wel functionele antistoffen
tegen eiwitten, maar een respons tegen T cel onathankelijke type 2 antigenen is afwezig, Het Btk gen
komt gedurende de hele B cel ontwikkeling fot expressie, maar niet in plasma cellen, Het Btk eiwit
maaki deel uit van signaaliransductie routes van verschillende receptoren, o.a. de B cel antigeen
receptor (BCR).

Om de in vivo rol van Btk gedurende de B cel differentiatie te bestuderen hebben we
transgene muizen modellen ontwikkeld, waarin wildtype of gemuteerd humaan Btk tot expressie
wordt gebracht. Het doel van het onderzock, beschreven in dit proefschrift, was het bestuderen van
de rol van Btk gedurende de individuele stappen van de B cel differentiatie, om de centrale vraag,
waarom in XLA patiénten de B cel ontwikkeling is geblokkeerd op het niveau van de pre-B cel, te
beantwoorden.

Hoofdstuk 1 vormt de algemene inleiding en geeft een overzicht van de B cel ontwikkeling
in muizen. Verder is in dit hoofdstuk de identificafie en kfonering van Btk beschreven, alsmede de
klinische and moleculaire aspecten van XLA en x/d,

Hoofdstuk 2 beschrijft een Btk-deficiént muizenmodel, dat werd verkregen door inactivatie
van het Atk gen door middel van een in-frame insertic van een LacZ reporter gen door homologe
recombinatie in embryonale stamcellen. Door het fenomeen van X-chromosoom inactivatie in Brk*"
heterozygote vrowwtjes muizen, waren we in sfaat de competitie tussen vroege B cellen die het
wildtype Bik allel en B cellen die het Btk/LacZ allel tot expressie brachien te onderzoeken,
gedurende elke opecnvolgende stap van de B cel ontwikkeling. Ondanks het feit dat Bk al in pro-B
cellen fot expressie kwam, trad het cerste selectisve nadeel voor Bik-deficiénte B cellen op bij de
overgang van het kleine pre-B cel stadinm naar het immature B cel stadium in het beenmerg. Een
tweede blokkade in de differentiatie werd gevonden tijdens de maturatic van het IgM"¢{g)'™ paar
IgM™2[gD™% B cel stadium in de periferie.

Hoofdstuk 3 beschrijft de ontwikkeling van fwee transgene muizen stammen, waarin de
expressie van het humane Brk gen wordt verzorgd door regulerende elementen die aanwezig zijn op
een 340-kb transgen. Dit transgen (Yc340-hBrk) bestond vit een ‘yeast artificial chromosome’
(YAC), met het Btk gen en ~100 kb DNA aan de 5° zijde en ~200 kb DNA aan de 3’ zijde. Het
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expressic patroon van het transgene humane Btk kwam overeen met dat van het endogene muize Bk,
Na het inkruisen van de Yc340-hBik transgene muizen op een Bik-deficiénte achiergrond, werd het
xid B cel defect volledig gecorrigeerd. We concluderen dat expressie van humaan Brk, de
afwezigheid van Bik in de muis kan compenseren en dat in de YAC-transgene muizen de
regulerende elementen die aanwezig zijn op de 340-kb YAC zorgen voor een juiste expressie van het
humane Bk,

Hoofdstuk 4 beschrijf de ontwikkeling van YAC-transgene muizen staminen waarin
humaan Btk werd geéxpresseerd door een 240 kb YAC fransgen, Yc240-hBik, dat het hele Brk gen
bevat en ~6 kb 5° DNA en ~200 kb 3’ DNA. Het inkruisen van de Yc¢240-hBik transgen op een Bik-
deficignte achtergrond herstelde de B cel ontwikkeling volledig. Met behulp van intracellular flow
cytometrie werd gevonden dat de expressie patronen en expressie niveaus van het transgene humane
Btk overeen kwamen met die van het endogene muizen Bik gen.

Als eerste stap in de identificatie van regulerende elementen, betrokken bij de regulatie van
Bk expressie, werden ‘DNAsel hypersensitive sites’ (HSS) in kaart gebracht, Er werden negen HSS
gevonden, waarvan er een B cel specifick bleek fe zijn en geconserveerd binnen muis en mens,
Verder laten we zien in in vitro experimenten, dat de transcriptiefactoren Spl, Sp3 en PU.1 samen in
staat waren de Bk promoter additief te activeren, maar dat de afvezigheid van Spl of Sp3, door
specifieke inactivatie van het desbetreffende gen, niet resuiteerde in vermindering van Btk expressie
niveaus in vivo,

Hoofdstuk S beschrijft de ontwikkeling van transgene muizen, waarin Btk expressie wordt
gereguteerd door de ‘Major Histocompatibility Cluster’ (MHC) class 1l Ba gen locus control region.
Overexpressie van Btk had geen significante effecten op de functic van B cellen en corrigeerde in
essentie het xid fenotype. Expressic van cen E41K gemutecrde vormm van Btk, resulterend in
constitudieve activatie, leidde ot een B cel defect dat emstiger was dan xid. In deze transgene
muizen was het B cel compartiment in de milt, lymfknoop, perifeer bloed en in de buikholte, sterk
gereduceerd. De serum concentraties van de meeste antistof sub-klassen gingen omlaag naarmate de
muize ouder werden en in vivo B cel waren in essentie afivezig. Onze resultaten laten zien dat de
oniwikkeling van folliculaire recirculerende B cellen werd geblokkeerd door de expressie van
constitutief actief Bik. Expressie van de E41K gemuteerde Btk verhoogde de vorming van B cel
blasten cellen van B cellen uit de milt na anti-IgM stimulatie in vitro.

Hoofdstuk 6 beschrijft de ontwikkeling van transgene muizen waarin expressic van het
E41K gemuteerde Btk wordt gereguleerd door de humane CD19 promoter. In deze muizen trad een
blokkade op in de differentiatie van het IgM™® naar het IgM™* gD immature B cel stadium in het
beenmerg, De fractie van Ig A lichte keten expresserende cellen was verhoogd, in tegenstelling tot
Btk-deficidnte mwuizen, waarin deze fractie juist was verlaagd. Samen met de waargenomen
opeenhoping van Bik™ cellen binnen het kleine pre-B cel stadium suggereren deze bevindingen dat
Btk is betrokken bij de regulatie van Ig lchte keten assemblage tijdens de differentiatie van het pre-
B naar het immature B cel stadium, samenvallend met de blokkade in de B cel onfwikkeling in XLA
patignten.
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Hoofdstuk 7 bediscussieert de gepresenteerde resultaten van dit proefschrifi en geeft een
overzicht van de rol van Btk in de B cel ontwikkeling, Onze resultaten in de muis geven aan dat Btk
tot expressie komt gedurende de hele B cel ontwikkeling en dat signalering cascades, geactiveerd
door Bk, kritick zijn op verscheidende controle punten in de B cel differentiatie. Wanneer Btk
defect is, is de overgang van het kleine pre-B cel stadium naar de IgM" immature B cel stadium
gestoord en het percentage Ig A, lichie keten expresserende cellen significant verlaagd, Dit betckent
dat Btk betrokken zou kunnen zijn bij her-expressie van de recombinatie activerende genen, die
verantwoordelijk zijn voor de recombinatie van Ig gen segmenten, de regulatie in toegangkelijkheid
van de Ig lichte keten pen segmenten voor het recombinase complex, of de overleving van kleine
pre-B cellen, die bezig zijn met Ig L keten recombinatie, Expressie van het CB19-hBrEH"™® transgen
resufteerde in een blokkade in de progressie naar het IgM™*%[gD” immature B cel stadium, Dit geeft
aan dat Btk een functie heeft in do BCR signalering route die verantwoordelijk is voor de eliminatie
van awto-reactieve B cellen, Een vergelijkbare rol voor Btk, maar in een later stadium van de B cel
ontwikkeling, werd gevonden in muizen die het MHCIL-hB#™* transgen tot expressie brachten,
hetgeen resulteerde in een blokkade in de ontwikkeling van recirculerende folliculaire B cellen. In de
periferie blijkt Btk essentieel voor B cel overleving en maturatie, hetgeen betekent dat Btk betrokken
is bij de basale BCR signalering, die essentieel is voor het sturen van de B cel ontwikkeling.
Tenslotte geeft het fenotype van de CDI9-hB#™¥ transgene muizen aan dat activatie van Btk in
perifere B cellen de differentiatie naar IgM” plasma cellen stimuleert,

153




Abbreviations

Abbreviations

Ab Antibody

Bp Basepair

BCR B cell receptor

BM Bone marrow

Bik Bruton’s tyrosine kinase

C Constant

CD Cluster of designation

CDR Complementary deterntining
region

eM Centimorgan

CRAC Calcium release activated
calcium

CREB cAMP response element
binding protein

D Diversity

DAG Diacylglycerol

DNP 2.4-dinitrophenyl

ER Endoplasmic reticulum

FDC Follicular dentritc cell

FISH Fluorenscense in situ
hybridization

FITC Fluorescein isothiocyanate

FR Framework region

GC Germinal center

H Heavy

hBtk Human Btk

Ig Immunoglobulin

IL interleukin

1P, Inositol t,4,5-triphosphate

ITAM Immunoreceptor tyrosine-based
activation motif

ITIM Imumunoreceptor tyrosine-based
inhibitory motif

J Joining

Kb Kilobase

KDa Kilodalton

Kde & deleting element

KLH Keyhole limpet hemocyanin

L Light

LCR Locus conirol region

MAP Mitogen activated protein

MAPK Mitogen activated protein
kinase

Mb Megabase

mbBtk murine Bk
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MHC

NK
PD
PH
PI3-K
PI
PLC
PKC
PTK

RFLP

RSS
SH
SHIP

Sos
SRE
TCR
D
TH
Ty
TI-I
TI-I1
TNP

UTR

WAS
WASP

X-CGD
Xid
XLrp

XSCID

Major histocompatibility
complex

Natural kitler

Properdin deficiency
Pleckstrin homology
Phospho-inositol-3 kinase
Phosphatidylinositol
Phospholipase C

Protein kinase C

Protein tyrosine kinase
Recombination activating gene
Restiction frangment lenght
polymorphism
Recombination signal sequence
Src-homology

SH2 containing inositol 5'-
phosphatase

Son of Sevenless

Serum response element

T cell receptor

Thymus dependent

Tec homology

T helper cell

. Thymus independent class I

Thymus independent class 11

2,4,6-triniirobenzenesul fonic

acid

Untranstated region

Variable

Wiskott-Aldrich syndrome

Wiskott-Aldrich syndrome

protein

X-finked chronic

granulomatous disease

X-ltinked immunodeficiency

X-lnked agammaglobulinemia

X-linked Iymphoproliferative
syndrome

X-linked severe combined

immunodeficiency
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