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Abstract
B cell antigen receptor (BCR)-derived signals are crucial for the normal development,
and activation of B cells. Rac-family small GTPases are involved in transducing BCRderived signals. Members of this family are highly homologous, suggesting that they may
have overlapping, redundant functions. Analysis of mice deficient for the haematopoieticspecific Rac2 has illustrated its importance in normal B cell development and function.
The role of Racl has not yet been addressed as genetic deficiency for this results in
embryonic lethality.

In order to address both the role of R acl in B cell biology and potential functional
redundancy between Racl and Rac2,1 analysed B cell development and activation using
conventional and conditional mutagenesis approaches. Analysis of B cell development in
Rac2''‘ mice revealed perturbations in the B -la, marginal zone and mature B cell
compartments, which is in agreement with published data. Analysis of R a c r 'R a c l '' mice
revealed these defects were further exacerbated, demonstrating that in the absence of
Rac2, Racl can compensate for Rac2. A conditional mutagenesis approach was used to
generate mice with deletion of the Racl gene in B lineage cells only {Racl^ mice). These
mice possess no defect in B cell development. To generate B cells deficient for both Racl
and Rac2, Racl^Racl '' mice were generated by breeding. Analysis of B cell development
revealed a complete absence of mature B cells deficient for both R acl and Rac2,
illustrating that both are necessary for normal mature B cell development.

Rac2 was found to be important in transducing BCR-mediated responses in mature B
cells resulting in calcium mobilisation, survival, cell cycle entry and the expression of the
activation marker CD69. Analysis of RacC^Rac2 ^ B cells revealed that Racl is also
involved in these processes, although Racl plays little if any role in BCR-induced
calcium mobilisation. Finally, I also showed that R acl and Rac2 are involved in
transducing BCR-derived signals necessary for up-regulating receptor(s) for the survival
molecule BAFF.
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Chapter One - Introduction

1.1 The role of B cells in adaptive immunity: A functional overview

Animal immunity can be delineated into two separate and highly specialised branches.
Natural or innate immunity is the more phylogentically archaic, present in invertebrates
as well as higher animals, providing broad specificity protection (Thompson, 1995).
Adaptive or acquired immunity is confined to vertebrates and it is defined by an ability to
recognise pathogenic agents with specificity and to retain a memory of such an
encounter. Within the context of adaptive immunity, B cells are charged with the task of
generating antibodies, that specifically recognise antigen on or produced by a plethora of
pathogenic agents, and can function in several ways;(l) antibodies can neutralise the
biological activity of their target molecule (Neutralisation), (2) they can coat antigen or
pathogenic agents, allowing them to be recognised by other cell types of the immune
system to initiate a response (Opsonisation) and (3) they can cause the direct lysis of
pathogens (e.g. bacteria) by interacting with proteins of the complement system, once
bound to antigen expressed on the pathogen (Complement Activation) (Janeway, 1997).

In the adult animal, the major sites of B cell residence include lymph nodes and the
spleen. Insight into their function arose from the observation that lymph nodes draining
the site of injected antigen produced antibody that was specific for the antigen
(McMaster, 1933). Subsequent analysis of splenic architecture and in vitro antibody
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production showed that an ordered sequence of events followed immunization, which
culminated in the generation of plasma cells and that these were the source of secreted
antibodies (Fagraeus, 1948). Our current paradigm of B cell function derives from
Burnet’s Clonal Selection Theory, formally published in 1959 (Burnet, 1959). In this
theory, he raised a number of proposals, the central tents of which are:

1. That each B cell produces one antibody of random specificity.
2. Antigen selects for the cell(s) bearing antibodies that recognises the antigen with the
greatest specificity.
3. Such cells become activated, manifest by proliferation and antibody secretion.
4. As immunization progresses with time, somatic mutation arises, which selects for cells
expressing antibody with greater affinity for the original antigen.
5. The memory associated with future encounters is attributed to the fact that following
re-immunisation, the antigen is more likely to encounter a greater proportion of cells
expressing the specific antibody. (Burnet, 1959)

Since its inception, the clonal selection theory has undergone a number of revisions, but
the central tenets still hold. It has garnered almost unequivocal support from numerous
observations, including the finding that single B cells produce antibody of a single
specificity (Nossal, 1958) and that when antigen caps a B cell, it caps not just one or a
few antibody molecules, but all surface antibody (Raff, 1973).
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1.2

B cell function in adaptive immune responses

The sequence of events following encounter with a pathogen or antigen are fairly well
characterised, and it is clear that both adaptive and innate immune responses involve the
interaction of cells from both branches, providing chemical cues (cytokines) as well as
direct stimulation through cell contact (Baumgarth, 2000). Unlike T cells, which can only
recognise antigen in the context of MHC (Guermonprez et al., 2002), B cells are able to
recognise surface bound or soluble antigen. Antigen recognition is mediated by the B cell
Antigen Receptor (BCR), which is made up of surface bound immunoglobulin (sig).
During affinity maturation, B cells are also able interact with antigen deposited in the
form of immune complexes on the surface of follicular dendritic cells (FDC). Antigens
that activate B cells fall into two classes (Janeway and Travers, 1997). Thymus
Dependent (TD) antigens require presentation of the antigen by B cells to T cells, in order
for T cells to provide help in the form of CD40 Ligand (CD40L) interaction and cytokine
production (e.g. IL-4), which result in full B cell activation (Parker, 1993). B-T cell
interactions are also mediated by CD80 (B7.1) and CD86 (B7.2) the expression of which
is up-regulated on B cells following BCR triggering (Brink et al., 1995) and interact with
T cell expressed CD28, an important stimulatory co-receptor (Linsley and Ledbetter,
1993)

Thymus Independent (Tl) antigens do not require B cell processing and presentation in
order for the B cell to become activated. They can be further delineated into Tl type 1 and
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type II (TI-I and TI-II respectively) antigens (Zitron et al., 1977). TI-I antigens are
capable of activating both immature and mature recirculating follicular B cells, and
include microbial products such as Lipopolysaccharide (LPS). TI-II antigens are usually
highly repetitive polysaccharides, which trigger the BCR, stimulating mature B cells and
includes TNP-Ficoll. By their very nature, both TD and Tl antigens trigger B cell
activation in different ways, but both cause B cell differentiation into antibody producing
plasma cells. Antibody secretion is termed a humoral response, and a number of different
Ig sub-classes exist. The classes of sIg expressed on resting naïve B cells are
predominantly IgM and IgD, but a consequence of activation is a phenomenon termed
class switching, brought about by re-arrangements in the constant region of the p heavy
chain (pHC), which results in the secretion of different antibody sub-classes. By virtue of
the structure of the various sub classes, they are capable of eliciting different responses,
all of which contribute to the immune response (Virella and Wang, 1993).

Lymphoid organs such as the spleen and lymph nodes are the grounds where the immune
response unfolds. Activated B cells are located in anatomical structures termed germinal
centres, where they not only exert their effector functions, but also undergo affinity
maturation by somatic hypermutation. This results in the generation of B cells expressing
BCR with higher affinities for antigen. This process is subject to strict regulation to
ensure the generation of a more effective repertoire, without generating clones that are
potentially reactive to self (Calame et al., 2003). Finally, a certain proportion of B cells
expressing sig with high affinity for antigen go on to become memory B cells, capable of
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reacting more readily and mounting a greater response than naïve antigen-unspecific B
cells, should a repeat encounter arise in the future (McHeyzer-Williams, 2003).

1.3

B-2 B Cell Development

Mouse B-2 cell development initially arises in the fetal liver, before gradually switching
to the bone marrow of neonates, which remains the site of B lymphopoiesis for the rest of
the animals’ life. B cell development is a highly ordered process and subject to regulation
by at least two defined developmental checkpoints (Hardy and Hayakawa, 2001).
Development can be followed by the expression of an array of cell surface molecules and
the so-called ‘Philadelphia’ nomenclature will be used throughout to describe the various
bone marrow restricted stages of B cell development (Figure 1) (Hardy and Hayakawa,
2001). The earliest committed B cell progenitor is the pro B cell, characterised by its
expression of a B cell specific splice variant of the CD45 molecule termed B220 as well
as CD43, HSA (CD24) and AA4.1. At this stage, no immunoglobulin is expressed at the
cell surface (LeBien, 1998). This stage in itself can be subdivided into 3 stages termed
Fraction A, B and C. During these stages, various markers of cell differentiation are
expressed such as the B cell specific molecule CD 19, expressed from Fraction B onwards
(Kozmik et al., 1992). These stages are also when the immunoglobulin heavy chain
(p,HC) locus becomes rearranged.

The p,HC locus is divided up into 3 segments, termed Variable, Diversity and Joining (V,
D and J respectively), each containing a varying number of genes. A functioning fxHC is
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generated by the successive rearrangements of first D to J segments (D
V to DJ (V

J) followed by

DJ) (Krangel, 2003). Rearrangement of the heavy chain loci is mediated

by two DNA recombinases, Recombination activating gene 1 and 2 (Ragl and Rag2)
(Krangel, 2003). Ragf-deficient and Rag2-deficient mice are unable to re-arrange jxHC
and so are unable to express it, and B cell development is blocked at the pro B cell stage
(Mombaerts et al., 1992; Shinkai et al., 1992). As well as differential splicing together of
the V, D and J regions, additional diversity is generated by Terminal deoxynucleotidyl
transferase (TdT), which adds N-nucleotides at the re-arrangement joints (so called Nregions) (Gilfillan et al., 1993; Komori et al., 1993). In frame rearrangements result in
transcription and translation and the |iHC is expressed as a complex with the surrogate
light chain (VpreB and X5) and Iga (CD79a) and Ig(3 (CD79b) to form the pre-BCR
(pBCR) complex. Iga and Ig|3 in particular are important for the assembly of both the
pBCR and BCR (Campbell et al., 1991; Hombach et al., 1988; Hombach et al., 1990;
Schamel and Reth, 2000).

Progression into the Fraction D pre-B cell stage stipulates that the immunoglobulin heavy
chain locus correctly rearranges such that a signalling competent pBCR can be expressed
at the cell surface. Specific deletion of the p,HC results in mice (pMT) with a block at the
Fraction C to Fraction D stage of B cell development (Kitamura et al., 1991). To date, no
cognate ligand has been identified for the pBCR; it is thought that correct assembly of the
receptor is sufficient to signal the progression to the next stage of development (LeBien,
1998). The pro-B to pre-B cell transition is marked by proliferative expansion and
termination of R agl and Rag2 expression and induction of allelic exclusion, preventing
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further immunoglobulin HC re-arrangement and ensuring the generation of cells
expressing receptor with a single specificity (Hardy and Hayakawa, 2001).

Following proliferative expansion, pre-B cells, exit cell cycle and the Rag genes become
reactivated to re-arrange an immunoglobulin light chain (LC) locus. The LC is encoded
for by 2 distinct loci

(k

and X), both of which have a segmented make up, although unlike

the piHC locus, there is no D segment. Expression of the LC, when paired with the pHC
and Iga and IgP, results in the formation of the BCR, in the form of sIgM. These cells are
termed Fraction E immature B cells and, as with the pBCR, a checkpoint is thought to be
in operation to ensure not only that the LC locus has undergone correct rearrangement,
but also that the resulting BCR is proficient at signalling (Hsueh and Scheuermann,
2000). It is at this stage that the processes of positive and negative selection are thought
to be in operation. In the former, cells expressing a BCR that is capable of signalling are
favoured, compared to those cells that have failed to re-arrange LC or that have re
arranged a LC that pairs poorly with the existing pHC and is therefore signalling
impotent. In contrast, the phenomenon of negative selection seeks to eliminate immature
B cells that signal too well, because their BCR has specificity against self-antigen. The
combined result of these two balancing forces is to ensure that the peripheral B cell pool
is populated with cells that will be of use to the animal, but are generally not auto
reactive (Pillai, 1999). It has been estimated that only 30% of the initial pool of pre B
cells generated reach the immature stage of maturation (Osmond, 1991), reflecting the
loss of cells that have not undergone productive LC re-arrangements, and cells that
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express auto-reactive BCR. Furthermore, of the immature B cells generated, only 10% of
these exit to the periphery (Allman et al., 1993).

The immature B cells that express a signalling-competent BCR exit the bone marrow
through the bone marrow sinusoids and out into the circulation. From here, poorly
understood chemokine signals ensure they home to the spleen, where they complete their
development. Although the lymph nodes represent another site where B cells reside,
immature B cells are thought to be actively excluded in part because they do not express
the integrin molecule L-selectin (CD62-L) (Flaishon et al., 2000; Loder et al., 1999).
Immigrating immature B cells arrive in the splenic red pulp, through the terminal
branches of the central arterioles, where they are referred to as transitional B cells
(Cyster, 2000).

Splenic transitional B cells can be delineated into 2 or 3 sub sets, depending on the cell
surface staining regime employed termed transitional type 1 (T l) transitional type 2 (T2)
and transitional type 3 (T3). Loder et al. define 2 transitional populations based on cell
surface expression of B220, CD21, CD23 and HSA (Loder et al., 1999), which is the
nomenclature used throughout this thesis. Allman et al. define 3 populations on the basis
of B220, CD23, IgM and AA4.1 expression (Allman et al., 2001). In either case, T l B
cells are initially located in the red pulp, before migrating through the marginal zone
sinuses into the outer zone of the periarteriolar lymphoid sheath (PALS). Within the
PALS are collections of T cells termed T cell zones, important during TD humoral
responses. From the PALS, T l cells migrate into the follicle, where they complete their
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m aturation through the T2 stage into m ature recircu lating fo llicu la r B c e lls . S electio n
m e ch a n ism s are again th ou gh t to be in op eration during this late stage o f B c e ll
d ev elo p m en t, becau se as few as 10% o f transitional B c ells reach m aturation (A llm an et
a l., 1993; R o lin k et a l., 1 9 9 8 ). B oth b on e m arrow and sp le n ic sta g es o f B c e ll
d evelo p m en t are sum m arised in Figure 1.

t;d Pulp

MZ
CD19
Follicule ( M atun

Pre BCR
MZP

BCR/sIgM

T2
sIgD
CD21

B C R C h e c k p o in t
p B C R C h e c k p o in t

HC rc-arrangcmcnt
-> J

HSC

-> D

---------------------- pro-B -------(Fr. A)
(Fr. B)
(Fr. C)

------------- pre-B — immature
(Fr. C l (Fr. D)
(Fr. E)

m ature

F ig u r e 1. D ia g r a m a tic re p r e s e n ta tio n o f B-2 cell d e v e lo p m e n t in a d u lt m ice. P hilad elp h ia n o m e n clatu re is used to d escrib e the
d iffe re n t d ev e lo p m en tal subsets. M Z P rep resen ts a hypothetical M Z B cell p recu rso r. A lth o u g h C D 21 is show n o n ly on M Z B cells,
b oth T2 and n atu re B cells also ex p ress this but at a low er level. A dapted from H ardy an d C ariap p a (H ard y , 2(X)1, C ariap p a, 2(X)2).
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1.4

The BCR Checkpoint and Positive Selection

The establishment of a B cell repertoire that on the one hand is capable of recognising
and responding to foreign antigen, but on the other is un-reactive to self requires the
interplay of positive and negative selective forces. A major aspect of positive selection
and maintenance of the recirculating B cell pool are BCR-derived signals. Removal of the
BCR from the mature peripheral B cell compartment results in their rapid death,
highlighting the importance of BCR-derived signals for their maintenance (Lam et al.,
1997). It is also clear that the ability to effectively transduce BCR-derived signals is also
crucial during B cell development, evidenced by the existence of the pre BCR (pBCR)
and BCR checkpoints, respectively (Benschop and Cambier, 1999). A number of mutant
mice strains (naturally occurring or man-made) with impaired ability to transduce BCRderived signals have been found to have a profound developmental arrest at the immature
B cell stage, supporting the notion that a positive selecting BCR-derived signal is crucial
for normal B cell development (Niiro and Clark, 2002). For example, ^y&-deficient mice
have a complete block at the immature B cell stage (Turner et al., 1995; Turner et al,
1997). The finding that there is a progressive narrowing of

gene diversity between

bone marrow pre-B cell and splenic mature B cell stages (receptor restriction), could be
interpreted to mean that positive selecting mechanisms skew the final B cell repertoire, to
contain B cell clones which express signalling competent BCRs (Gu et al., 1991). Note
that this observation could also be construed to represent clones that remain after
negative selection. Thirdly, it is has long been acknowledged that self-reactive antibodies,
so called ‘natural antibodies’ can be detected in non-diseased wild-type animals
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(Avrameas, 1991). This suggests that there may exist mechanisms that select for such
self-reactive B cells. Mice expressing a transgenic BCR with specificity for the
endogenous T cell surface glycoprotein Thyl have provided compelling evidence that the
B -la B cell compartment (discussed later) can be subjected to positive selection and
maintained on the basis of their self-reactivity (Hayakawa et al., 1999). Furthermore,
analysis of the relative proportions of the different splenic B cell compartments in V^glx
heavy chain transgenic mice also provides evidence for positive selection (Chen et al.,
1997). Such mice exhibit a greatly expanded Marginal Zone (MZ) B cell compartment,
suggesting that possession of this particular heavy chain biases development in favour of
the marginal zone fate.

1.5

The BCR Checkpoint and the generation of tolerance by negative

selection

Negative selection is responsible for immune tolerance, and is mediated by a number of
different mechanisms operating in both the bone marrow and secondary lymphoid organs.
Given that only an estimated 10% of all IgM^IgD immature B cells generated reach the
transitional B cell stage (Allman et al., 1993), immature B cells are thought to be the
major compartment on which these tolerance mechanisms act upon. Entry into the mature
recirculating follicular pool is subject to competition, and the low percentage of
recruitment of immature B cells is a reflection of this (Agenes et al., 1997). Mice
expressing transgenic pre-rearranged BCR as well as the cognate antigen have permitted
the analysis of negative selection in vivo. These studies have been complemented in vitro
21

using either ex vivo purified or cultured immature B cells and stimulating antibodies
specific for components of the BCR. The mechanisms that tolerises a self-reactive B cell
are likely to be determined by spatial factors, which will undoubtedly encompass the
strength and nature of the signals, as well as the presence of accessory cells (Cornall et
al., 1995).

Mechanism of Central Tolerance: Deletion

Binding of antigen to immature B cells in the bone marrow can cause the down
regulation of their surface IgM expression, maturational arrest and/or their subsequent
elimination (Nemazee and Burki, 1989). Maturational arrest provides such cells with a
window during which receptor editing can occur (discussed later). Direct evidence that
the bone marrow is the site of negative selection has never been formally provided;
assessment of immature B cell death in the bone marrow is prevented by the high level of
background apoptosis in cells of the various haematopoietic lineages (Bluethmann and
Ohasti, 1994). However, indirect evidence has come from the analysis of BCR transgenic
mice expressing a Bcl-2 transgene, where self-reactive B cells, which would normally be
instructed to die, are maintained by the ectopic expression of Bcl-2. Analysis of another
BCR transgenic strain reveals that whilst bone marrow IgM*'' immature B cells are
targeted for deletion, XgM’° immature B cells are resistant to deletion (Carsetti et al.,
1995). In vitro, whilst BCR engagement of bone marrow IgMTgD^ results in survival, the
same treatment of IgMTgD cells causes significant levels of cell death (Norvell et al.,
1995).
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There is also evidence suggesting that deletion can arise outside of the bone marrow,
provided by BCR transgenic mice where the cognate antigen is absent from the bone
marrow (Brombacher et al., 1991), and from studies on splenic transitional B cells. The
fact that the latter express high levels of pro-apoptotic molecule Fas but very low levels
of the Bcl-2 implies a high sensitivity towards apoptosis (Carsetti et al., 1995). Whilst the
role of Fas in regulated B cell death has been well established (Elkon and MarshakRothstein, 1996), it is unclear if it is of critical importance for deletion during the
establishment of tolerance, since BCR transgenic mice that also lack Fas expression
retain the ability to delete self-reactive B cells (Rathmell and Goodnow, 1994). Splenic
T l B cells have also been shown to die following BCR ligation in vitro, failing to up
regulate the expression a BCR-induced anti-apoptotic protein Bcl-x^ and Cyclin D2
(CLND2), necessary for cell cycle progression (Su and Rawlings, 2002).

Receptor Editing

The developmental arrest caused by antigen binding to immature B cells is thought to
provide such reactive cells with the opportunity to undergo receptor editing, which leads
to the generation of less self-reactive BCR. Receptor editing involves secondary re
arrangement of LC loci, in an attempt to generate BCR that is less reactive to self-antigen
(Tiegs et al., 1993). Of the two available light chain loci, the kappa LC is found most
commonly paired with p,HC, detected almost 10 times more frequently on peripheral B
cells than the lambda LC (Ghia et al., 1995). In vivo evidence for receptor editing derives
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from BCR transgenic mice expressing cognate antigen in the bone marrow. Analysis of
immature B cells reveals that they modify their receptors, and instead of expressing the
transgenic pre-arranged LC, express endogenously encoded LC (Tiegs et al., 1993.
Immature B cells generated using an in vitro culturing system treated with anti-kappa
antibody edit their BCR and switch light chain expression from the lambda to kappa
locus (Hertz and Nemazee, 1997). The fact that secondary re-arrangement of LC loci is
required for receptor editing means that Rag expression must be re-activated. Receptor
editing appears to be confined to the bone marrow stage of B cell development. Whilst
the use of a bacterial artificial chromosome (BAC) expressing a Rag2-GFP fusion protein
suggested that Rag2 expression could be detected in transitional but not mature B cells
(Yu et al., 1999), analysis of mice containing GFP ‘knocked into the endogenous Rag2
locus revealed that neither transitional nor mature B cell compartments express this
protein (Monroe et al., 1999). Furthermore, receptor editing is not detected in spleen cells
cultured with various types of anti-BCR antibodies, nor on splenic B cells transferred into
the bone marrow microenvironment (Buhl et al., 2000).

However, it is possible that a similar process, termed receptor revision could occur in
germinal centre B cells (Kelsoe, 1999). Observations that BCR ligation inhibits receptor
revision, (Hertz et al., 1998; Meffre et al., 1998) suggests that in contrast to receptor
editing, receptor revision is not a tolerance-induced mechanism. Its function could be to
enable germinal centre B cells undergoing affinity maturation that have failed the
selection process to revise their light chain and participate in the ensuing immune
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response. Evidence of receptor revision has also been found in lymph node B cells, where
only mature B cells are found (Hikida et al., 1997; Hikida et al., 1996; Loder et al., 1999)

Potential Mechanisms of Peripheral Tolerance: Anergy and follicular
exclusion

The phenomenon of B cell functional unresponsiveness/anergy was proposed to be a
tolerising mechanism based on observation using the anti-Hen Egg Lysozyme (HEL)
BCR transgenic system. Expression of surface bound cognate antigen in the presence of
transgenic BCR results in the deletion of such reactive B cells, (Erikson et al., 1991;
Hartley et al., 1993; Hartley et al., 1991 ; Nemazee and Burki, 1989) whilst the expression
of soluble cognate antigen results in the development of so called anergic B cells.
(Cornall et al., 1995). Anergic cells express less sIgM (Bell and Goodnow, 1994) and
they are de-sensitized with respect to proximal signalling events (Cooke et al., 1994).
Chronic exposure of a monoclonal population to its cognate antigen results in a failure to
receive T cell help, due to a failure to up-regulate CD86 and therefore interact with
CD28. Short-term antigen exposure has less permanent effects, as anergic B cells recover
effector functions in the presence of T cell help in vitro (Cooke et al., 1994). T cells also
play a role in the elimination of anergic B cells, which is Fas dependent (Rathmell et al.,
1995). Despite these observations, the existence of anergic B cells in wild-type mice with
a polyclonal repertoire is debatable.
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Follicular exclusion was originally proposed to be an intrinsic mechanism of normal B
cell development, which is important for the generation of a tolerant follicular repertoire.
This was concluded from observations using the anti-HEL transgenic system. Newly
formed anti-HEL immature B cells (in the absence of soluble HEL antigen) are able to
migrate through the splenic red pulp and PALS into the follicle even in the presence of
competing non-transgenic, polyclonal B cells (Cyster et al., 1994). However, in the
presence of soluble HEL-antigen, anti-HEL monoclonal B cells no longer migrate into
the follicle and die within three days The support that this is a consequence of
competition for migration into the follicle, rather than just antigen binding and BCR
signalling comes from observing that migration into the follicle can only occur if there is
an absence of competition from polyclonal B cells. Furthermore, this exclusion is
interpreted as an active process, because the exclusion persists even if Bcl-2 expression is
enforced. This led to a model that reactive cells, or newly arrived immature/transitional B
cells that receive a strong BCR signal are actively excluded from entry into the follicle.
However, these results have since been re-interpreted. A more plausible explanation of
the observation by Cyster and colleagues is that it reflects a normal TD immune response,
and that these reactive immature B cells are actually being primed. Failure to enter the
follicle is not a consequence of follicular competition, but rather a failure of such reactive
B cells to appropriate the necessary T cell help which is a pre-requisite for follicular entry
(MacLennan et al., 1997). As discussed earlier, T cell interactions are a crucial part of B
cell activation. In vitro, it has been shown that hyper-cross linking of splenic small
resting B cells results in apoptosis, which can be rescued by co-culturing with IL-4 and
anti-CD40 (Parry et al., 1994). The direct involvement of T cell help in preventing BCR
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induced apoptosis comes from a number of observations, including the finding that IgD
ligation of a polyclonal B cell repertoire in the absence of T cells results in apoptosis
(Finkelman et ah, 1995), and that CD40 interaction with CD40L rescues germinal centre
B cells from apoptosis, during affinity maturation (Wang et al., 1995). Hence, follicular
exclusion is likely to be a secondary phenomenon of T cell tolerance (MacLennan, 1998;
MacLennan et al., 1997).

Germinal Centre Exclusion

It is likely that mechanisms that maintain tolerance can also be found in operation outside
of the bone marrow stage of B cell development. During the course of an immune
response, B cells undergo somatic hypermutation, and cells expressing BCR with
enhanced binding affinity against antigen are selected for (Calane, 2003). Because
somatic hypermutation arises in hotspots and is essentially random, it is possible auto
reactive B cells arise during the process, and it would be logical for mechanisms to exist
in order to eliminate such cells. Based on a number of observations, a two-step
checkpoint has been proposed to be in operation. Firstly, affinity matured B cells must be
capable of delivering a BCR signal, induced by interactions with follicular dendritic cells
(FDC) acting as antigen presenting cells, and secondly, there needs to be CD40 co
stimulation provided from non-tolerant/reactive T cells (MacLennan, 1994). This is
supported by two studies that utilise BCR transgenic mice strains showing that following
B cell activation in the absence of T cell help, the activated cells undergo apoptosis and it
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seems that the nature by which the antigen is recognised by the BCR is a crucial
determinant of B cell fate (Pulendran et al., 1995; Shokat and Goodnow, 1995).

1.6

MZ B cell development and function

Immature B cells that arrive in the spleen from the bone marrow must pass through the
splenic marginal zone sinus. Located in this anatomical region are the marginal zone
(MZ) B cells, a distinct mature compartment in their own right. As well as being
relatively long lived and non-recirculating, they harbour unique functional capacities
(Gray et al., 1982; Liu et al., 1988; Snapper et al., 1993). Their principal function is to
participate in the very early stages of an immune response, made possible by their
anatomical location and exposure to blood borne antigens, ability to interact rapidly with
both dendritic cells and T cells, and their heightened sensitivity to respond to antigen
(Martin and Kearney, 2002).

Mechanisms involved in the generation and maintenance of MZ B cells:
Role of the BCR

MZ B cells are thought to develop from newly arrived T I B cells that are retained as they
migrate through the marginal zone (Kroese et al., 1990). It is becoming clear that a
combination of BCR-derived as well as chemokine- and integrin-mediated signals are
necessary for their development, survival, retention and migration, which ensure their
correct generation and maintenance (Martin and Kearney, 2002). For example, V h81X
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mice have a hugely expanded MZ compartment, with a relatively low clonal diversity,
suggesting the involvement of BCR-mediated positive selection signals driving the
development of this compartment (Martin and Kearney, 2000). A role for the BCR is also
supported by observations of an absence or reduction in the MZ compartment in a
number of mouse mutants with disruptions in their ability to transmit BCR-derived
signals. These include mice deficient for Syk (Turner et al., 1997a), the pllO ô subunit of
PI3-K (Clayton et al., 2002; Okkenhaug et al., 2002), Lyn (Chan et al., 1997; Meade et
al., 2002) and CD19 (Engel et al., 1995; Rickert et al., 1995). BCR-derived signals could
also play a role governing commitment to the MZ B cell fate. Based on a genetic analysis
of X id mice (which have a reduction in the MZ compartment (Kraal et al., 1988; Liu et
al., 1988) and Aiolos-deficient mice, (which completely lack MZ B cells (Morgan et al.,
1997), Cariappa and colleagues have proposed that within the transitional B cell stage,
the strength of BCR signalling could determine whether such a cell remains in the
marginal zone and differentiates into a MZ B cell, or migrates to the follicle and
differentiates into a mature recirculating follicular B cell. B cells that receive a strong
BCR signal are blocked from becoming MZ B cells, and instead are recruited into the
pool of cells that may eventually populate the mature recirculating follicular pool, whilst
those cells receiving ‘weak’ signals are permitted and/or directed towards the marginal
zone fate (Cariappa et al., 2001).

Role of Chemokine and Integrin signalling

Unlike migration into the primary follicle, which is dependent on chemokine signalling,
(Ansel et al., 2000; Gunn et al., 1999), no such chemokine has yet been identified to be
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involved in MZ B cell migration. However, the existence of mice with deficiencies in
components downstream of chemokine receptors that have a complete absence in the MZ
B cell compartment, is suggestive that specific chemokine signals might be involved.
Protein Tyrosine Kinase 2 (Pyk2) is thought to integrate signals downstream from both
integrin and chemokine receptors (Davis et al., 1997; Ma et al., 1997). Py/:2-deficient
mice contain no MZ B cells, a phenotype that is B cell-autonomous, and Pyk 2-deficient
mature follicular B cells display defective chemotaxis (Guinamard et al., 2000). The
CDM family member D 0CK2 is implicated in membrane extension during migration and
signalling through Rac-dependent pathways (Kiyokawa et al., 1998). Analysis of
DOCAT2-deficient mice reveals that they not only have a MZ B cell deficiency, but also
problems with B and T cell chemotaxis (Fukui et al., 2001). Finally, Lsc (the murine
homolog of human p i 15 Rho GEF) is a specific activator of Rho family GTPases
(discussed in detail later) and is required for G-Protein Coupled Receptor (GPCR)induced actin polymerisation in lymphocytes. L^c-deficient mice possess significant
reductions in the MZ B cell compartment, which are also deregulated with regards to
their migratory responses to serum (Girkontaite et al., 2001).

Integrin-mediated signals in MZ B cell are thought to be of direct importance in their
maintenance. The integrins LFA-l(aLP 2 ) ^nd

have overlapping roles in MZ B cell

retention p 2 (Lu and Cyster, 2002). Regulation of the expression of their ligands (ICAM1 and VCAM-1) on marginal zone stromal cells is via the TNF-family ligand
lymphotoxin aj. There is also evidence that MZ B cell retention is dependent on their
ability to interact with MZ macrophages, which express the cell surface molecule

30

MARCO . The extra-cellular domain of this receptor has been shown to bind with high
affinity to MZ B cells, providing a mechanism for their retention by MARCO^
macrophages. Binding of bacteria to these macrophages causes their migration into the
red pulp that is concurrent with MZ B cell migration into the follicle (Karlsson et al.,
2003). These observations suggest that adhesion to marginal stromal elements as well as
other resident effector cells such as macrophages are important for MZ B cell retention.

Functional Properties of MZ B cells

The anatomical organisation of the splenic MZ is highly conducive to enable effective
monitoring of blood-borne antigens. It is here where arterioles terminate, bathing resident
MZ B cells, macrophages and antigen presenting dendritic cells, prior to reaching the red
pulp and re-joining the circulation via the venous sinuses (Cyster, 2000). In vitro
observations reveal that, whilst MZ B cells appear less able to proliferate following antiIgM stimulation compared to mature recirculating follicular B cells (Snapper et al., 1993)
they show a greater propensity to proliferate following stimulation with LPS which is a
consequence of both increased survival (Oliver et al., 1997) as well as a greater
proportion of cells entering cell cycle (Oliver et al., 1999). MZ B cells also display a
much greater sensitivity towards low levels of LPS compared to mature recirculating
follicular B cells. Whilst BCR-induced proliferation is reduced in MZ B cells, they seem
to be able to mobilise calcium more readily than either their transitional precursors or
mature follicular B cells (Oliver et al., 1997). Phenotypically, they resemble memory B
cells, with high levels of expression of the T cell co-stimulatory molecules B7.1 (CD80)
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and B7.2 (CD 8 6 ) and they are potent APCs (Oliver et al., 1999). These combined
abilities implicate MZ B cells as being key effector cells, very early in an immune
response (Oliver et al., 1999, Martin and Kearney, 2002).

1.7

B-1 B cell Development and function

B-1 B cells are a small and functionally distinct sub-set of B cells arising during
ontogeny and maintained in the adult animal. They are long-lived, capable of self
renewal and mainly reside in the pleural and peritoneal cavities. The B-1 term was
initially used to describe cells that originate during fetal B cell development, as opposed
to mature recirculating follicular B-2 cells that are formed during adulthood. They are
characterised not only by their anatomical localisation within the animal, but also by their
expression of the cell surface molecules, CD5/Ly-1 and M ac-1. Although B-1 cells were
originally defined according to expression of CD5, this definition has required some
refinement, as B-2 cells can be induced to express CD5 (Berland and Wortis, 1998; Cong
et al., 1991) and there are some B cells with B-1 characteristics, yet without CD5
expression (Herzenberg et al., 1986; Kantor, 1991; Kantor et al., 1992). Hence, B-1 cells
can be subdivided into B-1 a and B -lb, the latter compartment lacking CD5 expression
(Hardy and Hayakawa, 2001). Contention still reigns as to their developmental origin.
The observation that the B-1 compartment can only be recovered in irradiated mice
reconstituted using fetal or neonatal liver but not adult bone marrow as the source of
haematopoietic stem cells, suggested that B-1 cells could not be derived during adult
haematopoiesis. (Hayakawa et al., 1985).
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These observations led to the development of the Lineage Hypothesis model, which
postulates the existence of a defined B-1 precursor that is only present during the liver
stage of haematopoiesis, and that B1 cells are maintained by self-renewal. Support for the
notion that there are inherent differences between fetal and adult B cell development
come from a number of observations. During fetal B cell development, the transcription
factor Pax 5 seems to be necessary for the generation of the earliest committed B cell
precursor. Fraction A pro-B cells. In contrast, Pax5-deficiency in adult animals appears
to be slightly less severe, as Fraction B and C pro-B cells can be generated (Nutt et al.,
1997). Fetal B cells are known to have lower pHC diversity, as fetal precursor B cells
express almost no TdT during D -^J and V->DJ rearrangement, resulting in a fetal
antibody repertoire composed of canonical antibodies lacking N-regions that nonetheless
afford potent protection against many pathogens (Gilfillan et al., 1993; Li et al., 1993).
The importance of a limited BCR diversity in B-1 cell generation comes from the
intriguing observation that enforced expression of TdT during fetal life in eliminates one
such canonical antibody that is specific for phosphatidylcholine and results in increased
susceptibility to pneumococcal infection (Benedict and Kearney, 1999).

The fact that CD5 expression can be induced on mature recirculating follicular B-2 cells
(Cong et al., 1991) and that B-1 cells share certain characteristics with activated B cells,
has lead to the formulation of the Induced Differentiation Hypothesis. This model posits
that differentiation into the B-1 compartment is not restricted to fetal lymphopoiesis, and
that B-1 cells develop from B-2 precursors, triggered by polyvalent Ti ll antigens
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(Haughton et al., 1993; Wortis, 1992, Clarke and Arnold, 1998). It could account for BIb B cell development, where perhaps auto-reactive immature B cells escape deletion and
are recruited into the B-1 compartment (Hayakawa and Hardy, 2000). In support of this,
mice lacking CD22, Lyn or PD-1, (all shown to be negative regulators of BCR
signalling,) have an expansion of CDS' B-lb-like cells (Nishimura et al., 1998; Sato et al.,
1996; Takeshita et al., 1998). It is likely that aspects of both models can account for the
generation of the complete B-1 compartment, both dealing with different aspects of their
generation during fetal and adult B cell development.

Role of the BCR in B-1 development

An undisputed requirement for both the generation and maintenance of B-1 cells is a
signalling-competent BCR. Hayakawa and colleagues have demonstrated the importance
of antigen binding in the generation of the B-1 a compartment, which also demonstrates
that at least for B-1 cell development, positive selection is a real phenomenon (Hayakawa
et al., 1999). In terms of their maintenance, the observation that BCR removal results in
the gradual disappearance of the peritoneal B-1 compartment demonstrates the critical
importance of the BCR (Lam et al., 1997). Furthermore, B-1-deficiency or enhancement
in the many mouse lines containing targeted mutations in key signalling components
downstream of the BCR (discussed in more detail later), underscores its importance in B1 cell development. A generalisation is that compromised BCR signalling is tolerated
poorly by the B-1 compartment and as such a B-1-deficiency is a good indicator of a
mutation affecting BCR-signalling ability. Conversely, mice carrying mutations in
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negative regulators of BCR signalling tend to have expanded B-1 compartments (Niiro
and Clark, 2002).

Function of B-1 cells and CD5

B-1 cells have been shown to be a major source of ‘natural’ or self-reactive antibodies,
and these play a key role in the protection against systemic bacterial infection (Boes et
al., 1998b; Hayakawa and Hardy, 2000). Mice abrogated in their ability to secrete IgM
present increased levels of B-1 cells, which suggests that their homeostasis may in part be
self-regulated (Boes et al., 1998a). In combination with MZ B cells, they are thought to
be a major compartment involved in TI humoral responses and are the main source of
basal serum IgM and IgG3 (Hayakawa and Hardy, 2000). Their function in mucosal
immunity is supported by observations that in transfer experiments, peritoneal B-1 cells
are capable of reconstituting the lamina propia and producing IgA (Kroese and Bos,
1999). The finding that there are two distinct B-1 sub-compartments, differentiated by the
presence or absence of CD5, can not only be interpreted as there being more than one
pathway leading to their development, but also that CD5 activity may be dispensable.
CD5 glycoprotein is a member of the scavenger family of receptors (Huang et al., 1987)
and analysis of CDJ-deficient mice suggest that CD5 is a negative regulator of antigen
receptor-derived signals (Tarakhovsky et al., 1995). CD5-deficient B-1 cells are resistant
to BCR-induced apoptosis (the normal response following to BCR ligation) and undergo
proliferation instead (Bikah et al., 1996). Additionally, CD5 expression is associated with
tolerance induction (Hippen et al., 2000). This has led to the idea that whilst the B-1 a
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compartment is predominantly derived from fetal B lymphopoiesis by positive selection,
excessive auto-reactivity is regulated by CD5. (Hayakawa and Hardy, 2000)

1.8

Signal Transduction downstream of the BCR

From the assessment of B cell biology presented so far, it is apparent that signals that
emanate from the BCR are of critical importance for the development of a functional
peripheral B cell repertoire. Although it is clear that BCR signalling at different
developmental stages is capable of eliciting quite different responses, it can also result in
differential responses within a compartment. Although these are likely to be in part a
consequence of a combination of BCR- and other receptor-derived signals, reflecting
different compartments and micro-environments, the activation of intracellular signal
transduction pathways are likely to be key determinants. In view of this, it is important to
understand the mechanism of BCR signalling.

1.9

The B Cell Antigen Receptor Signalling Complex

The BCR is composed of a complex of 2 inrununoglobulin p,HCs containing both extra
and intracellular portions, covalently associated in the extra-cellular domain via
disulphide bridges with 2 immunoglobulin light chains (jbiLC) (which contain only extra
cellular domains). Additionally, a heterodimer of Ig a (CD79a) and Igp (CD79b) is
associated with this complex (Campbell et al., 1991; Hombach et al., 1988; Hombach et
al., 1990; Schamel and Reth, 2000). The absolute importance of the BCR in B cell
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physiology has been unequivocally proven with the use of a number of different mouse
models. However, the block in early B cell development as demonstrated by p,MT and
rag-deficient mice, requires conditional mutagenesis approaches in order to determine the
role of BCR signalling at later stages of B cell development. Inducible deletion of a
transgenic pre-rearranged pHC in all B cell compartments using the

C xq-IoxV

system

(discussed later) has revealed that in the absence of the BCR, mature B cells undergo
apoptosis (Lam et al., 1997). Whilst BCR loss does not appear to be accompanied with
any changes in the cell surface expression of some molecules such as the B cell specific
markers CD 19 or B220, expression of both MHC Class 1 and Class 11 molecules is
reduced, with a concomitant increase in Fas expression. These results clearly illustrate
that the BCR is essential for the survival of the mature recirculating follicular
compartment, and has led to the idea that mature B cells are maintained by a low level of
tonic signalling (‘tickling’) through the BCR.

Mouse knockout and transgenic approaches have also been utilised to assign function to
both Ig a and Igp. Two consequences of BCR engagement are protein tyrosine
phosphorylation by the actions of protein tyrosine kinases and changes in intracellular
calcium concentration (calcium mobilisation). Initial analysis on a mature B cell line
revealed that the targeted mutations that disturbed pHC from associating with Ig a and
Igp resulted in a failure of BCR-ligation to induce increases in tyrosine phosphorylation
and calcium mobilisation (Sanchez et al., 1993). These observations indicated that both
molecules might be important for the correct delivery of a BCR signal. The expression of
transgenic chimeric forms of Iga and lg(3 in either Rag-deficient or piMT mice has also
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been informative. Chimeric protein containing the extra-cellular and transmembrane
domains of p,HC spliced with either Iga or IgP reveals that these transgenes are capable
of rescuing the pro-B cell block normally observed in J^ag-deficient or pM T mice
(Papavasiliou et al., 1995, Teh and Neuberger, 1997), implying that the intracellular
domains of either Iga or IgP are sufficient for the assembly of the signalling complex that
is usually assembled in normal pro-B cells.

Initial analysis of B cell development of /g^-deficient mice revealed a block at the pro-B
cell stage, prior to

DJ rearrangement (Gong and Nussenzweig, 1996), but this has

since been refuted as re-analysis reveals that B cell development in Igp-deficient mice is
able to transit the pro-B pre-B transition (Pelanda et al., 2002). Mice expressing Ig a
lacking the cytoplasmic region (IgaAC) are able to express a complex of pHC, Igp and
the truncated Iga at the cell surface and can transit (albeit poorly) the pBCR checkpoint
(Papavasiliou et al., 1995; Torres et al., 1996). These mice have progressively fewer B
cells at each of the developmental stages and have very few mature B cells. The reduction
at the immature B cell stage in IgaAC mice is associated with constitutive signalling
through the BCR and deletion, implying that Ig a also has a role in negatively regulating
BCR derived signals (Torres and Hafen, 1999). /ga-deficient mice present a similar B
cell developmental phenotype to that observed in IgaAC mice (Pelanda et al., 2002). It is
unlikely that Ig a and Igj3 share overlapping roles because Iga, Igp double-deficient mice
present a B cell defect of equal severity to that observed in mice deficient for either
protein. Regardless of this last point, these observations indicate that all components of
the BCR signalling complex are important for correct B cell development.
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The Role of Non Receptor Tyrosine Kinases in proximal signalling
events downstream of the BCR

Neither Iga nor Ig|3 have been reported to possess any enzymatic activity, yet following
BCR ligation, both are tyrosine phosphorylated within a specific sequence termed the
Immunoreceptor Tyrosine-based Activation Motif (ITAM) (Flaswinkel and Reth, 1994;
Reth, 1989; Samelson and Klausner, 1992; Weiss, 1993). IT AMs are highly conserved
recognition motifs made up of 17 amino acids containing 2 tyrosine residues separated by
9 amino acids (Weiss, 1993) They serve as potential docking sites for proteins containing
Src Homology 2 (SH2) domains, which allows the perpetuation of a signalling cascade.
Members of the Src kinase family have been implicated as being responsible for
phosphorylating these ITAMs. As it will become apparent, much of the biochemical
function of not only Src family kinases, but also other non-receptor family kinases has
been amassed from observations in reconstituted cell systems, as well as B cell lines. Of
particular pertinence is the cell line DT40 (a chicken B cell lymphoma) that has been
invaluable in addressing the function of signalling molecules by targeted gene disruption
(Buerstedde and Takeda, 1991).

Src family kinases
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B cells are thought to express 3 members of the Src family of non-receptor tyrosine
kinases (non-RTK), Lck/Yes related Novel tyrosine kinase (Lyn), B cell Lymphoid
Kinase (Blk) and Fgr/Yes Novel tyrosine kinase (Fyn), with Lyn regarded as the most
important, although the presence of all three raises the issue of functional redundancy.
Regulation of their activity is interesting, as they appear to be subject to auto-inhibition.
Tyrosine 508 (TyrSOS) of Lyn has been identified as an inhibitory residue. When
phosphorylated, this interacts with its SH2 domain in-cis, thus preventing Lyns’
association in-trans with other molecules (Sicheri et al., 1997; Xu et al., 1997). Studies in
DT40 cells indicate that the kinase responsible for phosphorylating this residue of Lyn is
Ç-terminal Src Kinase (Csk), whilst removal of the phosphate depends on CD45 protein
phosphatase activity (Hata et al., 1994; Yanagi et al., 1996). The molecular consequences
of Lyn activity have been addressed using Ly«-deficient DT40 cells. Following BCR
ligation, these cells exhibit reduced calcium mobilisation (Takata et al., 1994), but
undergo normal induction into apoptosis (Takata and Kurosaki, 1995).

With regards to its function in B cell development, analysis of B cell development and
BCR-induced activation initially appears somewhat confusing. Lyn-deficient mice appear
to have normal B cell development, up until the immature stage where they have a
reduced number of peripheral mature B cells, which retain an immature cell surface
phenotype (Chan et al., 1997). This seems to suggest attenuation in the ability of such B
cells to transmit BCR-derived signals. However, at around 14 weeks of age, these
animals begin to exhibit signs of autoimmunity, with splenomegaly caused by the
invasion of immature myeloid cells, neutrophils, lymphoblasts and plasma cells, and they
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have an abundance of B-1 a cells in enlarged lymph nodes, which are unresponsive to
BCR stimulation (Chan et al., 1997, (Wang et al., 1996). Functionally, Ly^-deficient B
cells exhibit enhanced BCR-induced proliferation, but reduced calcium mobilisation
(Chan et al., 1997).

These paradoxical observations regarding development and function have seemingly
been resolved by the analysis of Lyw-deficient mice expressing transgenic BCR. In the
absence of cognate antigen, the B cell compartment shows enhanced positive selection,
with an increase in the frequency of plasma cells (Cornall et al., 1998). Subsequent
findings have revealed that Lyn is involved in negative modulation of BCR signalling,
required to activate CD22, which recruits the protein tyrosine phosphatase SHP-1
(discussed later) (Smith et al., 1998). Negative regulation of BCR-derived signals serves
two functions, which differ in their outcome during B cell development and activation. At
the immature B cell stage, Lyn serves to regulate the level of BCR signalling, preventing
excessive signalling and deletion. In its absence, weak antigen interaction is interpreted
incorrectly, leading to deletion. In BCR-stimulated mature B cells, Lyn ensures a
measured degree of responsiveness, with hyper-responsiveness resulting in its absence
(Hsueh and Scheuermann, 2000).

Analysis of B cell development in mice deficient for the other Src kinases expressed in B
cells indicate that Lyn is the main Src kinase involved in B cell development and
signalling. Fy«-deficient mice present no B cell developmental or functional phenotype,
although Fyn can partially compensate for Lyn activity during development, as
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Lyîï'F yn'' mice have even fewer mature B cells than Lyn'' mice (Appleby et a l, 1995;
Sillman and M onroe, 1994). 5 /^-deficient mice lack any discernable B cell
developmental phenotype (Malek et al., 1998). Lyn, Fyn, Blk triple-deficient mice have a
severe block at the pro-B to pre-B transition, supporting the notion that functional
redundancy exists between these Src kinases (Saijo et al., 2003). Whilst a fourth Src
kinase, Lck has been shown to have critical importance in T cell development (Molina et
al., 1992), the absence of any obvious B cell developmental phenotype suggests its
dispensability in B cell function. However, analysis of B -la cells reveals that these cells
do express Lck and that Lc^-deficiency results in reduced BCR-induced tyrosine
phosphorylation and ERKl/2 MAP kinase activation (Ulivieri et al., 2003).

Syk/ZAP-70 family kinases

Both Splenic Tyrosine Kinase (Syk) and Zeta Associated Protein of 70kDa (ZAP-70) are
two non-RTK expressed in B cells (Hutchfroft et al., 1992, Schweighoffer et al., 2003).
The basic structure of Syk kinases differs from Src kinases, in that rather than having an
N-terminal SH3 domain (thought to interact with proline rich motifs, thereby mediating
protein-protein interactions) followed by an SH2 domain, they possess a direct repeat of
two SH2 domains (Hsueh and Scheuermann, 2000). Kinase activation is thought to
depend on the phosphorylation of Tyr525 and Tyr526 within the kinase domain
(Kurosaki et al., 1995), and the SH2 domains are required for the association of Syk with
di-phopsho IT AMs. Observations of BCR signalling reconstituted in D rosophila S2
Schneider cells have suggested that Syk is capable of not only phosphorylating BCR
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ITAMs, but also itself, suggesting that auto-tyrosine phosphorylation may play a role in
the regulation of its activity (Rolli et al., 2002) 5y/:-deficient DT40 cells reveal that
following BCR-ligation, these cells fail to show the normal levels of tyrosine
phosphorylation and are unable to mobilise calcium (Takata and Kurosaki, 1995; Takata
et al., 1994). The mechanism for these defects is thought to involve the activity of the
small GTPase guanine nucleotide exchange factor (GEF) Vav and PLCy2 (both discussed
later). Both have been shown to be downstream targets activated by Syk (Deckert et al.,
1996; Law et al., 1996).

Whilst 5yA-deficiency in mice is manifest by perinatel lethality (Cheng et al., 1995;
Turner et al., 1995), analysis of B cell development in radiation chimeras reconstituted
with iSy^-deficient fetal liver cells has revealed a severe blockage at the pro- to pre-B cell
transition, with few cells found in the periphery. Histological analysis of the spleen
reveals that these cells line up along the edge of the T cell zone, with almost no cells
entering the follicle. The complete block in maturation from the immature B cell stage is
thought to be a consequence of severely abrogated BCR signalling, which cannot be
rescued with the enforced expression of Bcl-2, whose expression is normally upregulated during this transition (Turner et al., 1997a; Turner et al., 1995). This has led to
the idea that Syk is essential for the transduction of BCR-derived positive selection
signals, necessary for maturation into the mature recirculating follicular compartment.
The incomplete nature of the block at the pro-B cell stage is thought to be due to
functional compensation of Syk activity by ZAP70, because B cell development is
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completely blocked at this stage in the absence of both Syk and ZAP-70 (Schweighoffer
et al., 2003).

Support that Syk is downstream of Src kinase activity comes from the observation that
Ly/z-deficient DT40 cells have reduced BCR-induced Syk phosphorylation (Kurosaki et
al., 1994). However, it is unclear whether there is a direct linear pathway leading from
the BCR to Syk via Lyn. Whilst Ly«-deficient DT40 cells exhibit BCR-induced calcium
mobilisation (Takata et al., 1994), BCR-induced calcium mobilisation in 5yk-deficient
cells is completely blocked (Takata and Kurosaki, 1995). This suggests that Syk could be
activated by a number of Src family kinase. It is possible that functional redundancy
between Src family kinases could account for this discrepancy in BCR, but not in pBCR
signalling as pBCR induced Syk phosphorylation in Lyn, Fyn, Blk triple-deficient pro B
cells is surprisingly normal (Saijo et al., 2003)

Tec family kinases

The Tec family of non-RTKs is composed of six members; Tec, Itk, Bmx, Rlk, Dsrc29
and Btk (Desiderio, 1997). They have a general structure similar to that of Src kinases,
with the exception that they possess an N-terminal Pleckstrin Homology (PH) domain
and a Tec family specific Tec Homology (TH) domain (Hsueh and Scheuermann, 2000).
Btk is deemed the most important in B cell development and function, expressed
throughout B cell development, except in plasma cells (de Weers et al., 1994; Smith et
al., 1994; Tsukada et al., 1994; Vetrie et al., 1993). In humans, mutations in Btk result in
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X-linked agamma globulinemia (XLA), which results in severe immuno-deficiency,
characterised by the presence of very few peripheral B cells. Initial assessment of B cell
development in XLA patients suggested that deficiency in Btk function had no affect on
the generation of pre-B cells (Pearl et al., 1978), although a more refined analysis
suggests that B cell development is blocked at the pBCR checkpoint (Nomura et al.,
2000). CBA/N mice with X-linked immuno-deficiency {Xid) harbour a mutant form of
Btk, which has an arginine to cystine substitution at position 28 (R28C) (Rawlings et al.,
1993; Thomas et al., 1993). These mice have significant reductions in both mature
recirculating and B-1 compartments, as well as reduced serum levels of IgM and IgG3,
and poor TI humoral responses, both of which are presumably a result of B-1 deficiency
(Scher, 1982; Wicker and Scher, 1986). Xid B cells are also less able to proliferate in
response to a number of mitogenic stimuli, including anti-IgM and LPS.

Mice containing targeted disruptions in the Btk gene have been generated, and whilst the
mutations result in an absence of detectable Btk protein, the mice exhibit essentially the
same B cell developmental and functional phenotype as that observed in Xid mice
(Kerner et al., 1995; Khan et al., 1995). Whilst the R28S mutation in Xid mice has been
assumed to be a null mutation, this may not be necessarily true. Use of a Rag '' blastocyst
complementation approach where the lymphoid system derives from either wild-type
C57BL/6 or Brk-deficient embryonic stem (ES) cells, reveals that BrA:-deficiency results
in reduced population in the Fraction C pro-B cell compartment. As no defect has been
reported within this compartment in X id mice, it is possible the R28C mutation is
hypomorphic, with Btk protein retaining some residual activity (Khan et al., 1995).
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However, subsequent experiments using homologous recombination to mark Btkdeficient cells by the expression of transgenic p-galactosidase (LacZ) suggests that whilst
there is a block in bone marrow development, this is only apparent at the pre-B to
immature and immature to mature B cell transitions (Hendriks et al., 1996). Ultimately,
such discrepancies could be attributed to differences in genetic background. Penetrance
of the B cell developmental phenotype in X id or Brk-deficient mice seems to be most
complete on a C3H/HeN background (Bona et al., 1980), and least in C57BL/6 mice,
(Khan et al., 1995).

BCR stimulation has previously been shown to result in Btk activation, and this is
thought to be mediated by Src-family kinases, as Btk activation is defective in BCRstimulated Lyn'' and Lyn''Fyn'' B cells (Yasue et al., 1997). A role for Syk in Btk
activation has also been proposed based on the observations that Btk phosphorylation is
reduced in 5yk-deficient B cells (Kurosaki and Kurosaki, 1997). Whilst Ly«-deficient
DT40 cells stimulated through the BCR show a reduction in early Btk phosphorylation,
the level is comparable to that seen in wild-type cells at later time points. The same
stimulus used on 5yk-deficient cells results in reductions in the level of both early and
late Btk phosphorylation. Combined genetic deficiency of both Lyn and Syk in DT40 cells
results in a complete absence of BCR-induced Btk phosphorylation.

Membrane targeting of Btk is also an important mechanism regulating its activity and a
number of mechanisms have been proposed to be involved (Hsueh and Scheuermann,
2000). Probably the most important involves association with membrane bound or
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localised phosphoinosotides (PI) and membrane targeting through association with the
adaptor BLNK (Kurosaki et al., 2000) (discussed later). Biochemical studies show that
the PH domain of Btk is capable of binding to at least two inositol compounds;
phosphotidylinositol-3,4,5-trisphosphate (PIP3) and inositol- 1 ,3,4,5-tetrakisphosphate
(IP4) (Fukuda et al., 1996; Kojima et al., 1997; Rameh et al., 1997; Salim et al., 1996).
Additionally, there is some evidence suggesting that PI binding can affect Btk activity
(Baraldi et al., 1999, Saito et al., 2001). Involvement of PI in targeting Btk to the
membrane places Btk activity downstream of the enzyme responsible for the generation
of these phospholipids, Phospho-inositide 3-Kinases (P13-K). This suggestion is
supported by biochemical evidence. Use of the P13-K inhibitors wortmannin or
LY294002 blocks BCR-induced tyrosine phosphorylation of Btk (Nore et al., 2000).

Vav-family GEFs

Vav-family members are GEFs whose main function is believed to be to catalyse the
exchange of GDP for GTP on Rho-family small GTPases (discussed later), resulting in
their activation (Bustelo, 2000). To date, the Vav-family of GEFs consists of at least 3
members, V avl, 2 and 3. Expression of V avl is predominantly restricted to the
haematopoietic system (Bustelo, 1996), whilst Vav2 and 3 are ubiquitously expressed
(Schuebel et al., 1996; Movilla and Bustelo, 1999). The activity of Vav-family members
is regulated by tyrosine phosphorylation, and all exhibit differential specificity for Rhofamily members. Vavl has been shown to have GEF activity specifically for R acl, Rac2
and RhoG (Crespo et al., 1997; Schuebel et al., 1998), as well as Cdc42 and RhoA (Han,
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1997). Vav2 and Vav3 exhibit specificity for RhoG and RhoA, and to a lesser extent,
Racl (Movilla and Bustelo, 1999; Schuebel et al., 1998)

In B cells, it has been shown that both ligation of G D I9 alone and co-ligation with the
BCR results in potent Vavl phosphorylation and activation (O'Rourke et al., 1998). A
similar requirement for phosphorylation for full GEF activity has been demonstrated for
both Vav2 and Vav3 (Movilla and Bustelo, 1999; Schuebel et al., 1998). The GEF
activity of V avl is subject to auto-regulation by Tyrl74 which, when unphosphorylated,
mediates in cis interaction with the Dbl Homology (DH) domain (the site of GEF
catalytic activity), thereby inhibiting GEF activity. Phosphorylation of this tyrosine
disrupts this interaction thereby permitting GEF activity (Aghazadeh et al., 2000). The
kinases thought to be responsible for phosphorylating members of the Vav-family are
Syk and Lyn (Deckert et al., 1998; Fujimoto et al., 2000).

Role of PI and PI3-K in Vav-1 activation

The PH domain is also thought to be important in Vav-1 activation and a proposed model
is that interaction of the PH domain of Vavl with PIP 3 serves to target Vav-1 to the
plasma membrane, thereby co-localising it with the kinases (Syk and perhaps Lyn)
necessary for its activation, as well as its effectors (Bustelo, 2000). There is also some
evidence that PIP 3 binding is itself responsible for V avl activation (Han et al., 1998).
Whilst this would suggest that Vav functions downstream of PI3-K, a number of cellbased observations bring this into question. DT40 cells treated with the PI3-K antagonist
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wortmannin exhibit normal levels of BCR-mediated Vav3 phosphorylation and BCR
stimulated activation of PI3-K is defective in the absence of Vav3, (Inabe et al.,
2 0 0 2 ).Vav7-deficient double positive (DP) thymocytes exhibit defective PLCyl
activation due to defects in both PI3-K dependent and independent pathways (Reynolds
et al., 2002). It is remains possible that PI3-K is involved in regulating Vavl activity, via
a positive feedback loop, where full Vavl activation requires PIP 3 production. These
observations suggest that direct regulation of the GEF activity of Vavl may not be the
primary function of the PH domain. It is also worthwhile mentioning that additional
regulation of Vav activity might be afforded through the Calponin Homology (CH)
domain, (Katzav et al., 1991; Movilla and Bustelo, 1999; Schuebel et al., 1998

Understanding the role of Vav-family members in B cell biology

The role of Vav-family members in B cell development and activation has been
investigated by the generation of mice deficient for Vavl, Vav2 and both Vavl and Vav2.
Vav7-deficient mice have an absence of peritoneal B -la cells, as well as a minor
reduction in the number of splenic B cells and these are defective in their proliferative
responses to anti-IgM antibody, which is a consequence of reduced induction of CLND2
expression and cell cycle entry (Bachmann et al., 1999; Glassford et al., 2001;
Gulbranson-Judge et al., 1999). Functionally, whilst TI-II humoral responses are
unperturbed, TD responses are defective, due to defective T cell function in the absence
of Vdv7 (Bachmann et al., 1999; Gulbranson-Judge et al., 1999). Mice deficient for both
Vav7 and Vav2 have also been generated (Doody et al., 2001; Tedford et al., 2001). These
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mice exhibit a more profound reduction in both the number of mature recirculating
follicular B cells, as well as the number of splenic transitional B cells. The absence of any
block at the pro-B to pre-B cell transition implies that pBCR signals are mediated via
V avl and Vav2 independent signalling pathways. Following BCR stimulation, Vavl ''
Vav2''' B cells proliferate poorly and are completely unable to mobilise calcium,
compared to cells deficient in either V a v l or Vav2 alone. V a vl and Vav2 double
deficiency also affects both TI-II and TD humoral responses.

Importance of Phosphoinositides in BCR signal transduction

Role of PI3-K downstream of the BCR

Several classes of PI3-K have been identified, with the Class lA family thought to be
most important in B cell development and activation (for a comprehensive review see
Katso, 2001). In vivo, the main reaction that these enzymes catalyse is thought to be the
conversion of PIP 2 into PIP 3 (Katso et al., 2001). PI3-K is composed of 2 subunits; a
catalytic p i 10 subunit associated with a p85 regulatory subunit. A number of isomeric
forms of both subunits have been identified; p i 10 has 3 isomeric forms (a , P and 6 ),
whilst there are at least 5 isomers of the p85 regulatory subunit (p85a, p55a, p50a (all
derived from alternative splicing of the p85 locus), p58p and p85y). The p85 subunit
contains 2 tandem SH2 domains, thought to be important for its correct recruitment to the
BCR signalling complex via interactions with phosphorylated ITAMs (Katso et al.,
2001). The mechanism by which P13-K functions, involves the presence and activity of

50

both constituent subunits. When p85 is bound to p i 10, the latter's catalytic activity is
inhibited. BCR ligation and the subsequent phosphorylation of ITAMs results in the
recruitment of p i 10 to the plasma membrane via p85, and its subsequent release and
ability to act on the relevant Pis (Katso et al., 2001).

The fact that there exists multiple isomers of both p i 10 and p85 subunits, adds an
element of complexity to their precise function in B cell development and activation.
However, a number of observations (additional to the ones already highlighted) implicate
their involvement in BCR signal transduction. Following BCR clustering, the co-receptor
CD 19 is tyrosine phosphorylated on specific motifs (YxxM) (Tuveson et al., 1993),
which requires Lyn activity (Fujimoto et al., 2000). These phosphorylated tyrosine
residues on CD 19 then recruit the p85 subunit of PI3-K, via its SH2 domain (Tuveson et
al., 1993). The mechanism resulting in PI3-K activation following BCR ligation has yet
to be fully elucidated, although it has been demonstrated that both Lyn and Fyn are
capable of mediating BCR induced PI3-K activation in mouse B cells (Pleiman et al.,
1994; Yamanashi et al., 1992). Whilst studies on 5y/:-deficient DT40 cells suggest that
Syk is necessary for PI3-K phosphorylation and activation (Takata et al., 1994), a recent
study in a 5y/:-deficient mouse B cell line (A20/IIA1.6) suggests that Syk is dispensable
for BCR induced PI3-K activation (Yokozeki et al., 2003).

In order to address the role of PI3-K in B cell biology, several mouse lines have been
generated with reduced PI3-K activity. Mice deficient for p85a have a block at the pBCR
stage and a 50% reduction in the numbers of mature recirculating follicular B cells
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(Suzuki et al., 1999). B -la cells are partially reduced, but still present. Functionally,
serum levels of the various Ig classes are normal, although TI-II humoral responses are
attenuated, as are proliferative responses to anti-IgM, LPS and anti-CD40. Mice deficient
for all 3 p85 isoforms have also been reported, although in this instance, the
consequences are more severe with 95% of animals dying within the first week of birth
(Fruman et al., 1999). Analysis of the lymphoid compartment of p 8 5 a'p55a^p50a^' Rag
blastocyst chimeras essentially reiterates the phenotypes observed in p85a-deficient
mice. In the absence of these three p85 isoforms in the lymphoid system, there is a block
at the pro-B to pre-B transition as well as severe reductions in the peripheral mature B
cell compartment, with the cells possessing a predominantly immature phenotype. Unlike
p 8 5 a '' mice, mice lacking p85a, p55a, and p 5 0 a are completely bereft of B -la cells,
supporting the notion that in the absence of p85a, either or both p50a and p55a are able
to compensate for p85a activity. Functionally, these animals have severely reduced
serum levels of both IgM, and IgG3 (reductions of which are expected because of B -ladeficiency). BCR- and LPS- induced proliferation are also severely reduced, which is a
consequence of reduced cell cycle entry as well as enhanced apoptosis.

Mice with a targeted disruption in the kinase domain of p i 106 have also been generated
(Okkenhaug et al., 2002). These mice express kinase dead p i 106 and as is the case with
disrupting the regulatory p85 subunit, there is a reduction in proliferative expansion
observed at the pro-B to pre-B cell transition and the number of splenic B cells is halved.
Both the MZ B cell and B -la compartments are completely absent. Again, BCR-, LPSand anti-CD40- induced proliferations are severely compromised. Importantly, whereas
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targeted disruption and removal of the regulatory p85 subunit does not present any T cell
phenotype, p i 106-disruption has affects on TCR-induced proliferation. Whilst p i 106
disrupted mice present the expected defect in TI-II humoral responses, they also have
disrupted TD humoral responses. Mice deficient for p llO ô have also been generated,
although unlike mice containing kinase-dead pi 106, these mice present less severe B cell
developmental phenotypyes with no block at the pBCR checkpoint and an amelioration in
the number of mature recirculating follicular B cells with age (Clayton et al., 2002).

Role of Phospholipase Cy2 (PLCy2) downstream of the BCR

Phosholipase C isozymes (PLCs) catalyse the hydrolysis of PIPg into diacyl-glycerol
(DAG) and inositol 1,4,5-trisphosphate (IP 3) (Rhee and Bae, 1997) DAG is a group of
compounds known to activate Protein Kinase C (PKC) members whilst IP 3 mediates
calcium mobilisation (discussed in more detail later). Four PLC subfamilies have been
identified (p, 6 , e and y), the latter of which is thought to be the most important in the
context of B cell physiology. Two members, PLCyl and PLCy2 have been described,
both of which contain two SH2 domains, an SH3 and a PH domain. A number of
mechanisms that regulate their catalytic activity have been proposed, including tyrosine
phosphorylation (Nishibe et al., 1990), conformational changes following the association
of the SH2 domains to ITAMs and recruitment to membrane-localised receptor
complexes (Wang et al., 2000a). Analysis of the function of PLCyl in the B cells using a
conventional mouse knock out approach has not been determined because PLCyl ' mice
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die at day 9.5 of gestation (Ji et al., 1997). However, the function of PLCy2 has been
characterised, as PLCy2-deficient mice are viable. PLCyl '' mice have a block at the proB cell stage of development, as well as a 50% reduction in splenic mature recirculating
follicular B cells, with such cells retaining a more immature, IgM*”, cell surface
expression profile and there is a complete absence of B -la cells in the peritoneum. As
expected with a deficiency in the B-1 compartment, reductions in IgM and IgG3 serum
levels are found, as well as a conspicuous reduction in TI-II humoral responses (Wang et
al., 2000a). In addition, analysis of a mouse strain that contains conditional P L C yl
deletion in the B cell compartment has revealed similar defects in B cell development and
humoral responses as that observed in PLCy2-deficient mice, as well as greatly abrogated
BCR-induced proliferation and calcium mobilisation (Hashimoto et al., 2000).

Role of Serine/Threonine kinases: Protein Kinase C (PKC)

The Protein Kinase C (PKC) family of serine/threonine kinases can be divided up into 3
groups based on their activity requirements; those whose activity are both calcium and
DAG dependent (‘classical’) (a , pi, p il and y), those whose activity is only DAG
dependent (‘novel’) (ô, 8, r] and 0) and those whose in vitro activity is both calcium and
DAG independent (‘atypical’ ) (Ç and X) (Dekker and Parker, 1994). The role of two
PKC isoforms (PKCô and PKCP) in B cell physiology have been addressed by targeted
gene disruption. PÆCd-deficient mice possess increased frequencies of germinal centres
in the absence of intentional immunisation, and their B cells display enhanced
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proliferative capabilities (Miyamoto et al., 2002) As PKC pi and pil are alternative splice
variants, such targeted mice are deficient for both isoforms (Leitges et al., 1996). In terms
of B cell development, whilst the bone marrow compartment appears normal, splenic B
cells are reduced by a third, and the peritoneal B-1 compartment is severely abrogated.
BCR-, LPS- and anti-CD40- induced proliferations are all compromised, as are TI-II
humoral responses. The absence of any defect in BCR-induced tyrosine phosphorylation
suggests that PKCP functions downstream of major kinases such as Lyn and Syk,
although PKCp-deficient B cells appear to have higher levels of BCR-induced Btk
phosphorylation. This suggests that PKCp may be involved in negative regulation of Btk
activity. Studies in mast cells suggest that one of the BCR proximal functions of PKC pi
is to phosphorylate regulatory Ser/Thr residues on Btk, and that PKC pi is constitutively
associated with Btk via the latter's SH2 domain (Kawakami et al., 1999; Yao et al., 1994;
Yao et al., 1997).

The role of adaptors downstream of the BCR

Another group of molecules that are indispensable in the transduction of signals
downstream of the BCR are proteins that lack any intrinsic enzymatic activity termed
adaptors. These molecules permit the localisation and interaction of effector molecules
with their substrates, thereby integrating multiple inputs and amplifying responses. By
virtue of their role in regulating BCR-derived signals, and because they vary in their
expression levels during B cell development, they are likely to serve pivotal functions
during fate choices (Marshall et al., 2000).
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BLNK

Initial observations in T cells revealed that an adaptor, SLP76 was essential to ensure
effective TCR-mediated calcium mobilisation (Yablonski et al., 1998), which suggested
that a similar mechanism might operate in BCR-mediated calcium mobilisation in B
cells. This prediction was borne out by the identification of B cell linker (BLNK) (also
termed SLP65 (Wienands et al., 1998) or BASH (Goitsuka et al., 1998). BLNK has been
shown to interact with a number of effector proteins, such as PLCy2, V avl, Grb2 and
Nek (Fu et al., 1998; Wienands et al., 1998). Following BCR ligation, it is recruited to the
plasma membrane, tyrosine phosphorylated by Syk (Fu et al., 1998) and then recruits
both PLCy2 and Btk via its phospho-tyrosines interacting with their respective SH2
domains (Fu et al., 1998; Hashimoto et al., 1999; Su et al., 1999). Importantly, BLNK
links BCR stimulation to calcium signalling, by recruiting PLCy2 as BLVK-deficient
DT40 cells lack PLCy2 tyrosine phosphorylation and are completely unable to mobilise
calcium (Ishiai et al., 1999). Expression of a constitutively membrane localised PLCy2 in
the absence of BLNK, enables such cells to mobilise calcium following BCR ligation.
BLVK-deficient mice show an increase in the number of pre B cells in the bone marrow,
with overall reductions in the total number of B cells present (Jumaa et al., 1999). In the
spleen, severe reductions in the number of mature recirculating follicular B cells are
observed, despite an increase in the splenic T1 B cell compartment. Furthermore,
peritoneal B -la cells are completely absent. In terms of activation, both BCR induced
tyrosine phosphorylation and calcium mobilisation are reduced. Functionally, these mice
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have reduced serum IgM and IgG3, as well as a complete abolishment in TI-II humoral
responses. BCR-, anti-CD40- and LPS- induced B cell proliferations are also attenuated.
The suspicion that BLNK is involved in the same pathway as BTK has been verified by
the generation of BLN K ' Btk '' mice, which have a large expansion of Fraction D pre-B
cells and a complete absence of mature recirculating follicular B cells, and only IgM*”
transitional B cells in the spleen (Jumaa et al., 2001). The accumulation of large numbers
of pre-B cells implies that even in the absence of both Btk and BLNK, pBCR induced
proliferative expansion occurs normally. However, an accentuation of the phenotypes
observed in BLNK-deficient mice implies that BTK is involved in the same pathway.

BCAP

The adaptor BCAP was originally identified as a potential binding factor for the SH2
domains of the p85 subunit of PI3-K (Okada et al., 2000). Analysis of BCAP-deficient
DT40s suggests that following BCR stimulation, the initiation of BCAP tyrosine
phosphorylation is mediated by Syk, whilst maintenance of its tyrosine phosphorylation
requires Btk. Furthermore, BCAP is required to target the p85 subunit of PI3-K to the
BCR signalling complex, in special membrane regions termed Glycolipid Enriched
Microdomains (GEMs), to ensure its adequate activity and the subsequent generation of
sufficient levels of PIP3 (Okada et al., 2000). However, the mechanism by which BCAP
regulates PI3-K activity seems to be unclear. BCAP-deficient mice appear to have a block
at both the pBCR and BCR checkpoints, an absence in the B -Ia compartment but no
defect in the MZ B cell compartment. Serum levels of both IgM and IgG3 are reduced, as
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are T I-II humoral responses and BCR-, anti-CD40- and LPS- induced proliferation
(Yamazaki and Kurosaki, 2003; Yamazaki et al., 2002). The assumed reliance of PI3-K
activity on the presence of BCAP however is not borne out. Whilst BCR induced calcium
mobilisation and IP 3 generation have been found to be reduced in BCAP-deficient splenic
B220^HSA'° mature B cells, these cells appear to have normal BCR-induced activation of
both PLCy2 and PI3-K (Yamazaki et al., 2002).

Bam32

Bam32 is another catalytically inactive adaptor that was first isolated in human germinal
centre cells (Marshall et al., 2000). The existence of an N-terminal SH2 domain and a Cterminal PH domain is suggestive that it may serve to integrate protein tyrosine kinase
and PI3-K signalling pathways. This is supported experimentally, because following
BCR ligation, Bam32 is efficiently targeted to the plasma membrane in a PI3-Kdependent manner, and (amongst others) it binds to PLCy2. (Marshall et al., 2000).
Bam32-deficient DT40 cells have attenuated BCR-induced calcium mobilisation, due to a
defect in BCR-mediated release of intracellular calcium stores. Analysis of PI3-K activity
reveals that this is unperturbed, and there is only a mild reduction in BCR-induced PLCy2
phosphorylation. Bam32 probably acts downstream of PI3-K, which serves to recruit
Bam32 to the plasma membrane through the generation of PIP 3 , and once there, it may
serve to ensure the full activation of PLCy2.
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1.10 The concept of the Signalosome and an overview of early
signalling events following BCR ligation

The consistent similarity of the B cell developmental and functional phenotypes in
several gene targeted mouse strains has led the conception of the “signalosome” model of
BCR signalling, where the molecules described all participate in the efficient transduction
of signals downstream of the BCR (Fruman et aL, 2000).

BCR engagement results in the phosphorylation of ITAMs on both Ig a and Igp. This is
likely to be mediated by a Src-family kinase member, most likely, Lyn. These
phosphorylated ITAMs then serve to recruit Syk to the BCR via its SH2 domain, where it
can then be fully activated by either auto-phosphorylation or trans-phosphorylation by
other Syk-or Src-kinases. Activated Syk then phosphorylates BLNK on tyrosine residues,
which serves to recruit, amongst other molecules, Btk and PLCy2. Btk is also recruited
via its PH domain interacting with PIP 3 , generated by PI3-K. Targeting of PI3-K to the
membrane could be mediated by both BLNK and the adaptor BCAP. Btk activation
requires the sequential phosphorylation of two tyrosines. The first tyrosine is
phosphorylated by a separate kinase (possibly Lyn) whilst the second is phosphorylated
by Btk itself. PLCy2, which is probably recruited in concert by both BLNK and Bam32,
is a target of Btk and becomes activated when co-localised with it. The hydrolysis of PIP2
by PLCy2 generates DAG and IP 3 . DAG activates, amongst other molecules, PKCp,
which may serve to phosphorylate Ser/Thr residues on Btk, thereby providing a means of
regulating its activity. PKCp is also important for the targeting of IkB kinase (IKK) to the
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plasm a m em brane to ensure activation o f the N F -k B transcription factor pathw ay, w hich
activa tes the ex p ressio n o f a num ber o f g e n e s, such as the survival factor Bcl-x^. IP 3
activates IP 3 R located in the plasm a m em brane, leading to calciu m m o b ilisa tio n , w hich
activates gen e expression through the a ctivities o f the protein phosphatase C alcineurine
and the transcription factor N F -A T . P I3-K activ ity m ay be im portant for the correct
localisa tio n and activation o f V av, w h ich in turn activates the IN K pathw ay through the
sm all G T P ase Rac (C respo et al., 1996). A ctivation o f other the other M A P K s, ERK and
p38, are thought to be dependent on Ras activation (K olch , 2 0 0 0 ) and the PK C pathw ay
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Figure 2. Overview of components in the BCR ‘Signalosome’ complex and
their intereactions. Arrows may or may not represent direct functional
interactions. Adapted from N iiro (N iiro, 2 0 0 3 ).
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(Altman et al., 2000). Furthermore, PI3-K also activates Akt, which inhibits apoptotic
signalling by molecules such as the Bcl-2 family member Bad (Datta et al., 1999). This is
summarised in Figure 2.

1.11 Distal Signalling events

The signalling events discussed so far broadly constitute BCR proximal or early
signalling events following BCR stimulation. The goal of signal transduction pathways is
to elicit downstream cellular responses, for example culminating in changes in the pattern
of gene expression, thereby affecting cellular behaviour. During B cell development, the
nature of the signals received may cause the activation of genes associated with
developmental progression (e.g. changes in the expression levels of cell surface
molecules) or apoptosis. Similarly, in a naïve resting B cell, BCR engagement serves to
activate a genetic programme associated with functional activation (Rajewsky, 1996).
Whilst many of the precise details remain to be defined, a number of well-characterised
signalling pathways are known to be activated, each one associated with various
functional responses.

Calcium Signalling

BCR engagement results in the transient elevation of intracellular calcium that activates
the Nuclear Factor of Activate T cells (NF-AT) family of transcription factors. Together
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with the transcription factor AP-l(Fos/Jun), they activate the expression of genes
associated with effector responses and differentiation (Macian et al., 2001). BCR-induced
calcium mobilisation is marked by two phases; an initial spike in intracellular calcium
concentration, caused by the release of endoplasmic reticulum (ER)-stored calcium,
followed by an extra-cellular calcium influx, triggered by the rise in intracellular calcium,
known as capacitative calcium entry (Putney et al., 2001). The pathway leading to the
release of intracellular stored calcium can be traced back to PLCy2 activity (Kurosaki et
al., 2000). As previously mentioned, this lipase hydrolyses PIP 2 into DAG and IP 3 .
Embedded within the ER membrane are three types of IP 3 Receptors (IP 3R). Their
importance in the initial phase of BCR induced calcium signalling is illustrated by the
finding that /Pj/?-deficient DT40 cells show no BCR-induced calcium mobilisation
(Sugawara et al., 1997).

The second phase of the calcium response involves the entry of extra-cellular calcium
into the cell, resulting in a slowly declining plateau in intracellular calcium concentration.
The mechanism by which capacitative calcium entry occurs in B cells is still unknown.
W hilst a number of non-mutually exclusive mechanisms have been proposed,
conformational coupling is thought to be most likely (Putney et al., 2001). This requires
activated IP3R channels in the ER membrane to interact directly with a putative £a^^
Release Activated Ca^^ (CRAG) Channel located in the plasma membrane (Berridge,
1995; Irvine, 1990; Putney et al., 2001). Members of the Transient Receptor Potential
(TRP) superfamily have been proposed to be the channels involved (Putney et al., 2001).
Support that these channels are involved in BCR-induced calcium mobilisation comes
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from the finding that

7-deficient DT40 cells have completely abrogated capcitative

coupling (Mori et al., 2002). This mechanism would require gross structural re
organisation of the cytoskeleton (particularly cortical actin) to enable both channels to
come into contact with one another (Putney et al., 2001). Regardless of the precise
mechanism, defects in capacitative calcium entry can be investigated with the use of the
sesquiterpene lactone, thapsigargin. This pharmacological agent functions by poisoning
ER membrane embedded Ca^^:ATPases, which pumps calcium out of the cytosol into the
lumen of the ER. Inhibition of these pumps by thapsigargin causes the ER-sequestered
calcium to leach out (Gouy et al., 1990; Thastrup et al., 1989) which obviates the need for
IP 3 mediated release of intracellular calcium to trigger capacitative calcium entry. One of
the results of the rise in intracellular calcium is the activation of the calcium/calmodulindependent phosphatase Calcinurine (Schreiber and Crabtree, 1992), which dephosphorylates NF-ATc family transcription factors and permits it to translocate into the
nucleus and together with AP I, activates gene expression (Macian et al., 2001).

NF-KB

The NF- k B signalling pathway contains a number of evolutionarily well-conserved
components (Govind and Steward, 1991; Hultmark, 1993). The mechanism by which the
pathway operates is that within the cytoplasm, NF-kB transcription factor is associated
with an inhibitory component termed IkB, which sequesters it from the nucleus. Upon
cellular activation, Ik B is degraded, thereby releasing NF-k B allowing it to translocate
into the nucleus and activate gene expression (Belvin and Anderson, 1996). The finding
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that NF-k B is activated downstream of many different cell surface receptors, including
the IL-1 receptor, Toll-Like Receptors (TLR), BAFF-R, and the BCR, has revealed that
there are multiple components involved in the regulation of the pathway, and
investigations into the mechanisms that regulate of Ik B processing remain intense areas
of research.

Components involved in the NF-kB signalling pathway

Mammalian N F - k B transcription factors are homo and heterodimers composed of 5
structurally related proteins, all sharing a Rel Homology Domain (RHD), which contains
the elements for N F - k B dimérisation, nuclear translocation, DNA binding and
transcriptional activation. These are p65 (RelA), c-rel (Rel), RelB, p50 and p52.
Sequestration from the nucleus is mediated by the Ik B family members, Ik B q , I k B P and
Ik B 8

that exist in association with homo or heterodimers of the various N F - k B molecules

mentioned. p50 and p52 are unique in that they initially exist as unprocessed precursor
proteins (pl05/NF-KBl and pl00/NF-KB2 respectively) each containing the inhibitory
region (ankyrin repeats) usually found in Ik B family members. Proteolytic processing of
pl05 and plOO into p50 and p52 respectively results in their activation and ability to
translocate into the nucleus (Ruland et al., 2001). Degradation of the Ik B component is
dependent on its phopshorylation, ubiquitination and subsequent degradation by the
proteosome. The kinase complex responsible for initiating this is the I k B kinase (IKK)
signalsome, which consists of two subunits with kinase activity, IKKl (IKKa), and IKK2
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(IKKp), and a regulatory subunit termed NF-k B Essential Modulator (NEMO, also
termed IKKy) (Israel, 2000; Rothwarf and Karin, 1999).

NF-KB signalling pathway

The canonical IKK pathway of NF-k B activation is thought to be a common pathway
utilised by all NF-kB activating receptors described. Receptor-mediated signals activate
IKK, which result in the phosphorylation and degradation of Ik B and concomitant release
of NF- k B into the nucleus. Recently, a pathway that does not involve all of the
components of IKK has been described, which activates plOO containing NF-k B
heterodimers. It is thought that this pathway is activated by only a subset of receptors,
including Lymphotoxin § Receptor (LT|3-R) (Dejardin et al., 2002), BAFF-R (Kayagaki
et al., 2002) and CD40 (Coope et al., 2002). Importantly, this pathway is independent of
IKKp and IKKy activity, as phosphorylation of p i 00 is only dependent on IKKa activity
(Senftleben et al., 2001)

Understanding NF-kB function in B cells using mouse knockouts

The role of the different members of the Rel/NF-KB and Ik B signalling components has
been determined using targeted gene disruption in mice (Gerondakis et al., 1999). For
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example, mice-deficient for p l0 5 have a reduced peripheral mature B cell compartment
which is a consequence of shortened lifespan, reflected by a higher intrinsic rate of cell
death in culture (Grumont et al., 1998). This has revealed that pl05 processing into p50 is
a constitutive process in resting B cells, necessary for their survival, perhaps transducing
the ‘tonic’ BCR signals required for the maintenance of the mature B cell compartment.
Interest is currently centred on the role of the different regulators of the pathway, the IKK
complex, and the mechanisms by which it is recruited and activated by different
receptors. IK K a is the critical component needed for the endogenous processing of plOO
into p52 in resting mature B cells (Kaisho et al., 2001, Senftleben et al., 2001). Use of a
conditional mutagenesis approach to circumvent the embryonic lethality caused by
deficiency of IKK|3 and IKKy (Li et al., 1999a; Li et al., 1999b, (Makris et al., 2000;
Rudolph et al., 2000; Schmidt-Supprian et al., 2000; Tanaka et al., 1999), has also
revealed that both are required for the immature to mature B cell transition and for the
maintenance of the mature compartment (Pasparakis et al., 2002).

Role of adaptors in linking NF-kB to the BCR

The pathway linking the BCR to the IKK complex is thought to involve a combination of
protein kinases as well as adaptors. PKCp-deficient B cells exhibit poor BCR-induced
NF-kB activation, in part because of defective recruitment of IKK to lipid rafts (Su et al.,
2002). Downstream of PKC activity, there is a dependence on a family of adaptors,
typified by their possession of a Caspase Recruitment Domain (CARD). Mice deficient
for the CARD-family member B cell lymphoma 10 (Bel-10) are severely immuno
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compromised, and whilst they are free from any B cell developmental phenotypes, Bcl/ 0-deficient B cells fail to proliferate in response to BCR- and anti-CD40-stimulation
(Ruland et al., 2001). As would be expected for disruptions in the recruitment and/or
activation of the IKK complex, BCR-induced NF-kB activation is defective. Recruitment
of Bel-10 to the plasma membrane is thought to be necessary for the recruitment of
another CARD-family adaptor molecule called Carmai (also known as CARD 11 and
Bimp3). This is a member of the Membrane Associated Guanylate Kinase (MAGUK)
family of adaptors, containing (amongst other motifs) a CARD, which mediates
interactions with Bcl-10 (Bertin et al., 2001; Gaide et al., 2001). Whilst mice deficient in
or expressing functionally compromised Carmal exhibit normal B2 B cell development,
such B cells exhibit markedly reduced proliferation in response to anti-IgM, anti-CD40
and LPS stimulation (Egawa et al., 2003; Hara et al., 2003; Jun et al., 2003; Newton and
Dixit, 2003). Intriguingly, the one developmental defect that is present is the specific
absence of the B -la compartment.

Mitogen Activated Protein Kinases (MAPKs)

Mitogen Activated Protein Kinase (MAPK) signalling has been implicated in transducing
signals resulting in the fundamental cellular processes of proliferation, differentiation and
apoptosis. They can be divided up into 3 major groups; the Extracellular signal-Regulated
protein Kinases (ERKl and ERK2) (Schaeffer and Weber, 1999), p38 MAP kinases (of
which there are 4 members, designated a , p, y and ô) (Han and Ulevitch, 1999) and c-Jun
NHj-terminal Kinases (JNKl and JNK2) (Davis, 2000). All are activated by a number of
extracellular stimuli and they participate within phosphorylation cascades, ultimately
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activating transcription factors such as Elk-1, ATF2, c-JUN and MEF-2C (Rincon et al.,
2001). Small GTPases have been implicated as central regulators of all 3 MAPK
pathways; Ras is best known for it’s ability to activate the ERK pathway, via activation
of the Raf-family of kinases, which in turn activates ERK (Kolch, 2000) whilst Rhofamily GTPases are thought to be important in activating p38 and INK signalling
pathways (Mackay and Hall, 1998). Within the context of B cells, targeted disruptions of
some of the key BCR signalling components often have detrimental affects on MAPK
activation, which illustrates their involvement in transmitting BCR-derived signals. These
signalling defects are thought to be partially responsible for defects in BCR-induced
proliferation and survival. For example, activation of ERK is severely attenuated in the
absence of components of the BCR signalosome such as Syk, BLNK and PI3-K (Ishiai et
al., 1999; Jiang et al., 1998; Okkenhaug et al., 2002).

Survival Signalling: Bcl-2 signalling

The activation of both survival and apoptotic signalling pathways is important at various
stages of B cell development and activation. During B cell development, positive and
negative selection processes that activate survival and apoptosis respectively are
responsible for shaping a tolerant, follicular B cell repertoire. Quiescent mature
recirculating follicular B cells require survival signals to ensure their long term
maintenance, as do cells activated by stimulation of the BCR, where a pre-requisite of
proliferation is the ability to survive. However, this bias towards survival must be
reversed towards apoptosis at the end of a humoral immune response in order to remove
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activated B cells that are no longer required, and the prolonged activation of which could
prove harmful. Of pertinence is the activation of the B cell lymphoma 2 (Bcl-2) family of
proteins, which are subdivided into anti- and pro-apoptotic members. All are typified by
their possession of up to four Bcl-2 Homology Domains (BHl through BH4) (Chao and
Korsmeyer, 1998). Different members are able to form homo and heterodimers with one
another, which could serve as a potential mechanism for balancing survival and death
signalling (Oltvai et al., 1993). How different Bcl-2 family members exert their effects is
unknown, although it is thought that they mainly regulate mitochondrial function
(Hengartner, 2000).

Bcl-2

Although a number of Bcl-2 family members have been identified, most of what is
known of their function in B cell development and function derives from the analysis of
Bcl-2 and Bcl-x^. The importance of Bcl-2 in the normal function of B cells was initially
highlighted by the observation that certain B cell lymphomas were found to contain
chromosomal translocations, whereby the Bcl-2 gene on chromosome 18 was fused with
the immunoglobulin HC locus on chromosome 14 (Bakhshi et al., 1985; Bakhshi et al.,
1987; Cleary et al., 1986; Tsujimoto et al., 1985). Assessment of the expression pattern of
Bcl-2 during normal B cell development reveals that it is expressed at high levels in proB and mature B cells, but at low levels in pre-B and immature B cell compartments
(Merino et al., 1994). Analysis of the effects of Bcl-2 deficiency on lymphoid
development reveals that it is largely unperturbed, although in blastocyst chimeric mice,
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5c/-2-deficient pre-B cells experience counter-selection against wild-type pre-B cells,
which combined with the fact that Bcl-2 is normally highly expressed in pro-B cells,
supports its’ importance for the survival of cells at the pro-B to pre-B cell transition
(Nakayama et al., 1993, (Merino et al., 1994). BcZ-2-deficient mice have a greater
propensity to become ill, suffering from polycystic kidney disease as well as showing
drastic involution of both the spleen and thymus (Veis et al., 1993). Both B and T cell
lineages undergo massive apoptosis within 1 month of birth (Nakayama et al., 1994;
Nakayama et al., 1993; Veis et al., 1993), although in terms of in vitro survival and
proliferation, no defects are observed in B cells deficient for Bcl-2 (Nakayama et al.,
1994; Nakayama et al., 1993). The fact that mature B cells can develop but then rapidly
disappear, underscores the importance of Bcl-2 in the maintenance of the mature
recirculating follicular compartment.

B c I-X l

The other Bcl-2 member shown to be important in B cell physiology is Bcl-x^, shown to
inhibit apoptosis (Boise et al., 1993). The expression profile of Bcl-x^ during B cell
development seems to be the reciprocal of Bcl-2, where it is highly expressed in pre-B
and newly activated mature B cells, but low in pro-B and immature B cells (Fang et al.,
1996; Grillot et al., 1996). Deficiency of

results in embryonic lethality although

the analysis of lymphoid development in blastocyst chimeric mice reveals that there are
fewer numbers of all bone marrow stages of development, with a block at the pro-B to
pre-B cell transition (Motoyama et al., 1995). However, whilst the proportion of splenic
Bc/-jc^-deficient B cells is lower than wild-type cells, no such difference in proportion is
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noted in the lymph node. In vitro survival of pro-, pre- and immature B cells is reduced in
the absence of Bcl-x^ but survival of Bcl-x^- deficient lymph node derived B cells is
normal. This has led to the idea that Bcl-x^ is more important for ensuring the correct
lifespan of the immature stages of B cell development, rather than the maintenance of the
mature recirculating follicular compartment and that both Bcl-2 and Bcl-x^ sequentially
regulate survival and death at sequential stages of B cell development (Chao and
Korsmeyer, 1998).

Entry into cell cycle

One of the key events following BCR-induced activation is the exit from the quiescent Go
stage and entry into the cell cycle and proliferation. Two important regulatory
components are the cyclins (CLN) and the holoenzymes they control, the Cyclin
Dependent Kinases (CDK), both of which contain a number of family members that
retain unique as well as overlapping functions (Sherr, 1996). For mitogen induced
proliferation, the most important cyclins needed for initiating entry into the cell cycle are
the Cyclin D (CLND) family members (Pardee, 1989; Sherr, 1995). CLND members
bind with a high affinity and activate CDK4 and 6 , both of which specifically activate the
pocket protein Retinoblastoma (Rb) (Bates et al., 1994; Matsushime et al., 1992;
Matsushime et al., 1994; Meyerson and Harlow, 1994; Xiong et al., 1992). Pocket
proteins function as negative regulators of the cell cycle. In quiescent cells, they are
hypophosphorylated and bind to and sequester E2F-family transcription factors, which
function to activate genes associated with DNA replication and entry into S phase. Upon
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mitogenic stimulation, CDKs become catalytically active (by the expression and
association with CLND family members), and hyperphosphorylate pocket proteins,
inhibiting their ability to bind to E2F transcription factors and thus causing their
subsequent release into the nucleus to induce the expression of the relevant proliferationassociated genes (Dyson, 1998; Lam and La Thangue, 1994; Nevins, 1998).

Role of CLND2 in B cell proliferation

The predominant cyclin induced by BCR-derived signals is CLND2, whose expression
can be detected in splenic small resting B cells 24 hours after BCR stimulation (Lam et
al., 2000). Mice carrying mutations that disrupt BCR signalling show reduced induction
of CLND2 expression following BCR stimulation (Glassford et al., 2001; Yamazaki and
Kurosaki, 2003). CLND2-deficient mice present no noticeable defects in B cell
development, although the peritoneal B-la/CD5^ compartment is severely diminished.
This is reflected by reduced serum levels of the predominantly, B -la derived
immunoglobulin, Ig03. As one would expect, BCR induced proliferation is reduced, due
to a delay in the entry into S phase The incomplete block in cell cycle entry can be partly
accounted for by the finding that CLND3 is expressed in the absence of CLND2 (Lam et
al., 2000; Sicinski et al., 1996; Solvason et al., 2000). Interestingly, CLAD2-deficient B
cells are able to proliferate normally in response to LPS stimulation by inducing the
expression of CLND3, which implies that whilst LPS induces cell cycle entry through
both CLND3 and CLND2, BCR-derived signals are more reliant on CLND2 (Lam et al.,
2000 ).
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1.12 Role of CD19/CD21 co-receptor complex in BCR signalling

Whilst signalling through the BCR is of critical importance in B cell biology, other cell
surface co-receptors also play crucial roles. The co-receptor CD 19 is found constitutively
associated with the C3d complement receptor CD21 in resting B cells (Matsumoto et al.,
1991). The complement system is part of the innate branch of immunity, and the
existence of the CD19/CD21 complex may provide a means of linking complement
receptor- and BCR-mediated signals through complexes of C3d and antigen (Matsumoto
et al., 1991; van Noesel et al., 1993). CD 19 is thought to enhance BCR mediated signals;
cross linking either CD 19 or CD21 to surface IgM results in a 10 to 1000 fold increase in
a number of BCR-induced responses including calcium mobilisation, proliferation,
MAPK activation and other cellular responses (Carter and Fearon, 1992; Carter et al.,
1991; Li et al., 1997; Tooze et al., 1997, (Carter et al., 1988). This is accomplished by
targeting the BCR to GEMs, thereby enhancing and prolonging BCR-derived signals
(Cherukuri et al., 2001).

The finding that CD 19 works to enhance BCR-mediated responses suggests that CD 19
should be able to enhance signalling pathways initiated through the BCR. The activity of
CD 19 has been shown to be dependent on the phosphorylation of its cytoplasmic tyrosine
residues (Sato et al., 1997). This phosphorylation is dependent on BCR activation as
ligation of either the BCR or CD 19 alone is sufficient to cause phosphorylation of
tyrosine residues within the cytoplasmic domain of CD 19 (Chalupny et al., 1993;
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Tuveson et a l, 1993). Src kinases are thought to be responsible for this, and whilst it has
been claimed that Lyn is the sole kinase responsible for CD 19 phosphorylation (Fujimoto
et al., 2000), a more recent analysis using Lyn-deficient B cells has shown that Lyn is
dispensable (Xu et al., 2002), Three tyrosine residues within the cytoplasmic domain are
thought to be crucial for CD19s’ signalling activities. Tyr391 is necessary for the
recruitment of the Vavl via its SH2 domain, whilst Tyr482 and Tyr513 are necessary for
the recruitment of PI3-K (Li et al., 1997; O'Rourke et al., 1998; Tuveson et al., 1993).
Together, these observations implicate CD 19 as playing a role in enhancing BCRmediated signals, by impinging on both the PLCy2 and Btk signalling pathways.

The requirement for CD 19 in B cell development and activation has been investigated by
the generation of mice containing a targeted disruption in the CD 19 gene. Initial reports
revealed that CD79-deficient mice display no defects during the bone marrow stages of B
cell development, although they have fewer peripheral mature B cells and severe
reductions in the peritoneal B -la compartment, associated with defective self-renewal
(Engel et al., 1995; Rickert et al., 1995). Functionally, CD 19-deficient splenic B cells
proliferate poorly in response to anti-IgM and LPS and they have lower serum levels of
IgM and IgG3, as well as defective TD humoral responses. Subsequent analysis has
revealed that the defects in the mature/B-2 compartment are a result of delayed
development (Otero et al., 2003). Competitive reconstitution of sub-lethally irradiated
hosts using CD79-deficient bone marrow reveals that both B-2 and B-1 compartments are
poorly reconstituted. The reduced numbers of mature B cells can be partially rescued by
enforced expression of Bcl-2, which fully restores the MZ B cell compartment. Finally,
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the BCR-induced proliferative defect is due to increased activation induced apoptosis in
the absence of CD 19. These results suggest that maintenance of the both mature and MZ
compartments require the activity of CD 19 to enhance BCR-derived survival signals.

1.13 Negative regulation of BCR signals

As well as a need for positive regulators of BCR signalling, mechanisms that antagonise
positive signals are also important to prevent inappropriate activation of B cells, which
can result in conditions associated with auto immunity. Inhibitory receptors have been
defined which seem to work only when clustered with their activating counterpart.
Following the engagement of both types of receptors, the resulting outcome is dependent
upon the strength of these opposing signals (Ravetch and Lanier, 2000). Many immune
inhibitory receptors contain Immune Tyrosine Inhibitory Motifs (ITIMs) in their
cytoplasm ic domains and they include receptors such as FcyRIIB,

Paired

Immunoglobulin-like Receptor B (PIR-B), CD22 and CD72. ITIMs on these receptors
serve to recruit and activate protein tyrosine and lipid phosphatases that mediate the
receptors functions (Tamir et a l, 2000). Two of the more relevant phosphatases involved
in negatively regulating BCR-derived signals are SHIP and SHP-1.
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SHIP

The primary in vivo role of SH2-containing Inositol polyphosphate Phosphatase (SHIP)
is to hydrolyse PI-3 ,4 ,5 -P 3 into PI-3,4,-Pj, thereby removing the PI that targets a number
of proximal signalling proteins via their PH domains to the plasma membrane (Giuriato
et al., 1997; Scharenberg et a l, 1998, (Gupta et a l, 1997), (Huber et a l, 1999; Liu et a l,
1999). In terms of attenuating BCR-mediated signals, optimal association and activation
of SHIP requires the co-clustering of both the BCR and IgG Fc receptor FcyRIIB.
(Chacko et a l, 1996). The principal function of FcyRIIB is to bind to immune complexes
containing IgG and in this sense, it acts to counter positive signals that derive from the
BCR preventing B cell hyper-activation (Daeron, 1997). In DT40 cells, SHIP has been
shown to inhibit the recruitment of Btk to the plasma membrane, as SHIP-deficient cells
show increased plasma membrane associated Btk, which is dependent on PI3-K activity
(Bolland et a l, 1998). Analysis of B cell development and function in S'/Z/P-deficient
Rag blastocyst chimeras reveals reduced numbers of 5'///P-deficient B cells, as well as
increased basal levels of serum immunoglobulin and elevated calcium mobilisation and
proliferation upon cross-linking the BCR and FcyRIIB. (Liu et a l, 1998). A more
comprehensive analysis of B cell development in 57Z/P-deficient mice shows that there
are reductions in the number of bone marrow B cells, most notably in the pre-B and
immature compartments, with a concomitant rise in the number of splenic and lymph
node B cells, due to accelerated maturation (Helgason et a l, 1998; Helgason et a l, 2000).
^///P -d e fic ie n t B cells also show enhanced levels of BCR-induced PI- 3 ,4 ,5 -P 3 ,
production as well as an increased sensitivity to BCR-induced up-regulation of the
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activation markers CD69 and CD 8 6 (Brauweiler et al., 2000). Taken together, these
observations highlight SHIP as an important mediator of inhibitory signals downstream
of the FcyRIIB receptor, which antagonises BCR signalling by interfering with its ability
to assemble the signalosome.

SHP-1

Src-Homology 2-domain containing protein tyrosine phosphatase 1 (SHP-1) is another
key negative regulator of BCR-mediated signals. It has been shown to be recruited to the
ITIMs of CD22, PIR-B and CD72 following their respective ligation (Adachi et al., 1998;
Blery et al., 1998; Doody et al., 1995; Maeda et al., 1998; Wu et al., 1998). Once
recruited, it is thought to de-phosphorylate key components of the BCR signalosome
including Iga and Igp (Adachi et al., 2001), CD22 (Blasioli et al., 1999), Syk (Adachi et
al., 2001) and BLNK (Binstadt et al., 1998; Adachi et a l, 2001). The importance of SHP1 in establishing BCR signalling thresholds to ensure the development of a tolerant
follicular B cell repertoire comes from the analysis of two naturally occurring strains of
mice, moth eaten {me) and moth eaten viable {me'"). These harbour disruptive mutations
in the SHP-1 loci (Kozlowski et a l, 1993; Shultz et a l, 1993; Tsui et a l, 1993). These
mice have profound B cell developmental and functional defects including a reduction in
mature recirculating follicular B cells but an increase in peripheral B-la/CD5^ cells and
poor humoral responses following immunisation (Davidson et a l, 1979; Sidman et a l,
1986). However, auto-reactive antibodies can be detected in these animals by 4 weeks of
age and SHP-1-deficient B cells are more sensitive to BCR-induced proliferation
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(Davidson et al., 1979; Painter et al., 1988; Pani et al., 1995; Shultz and Green, 1976;
Sidman et al., 1986). Analysis of mice carrying both the 57/P-7-deficiency and a BCR
transgene suggests that the reduction in mature B cells is a consequence of defective
negative selection (Cyster and Goodnow, 1995). The observations described illustrate the
importance of SHP-1 in attenuating BCR-mediated signals, thereby defining SHP-1, as
well as SHIP as important regulators of the BCR signalling threshold.

1.14 The role of B-cell Activating Factor Receptor (BAFF)

W hilst it is clear that BCR-derived survival signals are necessary for the correct
development and maintenance of the mature follicular B cell compartment, they are
probably not sufficient. One other family of signalling molecules that has been shown to
be important for B cell survival is the TNF family member B-cell Activating Factor
(BAFF, also termed BLyS, TALL-1, THANK and zTHF4) (Gross et al., 2000; Moore et
al., 1999; Mukhopadhyay et al., 1999; Schneider et al., 1999; Shu and Johnson, 2000). It
is thought to be produced by a range of haematopoietic cell types, including myeloid
cells, leukocytes and possibly T cells (Schneider, 1999, Scapini, 2003, Moore, 1999) and
is expressed as both a membrane-bound and soluble ligand (Mukhopadhyay et al., 1999).
Three receptors are currently known to bind to BAFF; B-Cell Maturation Antigen
(BCMA), Transmembrane Activator and ÇAML Interactor (TACl) and BAFF Receptor
(BAFF-R, also known as BR3 and Bcmd) (Gross et a l, 2000; Thompson et a l, 2001;
Yan et a l, 2000). Whilst both BCMA and TACl have been shown to bind to other TNF
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family ligands, BAFF-R seems to bind to BAFF specifically (Marsters et al., 2000; Shu
and Johnson, 2000; Thompson et al., 2001; Wu et al., 2000; Xia et al., 2000).

Signalling downstream of BAFF receptors

The signalling pathways downstream of the BAFF receptors have yet to be fully
elucidated, but as expected for a TNF-family member, they utilise TNF Receptor
Associated Factors (TRAFs) and NF-k B signalling (Baud and Karin, 2001; Karin and
Ben-Neriah, 2000). BCMA and TACl have both been demonstrated to activate NF-k B
(Hatzoglou et al., 2000; Marsters et al., 2000; Thompson et al., 2001; von Bulow et al.,
2001; Xia et al., 2000 Wang et al., 2000b). BAFF-R derived signals have also been
shown to induce NF-kB signalling, inducing both NFKBl/pl05 processing into p50 and
NFKB2/pl00 processing into p52. Significantly, the latter has been shown to occur via
the non-classical pathway of NF- k B activation (Do et al., 2000; Hatada et al., 2003;
Kayagaki et al., 2002). Recently it has been demonstrated that BAFF-R mediated survival
of mature B cells is dependent on PLCy2 activity, although this is independent of the
ability of PLCy2 to activate both calcium and NF-k B signalling (Hikida et al., 2003)

Role of BAFF-mediated signalling in B cell development

The importance of BAFF in B cell biology has been demonstrated by a number of
complementary experiments. Mice expressing a BAFF transgene display expanded
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splenic T2 and mature recirculating follicular B cells, as well as increased numbers of
MZ B cells. The mature B cell compartment also expresses higher levels of cell surface
molecules associated with B cell activation, and there is an increased presence of
germinal centre B cells (Khare et al., 2000; Mackay et al., 1999; Schiemann et al., 2001).
These results suggest that BAFF-mediated signals play a positive role in B cell
development and function. In accordance with such a proposal, BAFF-deficient mice
have vastly reduced numbers of mature B cells, with an apparent block at the splenic T1
to T2 transition and an absence of MZ B cells. Interestingly, the peritoneal B -la
compartment remains intact (Gross et al., 2000; Schiemann et al., 2001).

Analysis of mice deficient for the three known BAFF receptors has revealed that they do
not have overlapping roles in B cell development. FACFdeficient mice actually have an
increased number of B cells, with such cells exhibiting signs of auto-reactivity, leading to
the suggestion that TACl may actually antagonise BAFF function in B cell biology by
competing with BAFF-R (Seshasayee et al., 2003; von Bulow et al., 2001; Yan et al.,
2000). BAFF mediated signalling in B cells does not appear to depend on BCMA derived
signals, as no significant B cell phenotype has been reported in BCMA-deficient mice (Xu
and Lam, 2001). The determination that it is BAFF-R that is required to transduce BAFF
signals necessary for the correct development of the mature B cell compartment has been
aided by the identification and characterisation of the mutation in A/^ys^j mice. These
mice present with a B cell developmental phenotype essentially identical to those
described in BAFF-deficient mice, the cause of which is a deletion in the third exon of
the BAFF-R gene, resulting in the expression of a receptor lacking the intracellular
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portion, necessary for signal transduction following BAFF binding (Lentz et al., 1996;
Lentz et al., 1998; Miller et al., 1992; Miller and Hayes, 1991; Thompson et a l, 2001).

Mechanism of BAFF activity on B cell biology

Whilst initial reports have suggested that BAFF functions to promote both survival and
proliferation (Khare et al., 2000; Moore et al., 1999; Schneider et al., 1999), more recent
data suggests that BAFF has no intrinsic ability as a mitogenic agent (Batten et a l, 2000;
Hsu et a l, 2002; Rolink et a l, 2002). Furthermore, whilst initial characterisation of
A/wysnj mice claimed that the block in B cell development is only apparent after the T1
stage, a more comprehensive analysis of B cell development suggests that the block in
development may arise earlier, as the numbers of T1 cells is partially reduced (Amanna et
a l, 2003). In addition to these observations, support for the importance of BAFF-Rderived signals in ensuring the survival of developing B cells is provided by the
observation that A/^ySnj mice expressing a Bcl-Xi^ transgene have an amelioration of the
developmental block. The finding that BAFF is able to promote the in vitro survival of
not only splenic mature but also T l, T2 and bone marrow immature B cells, supports the
notion that in addition to the BCR, further developmental progression beyond the
immature B cell stage may involve BAFF-R-derived signals (Rolink et a l, 2002). A link
between BCR and BAFF-R derived signals has been provided by a number of recent
observations. Co-stimulation of splenic mature recirculating follicular B cells with both
anti-IgM antibody and BAFF results in enhanced proliferation compared to anti-IgM
stimulation alone, because of increased cell survival (Harless et a l, 2001), (Smith and
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Cancro, 2003). The expression levels of BAFF-R over the course of the splenic stages of
B cell development has also been observed to rise, with BAFF-R expression highest in
splenic mature B cells (Hsu et al., 2002). Finally, BCR stimulation of splenic mature B
cells has been demonstrated to cause a specific increase in BAFF-R expression levels
(Smith and Cancro, 2003).

1.15 Rac-family small GTPases in cell signalling and biology

RAs-related Ç3 botulinum toxin substrate (Rac), along with Cdc42 and Rho are members
of the Rho-family of small GTPases (Van Aelst and D'Souza-Schorey, 1997). Small
GTPases are molecular switches that utilise a basic biochemical strategy to control
complex biological processes, and their activity is regulated by at least four classes of
molecules (Etienne-Manneville and Hall, 2002). When bound to GDP, they are
functionally inactive and this conformation is catalysed and stabilised by GTPase
Activating Proteins (GAPs) and GDP Dissociation Inhibitors (GDIs), respectively. Upon
binding to GTP, they become activated, and such an exchange is stimulated by GEFs,
with stabilisation of GTP association facilitated by Rho GDP Stimulators (GDS) (Van
Aelst and D'Souza-Schorey, 1997). Extensive studies into the role of the prototypical
Rho-family members (Rho, Cdc42 and R a d ) have implicated their involvement in many
of the fundamental aspects of cell biology, including adhesion, m igration and
proliferation (Etienne-Manneville and Hall, 2002). Rac-family members were initially
recognised as key regulators in the formation of membrane ruffles and lamellipodia
(structures associated with cell migration) (Ridley et al., 1992), which suggested that they
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are able to regulate the actin cytoskeleton (Joneson et al., 1996; Westwick et al., 1997). It
has since become apparent that they play important roles in transducing signals
downstream of different families of cell surface receptors, regulating adhesion,
proliferation, survival and superoxide generation (Van Aelst and D'Souza-Schorey, 1997;
Schmitz et al., 2000; Bishop and Hall, 2000). Several members constitute the Rac-family
of GTPases and much of our knowledge of their function has been derived from the use
of constitutively active or dominant negative isoforms in either transformed cell lines or
transgenic mice.

The Rac-family of small GTPases

Three highly conserved proteins constitute the Rac-family of small GTPases; R acl, 2 and
3. Racl and Rac2 share a 92% amino acid identity with one another, diverging at the Cterminus (Didsbury et al., 1989; Shirsat et al., 1990; Tao et al., 2002), whilst Rac3 is 77%
and 83% identical to Racl and Rac2, respectively (Haataja et al., 1997). Assessment of
their tissue expression patterns reveals that Racl is ubiquitously expressed in all tissues
(Didsbury et al., 1989; Moll et al., 1991 ; Polakis et al., 1989,), whilst Rac2 expression is
confined to the haematopoietic cells (Shirsat et al., 1990). The expression of Rac3 in
various organs has not been exhaustively determined, although it is expressed highly in
the brain, and has been detected in lymphoid and myeloid cell lines (Haataja et al., 1997).
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Upstream signalling pathways impinging on Rac

Rac family GTPases are involved in transducing signals downstream of a number of
receptors, including RTKs, which was initially suggested by observations in fibroblasts.
Stimulation of Swiss 3T3 fibroblasts by insulin, Platelet Derived Growth factor (PDGF)
and Epidermal Growth Factor (EGF) induces morphological changes associated with Rac
activation, such as membrane ruffling (Ridley et al., 1992). The mechanism by which
Rac activation is linked to RTKs is still far from resolved, with particular contention over
the exact placing of PI3-K in Rac mediated signalling. Observations in cell lines suggest
that PI-3K is essential for Rac activation (Hawkins et al., 1995; Nobes et al., 1995,
Rodriguez, 1997). There is also evidence that Racl is involved in antigen receptor
signalling. BCR induced Racl activation is reduced (but not abolished) in the presence of
a PI3-K inhibitor, which suggests that Racl activation can be induced by both PI3-K
dependent and independent pathways (Grill and Schrader, 2002).

The dependence for PI3-K is probably due to a requirement for PIP 3 to recruit a Rac GEE
to the plasma membrane and potentially to activate it (Han et al., 1998; Rameh et al.,
1997). Furthermore, it has been reported that PIP 3 binds to R acl in vitro and promotes
GDP dissociation (Missy et al., 1998). However, there is evidence that Racl is required
to bind and recruit PI3-K (Tolias et al., 1995, Bokoch, 1996). Transient transfection of
constitutively active Racl into a haematopoietic cell line in the absence of stimuli results
in increased survival, which is dependent on Racl-induced PI3-K activation (Nishida et
al., 1999). Coupled with, observations in Vav-deficient DT40 cells and thymocytes
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(Inabe et al., 2002; Reynolds et al., 2002), these results suggest that PI3-K operates
downstream of Rac.

Importance of Racs downstream of other types of receptors

As well as an established role in transducing signals downstream of RTKs, Racs are also
thought to lie downstream of other receptors including G-Protein Coupled Receptors
(GPCR), TNF-R and integrins. fMLP is a chemoattractant for neutrophils and its
presence causes an increase in the amount of activated Rac2 though a pertussis toxinsensitive heterotrimeric G protein, Gj (Akasaki et al., 1999), Bernard, 1999). Activity of
Gtti 2 or G tti 3 activity in fibroblasts has been shown to induce Rac-dependent INK
activation as well as Phospholipase D production, although membrane ruffling is not
observed (Buhl et al., 1995; Gohla et al., 1998; Collins et al., 1996; Plonk et al., 1998 ).
Evidence has also been provided in various cell lines that TNF-a and IL-1-stimulated
INK activation is dependent on Rac activity (Auer et al., 1998; Bagrodia et al., 1995a;
Coso et al., 1995). Finally, Rac activation may be important in integrin-mediated
signalling, as L-selectin ligation on leukemic cells has been observed to cause Rac2
activation (Brenner et al., 1997). This is also supported by observations in NIH 3T3
fibroblasts that over express membrane targeted DOCK 180, which results in increased
levels of activated Racl (Kiyokawa et al., 1998).
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Regulation by GEFs other than Vav-family members

A number of GEFs have been identified as having specific activity for Rac-family
GTPases. W hilst Vav-family members are thought to be the main regulators of Rac
activity downstream of RTKs, other GEFs have also been implicated in control of Rac
activity (Van Aelst and D'Souza-Schorey, 1997). Both RasGEF and Sos contain PH and
DH domains, the latter of which has been shown to be sufficient for Rac GEF activity
(Nimnual et al., 1998). Possession of a PH domain implies that they may be recruited to
signalling complexes by PIP3. Ras GRFl and Ras GRF2 also possess DH/PH domains
and have been demonstrated to have GEF activity towards Rac (Fan et al., 1998; Kiyono
et al., 1999). Tiam l has been shown to have GEF activity specifically for Rac family
members, and its activity is regulated by threonine phosphorylation (Fleming et al., 1999;
Michiels et al., 1995; Michiels et al., 1997).

Signalling pathways activated by Rac

A number of signalling effectors have been shown to bind to and interact with Rac. These
include p28 Activated Kinase (PAK), PI-4-P5K and the NAD PH oxidase complex.
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PAK

There are currently six members of the PAK family of kinases that have been identified,
although Pak4, 5 and

6

are significantly different from PAK 1,2 and 3 and much less is

known about them (Bokoch, 2003) Pakl, 2 and 3 all bind to Rac and Cdc42 only when
they are associated with GTP, something that has proved useful as a means to detect Rac
activation (Bagrodia et ah, 1995b; Brown et al., 1996; Knaus et al., 1995; Manser et al.,
1995; Martin et al., 1995). Both activated Racl and PAKl induce phosphorylation of
LIMK (Arber et al., 1998; Edwards et al., 1999)), which is involved in the stabilisation of
actin filaments (Bishop and Hall, 2000). There is also evidence that PAKs can activate
MAPKs, specifically MEK and ERK2 (Catling et al., 1995; Frost et al., 1996; Jelinek et
al., 1994; Yablonski et al., 1998). PAKl, 2 and 3 have also been reported to activate both
p38 and JNK (Bagrodia et al., 1995a; Poitras et al., 2003; Zhang et al., 1995).

PIP5K and NADPH Oxidase

Two other Rac effectors that have been identified with physiologically relevant effects
are Phosphoinositol 4-phosphosphate 5 kinase (PI4-P5K) and the NADPH oxidase
complex. PI4-P5K generates PI-4 ,5 -P2 from PI-4-P and has been shown to interact with
Rac in a manner independent of which guanosine phosphate it is associated with (Tolias
et al., 1998). In platelets, thrombin-induced assembly of actin filaments has been shown
to depend on an increase in PIPg levels, which is mediated by Rac-dependent PI4-P5K
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activation (Hartwig et al., 1995; Tolias et al., 2000). The finding that Racl and Rac2 can
be detected in the NADPH oxidase complex revealed a novel and somewhat unexpected
role for Rac proteins (Abo et al., 1991; Knaus et al., 1991). Both Racl and Rac2 have
been shown to bind to the p67^’’°’‘component of the complex, and to function as allosteric
regulators, inducing conformational changes promoting electron transfer and the
generation of Reactive Oxygen Species (Diebold and Bokoch, 2001; Diekmann et al.,
1994; Nisimoto et al., 1997)

Role of Rac small GTPases in the immune System

The fact that Racs are involved in transducing signals downstream of a number of
different types of receptors, and that the haematopoietic system expresses a specific Rac
family member (Rac2) is suggestive of their potential role in the immune system. A
combination of transgenic and knock out approaches have been utilised in order to
understand their anticipated function. Currently, no known function has been ascribed to
Rac3.

Role of Racl

Targeted disruption of the R acl locus results in early embryonic lethality, manifest by
E8.5 during gestation (Sugihara et al., 1998). This is due to wide-scale apoptosis in the
space between the embryonic ectoderm and endoderm at the primitive streak stage, which
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is thought to be a consequence of defective adhesion signalling in response to the extra
cellular matrix. Therefore, it has not been possible to address the function of Racl in the
immune system using a conventional gene knockout approach. Some insight into the role
of Racl in T cell development has come from mice expressing a constitutively active
Racl in the T cell lineage, on a Vdv7-deficient background,

-deficient mice show a

partial block at the pre-T Cell Antigen Receptor (pTCR) checkpoint of thymic
development (analogous in many respects to the pBCR checkpoint in B cells), due to loss
of TCR-induced differentiation and proliferative expansion (Turner et al., 1997b). Such
mice expressing constitutively active Racl have a complete correction of this block
although constitutively active Racl cannot compensate for the pTCR (Gomez et al.,
2000). These results indicate that R acl activity is necessary for transducing pTCRderived signals. The role of Racl in transducing TCR-derived signals is demonstrated
both theoretically and directly. Theoretically, if one assumes that Racl is a major target
of Vav family proteins in T cells, Vavl activation following TCR stimulation would
imply that Racl is also similarly activated (Bustelo, 2000). Direct evidence that Racl is
involved in transducing TCR-derived signals comes from studies in Jurkat cells, where
transfection with either dominant negative or constitutively active Racl abrogates TCRinduced calcium flux, caused by defective PLCy2 activation and subsequent IP 3
production (Arrieumerlou, 2000). With regards to B cells, transfection of constitutively
active R acl into LPS-stimulated plate bound primary B cells leads to the formation of
lamellipodia (Westerberg et al., 2001) and BCR stimulation has been shown to induce
Racl activation (Grill and Schrader, 2002).
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Role of Rac2

The role of Rac2 in various haematopoietic cells has been addressed by the generation of
Rac2-deficient mice (Roberts et al., 1999). Analysis of Rac2-deficient neutrophils and
mast cells has revealed its importance in mediating cellular migration as well as MARK
activation in response to chemotactic signals. In mast cells, Rac2 is necessary for
transducing survival signals. In its absence, such mast cells have higher resting levels of
the pro-apoptotic Bcl-2 family member Bad, as well as reduced Stem Cell Factor (SCF)
induced Bcl-X^ induction (Yang et al., 2000). The involvement of Rac2 in chemotaxis is
further underscored by the finding that administration of Granulomatous-Colony
Stimulating Factor (G-CSF) into R<3 c2 -deficient mice causes mobilisation of multi-potent
Haematopoietic Stem Cell precursors (HSC) into the peripheral blood and spleen, which,
from in vitro studies, is thought to be due to reduced adhesion within the bone marrow
micro-environment (Yang et al., 2001).

In T cells, Rac2 is necessary for TCR-induced actin polymerisation and receptor
clustering, as well as calcium mobilisation and ERK and p38 MARK kinase
phosphorylation (Yu et al., 2001)). Rac2-deficient T cells also display diminished
chemotaxis in response to several chemokines (Croker et al., 2002a). With respect to T
cell biology, /?(3 c 2 -deficient mice have increased numbers of CDS and CD4, as well as
defective differentiation into T^l effector T cells ( Li et al., 2000). Finally, assessment of
B cell development and function in /?ac2-deficient mice has revealed that there are
reductions in not only the numbers of splenic mature recirculating follicular B cells, but
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also marginal zone and peritoneal B-la/CD5^ cells (Croker et al., 2002b). These results
suggest that Rac2 is involved in transducing BCR derived signals involved in either the
generation and or maintenance of these populations. In terms of immune function, serum
levels of IgM and IgA are attenuated, whilst IgGl and IgG2b levels are elevated. Both TI
and TD humoral responses are defective and Rac2-deficient B cells show reduced BCRinduced proliferation, calcium mobilisation and filamentous actin formation. Like Rac2deficient T cells, they also display abrogated chemokine induced migration.

The unresolved issue of functional compensation between R acl and
Rac2

The notion that Racl is able to compensate for Rac2 activity in haematopoietic cells is
suggested by two observations. Firstly, the highly conserved nature of Racl with Rac2,
strongly implies a potential ability for Racl to compensate for Rac2 activity and vice
versa. (Didsbury et al., 1989). Secondly, analysis of Racl expression and activation in
/?«c2-deficient neutrophils and mast cells suggests that although the regulation of Racl
activity differs between these 2 cell types, Racl may be partially compensating for Rac2
activity. In /?ac2-deficient neutrophils, whilst Racl expression is normal, the resting level
of activated Racl appears higher, as is the level of activated R acl following stimulation
with the chemokine fMLP (Li et al., 2002; Roberts et al., 1999). Æac2-deficient mast cells
on the other hand express higher basal levels of Racl protein than wild-type cells (Yang
et al.,

2 0 0 0

). In this sense it is tempting to speculate that whilst defects present
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themselves in the various haematopoietic cells described, they are not as severe as they
could be owing to Racl activity persisting in the absence of Rac2.

1.16 Conditional mutagenesis

A commonly used method to circumvent mutations that give rise to embryonic lethality is
to disrupt the function of the gene specifically in the cell type or tissue of interest, using
so called conditional mutagenesis. In this regard, the Cre-/oxP system has proved to be
instrumental in furthering our understanding of the function of otherwise lethal genes in
the immune system.

The Cre-IoxP system of conditional mutagenesis

The Cre-/ojcP system of site-specific recombination is derived from the PI coliphage. Cre
is a 38kDa recombinase which mediates rearrangements between 34 base pair sequences
termed loxV (Sternberg and Hamilton, 1981). Generation of mice containing targeted
inserts of 2 loxV sites flanking a gene of interest (so called ‘floxed’ allele) permits
inducible deletion of the gene. Tissue specific deletion is regulated by the introduction of
restricted Cre expression. A number of ‘Cre-driver’ lines have been generated, including
one that is expressed specifically in B cells (Rickert et al., 1997). Such mice contain a
Cre gene inserted into exon 2 of the endogenous CD 19 gene. Whilst this ensures that the
expression of the Cre recombinase is controlled by the same regulatory elements as the
endogenous CD19 gene (thereby restricting Cre expression within B lineage cells only).
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it also disrupts the CD 19 gene. Assessment of the efficiency of Cre-mediated deletion of
a reporter gene (floxed DNA polymerase /3) by allele-specific Southern blot reveals that
deletion is both highly efficient and specific for B lineage cells; splenic B cells from such
mice are 90 to 95% deleted for the floxed allele, with no such deletion detected in T cells
or other non-lymphoid organs. More detailed assessment of the expression of the Cre
transgene using anti-Cre antibodies reveals that no Cre is present in bone marrow
Fraction A pro-B cells and that Cre is only detected at low levels from Fraction B and
Fraction C pro-B cells onwards (Schwenk et al., 1997). The CD19-Cre driver line has
been used to induce conditional B cell-specific mutations in a number signalling
molecules shown to be involved in B cell development and activation. These include the
TGFp Receptor II (Cazac and Roes, 2000), the proto-oncogene c-myc (de Alboran et al.,
2001)), the IKK complex (Pasparakis et al., 2002) and the tumour suppressor gene Pten
(Suzuki et al., 2003).

Potential Problems Associated with Cre-loxP conditional mutagenesis

The use of the Cre-loxP system to induced conditional mutagenesis is not without
potential problems. The first is associated with whether or not Cre recombinase is
deleting the floxed allele of interest; this can be assessed indirectly or directly. Indirectly,
detection of the presence of the Cre recombinase in the cell type of interest can be
tenuously used to infer that the target is probably being deleted (Schwenk et al., 1997).
Alternatively, reporter strains that express fluorescent markers following Cre-mediated
rearrangements can be used to measure Cre activity (Kawamoto et al., 2000; Mao et al.,
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2001). However, this methodology assumes that rearrangement of the reporter is an
accurate reflection of deletion of the floxed gene of interest. To address such potential
discrepancies, reporters within the target gene have been generated which, following Cre
mediated rearrangement, results in concomitant deletion of the target gene, as well as
expression of the marker (Kmita et al., 2000; Moon et al., 2000). In instances where
deletion of the gene renders such cells with some selective disadvantage, it is unlikely
that the efficiency of marker expression and deletion of the floxed gene of interest are
comparable. For example, deletion of a conditional c-Myc allele in B cells in the splenic
B cell compartment is only 60 to 70% efficient, as measured by quantitative Southern
blot (de Alboran et al., 2001). Following in vitro culture with anti-CD40 antibody and IL4, cells that have not deleted the floxed allele possess a proliferative advantage. The most
satisfactory readout of the efficiency of deletion of the floxed gene is either at the level of
DNA or RNA using quantitative Southern blot or Reverse Transcription PGR (RT-PCRquantitative or semi-quantitative), or at the level of actual protein by Western blot or flow
cytometry.

The second problem with the Cre-ZoxP system is associated with the activity of the Cre
recombinase and its ability to recognise and rearrange pseudo loxV sites, resulting in Cremediated cellular toxicity (Thyagarajan et al., 2000). This toxicity is presumably
associated with chromosomal abnormalities arising from aberrant DNA rearrangement,
catalysed by the Cre recombinase. Persistent and high levels of Cre expression in
spermatids results in sterility, because of gross chromosomal rearrangements (Schmidt et
al., 2000). A potential means to counteract this could be the use of self-excising Cre
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constructs, although this could reduce the efficiency of targeted deletion (Bunting et al.,
1999; Silver and Livingston, 2001).

1.17 Aims of the work presented in this thesis

The correct development and activation of B cells is dependent upon signals transduced
downstream of the BCR. The mechanism by which signal transduction occurs has yet to
be fully elucidated. Work conducted previously by this lab and others has implicated the
involvement of the GEF V avl and the Rac-family GTPases that they regulate in
transducing these signals. Racl and Rac2 have been implicated in transducing signals
downstream of multiple receptors, enacting multiple cellular responses including survival
and proliferation. Whilst the function of the haematopoietic-specific isoform Rac2 in B
cell development and activation has been previously deseribed, the involvement of the
proto-typical and ubiquitously expressed Racl remains to be defined. The high degree of
homology between Racl and Rac2 suggests the existence of redundancy and the potential
for functional compensation between these two proteins. Homozygous-deficiency of the
R a c l gene results in embryonic lethality, thereby preventing the formal analysis of its
role using a conventional gene knockout approach. In order to resolve both the issue of
lethality and genetic redundancy, I have analysed B cell development and activation
using both a conventional and conditional mouse knockout approach. Rac7-heterozygous,
R<3 c 2 -deficient mice are viable and I report an analysis of their B cell development and
activation. In order to circumvent the lethality associated with Racf-deficiency, the Crelox? conditional mutagenesis system has also been utilised. Mice containing a Racl allele
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that is only disrupted in the B cell compartment have been generated by breeding and
analysed in order to determine the role of Racl in B cell biology. Rac2-deficiency has
also been bred into such mice in an attempt to generate B cells deficient for both Racl
and Rac2, in order to address the issue of genetic redundancy.
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Chapter Two - Materials and Methods

2.1

Solutions

TE

10 mM Tris-HCl (pH 7.4), ImM BDTA (pH 8.0)

TAB

0.04M Tris-HCl, 0.02M glacial acetic acid, ImM BDTA (pH
. )

8 0

PBS

ISOmM NaCl, 2mM KCl, 8 mM Na^HPO^

Cell Lysis Mix

50mM Tris-HCl (pH 8.0), lOOmM NaCl, lOOmM BDTA, 1%
SDS, 0.25mg/ml proteinase K (Boehringer Mannheim)

DNA Loading Buffer

3% glycerol, 0.02% bromophenol blue and xylene cyanol FF

50 X TAB

40mM Tris-acetate, 2mM Na2 BDTA.2 H 2 0

20 X SSC

0.15M NaCl, 0.015M tri-sodium citrate (pH 7.2)

Denaturing Solution

0.5M NaOH, 1.5M NaCl

Pre-Hybridisation Mix

0.2M NaP 0 4 , ImM BDTA, 1% BSA, 7% SDS, 15%
formamide

Stop Buffer

0.025M BDTA, 1% SDS in TB

High Salt Buffer

2 X SSC, 0.5% SDS

Low Salt Buffer

0.1 X SSC, 0.5% SDS

ACK Lysis Buffer

0.15M NH 4 CI, l.OmM KHCO 3 , O.lmM Na^BDTA, pH 1 2 -1 A

FACS Buffer

PBS, 0.1% NaNs, 0.5% BSA

Ann Buffer

0.15M NaCl, 5mM KCl, 5.5mM glucose, 24mM NaHCOg,
1.33M CaClg, 2.14M MgCl^, 5mM Hepes, 0.1% BSA
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2.2

Tissue Culture Media

Cell Staining Medium: RPMI Complete (Gibco, BRL) supplemented with 5% foetal calf
serum (PCS). In instances where biotinylated antibodies were used to label cells, either
Ann buffer or biotin-free RPMI Complete was used.

B Cell Culture Medium: RPMI-1640 medium (Sigma) supplemented with 5% PCS, 2mM
glutamine, 100 units/ml penicillin/streptomycin, ImM pyruvate, O.lmg/ml gentamycin
and 50pM 2-p-mercaptoethanol (2-ME).

BAPP Culture Medium: IMDM supplemented with 5 x lO^M 2-ME, 0.03% Primatone
(Sigma) and 2% PCS.

2.3

Statistical Analyses

All statistical analyses were carried out using the non-parametric two-tailed MannWhitney test, with levels of statistical significance as indicated.

2.4

Mice

Gene targeted mutant mice were bred and maintained in the animal facilities of the
National Institute for Medical Research (N.I.M.R.) according to Home Office
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regulations. Mice containing both a null mutation and conditional mutation {RacV and
Racl^°^ respectively) in the Racl locus were generated in our laboratory (Walmsley et al.,
2003). Rac2 '' mice on a C57BL/6 background have been described previously, and were
a kind gift from David Williams (Roberts et al., 1999). Age-and sex-matched wild-type
C57BL/6 mice (provided by the specific pathogen free (SPF) unit at the N.I.M.R.) were
used as controls in all experiments looking at B cell development and activation in Rac2 ''
mice. To generate mice Racr''Rac2 '' mice, Racl^^ mice were inter-crossed with Rac2 ^
mice. The resulting mice were on a segregating 129/Sv and C57BL/6 genetic
background. To inactivate the R acl gene in B lineage cells, mice containing the RacI^'"^
allele were crossed with CD19^^^'^ mice (a kind gift from Jurgen Roes) that express the
Cre-recombinase under the control of the endogenous CD 19 promoter ((Rickert et al.,
1997)), to generate Racl^^'^^°'^CD19^^^'^ {Racl^) mice. The resulting R a c l^ mice were
subsequently crossed to R ac2’' mice, to generate Racl^Rac2 '' mice. Mice used in all
experiments were age-and sex-matched and on a segregating 129/Sv and C57BL/6
genetic background.
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2.5

Genotyping of Mice

Southern Blot

Tail biopsies were taken from mice at least 21 days of age using ethyl chloride local
anaesthetic (Roche, U.K.) and placed into fresh Eppendorf tubes. Samples were then
incubated overnight in 500p.l Cell Lysis Mix in a shaking water-bath at 55°C. Following
enzymatic digestion, tubes were centrifuged for 15 minutes at 13,000 rpm in a bench top
ultra-micro-centrifuge to separate the lysate from undigested material. Supernatants were
transferred into fresh tubes and 15pl of 3M sodium acetate was added followed by 1ml
100% ethanol. DNA became visible as a flocculent white precipitate as a result of gentle
inversion. The DNA was removed by spooling onto a flame end-sealed glass Pasteur
pipette and washed in 70% ethanol. It was then air dried for several minutes, before being
transferred into a fresh Eppendorf tube containing lOOpf TE. This was then incubated
overnight at 37°C to facilitate re-entry of the DNA into solution. 20pl of this DNA
solution was digested with BamUl in a 25pl reaction, and incubated at 37°C overnight.
Digested DNA was mixed with 10 X DNA Loading Buffer and loaded into wells in a
0.8% agarose gel in 1 X TAE. Digests were run out at low speed overnight. Gels were
photographed on top of a short UV light box and denatured in 1 X Denaturing Solution.
DNA was transferred overnight onto Hybond N"^ nylon membranes (Amersham) via
capillary transfer in 20 X SSC. The transferred DNA was fixed onto the filters using
0.4M NaOH, before incubating with Pre-hybridisation Mix in hybridisation tubes at 65°C
for at least 2 hours. Probes were labelled with ^^P-dCTP (Amersham) using a Random

100

Primed Oligonucleotide Labelling Kit (Boehringer Mannheim). Labelling was terminated
by the addition of stop buffer and the probe was purified on NICK columns (Pharmacia).
Labelled probe was added to the filters with lOmg/ml herring sperm DNA (Boehringer
Mannheim) and hybridisation occurred overnight at 65°C. Filters were washed twice in
High Salt Buffer for 20 minutes and once in Low Salt Buffer, before overlaying with
Kodak Xomat AR film and placing in autoradiograph cassettes. Cassettes were kept at
-70°C and were typically developed 2 to 3 days later. Alternatively, filters were overlaid
with a Phosphorlmager screen and placed into a Phosphorlmager cassette for 2 days,
before scanning on a Storm 860 Phosphorlmager (Molecular Dynamics).

Quantisation of

deletion efficiency by Southern blot using DNA

extracted from sorted cell populations

B cells of the specified developmental populations were purified from the relevant organs
as described. Typically, between 0.5 and 1 x 10^ cells of the specified B cell populations
were sorted and digested overnight at 55°C in 500pl of Cell Lysis Mix. An equal volume
of phenol: chloroform was then added and the mixture was mixed by vigorous vortexting
before centrifuging for 15 minutes at 13,000 rpm in a bench top ultra-micro-centrifuge to
separate the two immiscible phases. The top aqueous layer was carefully aspirated off
using a Gilson pipette and transferred into a fresh Eppendorf tube. DNA was precipitated
as before and dissolved in 50 to 100pi of TE. DNA was digested and probed by Southern
blot as previously described. Signals derived from the Racl^°^ (undeleted) and RacV
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(deleted) alleles were quantitated on a Storm 860 Phosphorlmager (Molecular
Dynamics). The deletion efficiency was calculated by dividing the undeleted signal by
the sum of deleted and undeleted signals. Racl^ bone marrow data is derived from 5
separate experiments; R acP Rac2 '' bone marrow data from 6 , R a c P T1 from 8 , R acl^
Rac2 '' TI from

6

; R acl^ mature recirclating follicular B cells from 9 and Racl^ R a c2 ‘'

mature recirclating follicular B cells from 8 .

PCR

PCR protocols for genotyping Rac2 and CD 19-Cre mouse strains were provided by
Andrew Roberts and Jurgen Roes respectively. A Racl PCR protocol was designed in the
lab. l|Lil of DNA prepared as described was used in 50p,l PCR reactions. The 49p,l PCR
reaction mix contained 5p,l of 10 X PCR Reaction Buffer (Abgene, UK), titered amounts
of 25mM MgClg, 0.8p,l of 25mM dNTP mix, lp.1 (SOpmol) of each primer, 0.2p,l of Tag
Polymerase (ABgene) and water. PCR reactions were run on a PE Gene Amp ® 9700
(Applied Biosystems, USA) with annealing temperatures and cycle numbers optimised
for each primer set.
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Primer sets and sequences used for genotyping by PCR (quoted 5 ’ to 3 ’)

Racl

Rac2

CD19

Primer 1

ATT TTG TGC CAA GGA GAG TGA CAA GCT

Primer 2

GAA GGA GAA GAA GCT GAC TCC CAT C

Primer 3

CAG CCA CAG GGA ATG ACA GAT GTT C

Primer 1

GAC GGA TGC TCC ACC CGC T

Primer 2

CAC ACA CTT GAT GGC CTG CAT

Primer 3

TGC CAA GTT CTA ATT CCA TCA GAA GC

Primer I

GGA GGC AAT GTT GTG CTG CCA TG

Primer 2

GTC CTT GAA AGG GGG CCT CTT CTG GC

Primer 3

ACG ACC GGC AAA CGG ACA GAA GGA

R acl: Primer 1 and 2 generate a SOObp amplicon from the R a cT allele and a 333bp
amplicon from the

allele. Primer 1 and 3 generate a 175bp amplicon from the

Rac 7 allele

Rac2\ Primer 1 and 2 generate a 210bp amplicon from the Rac2* allele. Primer 1 and 3
generate a 154bp amplicon from the Rac2' allele.

CD19: Primer 1 and 2 generate a 226bp amplicon from the CD19^ allele. Primer 1 and 3
generate a 303 bp amplicon from the CD 19^^ allele

103

2.6

Antibodies and Cell Lines

The following antibodies were purchased for use in flow cytometry and for stimulation of
the BCR:

Antibody

Clone/Catalogue No.

Company

B220-CyChr

RA3.6B2

Becton-Dickinson

B220-APC

RA3-6B2

Becton-Dickinson

IgM-APC

11-41

Becton-Dickinson

CD2 (LFA-2)-PE

RM2-5

Becton-Dickinson

CD24 (HSA)-PE

M l/69

Becton-Dickinson

CD24 (HSA)-biotin

M l/69

Becton-Dickinson

IgD-FITC

11-26c.2a

Becton-Dickinson

CD21-FITC

7G6

Becton-Dickinson

CD23-PE

B3B4

Becton-Dickinson

CD5-FITC

53-7.3

Becton-Dickinson

CD5-APC

53-7.3

Becton-Dickinson

CD69-FITC

H1.2F3

Becton-Dickinson

CD 8 6 -PE

G Ll

Becton-Dickinson

Annexin V-FITC

556419

Becton Dickinson

Streptavidin-PE

554061

Becton-Dickinson
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Antibody

Clone/Catalogue No.

Company

Streptavidin-Red 670

1953-024

Gibco BRL

Streptavidin-PE Cy7

SA1012

Caltag

CD19-TC

RM7706

Caltag

F(ab ') 2 goat anti-mouse p chain

115-006-075

Jackson ImmunoResearch

CD16/FC blocking antibody (24G2) hybridoma and FITC conjugated MHC Class II
(M5/114) antibody were gifts from Brigitta Stockinger. B7.6 (anti-mouse

|li)

hybridoma

was a gift from Gerry Klaus and was conjugated to PE by Molecular Probes, USA.

Phenotypic characterisation of B cell populations by flow cytometry

Bone marrow cells were obtained by using a 27" gauge syringe to flush out cells from
the femur and tibia of both hind legs. Spleens were disaggregated by passing through
70p,m cell strainers (Becton Dickinson). Lymph node cells were obtained by harvesting 2
superficial inguinal, 2 lateral axillary and 2 axillary lymph nodes. Cell suspensions were
prepared by passing through 70p,m cell strainers. Peritoneal cells were obtained by
washing the peritoneum with 5ml of Air Buffered IMDM using 19" gauge needle to
introduce and recover injected medium. Red blood cells were lysed from bone marrow
and spleen cell suspensions by the addition of 1ml of ACK lysis buffer for 2 minutes,
before washing with FACS buffer. Live cells were counted using a Casy 1 Cell Counter
(Scharfe System, Germany). Typically, 1 x 10^ cells were stained in SOpl FACS buffer.
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containing the appropriate pre-titered antibody. To prevent non-specific binding of
antibodies to Fc receptors, cells were pre-treated with CD16/24G2 (anti-FcR) antibody,
prior to addition of specific FITC, PE, TC, CyChr, AFC and biotin-conjugated
antibodies. Biotinylated antibodies were revealed with streptavidin-PE (SA FE) (Becton
Dickinson), streptavdin-PE Cy7 (SA FE Cy7) (Caltag) and streptavidin-Red 670 (SARed 670) (GibcoBRL). Three and four colour-fluorescence acquisition was achieved
using both a FacScan and FacsCalibur, respectively (both Becton Dickinson, Mountain
View, CA, USA). Analysis was conducted using Cellquest software (Becton Dickinson).
Dead events were excluded on the basis of low forward light scatter and plots were
subsequently gated as specified.

Isolation of B cells by flow cytometry

Cell suspensions were made from splenocytes and bone marrow accordingly, typically in
Cell Staining Medium (CSM). In instances when biotinylated antibody was used, this
medium was substituted for by using Ann Buffer instead. Cells were ACK treated to lyse
red blood cells, before being stained with the appropriate antibody combination in a final
volume of 250ul per organ. Cells were then sorted by gating on the desired population(s)
accordingly using a MoFlo cell sorter running Summit software (both Cytomation, Inc.,
Oxon, UK). Post-sort purities were typically upwards of 95%.
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2.7

Cell Culture

Cell culture for the analysis of proliferation by incorporation of [%]thymidine

Purified B220^ splenocytes were cultured in triplicate wells at 1 x 10^ cells/well in 200pi
of either B cell Medium (BCM) alone, or BCM supplemented with monoclonal anti-IgM
(clone B7.6), polyclonal anti-IgM (affinity purified whole and F(ab ’ )2 goat anti-mouse,
purchased from Jackson ImmunoResearch, West Baltimore, PA, USA), anti-CD40 (clone
3/23) and IL-4 (both gifts from Gerry Klaus), and lipopolysaccharide (LPS) {Escherichia
coli, serotype 055:B5) (Sigma) at the concentrations specified. In all experiments
involving cell culture, cells were cultured in MICROTEST 96 Well Tissue Culture Plates
(Falcon, Franklin Lakes, NJ, USA). Cells were cultured for 72 hours, adding 2.5pCi/ml
of [^H]-thymidine (Amersham) to each well 12 hours before harvesting using a PHD Cell
H arvester (Cam bridge Technology, Cam bridge, MA, USA).

[^H]-thymidine

incorporation was quantified by scintillation counting using a Walla 1205 Betaplate
Liquid Scinitillation Counter (Perkin Elmer Life Science, Cambs, UK). Results shown
are means ± S.E.M. (n = 3) and are representative of 3 separate experiments.
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Cell culture for the analysis of survival by TOPRO-3® exclusion and
proliferation by the dilution of CFSE

Purified B220^CD2r"‘CD23'"‘HSA^° splenocytes were washed in Dulbecco’s PBS (Gibco,
BRL) and re-suspended at a concentration of 1 x 10^ cells/ml in Dulbecco’s PBS
containing 0.5pM CFSE (Molecular Probes). Cells were incubated at 37°C for 10 minutes
before washing twice with BCM. Cells were then set up in culture in at least 4 well
repeats at 1 x 10^ cells/well in 200pi of either BCM alone or BCM supplemented with
33pg/ml anti-IgM (P(ab ’ )2 fragment-Jackson ImmunoResearch) for 24, 48, 72 or 96
hours. Cells were harvested at the specified times and stained with 20nM TOPRO-3® for
3 minutes prior to analysis. For survival, viable events were defined on the basis of high
forward light scatter and exclusion of TOPRO-3®. To calculate the percentage of cells
that had entered cell cycle (progenitor frequency) and the average number of divisions
amongst those cells that had divided at least once (burst size), I determined the number of
cells that had not divided (n^), or that had passed through 1 , 2 .. .i divisions (ni,n 2 ,n3 .. ..nj ).
The CFSE signal of viable un-stimulated cells of each genotype at the different time
points was used to define the undivided population in stimulated cultures. Divisions were
assumed to be represented by a progressive halving of the CFSE signal. At all time
points, no more than 1 % of the cells had completed

8

or more divisions, so these were

ignored. Progenitor frequency (P) and burst size (B) were calculated as follows:
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Cell culture for the analysis of the up-regulation of activation markers

Purified B220^ splenocytes were cultured as previously described at 1 x 10^ cells/well in
200pl of either BCM alone or BCM supplemented with the mitogens specified for 13
hours. Cells were then harvested and stained with fluorescently-conjugated antibodies
against CD69, CD 8 6 , CD23 and MHC Class II cell surface molecules, before analysing
by flow cytometry. Results are representative of 3 separate experiments.

BAFF-Induced Survival of bone marrow immature B cells

Bone marrow from 2 to 4 mice of each genotype were pooled and stained with anti-IgD,
IgM and B220 antibodies before sorting. B220^gM^IgD' cells were collected and set up
in triplicate at a concentration of 7 x 10^ cells/well in 200p.1 of BAFF culture medium
alone or medium supplemented with 2pg/ml human BAFF (Alexis Corporation, UK).
Cells were then incubated for 72 hours before harvesting. To analyse survival, cells were
stained with Annexin V-FITC in Annexin V binding buffer (Becton Dickinson) for 20
minutes at room temperature, then with 20nM TOPRO-3 for 3 minutes prior to analysis.
Results presented are representative of three separate experiments.
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BAFF binding ability of bone marrow immature B cells

Cell suspensions were prepared from bone marrow as previously described. 1 x 10^ cells
were labelled with anti-CD 16 antibody and fluorescently conjugated antibodies against
IgD, IgM and B220 in FACS Buffer supplemented with 2mM EDTA. Cells were also
incubated with 2p,g/ml biotinylated BAFF (gift from David Hilbert, Human Genome
Sciences, Inc.), which was revealed using SA-PE as a secondary. To control for the non
specific background binding of the secondary, cells were incubated with SA-PE without
prior incubation with the biotinylated BAFF. Cells were then analysed by flow
cytometry. Results are representative of two independent experiments, using 3 and

6

mice

of each genotype respectively.

BCR induced up-regulation of BAFF binding ability

Purified B220^CD2HHSA'° splenocytes were cultured at 1 x 10^ cells/well in 200pi of
BCM alone or BCM supplemented with 33pg/ml anti-IgM (F(ab ’ ) 2 fragment for 24
hours. The BCM used in this instance did not contain antibiotics. Cells were then
harvested and stained with biotinylated-BAFF, which was revealed with SA-Red 670.
Cells were then analysed by flow cytometry. Bar graphs represent the pool of results
from mature B cells sorted from 4 separate mice of each genotype, showing means ±
S.E.M.
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2.8

Measurement of Intracellular calcium

Splenocytes were prepared in CSM and labelled with the appropriate antibody
combination. 1.5 x 10^ cells were then washed and re-suspended in ImM Indo-l-AM
(Sigma) in CSM and incubated at 37°C for 35 minutes. Acquisition was achieved using
either a FacsVantage or LSR flow cytometer (both Becton Dickinson). Indo-1 emission
was detected by 405/40nm (violet) and 495/20nm (blue) band-pass filters. Relative
calcium concentrations were determined by signal acquisition for

1

minute to establish

baseline calcium levels, before adding anti-IgM (P(ab ’ )2 fragment) at the concentrations
specified. Acquisition was continued for a further 5 minutes, and relative intracellular
calcium concentration was determined by calculating the ratio of emissions at 405/40nm
to that at 495/20nm.

In the case of thapsigargin-induced calcium mobilisation, lOOnM Thapsigargin (CN
biosciences, Nottingham, UK) was used to stimulate cells after the 1 minute baseline
acquisition period. Experiments examining calcium mobilisation in the absence of extra
cellular calcium entry was addressed by using calcium -free RPMI Complete
supplemented with 0.5mM EGTA. 33p.g/ml anti-IgM (P(ab ’ )2 fragment) was used to
stimulate cells after the 1 minute baseline acquisition period. After acquiring for 4
minutes, calcium was replenished by the addition of 0.5mM CaCl2 and acquisition was
continued for a further 2 minutes. Line traces were generated using PCS Press and
Microsoft Excel software. Traces represent the mean of 3 separate acquisitions Results
shown are representative of 3 independent experiments.
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Chapter Three - Results
3.1

The role of Rac2 in B cell development

T o add ress the role o f R ac2 in B c e ll d e v e lo p m e n t, flo w cy to m e tr ic a n a ly sis w as
con d u cted on the d ifferen t sta g es o f B ly m p h o cy te d ev elo p m en t in various lym p h oid
organ s from inbred C 5 7 B L /6 m ice w ith a targeted d e fic ie n c y in the R a c l gen e. The
num bers o f each o f the different B cell d evelopm ental populations is show n in T able 1.

Table 1. B cell populations in R acl '' mice

Cell Numbers (/lO")

Proportion of CD19 cells
Cell Population

Cell Population

B one M a rro w (n= 5)

B o n e M a rro w (n= 5)
Pro (CD 19-IgM C D 2)
Prc(C D 19*IgM CD2-)
Im m ature(CD19- IgM" IgD)
Mature (CD 19* IgM - IgD“)

27.72
34.37
21.07
22.19

±3.82
±4 .3 4
± 1.43
±3 .5 8

30.49
36.70
20.77
16.34

± 0.62
± 1.95
± 0.87
±2.07*

Total Bone Marrow Cells
Total B lineage cells (CD19*)
Pro (CD 19* IgM CD 2)
Pre (CD 19* IgM CD2*)
Immature (CD 19* IgM* IgD )
Mature (CD 19* IgM " IgD")

T l (CD19-CD21 CD23 )
14.73 ±3 .6 9
Mature (CD 19* C D 2 1 -C D 2 3 -)
78.48 ± 1.71
Marginal Z one(C D 19*C D 2rC D 23 ) 4.32 ± 1.34

14.13 ±3 .4 7
82.06 ± 2.58**
1.98 ±0.30**

Total Splenrtcytes
Total B lineage cells (CD19*)
T l (CD19-CD 21 CD 23)
Mature (CD 19* CD 21" CD23")
Marginal Zone(CD19* CD 2D C D 23 )

149.82 ±1 7 .9 8 93.58 ± 11.53*
85.58 ± 13.26 40.42 ±7.73**
13 .19 ± 5 .40
6.25 ±2.51**
68.56 ± 11.79
35.15 ±6.10**
3.64 ± 0.95
0.85 ±0.23**

P e rito n e a l C a v ity (n= 5)

P e rito n e a l C a v ity (n= 5)
21.59 ± 3 .9 6

B-la(CD 19* IgM*CD5*)

6.43 ± 2.04**

0.071 ± 0.025

0.005 ± 0 .0 0 D

15.49 ±2.21
5.51 ± 1.49
5.09 ± 1.32

12.50 ± 1.62*
2.61 ± 0.66*
2.39 ± 0.62*

L y m p h N ode (n=5)

L y m p h N o d e (n= 5)
Ig M -Ig D " (Mature)

46.15 ±6.71*
7.58 ± 1.51*
3.13 ±0.64*
3.8 ± l.(K)
1.59 ± 0 .4
1.29 ±0 .1 4

S p leen (n=9)

S p lee n (n=9)

B -la(C D 19*IgM *C D 5-)

32.09 ± 3.78
5.54 ± 0.95
2.03 ± 0.26
2.58 ± 0.72
1 .1 7 ± 0 .2
1.26 ±0.28

92.46 ± 1.12

91.54 ±0 .4 3

* = 0.01 < P < 0.05
** = P < 0 .0 1
Data are means ± S.D. Statistical analyses compare IV7 values with R a c l

Total Lymph Node Cells
Total B lineage cells (CD19*)
Mature (CD 19* IgM " IgD")

values

Cells from bone marrow, spleen, peritoneum and lymph nodes o f W r
and R a c l mice were counted and stained for cell surface expression of the molecules indicated.
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Analysis and enumeration of the different developmental B cell subsets in bone marrow
revealed that the proportion of the different B cell sub populations was normal except the
mature compartment, which was significantly reduced (Table 1, Figure 3A, Figure 4).
Whilst the numbers of 7?ac2-deficient pro-B cells was found to be elevated, this was also
true for the pre-B cell compartment and there was no significant change in the ratio of pro
to pre-B cells. The absolute number of cells present in the bone marrow was elevated by
a third, which translated to an increase in the overall number of CD 19^ B cells.

The effects on peripheral B cell development was addressed by analysing the B cell
compartments in the spleen and lymph node. Here, more profound abnormalities were
observed. Overall splenic cellularity was diminished by a third, which meant that
although the percentage of CD19"^CD2T"'CD23'"' mature B cells was significantly higher
in /?flc2-deficient mice, the absolute numbers of all B cell sub-populations were reduced
by at least 50%. The marginal zone compartment was most severely affected, where
numbers were only 25% of those observed in wild-type mice (Figure 3B, Figure 4, Table
1). Taken together, these observations suggested that the reduced splenic cellularity was a
consequence of disturbances in all B cell populations present in the spleen. The situation
in the lymph node, where normally only mature recirulating follicular B cells are found,
was similar to that noted in the spleen with a 50% reduction in the number of CD 19^ B
cells (Figure 3C, Figure 4, Table 1). Analysis of the peritoneum revealed that the B -la
population was effectively non-existent, when measured both as a percentage of CD 19^ B
cells as well as in absolute cell numbers (Figure 3D, Figure 4, Table 1).
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CD21

CD23

c
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IgD

Ig M

D
CD5

IglV
F igure 3. Defective B cell d evelopm ent in Rac2 '‘ m ice. Flow cytometric analysis
o f cells taken from various lymphoid organs from W T and R ac2 '' mice. Unless otherwise stated, dot
plots show expression o f cell surface antigens on CD19+ gated cells and numbers represent
percentages o f CD 19+ cells. A Bone marrow; gates identify pro- and pre- (IgM IgD ), immature
(IgM+lgD ) and mature (lgM+IgD+) B cells. B Splenocytes: gates identify T l (CD2I CD23 ), T2 and
mature (CD21'"'CD23'"') and marginal zone (CD2l'"CD23 ) B cells. C Lymph node cells: Expression
o f IgM and IgD on live events. Gate identifies mature (lgM ‘“lgD'’‘) B cells with numbers representing
percentage o f all live events. D Peritoneal cells; gate identifies B -la (lgM+CD5+) B cells.
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F ig u re 4. A b so lu te cell n u m b e r s o f d if fe re n t B cell c o m p a r tm e n ts fro m W T a n d R ac2 '' m ice. C ells from bone m arrow , spleen and
p eritoneum w ere counted and stained for cell surface expression o f the m olecules indicated. A ll d ata are the [xtol o f m easu rem en ts
from 5 m ice, except for spleen data, w here the data represents the pool o f 9 mice. B ar graphs are p lots o f m eans ± S.E.M .

3.2

B cell development in Racl^ 'Racl ' mice

A s d iscu ssed in the introduction, m em bers o f the Rac fam ily o f sm all G T P ases share very
high se q u e n c e id en tity w ith o n e another, w hich is su g g e s tiv e o f their potential to
com p en sate for on e another in sim ilar or in the sam e sig n a llin g pathw ays. In light o f the
partial B c e ll d e v e lo p m e n ta l d e fic ie n c ie s o b serv ed in /? r /c 2 -d e fic ie n t m ic e , I w as
interested in testin g the theory that this phenotype w as not as sev ere as it co u ld be,
becau se the rem ain in g R a cl protein w as able to co m p en sate for the ab sen ce o f R ac2.
A lthough c o m p lete

/-d e fic ie n c y is associated with leth ality, RacT'' m ice are viable.

P rev io u sly in the lab, a con d itio n a l R a c l a lle le em p lo y in g the C re-lo x P sy stem w as
generated by g en e targeting o f the R acl locu s (Figure 5 A ) (W alm sley et al., 2 0 0 3 ).
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A
R a cl*

■

■

Biun HI
_

2.9kb

B
Bam HI

Bam HI

C

Îiîl

Rad
Bam HI

Bam HI

D
Figure 5. Identification o f m ice with the various RacJ alleles and testing
the effciency o f the C D 19-C re transgene (A)The wild type, un-targeted R a c l
allele (R acl*) is shown, as well as (B) the targeted ‘tloxed ’ allele which has 2
loxP sites inserted into the locus, flanking exons 4 and 5. (RacI^'*^). Crerecombinase mediated recombination results in the generation o f (C) the third
allele (R a c l ), which is deleted for exons 4 and 5. (D) Southern blot o f DNA
from tail biopsies and sorted B220+ splenocytes from either
/^^(,/nox/noxc£)/9Cav+ q,. RacI""^^ CDI9^'^*'* mice, digested with Bam H \

%% % %

2,9kb

-RacI^"

l.5kb

-R a c l
tail

B cell

restriction endonuclease and probed with a 513 bp BaiiiHUSall fragment
located in intron 3.

The targeting strategy a llow ed the generation o f 2 mutant R acl alleles; on e in w hich exon
4 and ex o n 5 o f the RacJ gen e are flanked by 2 loxP sites

a llele Figure 5 B ), and

the other allele contained on ly one loxP site, resulting from an in-fram e, C re-recom binase
m ediated d eletio n o f ex o n 4 and ex o n 5 {R acl' a lle le. Figure 5C ), Figure 5D sh o w s a
rep resen ta tiv e Southern blot illu stra tin g h ow the

and R a c l

a lle le s w ere

distin gu ished . T o ensure that the CD19-Cre w as exp ressed and fu nctional, the e ffic ie n c y
o f R acl d eletio n in sorted sp len ic B c e lls w as determ ined by quantitative Southern blot
and fou nd to be co n sisten tly high (greater than 90% , data not sh ow n ). M ice containing
the R acl' a llele w ere crossed with /?ac2-d eficien t m ice to generate RacT^ RacT^' m ice, on
a segreg a tin g 129/S v and C 5 7 B L /6 background, B ce ll d ev elo p m en t in these m ice w as
analysed to determ ine if the d evelop m en tal p henotypes that w ere noted in /?<3 c 2 -d eficien t
m ice, w ere further exacerbated on a /? a c /-h e te r o zy g o u s background.
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Figure 6. R acl can com pensate for Rac2 function in B cell development. Flow cytometric analysis of cells taken from
various lymphoid organs from WT, Rac2 ‘ and R acl^' Rac2 ' mice. Unless otherwise stated, dot plots show expression of
cell surface antigens on CDI9+ events and numbers represent percentages of CD 19^ events. A Bone marrow cells; gates
identify pro- and pre- (IgM IgD ), immature (IgM+lgD ) and mature (lgM+lgD+) B cells. B Splenocytes: gates identify
marginal zone (CD21'’'CD23 ) B and all other B lineage cells (C D 2l'“^'"‘CD23'^^). C Splenocytes: Gated on
CD21'«/'"CD23 /+ events (gate shown in B). Gates identify Tl (C D 21 CD23 HSA'"),T2(CD21'"K:D23'"'HSA"') and mature
(CD21'"‘CD23'"‘HSA‘“) B cells and D Lymph node cells gated on live events showing IgM and IgD expression profile. Gate
identifies mature (IgM'^lgD'") B cells. Numbers represent percentage of all live events. E Peritoneal cells: gate identifies B
la (lgM+CD5+)B cells
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Figure

6

dep icts representative dot plots o f the stain in g profiles o f different B cell sub

p o p u la tio n s o f c e ll su sp e n sio n s m ade from bone m arrow , sp lee n , lym ph node and
peritoneal cavity from w ild -ty p e, RacT'' and Racl^' Rac2 '' m ice. W h ilst the num ber o f
ce lls recovered from the bone marrow o f w ild-type m ice was sign ifican tly low er than that
extracted from RacT'' and R a c r 'R a c T '' m ic e , no d iffe re n ce in total bon e m arrow
cellularity w as observed betw een Rac2 '' and RacT^'RacT'' m ice (T able 2).

T he proportion o f the different bone m arrow subsets did not m arkedly differ betw een the
gen oty p es, although the w as a significan t reduction in the proportion o f mature B ce lls in

R acr'R acT '' m ice com pared to RacT'' m ice (Figure

6

A). A b solu te ce ll num bers o f the

d ifferen t d ev elo p m en ta l pop u lation s revealed that the num ber o f C D 19* B c e lls w as
sign ifica n tly reduced in RacT^'RacT'' m ice relative to both w ild -ty p e and RacT'' m ice
(T able 2 , Figure 7). In contrast to what had been ob served p reviou sly w hen I com pared
w ild -ty p e and R a c 2 -d e fic ie n t m ic e on a C 5 7 B L /6 background, no d iffe re n ce in the
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Figure 7. A bsolu te cell n um bers o f dilTerent B cell com p artm en ts fro m W T, R ac2 '' and R a c l * ' R a c l m ice. C ells from bone
m arrow , spleen and peritoneum w ere counted and stained for cell surface ex pression o f the m olecules indicated. All data represent pooled
m easurem ents o f 5 individual m ice o f each genotyp.. B ar graphs are plots o f m eans ± S.E.M .

numbers of pro-B and pre-B cells were observed. Significant reductions in immature and
mature compartments were observed when comparing Rac2 '' with R acr''R ac2 '' mice
(Table 2, Figure 7).

These defects in the later part of B cell development were reiterated in the spleen.
Unexpectedly, the number of splenocytes in R a c r ' Rac2''' mice was found to be greater
than that observed in Rac2 '' mice; however, this is was due to the heightened presence of
non-CD 19^ B cells, as Racr''Rac2 '' mice have reduced numbers of CD 19^ B cells (Table
2). The deficiency in the marginal zone compartment was again present in Rac2 '’ mice,
and they were further reduced in Racr''Rac2 '' mice, where numbers were only one third
compared to that in Rac2 '' mice (Figure 6 B, Table 2, Figure 7). The use of an anti-HSA
antibody allowed the separation out of the transitional B cell compartment; here, a
gradual reduction in the numbers of both T l and T2 compartments was observed in both
Rac2 '' and Racl^' Rac2 '' mice. In accordance with the result presented earlier, mature
recirculating follicular B cells were again reduced by about 50% in Rac2 '' mice, which
was reduced by a third in R a c r '’Rac2 '' mice (Table 2, Figure 6 C, Figure 7). Whilst the
absolute number of mature B cells extracted from lymph nodes did not vary across the 3
genotypes (Table 2), mature B cells measured as a proportion of all live events were
reduced in both RacT'' and Racl^''Rac2 '' mice compared to wild-type mice (Figure 6 D).
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Table 2. B cell populations in R a c V 'R a c l '' mice

Proportion o f C D l ‘rcell.s

wr
C ell Population
Number of mice used (n)
Bone Marrow
Frt>(CD19- IgM CD2)
Fre (CD 19'IgM CD2')
lmmarurc{CDI9* IgM* IgD)
Mature iCD19' IgM" IgD")

Spleen
Tl (CT)I9 CD2I n>23 USA")
T2
(1)21“ (1)23- HSA“)
Mature (CD 19' 0021“ CD2.3“ USA")
Marginal Zonc<CD19' 0D2I" OD2.3 HSA“)

Kac2 "

R acl

R ac2

(n=5)

(n=5)

(n=5)
8.37 1 2,53
30.19 1 14.84
21.06 ±4.05
10.5 ±12.08-

10.27 12.27
34,68 15.09
19.87 ±4.06
20.82 1 9.55

7.89 1.3.56
28.33 t i l 8
20.82 1 5.23
31 18 1 13.31

19 34 1 8.77
3.03 ±0.64
67.671 6.6!

19.68 15.5
2.81 10.52
71.72 15.39
3.2910.94

164 1 0.39"/'
60.35 ±6.11 1.46 10 41

29.92 1 6.67

9.02 1 3.49

5.82 1 1.45

Peritoneal Cavity
H la(0D19- IgM-0)5*)

Lymph .Node
Mature (OD19" IgM-JgD")

WT

C ell N um bers (/10‘)
K ac2
H ad
Kac2

Cell Population

Bone Marrow
Tutal Hone Marrow cells
Total H Uncage cells (CDI9*)
Pto(CD19' IgM CD2)
Pre(CD19'lgM CD2 )
Inunaturc (CD 19' IgM' IgD )
Mature ((D19’ lgM“ IgD*')

Spleen
Total Splenocytes
Total H Uncage cells {CD19*)
Tl (CDI9 CD21 CD23 USA")
T2 (CD 19- CD21“ CD23- USA")
Mature (CDI9' (D2T- CD23- ILSA")
Marguial Zone (CD19' CD2I“ (D23 USA")

(6=5)

(n=5)

(n=5)

.38.01 1 1.26
5.101 1.73
0.5410.18
1.87 ±0.7
2.41 1 1,01
1.07 10.55

55.66 ±8.88
7.3812.88
0.57 ±0.33

55.16 16.Ü5"/**
2.21 10.98-/"
0 30 10.13
1.16 ±0.64
1.04 10.580.251 ±0.29'/"

171.44 139.9
99.331 12.44
19.11 ±8.82
2.9910.57
67.23 t 10.96
8 981 3 54

90.64 120.33* •
47.221 10,16"*
9.51.3.64
1.3410.51"
33.60 16.07"

2.597 1 1.34
2.351 1.58

130.89 1 33.24*
35.12 ±10.4"
6.35 ±2.09'/**
0.57 ± 0 .19"/"
21.56 ±8.04"
0.50 1 0.1 6 "/"

Peritoneal ('avity

94.831 1.29

93.221 1.58

Total Peritoneal cells
Total H Uncage cells (CD 19')
H la(CDI9' lgM'(T)5 )
Lymph Node
■Jtrtal l.ympl) Node Cells
Total B Uncage cells (CDI9*)
Mature (CD 19' IgM" IgD")

6.24 ±0.89

5.41 1 191"

0 ,l7 i0 .0 1 "

0.09 1 0.04"/»*

48 14 1 10 6
16.63 ±5.05

44.85 1 10.31

• = O.Ol < F <0.05
••sP < O .Ü I

' SiRnillcancc whc« aunpaietl to WT
•: Signilicsuice wheu compared to Rtu 2 '
Data are metuis t S Ü
(’elli from hone marrow, spleen, peritoneum and lymph nodes ol WT . Riu 2 and Htu I
nucc were counted and stained lor cell surt'ace expression of die molecules indicated

''H tu2 '

T he absolu te cell num ber o f B - la B c e lls w as again found to be reduced in R ac2 m ice
relative to w ild -ty p e m ice, w h ich w as further reduced in RacI^'RacZ'' m ice (T able 2,
Figure

6

E, Figure 7). In sum m ary, the exacerbation o f B cell develop m en tal phenotypes

ob served in R ac2-d eficien t m ice by the inactivation o f on e a llele o i R acl provided strong
e v id e n c e for the ability o f R a cl to partially substitute for the activity o f R ac2 during B
cell d evelopm en t.
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3.3

Use of conditional mutagenesis to investigate the role of Racl in B

cell development
From the analysis of B cell development in both Rac2'' and Racl^'~Racl '' mice, it was
clear that /?<2 c2 -deficiency and

7-heterozygosity on a /?ac2 -deficient background had

profound affects on the generation and or maintenance of the B -la, MZ, the transitional
and mature recirculating follicular compartments. The continued (although markedly
reduced) presence of mature recirculating follicular B cells in the spleens of RacT' RacT'
mice, coupled with the evidence that Racl can partially compensate for the deficiency in
Rac2, begged the question of whether or not it would be possible to totally eliminate B1a, marginal zone and mature recirculating follicular B cells in B cells deficient for both
Rac2 and R acL As previously mentioned, mice containing a R acl allele

that

can be deleted in an conditional manner were generated in this laboratory (Walsmley,
2003). B cell lineage-specific deletion was attained by crossing

mice with

C£)79-Cre mice (a kind gift from J.Roes). These mice contain a targeted substitution of
the CD 19 gene for the gene encoding the Cre recombinase, meaning they are also
heterozygous for CD 19.

As mentioned earlier, analysis of splenic B cells from Racl^°"^^°^ CD19^^'* mice revealed
that they were efficiently deleted for the Racl^'"^ allele, implying that the majority of the
cells are deficient for R acl protein (hereafter, these mice, or mice with this genetic
identity will be referred to as Racl^ mice). By breeding R acP mice with mice deficient
for Rac2, I was able to generate Racl^RacT''m\CQ whose B lineage cells should be
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d eficien t for both R ac2 and R a c l. For the an alysis o f B c e ll d ev elo p m en t, a four w ay
com p arison w as used com p aring w ild -ty p e , RacI^, Rac2

and Racl^RacT'' m ice. T he

inclu sion o f Racl^ m ice a llo w ed m e to deteiTnine w hether or not R acl by itse lf plays any
role in B c e ll d ev elo p m en t. C D / 9^"^^ m ic e w ere used as w ild -ty p e co n tro ls for tw o
reasons. Firstly, the finding that CD/9^'^' m ice have reduced num bers o f peripheral B ce lls
m eant that it w as essen tial to control for this h ap lo-in su fficien cy (E n gel, 1995). S econ d ly,
Cre tran sgen ic m ic e h ave been sh o w n to e x h ib it ab n orm alities a sso cia ted w ith Cre
toxicity (Silver, 2 0 0 0 ), w hich cou ld result in phenotypes independent o f /?c/c/-d eficien ey.
A s w as the ca se w ith the Raci^’RacT'' m ice, these m ice w ere a lso on a seg reg a tin g
129/Sv and C 5 7 B L /6 g en etic background.

3.4

B cell d evelop m en t in the ab sen ce o f R a c l and R ac2
Table 3. B cell populations in Racl^Rac2 '' mice

P roportion of C I)I9 /B220 cells
% ( 1)1'*
(*L*I1 Population

HT

Bone Marrow
PmtCDIW IgM CT)2j
PrelCDlVlgM tT>2')
Immature(CDIV IgM’ IgD)
Mature (CDM IgKT IgD")
% B220*
Spleen
THB220-CD21 CD2) H-SA")
T2 (B22Û- CD2PCD2VHSA“)
Mature (B22CT CD21- CD2f HSA")
Marginal ZonetB220’CD21*‘CD2? HSA“)

22.42x10.82

R a d ^Rac2

a=A

11=4

n=4

24.98x21 28

25 8 X23 92
35.43 z 10.36

40.72 X5.43

n=*

11=6

n=b

n=6

2Û.I I X3.M5

18.76 ±3,61
5 45 X2 43
62.7x3.34

19.72 ±4 92

23.02 X5.88

02 47 x 4.01
0.62 X2.0?

B-la (B22(r IgM- (T)5’)

Lymph Node

•=

Cell N um ber (/lO*!

“

^

33.65x 8 68
32.27 X 10 06

Peritoneal Cavity

Mature tB22Ü‘ lgM“ lgD^>

R ai l

«7 24*2 76

45.48 X 11 46"/*'
2-01 x(l49

n=6

n=b

.,=6

24.34 x 3.69

■..216Î.7V

«61* 2.3.5’•

n=6

11=6

n=b

87 84x189

«6.51 *I.W

72.32* 5.S4

Cell Population
Bone Marrow
Total Bone MarrowCells
Total B lineage cells (CD19")
Pro((T)19’ IgM CD2)
PretCDl9- IgM CD2-)
Immature fCD19' IgM IgD)
Mature (CDI9- lgM“ IgD")
.Splttn

HT

Total Peritoneal cells
Total B lineage cells (B220')
B-la (13220- IgM" CD5')
Lymph Node
Total Lymph Node Cells
Total B lineage cells )B220‘>
Mature iB220- IgSf“ lgD")

•

R a d *Rac2

n=4

n=4

n=t

n=4

25.54 X6.41

3344 X8.12

39,44 X5.43

4072x335"

1,22x0 52

1,00x0 16
0 16x006

n=6

n=6

1.57x0.6
n=6

109 02 x 29.37
Total Splenocytes
60.19x28.27
Total B lineage cells (B220')
Tl IB220" CD2I CD23 H.SA-)
T21B220- CT)21" tT>23" HSA")
Mature (13220- CD2I“ CD23- H.SA")
38,81 X 18.99
Marginal Zone tB220* CD2I‘- tT>23 HSA“)
Peritoneal ('avity

Rad

n=6
0.74x0.40
0,164 x 0.069

n=6
116.06 x 29.37
63.86x20.45
40.56x 11 79
11=6
0.528 x 0.291
0.134x0.088

''

103.69x61.8! 45,60 x 26 7 3 " /'
49,67 X32.55 6.95x2.09"/"
9.49x5.80
0,11 *0.05"/**
34,42 X22.61
029x0 10"
6=4,

11=6

0.194x0.09" 0.042x0.02"/*'
0.02x0013" 0,004 * 0.002* •/•»

n=6

n=6

6=4,

n=6

30 85x 18 37

.34.06x23 55

4.3.09 X-34.27

37.58 X26.96

10.96*8.82

0.01<p<oo.s

•• =p<o,ot

• SigiuficuKc when compansd lo WT
• .Sigiufichncc *hcu compaittl to Rturl

Data are nraas * SO
Cell!. iVotu botw manow. spleen, pentoncum and lyniph wnles from W1 . A u / ", Au 3 ' and
I *Ait 2 ' nuce were counted and stained for cell surface expression of the iiaileculcs indicated
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Analysis of B cell sub-sets in bone marrow, spleen, lymph node and peritoneaum
revealed that R a cl^ mice had no developmental defects compared to wild-type mice
(Table 3, Figure 8 , Figure 9). Analysis of bone marrow revealed that there was again an
increase in the number of cells recovered from Rac2 '' and Rac 1^R acl '' mice (Table 3).
No significant differences in the absolute number of CD 19^ B cells was observed,
although R a d ^ R a c l '' mice had the lowest of all four genotypes analysed (Table 2,
Figure 9). The reductions in the mature compartment o f Racl^Rac2 '' mice were reflected
as a proportion of CD 19^ cells, as well as in absolute numbers (Figure

8

, Figure 9A,

Table 3),

In the spleen, cellularity was reduced by 50% in Racl^RacZ'' mice, although no such
reduction was observed in Rac2 '' mice (Table 3). Note that in contrast to the previous
analyses described, B220 was used to identify B lineage cells instead of CD 19 because it
provided a better means with which to identify B cells. The heterozygosity of CD 19
meant that all B cells labelled half as well as B cells from mice homozygous for the wildtype allele, resulting in a poorer resolution of cells positive for CD 19 (data not shown).
RacT'' mice were noted to have a 20% reduction in the numbers of B220^ B cells, whilst
this was extremely reduced in RacPRac2 '' mice, with such mice having a 90% reduction
compared to both wild-type and Racl® mice (Table 3, Figure 8 ). Significant reductions
were noted in the numbers all splenic B cell compartments in Racl^Rac2 '' mice (Table 3,
Figure

8

, Figure 9B & C). In line with the previous data described, these populations

were also reduced in RacT'' mice.
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F ig u re 8. A b so lu te cell n u m b e rs o f d iffe re n t B cell c o m p a rtm e n t fro m VV'7’, R a d * \ R ac2 '' a n d R acI" R ac2 '' m ice
C ells from bone m arrow , spleen and peritoneum w ere counted and stained for cell surface expression o f the m olecules
indicated. All data represent pooled m easurem ents o f 6 individual mice o f each genotype (n=4 for pro and pre B cell
populations) Bar graphs are plots o f m eans ± S.E.M .

A n a ly sis o f lym ph node derived c e lls revealed a sim ilar scenario to that ob served in the
sp leen . H ere the am ount o f m ature B c e lls (both as a proportion o f liv e c e lls and in
ab so lu te num ber) w as se v e r e ly reduced in RacI^RcicT^' m ic e (F igu re 9 D , T ab le 3)
F in ally , a n a ly sis o f c e lls recovered from the peritoneal c a v ity revealed there to be a
virtual a b sen ce o f B - l a c e lls (T able 3, Figure

8

, Figure 9E ). Taken together, it appeared

that R acl^R acT’' m ice had a severe b lock at the im m ature to T l transition. H ow ever,
although se v e r e ly a ffe c te d in all sp le n ic B c e ll com p artm en ts and in B - l a B c e lls ,

RacI^Racl'' m ic e w ere still c a p a b le o f g e n e r a tin g (a lb e it v ery p o o r ly ) m ature
recircu lating fo llicu la r B c e lls and that rem oval o f R a cl in the continued presen ce o f
R ac2 had no affect on B cell d evelopm en t.
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Figure 9. B cell development is severely disrupted in RacI^^RacI '- mice. Flow cytometric analysis of cells taken from
various lymphoid organs from W l\ R acI^, Rac2 ’' and R acl^R acI '' mice. Unless otherwise stated, dot plots show expression of
cell surface antigens on CD 19+ events and numbers represent percentages of CD 19+ events. A Bone marrow cells: gates identify
pro- and pre- (IgM IgD ), immature (IgM+IgD ) and mature (IgM+lgD+) B cells. B Splenocytes: gates identify marginal zone
(C D 21h'CD23 ) B cell and all other B lineage cells (C D 21'“/“"CD23-'+). C Splenocytes: gated on C D 21'"^‘"‘CD23 '+ events (gate
shown in B ). Gates identify Tl (CD21 CD23 HSA'’'), T2 (CD21"”CD23"’'HSA'”) and mature (CD21""CD23''’‘HSA'‘>) B cells. D
Lymph node cells gated on live events, showingIgM and IgD expression profile. Gate identifies mature (IgM‘"lgD'") B cells. E
Peritoneal cells: gate identifies B-la (IgM+CD5+) cells. Note that Rac-\ deficiency is conditional and restricted to B lineage
cells.
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3.5

Deletion efficiency of the Racl^^^ allele in Racl^Rac2 '' B ceils

Although I had proven that there was efficient deletion of the Racl^°^ allele in splenic B
cells from Racl^ mice (Figure 5D), it was important to determine whether or not this was
also true for such cells from Racl^Rac2 '' mice. The observation that, although severely
compromised, mature recirculating follicular B cells could still develop could be
interpreted as meaning that mature B cell development is able to arise in the absence of
Rac2 and Racl or that both are essential for correct B cell development, and the few
mature cells observed are not efficiently deleted for the Racl^°^ allele. From the
observation that B-2 B cell development remains largely intact up until the immature B
cell stage, and that it is the splenic stages of B cell development that appear to be affected
in RacPRac2''~ mice (Table 3, Figure 8 , Figure 9A & C), I was interested in gauging the
efficiency of deletion of the Racl^"* allele at different stages of B cell development in
Racl^Rac2 '’ mice. Analysis of the efficiency of deletion at the same stages in Racl^ mice
was also included as a control.

The deletion efficiency of the

allele in B220^IgM^gD' immature B cells from the

bone marrow o f Racl^ mice revealed that 84% of the R acl alleles were deleted (Figure
lOA & B). This rose to about 96% in both splenic B220^CD2TCD23'HSA‘" T l and
B220^CD2F"‘CD23'"‘HSA^° mature recirculating follicular B cell com partments.
Assuming that both B -la and MZ compartments have similar deletion efficiencies, then
at least in the R a c P mice analysed, the absence of a developmental phenotype can be
attributed to the dispensability of Racl in B cell development. The deletion efficiency in
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the immature compartment in Racl^Rac2 '' mice was found to be similar to that observed
in R acl^ mice (83%). However, in contrast to the rise in deletion efficiency at the next
stage of B cell development observed in R acl^ mice, the efficiency in Racl^Rac2 '' mice
was significantly lower (6 6 %). This fell even further in the mature compartment (34%),
implying that there were few if any mature B cells completely deleted for the Racl^°^
allele in R acl^R ac2' mice Taken together with the observed B cell developmental
phenotype, it appeared that between the immature and mature stages of development,
there was strong counter-selection against the deletion of the Racl^°^ allele in
Racl^Rac2 ' but not Racl mice.
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Figure 10. Mature recirculating follicular B cells in R acl^ R acl ' mKe^ are not deficient for R acl. A Representative
Southern blot showing the deletion status of the floxed Racl allele in the sorted cell populations indicated.
B220+lgM+lgD immature B cells were sorted from the bone marrow 3 RacI^^ {Racl*^°’^‘^^°’^CD19^’^^/*) and Racl^’^ Racl'''
( Rac/
/
C D /9^':^/+) mice. B220+CD2I CD23 HSA”! Tl and B220+CD21'"'CD23'"'HSA'" mature B cells were
sorted from spleen. Single spleens were sorted for Racl data. The reduction in splenic B cells in R acl'^R acl '- mice
required the pooling of spleens from 3 mice for each determination. Cell purities were greater than 95%. Genomic DNA
was prepared then subjected to quantitative Southern blot hybridisation using a Storm 860 Phosphor-imager. B Bar graph
showing the mean ± S.D. of the deletion efficiency of the
allele in the different B cell compartments indicated
from R a c l^ and R a cI^ R a cl '' mice.
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3.6

The role of Rac2 in BCR induced proliferation

The B cell developmental abnormalities noted in the Æac-deficient mice analysed
required more mechanistic inquiry to uncover why deficiency in Rac2 and also Racl had
profound affects on the generation and/or survival of mature recirculating follicular B
cells. In the context of B-2 cell development, signals through the BCR are of critical
importance not only for the transition from immature into mature B cells (Turner et al.,
1997a) but also for the maintenance of mature recirculating follicular B cells (Lam et al.,
1997). Given that the guanine nucleotide exchange factor (GEF) Vavl has been shown to
play a role in transducing signals downstream of the BCR (Bachmann et al., 1999;
Glassford et al., 2001; Gulbranson-Judge et al., 1999)), and that some of its targets
include Rac small GTPases (Crespo et al., 1997; Schuebel et al., 1998) I was interested in
subjecting Rac-deficient B cells to the some of the established experiments available to
assay B cell activation. My initial inquiries focused on Rac2-deficient B cells isolated
from mice on a C57BL/6 genetic background. It is well established that the cross-linking
of the BCR on mature B cells with antibodies specific for IgM is sufficient for their
activation (Weiner et al., 1976). Activation is manifest in a number of ways and one of
these is the exit from a quiescent resting state (Gq) and entry into cell cycle, resulting in
cell division.

To analyse the proliferative capacity of /?<3 c 2 -deficient B cells, B220^ splenocytes were
purified by cell sorting and set up in culture with not only BCR specific antibodies, but
also a range of other established mitogenic agents. With regards to BCR-induced
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proliferation, the use of different types of anti-IgM antibody consistently yielded the
same result; that /?ac2-deficient B220^ splenocytes proliferated to a lower degree than
wild-type B220+ splenocytes (Figure 11 A). Proliferation in response to a monoclonal
anti-IgM antibody was comparable to that observed in response to a polyclonal anti-IgM
antibody. Proliferation in response to the F(ab ’ )2 fragment of an anti-IgM antibody was
higher in i?ac2-deficient B cells, but still reduced relative to wild-type. In addition,
although the data presented on anti-IgM stimulated cells is only for one concentration of
antibody (33pg/ml), this defect in proliferative capacity was present at lower doses as
well (data not shown). LPS-induced proliferation was found to be comparable between
wild-type and /?^zc2-deficient B220^ splenocytes, although proliferation tended to be
marginally lower in the 7?ac2-deficient cells. Interestingly proliferation in response to
anti-CD40 antibody and IL-4 was also attenuated (Figure IIB). Normal proliferation in
7?ac2-deficient cells in response to PDBu and ionomycin demonstrated that they had no
intrinsic defect in proliferation (Figure 11C). These results demonstrate that Rac2 is
necessary for the transduction of a BCR-meditated signal, needed for the effective
proliferation of B220^ splenocytes.
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anti-IgM (whole or F(ab’) 2 ), l(X)U/ml IL-4 alone or with lOOlI/ml IL-4 and lOpg/ml anti CD40. C
I’roliferation induced by 5(X)ng/ml PDBu and 5(X)ng/ml Ionomycin.

3.7

The role of Racl and Rac2 in BCR-induced proliferation

Having observed that the B cell developmental phenotype observed in /?flc2-deficient
mice could be further exacerbated by a heterozygous mutation in Racl, 1 was interested
to see if Racl could compensate for Rac2 activity downstream of the BCR. Ideally, 1
would have preferred to have conducted my analyses in B cells deficient for both Rac2
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and R acl, using R acl^R acl ' mice However, from the results presented earlier, it was
clear that such cells do not exist. Therefore, to avoid the uncertainty of not knowing to
what extent R acl^R acl ' B cells were deleted for the

allele, I decided to conduct

my experiments on B cells from Racr''Rac2 '' mice on a C57BL/6 and 129/Sv
segregating genetic background. This background was more outbred and expected to be
less uniform than that of C57BL/6, which was the background on which the Rac2deficiency was originally generated.

I found that proliferation was reduced in response to a range of different concentrations
of monoclonal and polyclonal anti-IgM antibodies (Figure 12A-C). Importantly, RacT''
RacT'' B220^ splenocytes consistently proliferated worse than Rac2 '' cells (if at all), thus
supporting the idea that Racl was capable of substituting for the function of Rac2 in its
absence. Proliferation in response to IL-4 and anti-CD40 antibody also revealed that
Racr''Rac2 '' B220^ splenocytes proliferated worse than Rac2''~ cells (Figure 12D), again
suggesting the ability of Racl to compensate for Rac2 in the signalling events initiated by
these mitogenic agents. In contrast to the result observed in Rac2-deficient B220^
splenocytes isolated from C57BL/6 mice, LPS-induced proliferation was consistently
reduced (Figure 12E). Proliferation in R a c r ’Rac2''' cells appeared to be almost
comparable to that observed in Rac2 '' cells, although there did appear to be a marginal
reduction. Finally, proliferation in response to PDBu and ionomycin was found to be
normal in Racl^''Rac2 '' B220^ splenocytes, demonstrating that they had no inherent
defect in the ability to proliferate (Figure 12F).
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Figure 12. B cell proliferation in response to various mitogenic stimuli is reduced
in Racl^'-Racl '- mice. A-C Line graphs showing the incorporation of [^H]-thymidine
as a measure of prolif eration of purif ied B220+ splenocytes from W l\ Rac2 ' and
Racl"^'-Rac2 '- mice. Cells were cultured in medium alone or medium supplemented
with the indicated dose of the anti-IgM antifxxiies. D-F Bar graphs showing
proliferation in response to lOOU/mf IL-4 and lOpg/ml anti-CD4(), lOpg/ml LPS and
5(X)ng/ml PDBu and 5(X)ng/ml ionomycin.

3.8

The role of Racl and Rac2 in BCR-induced survival

Although the incorporation of f^Hj-thymidine was a useful assay to monitor proliferation,
the method could not allow me to resolve whether the proliferation defects

1

obser\ ed in

both Rac2 ' and R a cr'R a c2 '' B cells were due to a failure in survival following BCR
engagement, or due to a block in the cells’ ability to enter cell cycle, or both. The
involvement of Rac family small GTPases in apoptosis appears to be highly dependent on
the cellular context. Evidence exists supporting their role in transducing both anti- and
pro-apoptotic signals (Lores et al., 1997; Nishida et al., 1999; Yang et al., 2(XX)). The
question of whether or not Rac2-deficient B cells have a survival defect following BCR
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ligation, and if so, whether /?ac7-heterozygosity accentuated this phenotype was
addressed. At the same time, I also wished to rule out the possibility that the proliferation
defects observed earlier were a consequence of differences in the constitution of different
subsets of splenic B cells. As a fraction of B220^ splenocytes, R acT' K acl '' mice contain
more T l cells (Figure 6 C). Previous publications claim that these cells do not proliferate
well, (if at all) in response to BCR cross-linking (Allman et al., 2001; Su and Rawlings,
2002). Therefore, to exclude the possibility that the proliferation defect initially reported
was

an

artefact,

I decided

to

follow

B C R -induced

survival

in

sorted

B220^CD21“’‘CD23“'HSA'° mature recirculating follicular B cells. This obviously
introduced the caveat that cross-linking CD21, CD23 and HSA could have had affects on
the BCR signal transduced.

Purified mature B cells from wild-type, Rac2 '' and R acr''R ac2 '' mice were set up in
culture with anti-IgM antibody (P(ab ’ )2 fragment) for 24 hours. Using a short culture
period was important, as I wanted to determine the proportion of all cells that were alive,
without the complication of the cells having undergone division (i.e. uncouple survival
from proliferation). At the end of the culture period, apoptosis was measured using flow
cytometry. Forward scatter and assessm ent of plasm a and nuclear membrane
permeability was used to distinguish between live and dying cells (data not shown). This
was achieved by using the propidium iodide analogue T0-PR 03® , which only fluoresces
when bound to DNA, thereby identifying apoptotic cells. In medium alone, the amount of
live cells was the same for all three genotypes (Figure 13). However, I found that there
were significantly fewer live 7?ac2-deficient mature recirculating follicular than wild-type
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cells at the end of the culture period with anti-IgM, and this was further reduced in
R a cT 'R a cT ' cell. I also noted that the proportion of live cells in medium alone was
higher than in cells cultured with anti-IgM, implying that BCR engagement was resulting
in apoptosis. Similar findings have been reported by others (Yamazaki and Kurosaki,
2003). I concluded that the proliferative defect in Rac2-deficient 8220^ splenocytes
reported earlier was partly a consequence of enhanced apoptosis, which was further
exacerbated in R a c r' RacT ' cells.
p = 0.028

p = 0.028

60-1

p = 0.0022

\vr
Rac2
R a c I^ ‘'R ac2'‘~

>

^ 30-

15-

0+ Medium

F i g u r e 13. B C R in d u c e d s u r v i v a l is r e d u c e d in

+ (x-lgM

Rac2 '' a n d RacR' R a cl '' m a t u r e s p le n ic B c e lls.

Bar graph showing the percentage o f live cells following 24 hours culturing in either medium alone or
medium supplemented with anti-IgM (a-IgM )
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3.9

The role of Racl and Rac2 in BCR-induced cell division

Next, I examined whether /?ac-deficient B cells had a defect in BCR-induced cell cycle
entry. Proliferation was monitored using the intracellular fluorescent dye CFSE. Purified
cells were labelled with CFSE before setting up in culture with anti-IgM antibody. The
level of proliferation was measured by How cytometry after 24, 48, 72 and 96 hours of
culturing and counter-staining with T0-PR03® was used as a means to differentiate live
cells from dead cells.
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F ig u re 14. B C R in d u c e d c e ll d iv is io n is d e fe c tiv e in
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Racl^'RacT'' s p le n ic m a t u r e B cells. A

Representative histograms showing the CFSE labeling profile of WT, Rac2 ' and Racr' Rac2 ' splenic
B220^CD21‘“'CD23“'TiSA‘° mature recirculating follicular B cells cultured in the absence or presence of
33pg/ml polyclonal anti-IgM (P(ab’)2 )- Filled in purple traces represent cells cultured in medium alone;
green line traces represent cells cultured in the presence of anti-IgM antibody. B Line graph showing the
percentage of live cells that have entered cell cycle following culture with anti-IgM antibody for the
indicated time. C Line graph showing the average number of divisions among cells that had divided at
least once at different time points, following stimulation with anti-IgM antibody. For both graphs, values
ploted are means ± S.E.M. Error bars are too small to see.
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Two measures of proliferation were analysed, both of which were conducted solely on
viable cells. The first was the proportion of cells that had entered into cell cycle (the so
called ‘trigger frequency’) (Figure 14A & B). Proliferation was only detected from 48
hours post-stimulation with anti-IgM antibody. At this point, more than half of the live
wild-type mature B cells had entered cell cycle. In contrast, only a quarter of Rac2deficient cells had done the same, which was further reduced in R acT' Kacl '' mature B
cells. Clearly R acl '' mature B cells had a defect in their ability to enter cell cycle, which
was further exacerbated in R acr^'R a cl'' cells. By 72 and 96 hours, the progenitor
frequency had risen considerably in wild-type cells, and was almost the same in Rac2deficient cells. However, the progenitor frequency was still reduced in R acr''R ac2 ''
mature B cells. By 96 hours however, /?ac2-deficient mature B cells exhibited effectively
equal proportions of cells that had entered cell cycle. Therefore, Æac2-deficiency had a
detrimental effect on the kinetics of mature B cells entering into cell cycle, which was
exacerbated when coupled with Racl-heterozygosity.

The second measure of proliferation used was the average number of divisions undergone
by cells that had divided at least once. By 72 hours, wild-type mature B cells had
undergone an average of 2 cell divisions, whilst proliferating Rac2 '' cells had a slightly
lower average of 1.7 cell divisions (Figure 14A & C). Racr''Rac2 '' cells exhibited the
lowest average number of cell divisions (1.4). By 96 hours, Rac2 '' cells had effectively
the same average number of divisions as wild-type, although no such recovery was seen
in Racl^''Rac2 '' cells. Taken together, the data indicated that in the absence of Rac2,
BCR-mediated signals driving cell division were reduced, thereby affecting the rate at
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which cells entered cell cycle. However, of the cells that enter the cell cycle, the average
number of cell divisions each cell is capable of is comparable to that observed in wildtype, with the exception that this proliferative potential is reached at a later time point.
The fact that cell division in Racl^''Rac2 ' mature was further reduced relative to R a cl ''
cells supported the notion that Racl was able to partially compensate for the absence of
Rac2.

3.10 The role of Rac2 in BCR-induced calcium mobilisation

Another facet of BCR engagement is the mobilisation of intracellular calcium. Previous
work has implicated a role for the Vav family of GEFs in transducing a calcium signal,
downstream of the BCR (Doody et al., 2001; Tedford et al., 2001). Given that these
proteins are thought to act on Rac family small GTPases, and that I had observed a defect
in BCR-induced proliferation in Rac2-deEcient B220^ splenocytes, I was interested to see
if Rac2-deficient B cells were defective in their ability to mobilise intracellular calcium.
Calcium mobilisation of B220^ splenocytes following BCR ligation was monitored by
flow cytometry using the calcium-sensitive fluorescent indicator, indo-l/AM. The ability
of Rac2-deficient B220^ splenocytes to mobilise intracellular calcium was reproducibly
attenuated relative to wild-type B220^ splenocytes, over a range of anti-IgM antibody
concentrations (Figures 15A to 15C).
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Figure 15. BCR induced calcium mobilisation is defective in R acl '' B220^ splenocytes over
a range of different concentrations of anti-IgM and is not a consequence of differences in
splenic B cell subsets. Intracellular calcium mobilisation in WT and Rac2 ' 3220^ splenocytes
stimulated with (A) Ipg/ml, (B) lOpg/ml & (C) 33pg/ml polyclonal anti-IgM (Ftab’),. D
Intracellular calcium mobilisation in B220'CD2r"'CD23'"'HSA'“ mature re-circulating follicular
B cells stimulated with 33pg/ml polyclonal anti-IgM (Ffab’)^. Arrow indicates time point at
which was antibody added. All traces represent the mean of 3 separate acquisitions, using
labeled cells of each genotype indicated.

H o w ev er, as described earlier, the sp leen is a h eterogen ou s m ix o f different typ es o f B
c e lls , and it is w ell d o cu m en ted that the differen t B cell subsets d iffer in their relative
activatory c a p a b ilitie s. O ne o f th ese d iffe r e n c e s is their ab ility to m o b ilise calciu m
fo llo w in g B C R stim ulation; for ex a m p le M Z B c e lls m o b ilise ca lciu m faster and for a
lon ger duration than m ature recircu lating fo llicu la r B c e lls (O liver, 1997). E ven though
M Z B c e lls o n ly contribute 5 to 10% o f the sp len ic B c e ll p o o l, it w as im portant to
determ ine w hether the reduced ca lciu m m ob ilisation ob served in /?c7c2-deficient B220^
sp le n o c y te s w as a result o f the ab sen ce o f a population that norm ally contributes to a

39

calcium mobilisation signal. In other words, was there an intrinsic defect in the ability of
mature recirculating follicular B cells to mobilise calcium, or could the defect be
accounted for by differences in the make-up of the B cell populations in /?ac2-deficient
spleens? In order to resolve this issue, calcium mobilisation was measured in splenocytes
stained with fluorescently-conjugated antibodies against B220, CD21, CD23 and HSA.
Mature recireulating follicular B cells were identified as B220^CD2r“‘CD23“’*HSA'“
events, and calcium mobilisation was measured in this subpopulation. The fact that
calcium mobilisation in /?ac2-deficient mature B cells was still defective compared to
wild-type (Figure 15D), led me to believe that the defect in calcium mobilisation that I
had observed was not an artefact of differences in the make up of the splenic B cell
populations. When I analysed calcium mobilisation on B220^ events alone (ignoring
CD21, CD23 and HSA gating), I found that the calcium flux was very similar to that
observed when I gated specifically on B220^CD2F"‘CD23'"*HSA‘° events (data not
shown) Taken together, I concluded that /?ac2-deficiency resulted in attenuated calcium
mobilisation.

3.11 The role of Rac2 in transducing BCR signals to the release of
internal calcium stores

The finding that /?ac2-deficient mature recirculating follicular B cells were hampered in
their ability to mobilise calcium in response to BCR ligation prompted me to ask
questions regarding the mechanism by which Rac2 controls calcium mobilsation. As
discussed in the introduction, the change in intracellular calcium arises in two sequential
140

stages. The blunted calciu m tlu x observed could have been the result o f reduced calciu m
release from the ER, reduced extra cellu lar calcium^ entry, or both. T o address the issu e
o f w hether the em p tyin g o f intracellular calcium stores w as reduced in /?û(c2-deficient B
c e lls, calcium m obilisation fo llo w in g anti-IgM antibody treatm ent w as analysed in B220^
sp len o c y te s, stim ulated in ca lciu m -free m edium con tain in g the calciu m chelating agent
E G T A . A b se n c e o f ex tra -cellu la r ca lciu m prevents ca lciu m entry across the p lasm a
m em brane, w h ilst still perm itting the release o f calciu m from ER intracellular stores.
Under such experim ental con d ition s, y?«r2-deficient B 2 2 0 ' sp len o cy tes exhibited reduced
calciu m m ob ilisation com pared to w ild -ty p e c e lls (Eigure 16A ). Preventing the entry o f
extra-cellu la r ca lciu m can a lso be a ch iev ed by con d u ctin g the exp erim en t in m edium
containin g N iC lj. The divalent Ni^^ cation blocks the calcium channels w ithin the plasm a
m em brane (N ofer, 1997). U sin g this m ethod to m onitor the intracellular release o f stored
ca lciu m , I found an identical result to that d escribed p reviou sly; that in the ab sen ce o f
cap acita tiv e co u p lin g , /?ûrc2-deficient B220^ sp le n o c y te s m o b ilised le ss calciu m than
w ild -typ e c e lls (data not show n).
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Figure 16 . Attenuated calcium mobilisation in Rac2 '' B220+ splenocytes is a consequence of reduced release
of intracellular stored calcium. A Intracellular calcium mobilisation in WT and Rac2 ''Q220* splenocytes
stimulated with 33pg/ml polyclonal anti-IgM (FCab’)^ in calcium free media supplemented with 0.5mM EGTA.
Extracellular calcium was replenished by the addition of O.SmM CaClj and data acquisition was continued for a
further 4 mins. All traces represent the mean of 3 separate acquisitions, using labelled cells of each genotype
indicated. Arrows indicate time point at which antibody or CaCI; was added. B Intracellular calcium mobilisation in
WT and Rac2-'' B220* splenocytes stimulated with lOOnM thapsigargin at the time point indicated by the arrow.
Ratio-metric signals from splenocytes of each genotype stimulated with DMSO carrier alone are also shown as
controls.
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The next issue I was interested in resolving was whether or not there was a defect in
capacitative calcium entry in /?flc2-deficient B cells. To address this, I examined the
ability of /?ac2-deficient B220^ splenocytes to mobilise calcium in response to the
sesquiterpene lactone thapsigargin, a potent and selective inhibitor of the Ca^^-ATPase
found in the ER membrane. This mechanism of initiating entry of extra-cellular calcium
by-passes the IP^-mediated calcium release and therefore uncouples the two phases of
calcium signalling permitting the study of the second phase. Induction of calcium
mobilisation by thapsigargin revealed that Rac 2 -deficient B 2 2 0 ^ splenocytes were able to
mobilise calcium with equal efficiency compared to wild-type cells (Figure 16B). Taken
together with the results addressing the release of ER stored intracellular calcium, it
appeared that the reduced calcium mobilisation observed in R«c2-deficient B cells was a
consequence of a defect in the release of intracellular calcium. This could have been due
to a defect in the signalling pathway(s) responsible for IP 3 generation, or to reduced
levels of calcium in intracellular stores or both.
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3.12 The role of Racl in BCR-induced calcium mobilisation
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Figure 17. Racl^' R acl '- B220+ splenocytes do not exhibit any further
reduction in BCR-induced calcium mobilisation, relative to Rac2 ' ct\\s.
In tra cellu la r c a lc iu m m o b ilis a tio n in WT, Rac2 ' and Racl^'-Rac2 ' B 220+
s p le n o c y te s stim u la te d w ith 3 3 p g /m l p o ly c lo n a l an ti-Ig M (F fab')^ ) at the tim e
p oin t in d ic a te d by the arrow . A ll traces rep resen t the m ean o f 3 sep arate
a c q u is itio n s.

The ob servation that RacI^'RacT'' mature B c e lls proliferated w orse in response to antiIgM antibody su g gested that R a cl cou ld play a com pensatory role in transducing BC R
d erived sig n a ls driving proliferation and su rvival in the a b sen ce o f R ac2. G iven that
/?ac2-d eficien t B c e lls had reduced B C R -in du ced calcium m ob ilisation , it w as ob viou s to
question w hether or not R a cl could com p en sate for Rae2 in transducing a calciu m signal.
A gain , for the sam e reason s outlin ed p rev io u sly, I d ecid ed to test this by a ssessin g the
ability o f 3220"^ sp len o cy tes from R acT' RacT^ m ice to m o b ilise calciu m in response to
anti-IgM antibody. A s p reviou sly ob served , B C R -in d u ced calcium m obilsation in Rac2-
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d e fic ie n t B c e lls w as less than that o b served in w ild -ty p e c e lls (F igure 17). H o w ev er,
calciu m m ob ilisation in R acI^'R acT c e lls w as com parable to that ob served in Rac2 ‘'
ce lls fo llo w in g B C R ligation (Figure 17).

3.13 The role of Rac2 in transducing BCR signals leading to the upregulation of activation markers
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Figure 18. BCR stim ulated up-regulation o f the activation m arker CD69 is reduced in Rac2''' B cells.
Histograms showing the cell surface expression levels o f the various antigens indicated.Histograms show
overlays o f 3 traces o f both genotypes. Purified W T and Rac2 '- B22Ü+ splenocytes were cultured in either
medium alone, or medium supplemented witli lOpg/ml monoclonal anti-IgM (mAh b7.6), lOpg/ml polyclonal
anti-IgM (w hole or F(ab'), fragment), l(K)U/ml IL-4 and lOpg/ml anti-CD4t) (mAh 3/23) or lOpg/ml LPS.
Cells were then harvested and stained with fluorscently conjugated antibodies specific for CD69, CD86,
MHC Class II or CD23 and the analysed by flow cytometry.
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Another established hallmark of B cell activation is the up-regulation of the expression of
so called activation markers on their cell surface. /?ac2-deficient B cells were analysed
for their ability to up-regulate the expression of CD69, CD23, CD86/B.71 and MHC
Class II following stimulation with anti-IgM antibodies as well as LPS and IL-4 and antiCD40 antibody. B220^ splenocytes purified by cell sorting from wild-type and Rac2deficient mice were cultured with the mitogenic agents described, before staining with
fluorescently conjugated antibodies specific for the cell surface markers outlined above.
Æü!c2-deficient B220^ splenocytes failed to up-regulate their expression of CD69 to the
same degree as that observed in wild-type cells in response to stimulation with the antiIgM antibodies tested (Figure 18).

This defect was not associated with the ability to express CD69 per se, because IL-4 and
anti-CD40 antibody stimulated Æ(zc2-deficient B220^ splenocytes were able to upregulate CD69 expression. Induction of CD 8 6 expression in response to anti-IgM
stimulation was partly defective in /?ac2-deficient B220^ splenocytes, although this was
less apparent with the use of anti-IgM polyclonal antibody as the stimulant. Rac2deficiency did not appear to have an affect on BCR-induced up-regulation of CD23 or
MHC Class II. Interestingly, induction of CD 8 6 expression by LPS seemed to be
reproducibly higher in Rac2-deficient B220^ splenocytes than in wild-type cells. These
results suggest that Rac2 is important in transducing a BCR-derived signal resulting in
the up-regulation of the expression of CD69 at the cell surface. The ability to up-regulate
CD 8 6 expression exhibited a partial defect that could be ameliorated with a stronger BCR
signal.
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3.14 The role of Rac2 and Racl in BAFF-mediated survival

The finding that there was a B cell developmental block from the immature B cell stage
onwards in /?ac-deficient mice, coupled with the fact that Rac2 and Racl are involved in
transducing BCR-derived signals, suggested that there is defective BCR signalling at the
immature stage in these mice. However, as discussed in the introduction, other receptorderived signals also play in role. Signals downstream of BAFF-R have been previously
shown to be important for B cell survival and development beyond the T l stage (Batten
et al., 2000; Hsu et al., 2002; Khare et al., 2000; Moore et al., 1999; Rolink et al., 2002;
Schneider et al., 1999; Thompson et al., 2001). Whilst the B cell developmental block in
Rac-deficient and A/^ysnj mice are not equivalent, I was interested to see if BAFF
mediated survival in the absence of Rac2 and Racl was defective. In combination with
the BCR defect, this would provide an additional mechanistic account for the
developmental block observed in Rac-deficient mice. The fact that BAFF has been
reported to induce the survival of bone marrow derived immature B cells (Rolink et al.,
2002), coupled with my previous finding that deletion and therefore deficiency of Racl
was relatively high in Racl^Rac2 '' immature B cells, led me to see if there was a BAFFinduced survival defect in these cells.
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3.15 BAFF induced survival of R acl^R acl ' bone marrow immature B
cells
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F ig u r e 19. D efectiv e B A F F in d u ced su r v iv a l o f Racl^’^Racl''' im m a tu r e B cells. B220*IgM"^IgD bone marrow
derived immature B cells were purified from WT, Racl^, Rac2 '' and Rcicl^ R acl '' mice. Cells were cultured in
either media alone or media supplemented with human BAFF. At the end of the culture period, cells were
harvested and stained with anti- FlTC-conjugatcd Annexin V and TO-PR03 and analysed by flow cytometry. A
Representative dot plots of WT, R acl^, Rac2 '- and RacI^ Rac2 '' immature B cells cultured as indicated. Numbers
represent live events as a percentage of total events collected. B Bar graph showing percentage live cells
following culturing in either medium alone or medium supplemented with BAFF. Bars represent the different
genotypes as indicated and show means ± S.E.M.

T he ability o f B A F F to prom ote the survival o f bone m arrow -derived im m ature B c e lls
w as tested by culturing B 2 2 0 T g M T g D im m ature B c e lls from w ild -ty p e, Racl^, Rac2 ‘'
and Racl^RacT'' m ice in the p resence or a b sen ce o f B A F F . In the ab sen ce o f B A F F ,
virtu ally all the c e lls d ied , regardless o f g e n o ty p e (F igure 19A & B ). H o w ev er, the
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presence of BAFF in the culture medium resulted in a significant enhancement of
survival, at least in immature B cells from both wild-type and Racl^ mice (Figure 19A &
B). In contrast, the level of survival of Rac2 '' immature cells was consistently lower than
that observed in wild-type and Racl'’ immature B cells treated with BAFF. Defective
BAFF induced survival was highly conspicuous in R a c P R a c l' immature B cells,
although there was still a survival enhancement above that seen when the cells were
cultured in medium alone. This could be interpreted in two ways; that R a cl and Rac2deficient B cells can still respond weakly to BAFF or that the residual response is
attributed to cells that have not completely deleted the Racl^''^ allele.

3.16 Expression of BAFF receptors on R a d ^ R a c l '' immature B cells

The inability of BAFF to induce survival of Racl^Rac2 '' immature B cells could be due
to two reasons. Firstly, the inability of RacPRacT'' immature B cells to respond to a
BAFF-mediated signal could be due to reduced cell surface expression of the BAFF
receptor(s) necessary for transducing a survival signal. Alternatively, Racl^Rac2''
immature B cells could have the correct levels of BAFF receptor(s) expression, and the
failure to induce survival is because Rac2 and Racl transduce BAFF receptor signals.
Finally, both explanations could be correct, but reduced expression of one or more of the
several BAFF receptors would make it difficult to test the involvement of Rac2 and Racl
in BAFF-mediated signal transduction.

To either confirm or refute the first explanation, 1 decided to assess the level of BAFF
receptor(s) expression on immature B cells using an indirect, FACS based method. The
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most important BAFF receptor in B cell survival is BAFF-R, and the most direct method
to analyse its expression profile would be to stain immature B cells with a fluorescently
conjugated antibody raised against BAFF-R. Whilst an antibody with such specificity has
been described (Thompson, 2001). I was unfortunately unable to obtain a sample for use
in my experiments. A commercially available antibody was tested, although this was only
marketed for use in Western blotting. Unsurprisingly, this antibody did not work for flow
cytometry (data not shown). I was however able to obtain a biotinylated form of
recombinant BAFF, which could be used to assess the BAFF binding ability of immature
B cells.

Bone marrow samples were prepared from wild-type, R acl^, Rac2 '' and Racl^RacT''
mice that were then stained with fluorescently conjugated antibodies against B220, IgM
and IgD. Cells were also incubated with biotiny 1ated-BAFF, which was revealed using
SA-PE as a secondary. To control for the non-specific background binding of the
secondary, cells were incubated with SA-PE without prior incubation with the
biotinylated-BAFF. Immature B cells were defined as B220TgMTgD‘ events, and the
biotinylated-BAFF signal on this subset of events was assessed. While BAFF binding
was comparable in both wild-type and R a c l^ immature B cells, it was significantly
reduced in Rac2 '' immature B cells (Figure 20A & B). The reduction in BAFF binding
ability was even more pronounced in RacURac2 ^ immature B cells. However, the fact
that the biotinylated-BAFF signal was above that observed in cells stained with the
secondary alone, suggested that these immature B cells did not completely lack BAFF
receptor(s) at their cell surface. Again, this could be due to incomplete deletion of the
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Racl^'"'' a lle le in the Racl^RacT’' c e lls. T his reduced B A F F -b in d in g ability observed on
RacI^RacT'' im m ature B c e lls w as therefore a p o ssib le exp la n a tio n for w h y B A F F
treatm ent w as unable to induce their survival in culture. H ow ever, the indirect nature o f
the m ethod used m eant that I w as unable to determ ine w hich o f the three B A F F receptors
w as affected.
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47
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10 15

10 47
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p = 0.0079
p = 0.0079

WT
= 0.0079

RacI^
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Figure 20. Reduced BAFF binding ability in R acI^R acI immature B cells. A Histogram of BAFF binding ability of
gated immature B cells from VVT, RacI^, Rac2 ' and RacJ^Racl '- mice. Bone marrow cells were incubated with
biotinylated-BAFF and counter stained with fluorescently conjugated antibodies. Bound BAFF was revealed using SA
conjugated PE as a secondary. To control for non-specific binding of the secondary, staining with the secondary was also
performed without initial incubation with the biotinylated-BAFF. Histograms are gated on B220+lgM"lgD immature B
cells. Numbers represent the mean fluorescence signal of the secondary, used to infer BAFF binding ability. B Bar graph
showing the mean fluorescence intensity (MFI) of the secondary used to reveal the BAFF binding ability of
B220+lgM*lgD immature B cells from WT, RacI^, Rac2'’' and R a c I^R a c l'' mice as indicated. The fluorescence signal of
the secondary alone in the absence of the biotinylated-BAFF is also shown for immature B cells from each genotype. Data
represent the pool of data from 6 mice of each genotype.
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3.17 The role of Rac2 and R a d in transducing BCR signals leading to
the up-regulation of BAFF-R

As discussed in my introduction, BCR mediated signals within immature B cells are
crucial for their survival and developmental progression. These signals are likely to be
qualitatively and quantitatively different to those enacted in mature recirculating
follicular B cells, following BCR engagement. However, it is also likely that certain
molecules play important roles in BCR signalling in both immature and mature B cells.
Even though the observation that the block at the immature B cell stage of development
in Racl*’Rac2 '’ does not unequivocally support the claim that Rac2 and R a d are involved
in positive selection, the fact that they are involved downstream of BCR signals in mature
B cells, hinted that they might. Smith et al. have recently published that BCR stimulation
of splenic mature recirculating follicular B cells resulted in the up-regulation of BAFF
biding ability on these cells (Smith and Cancro, 2003)). Furthermore, they showed that it
was specifically expression of BAFF-R that was up-regulated Taking into account the
data supporting a role for both Rac2 and Racl in transducing BCR mediated signals in
splenic B cells and the observation that BAFF induced survival of Racl^RacT'' bone
marrow immature B cells was greatly compromised because of reduced expression of one
or more of the several BAFF receptors, I hypothesized that the BCR signal mediating
positive selection in immature B cells is in part transduced by Rac2 and R acl, and this
leads to the up-regulation of BAFF-R. Attempts to address this possibility directly are
hampered by the fact that BCR-ligation in immature B cells results in apoptosis, rather
than positive selection (Norvell et a l, 1995)). Because of this, I decided to ask if BCR-
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induced up-regulation of BAFF binding was defective in mature B cells from Rac2 '' and
Racr''Rac2 '' mice.

Splenic B220^CD21 CD23 " H S m a t u r e recirculating follicular B cells from wild-type,
Rac2 '' and R acr''R ac2 '' mice were purified and cultured for 24 hours with anti-IgM
antibody. Incubating and revealing bound BAFF as previously described revealed that
BCR-induced up-regulation of BAFF binding was significantly reduced in both Rac2''
and Racr''Rac2 '' mature B cells (Figure 21A & B). The fact that R a c r'R a c T '' cells
could still up-regulate BAFF binding probably reflects the fact that the one remaining
Racl allele is sufficient to permit the transduction of a vastly reduced BCR-mediated
signal. As previously noted, these cells were capable of proliferating in response to BCR
stimulation, albeit weakly.
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F ig u r e 21. U p - r e g u la tio n o f B A F F - b in d in g a b ility b y B C R s t i m u l a ti o n is d e f e c tiv e in
m a t u r e B c e lls, w h ic h is f u r t h e r a c c e n t u a te d in

histograms of the
binding ability o f sorted splenic B220 C D 21
mature recirculating
follicular B cells from WT, Rac2 ' and Rac V' Rac2 '~mice following stimulation with anti-IgM
(l (ab’)2 > antibody, billed in purple traces represent the BAIT-binding ability of cells cultured in
media alone; green line traces represent BAFF-inding ability of anti-IgM stimulated cells. Numbers
represent the mean nuoreseence signal, used to infer BAFF-binding ability. B Bar graph representing
the mean fluorescence intensity of the secondary used to reveal BAFT bound to mature B cells
cultured in the absence or presence o f anti-IgM antibody from WT, Rac2 ' and Racl"^' Racl' mice as
indicated. Data represent the pool of results from mature B cells sorted from 4 mice of each genotype.
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Chapter Four - Discussion
The majority of the findings presented in this thesis have focused on the involvement of
both Rac2 and Racl downstream of the BCR, and it is from this perspective that I have
attempted to account for the B cell developmental phenotypes observed. However, it
should be noted that the existing biochemical data garnered on Rac family small GTPases
implicates their involvement downstream of many different receptors (Schmitz et al.,
2000), and it is highly probable that the defects ascribed to Rac2- and Racl-deficiency
are also a consequence of defective signalling downstream these receptors. Over the
course of B cell development, signals through a variety of different receptors are crucial
for their correct developmental progression and differentiation; signals through the BCR,
integrin, chemokine and TNF family receptors are some but undoubtedly not all of the
receptors that play important roles. My attention has centred on the effects on BCR
signalling because of its profound importance during B cell development, coupled with
the fact that these mice have developmental phenotypes similar to other mutant mouse
lines containing targeted mutations in molecules shown to be important in transducing
signals downstream of the BCR (Niiro and Clark, 2002).

Aside from acting as a point of integration downstream of multiple receptors, Rac family
small GTPases are thought to transduce signals to numerous effectors involved in
multiple cellular processes such as proliferation, survival, and the regulation of actin
dynamics (Van Aelst and D ’Souza-Schorey, 1997). The fact that they have been
implicated in the former two processes was a major factor governing the types of
experiments presented. However, the involvement of Rac2 and Rac 1 in regulating actin
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d y n am ics in B c e lls w as never exp lo red and such inquiry is ju stly w arranted, as the
d e fec ts in B C R -in d u ced activation reported in both Rac2'' and RacT'KacT'' B c e lls
cou ld be accou nted for by proxim al d efects fo llo w in g B C R ligation .

P reviou s studies

have highlighted the role o f R ac-fam ily G T P ases in transducing sign als that regulate actin
dynam ics (R id ley et ah, 1992). It is know n that fo llo w in g in vitro B C R stim ulation with
anti-IgM antibody, a p h enom en on term ed antigen receptor capping or clustering en su es
(T aylor et ah, 1971). R ecep tor clusterin g has also been ob served to occur fo llo w in g B
cell syn ap sis w ith antigen presenting c e lls (B atista, 2 0 0 1 ). In T c e lls, receptor clustering
is n ecessary for the form ation o f a Supram olecular A ctivation C om p lex (S M A C ), w hich
is asso cia ted w ith full T ce ll activation (K raw czyk , 2 0 0 1 ). Such clu sterin g o f not only
antigen receptor, but also co-recep tors and adhesion m o lecu les is highly dependent on the
re-organisation o f the actin cytosk eleton .

Crucial m ediators o f such ch an ges in T c e lls include V a v l and the proto typical W iscottAldrich fa m ily protein m em ber, W A S P . W A S P fam ily m em bers are intim ately associated
with actin d yn am ics, interacting with (am ongst other m o lec u le s), the A rp2/3 co m p lex,
in volved in actin filam ent nucléation (M u llin s, 2 0 0 0 ). A n a ly ses o f T c e lls d eficien t for
W A S P have highlighted the im portance o f correct receptor clustering in order for
e ffe ctiv e T C R signal transduction necessary for correct T cell d evelop m en t and
activation, as these c e lls have no inherent d efect in their ability to transduce TC R -derived
signals (Snapper et al. 1998, Zhang et al., 1999). Vû v / -d eficien t T c e lls are know n to be
d efectiv e in T C R -induced signal transduction and this could in part be a result o f
d efectiv e S M A C form ation as such c e lls exhib it disrupted T C R -induced capping (Fischer
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et al., 1998, H olsin ger et al, 1998, Penninger et al., 1999). T his has led to the proposal
that V a v l m ay m ediate T C R -induced actin cytosk eletal re-arrangem ents via W A S P . It is
unknow n w hich R h o-fam ily sm all G T Pase that V a v l could act upon to m ediate W A S P
activation. B ioch em ical data su ggests that the main R h o-fam ily G T P ase in volved in the
activation o f another W A S P fa m ily m em ber (N -W A S P ) is C d c42 (Prehoda et al., 2 0 0 0 ).
W hilst it has been claim ed that V a v 2 can act as a G EF for C d c42 (A b e et al., 2 0 0 0 ), m ost
reports su g g est that V av fam ily m em bers are not p h ysiological G EFs for C dc42
(A gahazad eh et al., 2 0 0 0 , C respo et al., 1997, M ovilla et al., 1997, S cheubel et al., 1998).

W hether or not BC R capping is m ediated by a sim ilar pathway is unknow n, as there have
been no reports o f capping d efects in V<7v-deficient B cells. Furtherm ore, VTAS'P-deficient
B ce lls exh ibit no problem in anti-IgM -induced BCR clustering (Zhang et al., 1999). It
rem ains p o ssib le that other W A S P fam ily m em bers could be in volved in BC R capping.
W A S P fa m ily V erpolin h o m o lo g y protein (W A V E ) has been show n to be preferentially
activated by R acl (M iki et al., 1998) and d eficien cy in W A V E 2 results in em bryonic
lethality, w ith VFAV£’2 -d eficien t m ouse em bryonic fibroblasts exh ib itin g d efective R a c lm ediated actin polym erization (V an et al., 2 0 0 3 ). H ence it rem ains p ossib le that the
inability o f Rac2'' and Racl^' RacT‘' B c e lls to correctly activate cou ld be partly
attributed to d efects in transducing B C R -m ediated signals to the actin cytosk eleton that
are n ecessary for correct receptor clustering.
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4.1

Role of Rac2 and Racl in pBCR and BCR signalling during B cell
development

Previous work by this lab and other groups highlighted the importance of Vavl in B cell
development and BCR-induced activation (Bachmann et al., 1999; Gulbranson-Judge et
al., 1999). This in turn directed investigations into the involvement of one of its
immediate downstream effectors, Rac-family small GTPases. My results support the
hypothesis that Racl is capable of compensating for the function of Rac2 during B cell
development, and that both Rac2 and Racl are required to transduce BCR-derived
signals, necessary for progression through the BCR checkpoint. Their involvement at the
pBCR checkpoint is less conclusive; whilst the numbers of both bone marrow pro and pre
B cells were elevated in Rac2-deficient mice on a C57BL/6 genetic background, this was
a consequence of increased total bone marrow cellularity and did not result in a change in
the relative ratios of the two compartments. Furthermore, no such elevation was observed
in either Racl^'RacT' or Racl^Rac2 '' mice that were analysed. It was therefore clear that
Rac2 does not play any role in transducing pBCR-derived signals.

Whether or not Racl plays a role in the absence of Rac2 is unknown. Racl*''Racl '' mice
still retain a copy of the R acl gene, which could be sufficient for transiting the pBCR
checkpoint and it is probable that in Racl^Racl''' mice, pre B cells, and certainly pro B
cells still possess undeleted Racl^°^ allele(s) if not Racl protein,. The CD19 gene is not
transcriptionally activated until the end of the Fraction B/C pro-B cell stage (Kehrl et al.,
1994), and the transition from pro-B to immature B cell occurs within 3.5 days (Park and
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Osmond, 1989). Furthermore, assessment of the timing of Cre expression in CD19-Cre
mice using anti-Cre antibodies reveals that it is undetectable in Fraction A pro-B cells,
and only present at low levels in Fraction B/C pro-B cells, which is in good agreement
with the expression of endogenous CD19 (Schwenk et al., 1997). Its minimal presence at
the pBCR checkpoint suggests that the

allele is not fully deleted at this stage.

Even if one assumes highly efficient deletion of the Racl^°^ allele by low levels of Cre
recombinase, Racl protein could still persist. The half-life of both R a c l mRNA and
protein are unknown, and it is possible that whilst most Fraction B/C pro-B cells delete
the

allele in Racl^Rac2 '' mice, Racl protein may still persist at a level that is

sufficient to allow pBCR signalling to occur. To address this, DNA extracted from
various stages of pro- and pre-B cell development could be analysed by quantitative PCR
to determine the deletion efficiency. Reverse Transcription PCR (RT-PCR) could provide
the same information about the level of full length Racl mRNA that persists. Gauging the
level of Racl protein would probably be the most difficult, because the need to have
enough protein to be detectable by Western blot, might require a substantial number of
cells at the different developmental stages.

If it can be shown that pre B cells contain very low or undetectable levels of Racl
protein, then one could argue that the signals important at the pBCR checkpoint either
involve Rac2 and Racl independent signalling pathways, or that both molecules are part
of a group of small GTPases capable of functionally compensating for one another. Rac3
is another member of the Rac family of small GTPases, showing high sequence
homology to both Racl and Rac2 (92% and 89%, respectively) (Haataja, 1997). Whether
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or not it is expressed in primary untransformed murine B cells is unknown; the original
publication characterising Rac3 assessed its expression in a variety of human cancer cell
lines including a lymphoma cell line, where Rac3 mRNA was detected (Haataja et al.,
1997). The expression of murine Rac3 could be addressed using semi-quantative RTPCR.

4.2

Accounting for the marginal zone and B -la defects in Racdeficient mice

The B cell populations most severely affected by Rac2-deficiency were undoubtedly the
B -la and MZ compartments and this is in line with the published data (Croker et al.,
2002b). The development of mature B cells only became severely affected in Racl*''
Rac2 '' and Racl^Rac2 '' mice. This observation makes sense if the different levels of
Rac-deficiency have a proportional effect on the degree of BCR signalling; the less Rac
available to transduce a BCR-derived signal, the weaker the signal. This agrees with a
general survey comparing and contrasting the B cell developmental phenotypes reported
in mice deficient for different signalling molecules. Of the three mature B cell subsets,
peritoneal B -la B cells require the strongest BCR signal, followed by marginal zone and
then mature recirculating follicular B cells (Niiro and Clarke, 2003). B -la cell
development is highly sensitive to mutations in signalling molecules that affect the ability
of the BCR to transduce a signal, and its reduction or absence in various mutant mice is
suggestive of the mutations affecting the ability of the BCR to signal. For example, Vavldeficient mice have a severe defect in the development of B -la cells whilst there is no
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disturbance in the development of mature B cells (Bachmann et al., 1999; GulbransonJudge et al., 1999).

The perturbed development of MZ B cell development in /?<2 c-deficient mice could also
be a accounted for by disturbances in other non-BCR induced signalling pathways. MZ B
cell development also depends on chemokine and integrin signalling, since mice deficient
for molecules that transduce signals from these receptors also have deficiencies in MZ B
cells (Girkontaite et al., 2001; Guinamard et al., 2000). The idea that Rac is involved in
transducing signals downstream of chemokine and integrin receptors is supported by a
number of observations. Mice deficient in the CDM family member DOCK2 also have a
MZ B cell-deficiency and defective chemokine-induced R acl activation and actin
polymerisation in B cells (Fukui, 2001). Furthermore, and perhaps most convincingly,
chemokine-induced chemotaxis and actin polymerisation is reduced in Rac2-deficient B
cells (Croker et al., 2002b).

4.3

The role of Racl in B -la and marginal zone B cell development

The efficiency of the conditional mutagenesis approach utilised to eliminate Racl was
determined using a quantitative Southern blot approach, where I was able to demonstrate
that at least in Racl^ mice, the efficiency of R a cl deletion was very good in splenic
mature recirculating follicular B cells. Published data of Western blots also corroborates
the Southern blot data, as no Racl protein/signal is detectable in IgMTgD^ splenocytes
from Racl^ mice (Walmsley et al., 2003). However, the efficiency of Racl deletion in the
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MZ and B-1 compartments has not been formally examined. Current data suggests that
MZ B cells derive from the newly formed pool of splenic T I B cells (Cariappa and Pillai,
2002). Given that I was able to see very good deletion of the

allele by this stage,

and assuming that 7 ?<2 c 7 -deficiency does not result in counter selection against MZ B
cells lacking R acl, it would be reasonable to assume that these cells also lacked R acl,
and that the absence of R acl activity had no discernable effect on MZ B cell
development.

With regards to the B -la B cell compartment, the deletion efficiency cannot be readily
assumed to be good. The developmental origin of this subset remains contentious
(Hayakawa and Hardy, 2000). However, the fact that B -la cells do express CD 19 implies
that they should also express the Cre transgene in Racl® mice, and again assuming the
absence of any counter-selective forces these cells should be deficient for R acl. So
assuming that in Racl® mice the marginal zone and B -la B cell compartments are
deficient for R acl, the absence of any discernable defect in their development supports
the conclusion that Racl plays little or no role in B cell development, in the presence of
Rac2.

4.4

Assessment of the conditional mutagenesis strategy employed

The Cre driver line used to restrict removal of Racl to the B cell lineage was the CD19Cre mouse line (Rickert et al., 1997). However, as mentioned previously, the fact that the
presence of this transgene results in the mice being heterozygous for CD19, could have
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contributed to the developmental phenotypes observed. CD 19*'' mice were reported to
have some reduction in the proportion of B 2 2 0 ^gM^ splenocytes, although this did not
result in a significantly reduced number of such cells (Engel et al., 1995). In the context
of BCR signalling, CD 19 is thought to set the threshold at which signals from the BCR
elicit functional responses, although the data published compared wild-type with CD 19 ^
mice (Cherukuri et al., 2001; Otero et al., 2003). It remains possible that CDI9heterozygosity is a sensitised background on which the developmental defects associated
with Rac2 and Raci-deficiency are more apparent.

Attempts were made to address the role of Racl and subsequently Racl and Rac2 in B
cell development using the inducible Mx-Cre mouse strain as an alternative Cre-driver
line (Kuhn et al., 1995). This would have provided a means of eliminating any
contributing role of CD7 9-heterozygosity towards B cell development in R a cP R a cl ''
mice. Here, the Cre-recom binase is driven by the M x l promoter, which is
transcriptionally activated in cells capable of responding to type 1 interferon (Hug, 1988,
(Kuhn et al., 1995). Initial observations of total bone marrow and spleen from 7^ac7"°'^"°*
M xl Cre* {R acï^) revealed highly efficient deletion of the Racl^°^ allele (data not
shown). It was felt that analysis of B cell development in R a cl^ mice induced to delete
Racl was not ideal as it was possible that the B cell compartment could be chimeric.
Determining the efficiency of deletion for cells that had responded to type 1 interferon
and deleted the Racl^°^ allele, and those cells that had not, would be difficult. However,
given that 7?ac7^” deletion was highly efficient in total bone marrow (and therefore by
assumption HSC precursors), a more favourable strategy of making bone marrow
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chimeras using sub-lethally irradiated hosts was adopted. Using this strategy, it was
hoped that issues regarding chimerism in the level of R acl deletion would be avoided, if
the founding HSCs were efficiently deleted for the Racl^°^ allele.

Whilst lymphocyte reconstitution in the blood was good when R a c l^ bone marrow was
used, reconstitution with R a cl^ R a c l' bone marrow was typically poor (data not shown).
This suggested that a combined deficiency of R a c l and R a cl in HSC precursors had
detrimental effects on their ability to function and reconstitute the immune system. This
is perhaps not too surprising because it has been previously reported that Æac2 -deficient
HSCs have a reduced ability to adhere to the bone marrow stroma as well as increased
motility (Yang et al., 2001). Furthermore, a recently published paper from the same lab
reports that transplanted Racl ' and Racl 'R a c l' HSCs fail to reconstitute the
haematopoietic system of sub-lethally irradiated mice, which with other data illustrates
the critical importance of both Racl and Rac2 in HSC function (Gu et al, 2003). Again
the authors utilised a conditional mutagenesis strategy to circumvent lethality, although
this was achieved using a different conditional R a cl allele. Therefore, as R a cl 'R a c l '’
HSCs are unable to reconstitute the B cell compartment, this strategy could not be used as
an alternative method with which to analyse R acl and Rac2 function in B cell
development.
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4.5

The role of Rac small GTPases in transducing signals required for
proliferation

My investigations into the ability of firstly R acl '' and subsequently RacV'Rac2 '' splenic
B cells to proliferate in response to various mitogens revealed a number of interesting
results. Firstly, it confirmed that Rac2 and Racl were involved in transducing signals
downstream of the BCR in mature B cells; defects in proliferation were observed over a
range of different concentrations of anti-IgM antibody. It is interesting to note that these
observations do not completely agree with the published data on the proliferative capacity
of splenic B cells. Croker et al. reported that Rac2-deficient B cells only exhibited a
proliferation defect at low concentrations of stimulating anti-IgM antibody. The defect
became ameliorated by a higher dose of mitogen (Croker et al., 2002b). This led the
authors to conclude that Rac2 has a role in establishing the threshold of signalling
responses downstream of the BCR. The mice used in the experiments by Croker et al. and
the ones presented in this thesis are both equally inbred onto a C57BL/6 genetic
background, meaning that the differences between our results cannot be simply explained
by differences in genetic background. It is possible that the differences could be partially
attributed to experimental design. Croker et al. purified splenic B cells using negative
sorting to remove all non-B lineage cells from the spleen. Hence the cells set up in their
cultures were only stimulated by anti-IgM. For my experiments, I purified B cells by
positive selection, staining B cells with antibody specific for the B cell marker B220,
which could have stimulated this transmembrane protein phosphatase.
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4.6

The role of Rac small GTPases in transducing signals required for
survival

I have shown that defective BCR-induced proliferation in Rac2 '' and R a c r 'R a c l '' B
cells is a consequence of both reduced survival and entry into cell cycle. We have
recently shown that this is because of reduced BCR-induced CLND2 and Bcl-x^
expression in the absence of Rac2 and R acl (Walmsley et al., 2003). The latter
observation provides a mechanism to account for the survival defect. It was also
interesting to note that after 24 hours of cell culture, cultures treated with anti-IgM
antibody had significantly more dead cells than cells cultured in medium alone. It appears
that the BCR is capable of eliciting both anti- and pro-apoptotic signals in mature
recirculating follicular B cells. In wild-type BCR-stimulated mature B cells, Rac2 could
in principle deliver both anti-apoptotic signals (via the Bcl-x^ pathway), as well as proapoptotic signals.

The reduced viability seen in R a c l'' B cells could be a consequence of the absence of
Rac2 resulting in enhanced pro-apoptotic signalling, attenuated anti-apoptotic signalling
or both. Rac2-deficient mast cells have reduced cell survival following SCF stimulation
due to both increased levels and activation of the pro-apoptotic factor Bad. This is a
consequence of undetectable levels of Bcl-x^ in Rac 2 -deficient cells, which normally
inhibits the activity of Bad (Yang, 2000). The fact that Rac2-deficient B cells have
reduced activation of Bcl-x^ following BCR ligation suggests that the elevated level of
apoptosis seen could be a result of attenuated anti-apoptotic signalling, which in turn
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results in enhanced pro-apoptotic signalling. My results do not support the idea that Rac
is directly involved in pro-apoptotic signalling although such a possibility remains
possible. Studies in NIH 3T3 cells that express constitutively activate Racl reveals that it
causes apoptosis via the activity of caspase-3, the synthesis of ceramides and the de novo
synthesis of the FasL, which are all components involved in programmed cell death
(Embade et al., 2000). Furthermore, expression of constitutively active human Rac2 in
transgenic mice results in abnormal thymic development due to enhanced apoptosis in the
double negative compartment (Lores, 1997). It will be of future interest to analyse the
activity of both anti- and pro-apoptotic signalling elements in Rac-deficient B cells
stimulated not only through the BCR, but also through co-stimulatory receptors and
TLRs

4.7

The role of Rac small GTPases in transducing activation signals

The mechanisms by which absence of Rac2 and Racl result in signalling defects remain
to be elucidated. It is well known that there are 3 MAPK signalling cascades in operation
following BCR engagement; ERK, p38 and INK. A plethora of data has been amassed
implicating the supposed importance of Rac-family small GTPases in each of these
signalling cascades (Van Aelst and D'Souza-Schorey, 1997). Work by others in this lab is
beginning to reveal a number of signalling defects downstream of the BCR in Rac2 and
R a c 7-deficient B cells. For example, INK phosphorylation and its subsequent
translocation into the nucleus are defective in Rac2-deficient B cells following BCR
stimulation (L. Reynolds & V.Tybulewicz, manuscript in preparation).
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4.8

The role of Rac small GTPases in calcium mobilisation

One clear BCR-mediated signalling defect that was observed in the absence of Rac2 was
in IPg-mediated release of calcium from the intracellular stores. Radio-labelling assays
have revealed that the generation of IP 3 is reduced in Rac2-deficient B cells following
BCR stimulation (L. Reynolds & V.Tybulewicz, manuscript in preparation). This could
be a consequence of reduced activation of PI3-K activation, which has been shown to be
defective in both RacT'' and R a c T 'K a c l '' B cells (Walmsley et al., 2003). PI3-K is
known to be required for BCR induced calcium mobilisation, by virtue of the generation
of PIP 3 and its importance in recruiting PLCy2 and its activating kinase Btk (Kurosaki et
al., 2000). The defect in calcium mobilisation in /?ac2-deficient B cells presented is
different to that published by Croker et al, where they noted reduced BCR-induced
calcium mobilisation in Rac2-deficient B cells only at low doses of stimulating antibody.
It should be noted that they used a biotinylated anti-kappa light chain antibody, followed
by avidin in order to trigger BCR cross-linking and calcium mobilisation (Croker et al.,
2002b). Differences in the way in which the BCR is triggered could account for the
discrepancy between the published results and those presented here. For example, CD19deficient B cells stimulated with antibody that binds sIgM have no apparent deficit in
calcium mobilsation (Sato et al., 1997). However, a defect is apparent in CD79-deficient
B cells if an antibody that engages all surface immunoglobulin is used to induce calcium
mobilisation (Buhl, 1999).
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The finding that R a c r 'R a c l '' splenic B cells are able to mobilise calcium with equal
efficiency as R acl '' cells is surprising and can be accounted for by several explanation.
Firstly, Racl may play no role in BCR-induced calcium mobilisation. Secondly, R acl
does play a role, but the remaining functional Racl allele results in enough Racl protein
to transduce calcium mobilisation signals in the absence of Rac2. Thirdly, there may be a
further reduction in the ability of R a c r'R a c T '' B cells in their ability to mobilise
calcium, but this defect may be very subtle. It is worth noting that these cells came from
mice on an outbred genetic background and that the dose of anti-IgM antibody used to
stimulate these cells was relatively high (33p,g/ml). In general, subtle phenotypes are
more apparent on inbred genetic backgrounds, so it remains possible that analysis using
R a cr''R a cl '' B cells from mice with a more uniform genetic background and lower
doses of stimulating antibody could reveal a role for Racl in the transduction of BCRinduced calcium mobilisation. As an illustration of the importance of genetic background,
differences in B cell development and function have been noted between wild-type
C57BL/6 and 129/Sv mice (Corcoran, 1999) and the genetic background of both strains
are present in the RacT''Racl '' mice used in the experiments presented.

4.9

The role of Rac small GTPases in LPS and IL-4 and CD40
signalling

B cell proliferation can also arise through the stimulation of other receptors, separate
from the BCR. In vitro, proliferation can be achieved using anti-CD40 antibody and IL-4,
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both of which act synergistically. This was found to be defective in /?ac2-deficient B
cells, implicating the involvement of Rac2 downstream of CD40 and IL-4 signalling. The
IL-4 receptor is a heterodimer composed of the IL-4Ra and yc (Lin et al., 1995).
Following ligation, protein kinases are activated, resulting in the phosphorylation and
activation of at least two molecules. One is the Signal Transducer and Activator of
Transcription (STAT) family member STAT 6 , which is thought to transmit signals
through the p38 MAPK signalling pathway to transduce proliferation associated
responses (Marshall et al., 1998). The other molecule activated is an Insulin receptor
substrate (IRS)-related protein termed 4PS, which interacts with SH2 containing proteins,
including the adaptor molecule Grb2 and the regulatory p85 subunit of PI3-K (Takeda et
al., 1996). Whilst it is important to bear in mind that the signalling circuits downstream of
different receptors are likely to be qualitatively different, our observation that BCR
induced PI3-K activation is defective in Rac2-deficient cells (Walsmley, 2003) provides a
hint as to where Rac2 could be playing a role in IL-4 signalling. CD40 is a member of the
TNF family of receptors, and its stimulation results in the activation of a number of
signalling molecules, such as PI3-K, PLCy2, Src and Syk family kinases and NF-kB
(Grammer, 2001). The latter is the most extensively studied pathway in the context of
CD40 signalling, where it requires the activation of members of the TRAF family of
molecules, particularly TRAF2 and TRAF5 (Ishida et al., 1996; Rothe et al., 1995). As
with lL-4 signalling, it remains to be seen how Rac2 transduces CD40 signals.

Although there was no substantial reduction in LPS-induced proliferation in Rac2'' B
cells from mice on a C57BL/6 genetic background, it was found to be reduced in Rac2'^'
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B cells isolated from mice on a 129/Sv and C57BL/6 segregating genetic background
Proliferation was even more reduced in R a c r'R a c T '' B cells, suggesting that Racl can
compensate for Rac2’s activity in transducing LPS induced signals. Again, differences in
the genetic background of the cells analysed could account for the magnitude of the
differences in these two observations. Bacteria-derived molecules are known to induce
potent proliferative responses, acting through the Toll-Like Receptor (TLR) family of
proteins and stimulating (amongst others) the NF-kB signalling cascade (Imler and
Hoffmann, 2001). LPS is thought to bind to TLR4 but the mechanism linking this to NFkB activation has yet to be fully resolved. More is known about signalling through TLR2,
which recognises peptidoglycans and lipoproteins. Interestingly, TLR2 activation of the
NF-kB signalling pathway is dependent on Racl activity, because of its role in PI3-K
activation (Arbibe et al., 2000).

4.10 The role of Rac2 in BCR-mediated induction of CD69 expression

The up-regulation of cell surface expression of the activation marker CD69 is another
indicator of BCR-induced B cell activation (Risso, 1989). Whilst the precise function of
CD69 is unknown, in T cells at least, it is thought to be important in assisting TCRmediated signalling, and its ligation alone is capable of triggering signalling events such
as calcium mobilsation (Testi, 1989). The finding that Rac2-deficient B cells failed to
adequately up-regulate CD69 expression following stimulation with several types of antiIgM antibody (monoclonal and polyclonal) is not too surprising, as CD69 up-regulation
was found to be defective in Viav7-deficient T cells (Zhang, 1995).
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4.11 The role of Rac-family members in BAFF-mediated survival of
immature B cells

BAFF has previously been reported to act as a survival factor, capable of inducing the in
vitro survival of a number of different developmental B cell subsets, including bone
marrow immature B cells (Batten et al., 2000; Hsu et al., 2002; Khare et al., 2000; Moore
et al., 1999; Rolink et al., 2002; Schneider et al., 1999; Thompson et al., 2001). This
survival-inducing ability was confirmed and found to be reduced in R a c l^ R a c l''
immature B cells, which I subsequently showed was because of reduced expression of
BAFF receptor(s). It should be noted though that there was a potential caveat to the
method used. Cells were purified on the basis of B220, IgM and IgD expression, and
immature B cells were identified as being B220TgMHgD . In other words, IgM labelling
also resulted in BCR triggering. Identification and resolution of bone marrow immature B
cells necessitated the use of an anti-IgM antibody. Whilst sorting on the basis of CD21
and HSA expression would have avoided labelling and potentially triggering the BCR, it
would not have allowed me to separate the pro-B and pre-B compartments from
immature B cells. One could therefore argue that the BAFF-induced survival that I
reported was actually a rescue of BCR-induced apoptosis of immature B cells and that
reduced survival in Racl^Rac2 '' immature B cells was due to the inability of BCRstimulated immature B cells to respond to a BAFF-mediated signal. Splenic T1 cells
(which on the basis of cell surface expression are phenotypically identical to bone
marrow immature B cells) usually die when stimulated with anti-IgM (Allman et al.,
2001; Su and Rawlings, 2002). However, pre-incubation of T1 cells in BAFF before
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stimulating with anti-IgM results in proliferation (i.e. BAFF rescues splenic T1 cells from
BCR-induced apoptosis) (Rolink et al., 2002). To prove that BAFF was not merely
rescuing bone marrow immature B cells triggered to die by negative selection, the same
experiment could be repeated, but fluorescently conjugated anti-IgM (F(ab’) fragment
antibody could be used to label IgM^ cells, without cross-linking and triggering the BCR.
In this way, a BAFF-mediated response alone could be analysed.

Whether or not Rac proteins are involved in transducing BAFF-derived signals from the
immature B cell stage onwards remains unknown. The fact that Rac2 '' and R acl^R acl ''
immature B cells bind BAFF less effectively than wild-type cells, poses a problem for
determining if Rac2 and Racl are involved in transducing BAFF-mediated signals for B
cell survival during development and future signalling studies. In the case of signalling,
any defects in BAFF signalling that are found could merely reflect the reduced
expression of BAFF receptor(s). A potential means of assessing the involvement of Rac2
and Racl in transducing BAFF-mediated signals could be to enforce the expression of the
various BAFF receptors in B-lineage cells. This could be achieved using retroviral
infection of bone marrow from Rac2 ' and RacPRac2 ' (or Racl^''Rac2'') mice and
generating bone marrow chimeras using irradiated hosts. The ability or inability of
enforced BAFF receptor expression to rescue the developmental block at the immature
stage could potentially reveal the involvement of Rac2 and Racl in BAFF signalling .
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Why BAFF signalling cannot account for the B cell defect in R a c deficient mice

A/wysnj mice express BAFF-R that is non-functional and as such is unable to transmit
BAFF-derived signals during B cell development. These mice contain almost no mature
recirculating follicular B cells, due to a block at the splenic T1 to T2 transition. They also
possess a marginal zone B cell deficiency, although peritoneal B -la cell development is
unperturbed. (Miller et al., 1991; Miller et al., 1992; Lentz et al.„ 1996; Lentz et al.,
1998; Thompson et al., 2001). Racl^Rac2 ' mice possess very few mature recirculating
follicular B cells, but are blocked earlier at the immature to T1 transition. Like A/y^ys^
mice, they also lack marginal zone B cells, but in contrast there is also an absence of Bla cells. Hence it is clear that while defective BAFF-mediated signals could provide a
minor account for the B cell developmental phenotypes reported in Rac-deficient mice, it
is probable that this is secondary to defects downstream of other receptors, particularly
the BCR. Additional data also argues against the claim that defective BAFF-R signalling
can completely account for the developmental phenotype of Racl^Rac2 '' mice. Analysis
of BAFF receptor expression reveals that at the T1 stage (defined according to the
Allman method of sub-setting), BAFF-R expression is low, whilst TACI and BCMA
levels are high (Hsu et al., 2002). Given that T1 B cells are held to be the immediate
descendents (or even the same cell type, but in a different anatomical location) of bone
marrow immature B cells, this would seem to pose a problem. However, the issue of
lineage at this stage is controversial, in that bone marrow immature B cells are probably
not a uniform population. The processes of positive and negative selection are likely to
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generate a heterogenous mix of cells. In support of this, immature B cells can be further
subdivided into CD23' and CD23^ cells, which differ in their ability to bind BAFF and
therefore the cell surface expression levels of the different BAFF receptors (Hsu et al.,
2002). Taken together though, it is clear that the B cell developmental defects in Racdeficient mice presented cannot be solely accounted for by defects in BAFF signalling.

4.12 A tentative model for the functions of Racs in B cell development

The results published by Smith and Cancro. show that BCR signalling in mature B cells
causes the up-regulation of BAFF binding, because of the specific up-regulation of
BAFF-R (Smith and Cancro, 2003). In agreement with this, I too have been able to
observe an up-regulation of BAFF binding ability in BCR-stimulated splenic mature
recirculating follicular B cells, which is defective and further exacerbated in Rac2'' and
Racl^' RacT'' cells, respectively. This has since been shown to be a result of reduced and
failed induction of BAFF-R expression at the level of mRNA (Walmsley et al., 2003).
With this in mind, and in an attempt to account for the developmental defects observed,
my proposal is that a major (though by no means only) consequence of Rac-deficiency is
abrogated BCR signalling. This has a strong effect on either the generation and/or
maintenance of B -la B cells. At the immature B cell stage, this causes defective positive
selection, resulting in counter-selection against cells unable to transduce a BCR-mediated
signal, and (in the context of R acl^RacT'' mice) against cells that have deleted both
copies of their Racl^°'^ alleles One aspect of positive selection that arises as a
consequence of BCR signalling is the up-regulation of BAFF-R expression. This is
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defective in R ac2'\ R acV ‘'Rac2 '' and Racl^RacT'' immature B cells, which reduces their
ability to respond to BAFF-derived survival signals. In Rac2 '' mice, this results in
reduced numbers of T1 cells. This is in contrast to the situation in A/^ysnj niice where the
inability to elicit BAFF-R derived signals does not pose any problems at the bone marrow
immature B cell stage presumably because BCR signalling is intact. The fact that there is
no defect at the immature stage in R a c 2 '\ Racl^'RacZ'' and Racl^Rac2 '' mice also
supports the notion that BAFF-R signals at this stage are not critical for survival, but it
does begin to cause survival problems in the T1 compartment.

In normal B cell development, there is no proliferative expansion at any of the splenic B
cell stages of development (excluding activated B cells) and the persistence of ‘qualitycontroT checkpoints (Allman et al., 2001) results in reduced numbers of mature
recirculating follicular B cells in Rac2 '', R a c r ' Rac2 '' and Racl^Rac2 '' mice. The MZ
compartment is not only affected by a reduction in the number of splenic progenitor cells
and in the level of MZ B cell survival, but also by Rac2-deficiency resulting in defects in
the chemokine and integrin signalling events necessary for correct MZ B cell
development. All of these defects are increased in severity in R a cr'R a cT '' and
Racl^Rac2 '' mice. In A/^yg^j mice, there is a complete block at the T1 to T2 transitional,
because BAFF-R derived signals are essential for survival beyond the T2 stage, which is
manifest by an absence of both MZ and mature recirculating follicular B cells. As BCR
signalling is not defective in A/^ysnj mice, B -la development is unperturbed.
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One of the predictions of this model is that other mouse lines containing mutations in
signalling molecules involved in the transduction of BCR-derived signals should also
have reduced BAFF receptor expression and therefore BAFF-binding ability in bone
marrow immature B cells. To test this prediction, we have looked at the BAFF-binding
ability of B cells from S'y^-deficient mice. Such mice exhibit a complete block in B cell
development from the immature B cell stage onwards, thought to be consequence of an
inability to transmit BCR-mediated signals, crucial for positive selection (Turner et al.,
1995; Turner et a l, 1997a). The finding that 5yÂ:-deficient immature B cells have reduced
BAFF-binding ability compared to wild-type immature B cells supports our hypothesis
(Walmsley et al., 2003). Note that this model posited cannot account for all of the
phenomena associated with both positive selection and negative selection.

4.13 Other explanations for the B cell developmental phenotype in
Rac-deficient mice

Although adult B cell lymphopoiesis arises in the bone marrow, it culminates in the
spleen. As well as receiving survival signals from the BCR (and presumably other
receptors), immature B cells must detach from the bone marrow stroma and migrate
through the marrow sinusoids and out into the circulation. Once out of the bone marrow,
these cells must respond to the appropriate chemokines and correctly migrate to the
spleen, entering through the red pulp and complete their maturation in the splenic follicle.
It is conceivable that Rac2 and Raci-deficiency could also have an effect on one or more
of these processes. As well as transducing BCR-derived signals, there is evidence that
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they are involved downstream of GPCR (Akasaki et al., 1999), Bernard, 1999), TNF
(Auer et al., 1998; Bagrodia et al., 1995a; Coso et al., 1995) chemokine receptors (Croker
et al., 2002a; Croker et a l, 2002b) and integrins (Brenner et a l, 1997; Fukui et a l, 2001;
Kiyokawa et al., 1998), all of which are involved in adhesion and migration. Given the
possible involvement of Rac-family members in TNF signalling and that lymphoid
development is dependent on the normal function of endothelial and stromal cells (the
function of which in are dependent on TNF signalling) it is worth noting that the
deficiencies observed in Rac2 ' and Racl^Rac2 '' splenic B cell subsets were not due to
aberrant splenic micro-architecture. Immuno-histological analysis revealed the correct
organisation of the splenic marginal zone, PALs and follicles, but recapitulated the
defects observed by flow cytometry (Walmsley et al., 2003)

In vivo survival and migration

The data that I have presented on the role of Rac2 and R a d in BCR-induced survival was
determined by in vitro experimentation. It would be of interest to be able to follow the
turnover of the different developmental stages in vivo, as this could provide additional
information as to the effect of Rac-deficiency during the different stages, and perhaps
provide hints as to whether or not a migratory defect exists in these cells. One would
predict that at the stages when BCR mediated signals are required for developmental
progression, that there would be reduced survival of cells defective in their ability to
transmit such a signal. An established method for following the rate of B cell turnover is
the incorporation of the thymidine analogue 5-bromo-2’-deoxyuridine (BrdU), which can
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be detected by intracellular staining with BrdU-specific antibody (Wynford-Thomas and
Williams, 1986). A ‘pulse-chase’ protocol can be employed to follow the rate of turnover
of different B cell sub-populations. The ‘pulse’ period results in the labelling of cells in
cell cycle (Fraction C ’ pro-B cells as well as activated B cells) and by analysing the
amount of BrdU in non-cycling compartments at different time points during the ‘chase’
period, one can determine their rate of turnover.

On the basis that BCR-mediated signalling and therefore survival is reduced in Rac2 ''
and Racl^' RacT'' mice, one would expect that the level of survival in the splenic B cell
compartments are reduced, and therefore the rate of turnover of both the transitional and
mature compartments to be higher. Such an experiment could be performed using
Racl^Rac2 '' mice, although the observation that these cells are not completely deleted
for the Racl^°'' allele could result in more ambiguous interpretation of the data. It is
interesting to note that Pasparakis et al. conducted such an analysis on splenic B cells
deficient for members of the IKK complex IKK2 and NEMO (Pasparakis et al., 2002).
Owing to the lethality caused by the deficiency in both of these genes, the authors
employed a conditional mutagenesis approach, also using the CD19-Cre driver line to
target deletion in B lineage cells. The involvement of NF-kB signalling downstream of
the BCR is well documented (Gerondakis et al., 1999) and in the absence of either of
these molecules, the authors report severe reductions in the splenic B cell compartments,
as well as counter-selection against cells that have deleted the conditional allele
(Pasparakis et al., 2002). Of particular pertinence, they found that the reduced cell
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numbers were a consequence of increased splenic B cell turnover due to reduced BCRmediated signalling in the absence of IKK2.

Alternatively, if I were to observe that the turnover rate of splenic T1 cells in the various
Rac-deficient mice were the same as that in wild-type mice, this would also be an
interesting result, suggestive of migratory defects. BrdU incorporation into different cell
types adheres to an input-output model. The amount of BrdU at a particular
developmental stage is a consequence of cell differentiation from precursor stages
(input), as well as differentiation into the next stage and cell death (output). Finding that
the level of BrdU incorporation in Rac-deficient splenic B cells is not different compared
to wild-type cells (coupled with the observations that Rac-deficiency results in reduced
numbers of splenic B cells), would imply that there must be many fewer cells reaching
the spleen and those that arrive display wild-type survival dynamics. Such a ‘homing’
defect would not be wholly unanticipated because of the well-documented role of Rac
small GTPases in migration, although it would be difficult to determine where the cells
were going, instead of correctly ‘homing’ to the spleen from the bone marrow. It might
be possible to address migration and entry into the spleen using cell transfer experiments.
One could sort bone marrow immature B cells from Racl^'RacX'' and/or R acl^R acl ''
mice and inject them into wild-type mice. The donor cells could be distinguished from
host cells by virtue of labelling with a detectable dye, or even on the basis of the
polymorphisms in the expression of cell surface molecules (e.g. Ly5.1 versus Ly5.2).
Whilst such a method would not provide information about migration out of the bone
marrow, it could yield information regarding the ability of Rac-deficient immature B
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cells to correctly home to and enter into the correct splenic compartments. Clearly, BrdU
labelling of B cells would be an interesting avenue to pursue as part of future
investigations.

4.14 Does R acl play specific roles in the presence of Rac2?

One of the aims of my thesis has been to address the issue of functional redundancy and
compensation between Racl and Rac2. In the context of B cell development, Rac2 is
clearly the more important of the two molecules as defects were only observed in Rac2deficient and not in Racl^ mice. Furthermore, it appears that a mechanism by which
Rac2-deficiency is compensated for following BCR-ligation is by the hyper-activation of
Racl activity (Walmsley et al., 2003). This was not reciprocated in R a c P B cells, as
Rac2 activity was found to be comparable to that observed in wild-type B cells. We have
also noticed differences in the activities of both Racl and Rac2 in unstipulated and BCRstimulated B cells Whilst Rac2 appears to be constitutively active, Racl activity is
inducible (Walmsley et al., 2003). These observations suggest that despite their high
degree of similarity, there may be differences in their involvement in signalling
pathways, at least downstream of the BCR. The data I have presented confirms their
ability to participate in the same or similar activities; obviously, as Rac2-deficient mice
have a noticeable abnormality in B cell development, it would imply that either Racl
cannot elicit the same downstream signalling events as Rac2, or that it does so less
efficiently. It will be of future interest to determine what unique signalling activities each
Rac-family members possesses.
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Given that Racl^ mature recirculating follicular B cells are well deleted for the
allele, and are therefore a good source of

-deficient B cells, it will be interesting to

assess the functional consequences of /?ac7-deficiency on BCR-induced B cell activation.
Initial analysis of BCR induced proliferation in Racl^ B cells has revealed that these cells
hyper-proliferate compared to wild-type B cells (data not shown) and taking into account
the published data, is surprisingly not due to hyperactivity of Rac2 in the absence of
R acl. It is possible that the absence of Racl could result in a reduction in signalling
pathways that have a negative/regulatory role in BCR signalling, or there could be
alterations in the sub-cellular localisation of Rac2, which, whilst not affecting its level of
activation, could affect its ability to interact with downstream effectors. The claim that
Racl and Rac2 can have unique functions is supported by the analysis of R a cl '' and
R a cl'' HSC precursors. Here it has been found that /?ac2-deficient HSCs are defective in
SCF induced survival, whilst Racl-deficient cells are not. In contrast, R ac/-deficient
cells are defective in SCF-induced proliferation, whilst /?ac2-deficient cells are
unaffected (Gu et al., 2003).

4.15 Comparing the roles of Vav- and Rac-family members in B cell
development and activation

Given that Rac-family members are direct effectors of Vav family members, one would
expect that they are sequentially involved in various signalling pathways and that
deficiencies in either Vav or /?ac-family members should phenocopy one another. Apart
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from an absence in B -la cells (Gulbranson-Judge et al., 1999; Tedford et al., 2001), mice
deficient for the haematopoietic specific Vavl possess no deficiency in the numbers of
splenic T1 or T2 cells, although there is a reduction in the number of mature B cells;
whether or not there is a deficiency in the marginal zone B cell compartment is unknown
(Doody et al., 2001; Tedford et al., 2001). This reduction is attributed to functional
compensation by Vav2 in the absence of Vdv7 because Vavl ' Vavl '' mice possess more
severe reductions in the number of splenic T l, T2 and mature B cells (Tedford et al.,
2001), which is similar, although not as severe phenotype as that observed in Racl^RacX
'' mice. Functionally, VavV’’ and Vavr' VavT'' B cells proliferate poorly in response to
BCR stimulation, which is similar to that observed in Rac2 '' and RacR''Rac2 '' B cells.
However, unlike Rac2'' B cells, V avr''V av2'' B cells do not exhibit BCR-induced
calcium mobilisation. Vdv2-deficiency has no effect on B cell development or activation.

Hence it appears that there are anticipated parallels between the phenotypes observed in
Vav- and Roc-deficient mice, as well as obvious differences, including the differential
importance of Vav- and Rac-family members in calcium mobilisation. Vav2 (like Racl)
is ubiquitously expressed (Scheubel, 1994) but unlike R acl, Vov2-deficiency does not
result in embryonic lethality (Doody et al., 2001; Tedford et al., 2001). Vavl (like Rac2)
is only expressed in the haematopoietic system (Bustelo, 1996) and deficiencies in either
result in reduced BCR signalling and defects in B cell development, although Rac2 seems
to be more crucial than V avl in both respects. From the published data and the results
presented in this thesis, Rac2 and R acl are the most important Vav effectors in the
context of BCR signalling during B cell development and activation. The fact that in the
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absence of Rac2 and Racl mature recirculating follicular B cells cannot develop but they
can develop in the absence of Vavl and Vav2 could be explained by Vav3 being able to
ineffectively transduce BCR-mediated signals to Rac2 and R acl. A reasonable prediction
then is that in Vavl ' Vavl ' VavS '' mice, B cell development should be completely
blocked at the immature to T l transition, as in this case, neither Rac-family member
could be aetivated downstream of the BCR.
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4.16 Conclusions

The goal of my thesis was to try and further understand the role of Rac small GTPases
during the course of B cell development, and also their function in the activation of
mature B cells following stimulation through the BCR. Analysis of Rac2-deficient mice
revealed that there were problems in the generation and/or maintenance of the 3 major
mature B cell subsets; the B -la MZ and mature recirculating follicular compartments.
This finding was in accordance with previously published results. The ability of the
highly homologous Racl to compensate for the lack of Rac2 during B cell development
was addressed using two strategies. The first was by the use of a conventional knockout
approach. Mice carrying a R a c l null mutation were bred to /?ac2-deficient mice to
generate viable Rac 7-heterozygous mice on a Rac2-deficient background. Such mice
retained the B -la and marginal zone B cell deficiencies previously observed, but also
exhibited a more severe reduction in the mature recirculating follicular compartment,
relative to Rac2-deficient mice. This increase in severity supported the claim that Racl
could compensate for the lack of Rac2 during mature B cell development.

The second attempt to address the issue of Racl compensation was to employ conditional
mutagenesis. Assessment of both B cell development and deletion efficiency of the
conditional Racl allele {Racl^^^) in Racl^Rac2 '' mice, revealed a developmental block at
the immature to T l transition and the absence of mature recirculating follicular B cells
lacking both Rac2 and Rac 7. The mature B cells that were detected in these animals
exhibited very poor deletion of the Rac7"°" alleles. This was not a consequence of the
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poor efficiency of the Cre recombinase-mediated deletion, as mature B cells from mice
containing the Racl^°^ allele on a Rac2 wild-type background {Racl^ mice) exhibited
highly efficient deletion. The finding that the level of

deletion in immature B

cells in Racl^Rac2 '' mice was comparable to that measured in Racl^ mice suggested that
Rac2 and

-deficient B cells were subjected to strong-counter selection after the

immature B cell stage.

My observations that Rac2 and Æac 7-deficiency resulted in defects in several major
indicators of B cell activation (BCR induced proliferation, calcium mobilisation and upregulation of the activation marker CD69), confirmed that Rac2 was capable of
transducing BCR signals in mature B cells, and that R acl could compensate for the
absence of Rac2. This led me to propose that the mechanism resulting in the defects in B
cell development observed in Racl^Rac2 ' mice was primarily due to defects in positive
selection at the immature B cell stage. A proposed aspect of positive selection is that
immature B cells with a signalling-competent BCR may be able to up-regulate expression
of the receptor(s) that bind to BAFF, a crucial B cell survival factor. This hypothesis is
supported by two separate findings. Firstly, that BAFF-binding ability is reduced on
7?flc2-deficient and Racl^Rac2'' immature B cells and secondly, that 7?<3c2-deficient
mature recirculating follicular B cells exhibit attenuated up-regulation of BAFF binding
ability following BCR-engagement, which is further exacerbated in Racr''Rac2 '' mature
B cells. Future issues to resolve include the rate of turnover of the different B cell
developmental subsets in various 7?<2c-deficient mice and whether or not other aspects of
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B cell development (such as migration) are at fault, the involvement of Rac2 and Racl in
BAFF-mediated signalling, and the unique roles of Rac2 and Racl in B cell activation.
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The R ad guanosine triphosphatase (GTPase) has been Implicated In multiple
cellular functions, Including actin dynamics, proliferation, apoptosis, adhesion, and
migration resulting from signaling by multiple receptors. Including the B cell antigen
receptor (BCR). We used conditional gene targeting to generate mice with specific
R ad deficiency In the B cell lineage. In the absence of both Rad and the highly
related Rac2, B cell development was almost completely blocked. Both GTPases
were required to transduce BCR signals leading to proliferation, survival and upregulatlon o f BAFF-R, a receptor for BAFF, a key survival molecule required for B
cell development and maintenance.
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pre-BCR play critical roles in this process (7).
The Rac GTPases (Racl, Rac2, and Rac3) have
been implicated in a variety of signaling pro
cesses, downstream of multiple receptors (2).
However most of tiiese insights have come
from studies using cell lines and overexpression
of dominant active, or negative GTPases, with
unclear specificity. A role for Rac2 in B cell
development was demonstrated in targeted
mice, which showed defects in marginal zone
and peritoneal B1 cells (3). Although recent
studies have reported activation of Racl after
BCR stimulation {4\ establishing the function
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of this ubiquitously expressed GTPase has been
hampered by embryonic lethality in gene tar
geted mice (5). To evaluate the role of Racl in
B cell development and activation, we generat
ed mice bearing a conditional inactivation of
the Rac] gene in the B cell lineage.
Homologous recombination was used to in
troduce loxP sites flanking exons 4 and 5 of the
Racl gene (Rac/"”’') (fig. SI, A and B) (6).
Mice bearing a deleted allele of Racl were also
generated (Racl^). /(ac/"”"^"”’' mice were
crossed to CD19^’^ '^ mice with B lineagespecific Cre recombinase expression (7). In the
resultant Racl^°’^^°^CDIÇ^^'+ {RacI^) mice,
the Racl gene was efficiently deleted in B cells
(fig. SIC), resulting in little or no Racl protein
(fig. SID). Because Racl and Rac2 are highly
homologous, a deficiency in one might be com
pensated by an increase in either the total
amount or activation of the other. Analysis of
Racl-deficient B cells showed no change in
either total or activated Rac2 (fig. SI, D and E).
In contrast, despite unchanged levels of Racl,
Rac2-deficient B cells showed increased BCRinduced Racl activation (fig. SIF), suggesting
hyperactivation of Racl may compensate for
the lack of Rac2.

Fig. 1. Defective B cell
development in the
absence of Racl and
Rac2. (A to C) Flow
cytometric analysis of
cells from R a c T ^ '^ -

Numbers of B lineage cells in bone marrow,
spleen, and lymph nodes of Racl^ mice were
similar to those in control mice (Fig. 1, A to D;
fig. S2, A to C). To circumvent potential effects
of redundancy, Racl'^ mice were crossed with
Rac2-deficient mice {Rac2~'~) (8). Again, no
significant change in pro-B, pre-B, or immature
B cell numbers was seen in Racl^Rac2^‘~ mu
tant mice (Fig. 1, A and D; fig. S2A), suggest
ing that Racl and Rac2 are not required for the
generation and expansion of early B lineage
progenitors, though we have not directly deter
mined Racl levels in mutant pro-B cells due to
their limited availability.
In contrast, profound abnormalities were
observed at later developmental stages.
RacJ^Rac2^~ mice had diminished numbers of
splenic transitional type 1 and 2 (T1 and T2)
and mature recirculating follicular B cells (Fig.
1, B to D; SOM Text 1). Similar reductions
were also seen in mature marrow and lymph
node B cells (Fig. lA; fig. S2B). As previously
described, splenic marginal zone B cells were
reduced in Rac2~^~ mice (3), and this was ex
acerbated in Racl^Rac2~'~ mice (Fig. 1, B and
D). Immunohistological analysis confirmed an
absence of marginal zone B cells in both

Racl'^Rac2-<-

m

Rac2+/+C079'='=/+
(WT),

/?ac2+/+C079':'=/+
{R a c ia l
7?ac7+/+RacZ-'~CD19^^^'^
(/?ac2-'-), /?ac7"°"/"°\
Rac2r'-CD19'^^^'^
I \R acfB
[R a c l^R a c2 r'-)
mice,
Rac1^Rac2->all scatter-gated for
lymphocytes. Num
bers show percentages
of cells falling into
marked gates. (A) Ex
^ Racl^
Rac2+
pression of IgM and
Rac'R’Rac2-i
immunoglobulin
D
(IgD) on CD19 * bone
marrow cells. Gates
identify pro-B and
pro-B
pre-B
Immature
pre-B cells (IgM’ igD”),
immature B cells
Bone Marrow
Spleen
Peritoneal
(IgM ’ IgD-'*”'"), and
Cavity
mature recirculating B
cells (IgM+lgD^). (B) Expression of CD21 and CD23 on B220^ splenocytes. Gates identify marginal
zone cells (CD21+CD23 ) and all other B lineage cells (CD21-CD23- and CD21+CD23 +). B cells in
Rac1^Rac2~'~ mice show slightly higher CD23 and lower CD21 levels. The reasons for this are
unclear. (C) Expression of CD21 and heat stable antigen (HSA) on B220^ splenocytes gated as in
(B) to exclude marginal zone cells. Gates identify transitional type 1 (11; CD21-HSA*’'®*’), transi
tional type 2 (12; CD21^HSA*’'S*’) and mature recirculating B cells (CD21 ^HSA*”'") (27). (D) Graph
showing mean cell numbers in B cell compartments within bone marrow (two femurs and two tibia,
n - 4), spleen, and peritoneal cavity (n = 6). Numbers were determined using the gates shown in
(A) to (C) and in fig. 52. Error bars represent standard error of mean (SEM). Significant differences
in cell numbers between R acl^R ac2r'~ and WT or Rac2r'~ mice are indicated: * ,P < 0.01. (E) Graph
showing mean (±SEM) percentage deletion of the /?ac7"”’*allele from immature bone marrow cells
(Imm), splenic T1, and mature recirculating B cells (Mat) sorted from /?ac7® and R acl^R ac2r'~ mice
using gates shown in (A) and (C). Results shown are from five to nine independent measurements.
Significant differences are indicated: **, P < 0.001.
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Rac2~'~ and RacI^Rac2~^~ mice as well as a
severe reduction in mature follicular B cells in
RacI^Rac2~'~ mice (fig. S3). Finally, peritoneal
CDS"*" B cells (B1 cells) were reduced in
Rac2^'~ mice and absent in Racl^Rac2~'~ mice
(fig. ID; fig. S2C).
To determine whether the few mature B
cells remaining in Racl^Rac2~^^ mice were
Racl-deficient, or whether these were a minor
subset that had failed to delete Racl, we mea
sured the efficiency of Racl deletion in imma
ture bone marrow B cells, splenic Tl, and
mature B cells. Racl was very efficiently de
leted in RacI^ mature B cells, in contrast to
Racl'^Rac2^~ mice, which showed only 34%
deletion (Fig. IE), implying that few, if any,
had a homozygous deletion of Racl. In view of
the efficient deletion of Racl in immature
Racl^Rac2^~ B cells, these results demonstrate
strong counterselection against the deletion of
Rac! in Racl^Rac2~'~ but not Racl^ mice and
confirms that, in the absence of both GTPases,
B cell development is blocked at the Tl stage.
Signals from the BCR are critical for the
differentiation of immature B cells to splenic
Tl and mature B cells, termed positive selec
tion (/). Thus B lineage cells unable to generate
a BCR signal do not emigrate from the bone
marrow to the spleen {9-11). Therefore, we
determined whether BCR signaling defects
might underlie the developmental block in
Racl^Rac2~^~ mice and whether Racl and
Rac2 play a role in BCR-induced B cell activa
tion. Because there are no mature B cells defi
cient in both GTPases (Fig. 1, D and E), we
studied the responses of RacI^'*^Rac2~'^ and
Rac2~'~ B cells. BCR-induced proliferation was
impaired in Rac2^'~ cells and was further re
duced in RacI^^RacT^^ cells (fig. S4A). Con
sistent with the role for Rac GTPases in tumor
necrosis factor receptor (TNFR)- and toll-like
receptor (TLR)-family receptor signaling {12,
13), Rac2-^- and Rac]^^Rac2~^- B cells
showed reduced proliferation to signals gener
ated through CD40 and TLR4 (fig. S4B). Mu
tant cells proliferated normally to phorbol ester
and ionomycin, demonstrating no inherent de
fect in proliferative ability (fig. S4B). Thus,
both Racl and Rac2 transduce BCR signals,
and Rac2 transduces mitogenic signals fi-om
CD40 and TLR4.
Because Tl cells do not proliferate in re
sponse to BCR stimulation {14), the reduced
overall proliferation of RacI^'^Rac2~^~ cells
could reflect an increased proportion of Tl
cells. Therefore, our further studies used sorted
mature B cells. Because Rac proteins may con
trol either entry into cell cycle or survival (2),
we measured both parameters. In the absence of
stimuli, Rac-deficient B cells died at the same
rate as wild-type cells (Fig. 2A). In contrast,
/?ac2-' and Racl^'^Rac2~^~ B cells cultured
with antibody to immunoglobulin M (IgM)
showed decreased survival. Analysis of cell
division showed that the fraction of cells trig-
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gered through the BCR to divide (progenitor
frequency) as well as the mean number of
divisions (burst size) was significantly reduced
in both Rac2^~ and Racl'^^Rac2^^~ B cells
(Fig. 2, B and C; fig. S5B) and that Rac2^~ B
cells were arrested at the Gp-G, cell division
stage transition (fig. S6, A and B). Together
these data show that Rac 1 and Rac2 transduce
BCR signals required for both cell survival and
efficient cell cycle entry.
Vav-family proteins are guanine nucleotide
exchange factors for Racl and Rac2 activated by
antigen receptor stimulation (75). In Vavl~‘~ thy
mocytes and in Vav3~^~ chicken B cells, defects
in antigen receptor-driven calcium flux were as
cribed, in part, to defects in the activation of Rac
GTPases leading to defective phosphoinositide
3-kinase (PI3K) activation (76, 77). In agree
ment with this, we found that Rac2^'~ B cells
showed reduced BCR-induced intracellular cal
cium flux (fig. S7) and a partial reduction in
BCR-induced phosphoiylation of the Akt kinase
(a surrogate for PI3K activation), which was
further reduced in Racl^^Rac2^'~ cells (Fig.
2D). Akt has been reported to transduce survival
signals, in part through the induction of genes
such as Bc1-Xl {18). We found decreased induc
tion of Bc1-Xl in Rac2^^ and Racl^'^Rac2~^~
cells, which may, in part, explain their defective
survival (Fig. 2E). Finally, we found reduced
induction of the cell cycle regulator cyclin 02 in
Rac2~'~ cells, which was further reduced in
Racl^'^RacT'^ cells (Fig. 2E), consistent with
their reduced cell cycle entry.
Defective BCR signaling in Racl- and
Rac2-deficient B cells suggests that Racl and
Rac2 may transduce BCR signals that control
positive selection. Another critical requirement
for B cell development and survival results
from BAFF binding to one of its receptors,
BAFF-R (79). To determine whether defective
B cell development in Racl'^Rac2~'~ mice
might reflect compromised BAFF-R signaling,
we examined BAFF-induced survival of imma
ture B cells. Although BAFF allowed a consid
erable proportion of wild-type, RacI^, and
Rac2 '
cells to survive, almost all
Racl^Rac2^'~ immature B cells died (Fig. 3A;
fig. S8A). This defective BAFF-induced sur
vival could be due to compromised BAFF-R
signaling, or to the absence of the receptor
itself. To address this, we examined the ability
of immature B cells to bind BAFF. Although
wild-type and Racl^ immature B cells showed
similar levels of BAFF binding, this was re
duced in Rac2~'~ cells and further reduced in
RacI^Rac2-'~ cells (Fig. 3B; fig. S8B). These
studies cannot distinguish which of the three
BAFF receptors is depleted, but it is most likely
BAFF-R, because only mutations in this recep
tor cause decreased B cell survival (79) (SOM
Text 2). Hence we conclude that the defective
BAFF-induced survival of RacI^Rac2^~ im
mature B cells may be'caused by decreased
BAFF-R receptor expression.

Recent studies indicate that BCR stimula
tion up-regulates BAFF-R messenger RNA
(mRNA) (20). Taken together with our re
sults demonstrating defective BCR signaling
A
_

60-1

No stimulus

in Rac-deficient mature B cells as well as
reduced BAFF receptor expression and com
promised positive selection in RacI^Rac2~'~
immature B cells, we hypothesize that in
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Fig. 2. Defective BCR-induced proliferation, survival, and signaling in Racl- and Rac2-deficient B ceils. (A to
C) Mature splenic B cells of the indicated genotypes (sorted for B220^CD21 ^CD23^HSA'°^, as in Fig. 1C)

were labeled with CFSE (carboxyfluorescein diacetate succinimidyl ester), cultured for the indicated times
±antibody to mouse IgM (anti-IgM) F(ab%, and stained with T0-PR03 to identify viable cells. (A) Graphs
showing mean (±SEM) percentage viability of mature splenic Bcells, determined using a gate as in fig. S5A.
Error bars are too small to see. (B) Graph showing mean (±SEM) progenitor frequency in cultures stimulated
with anti-IgM F(ab')g. There was no detectable division at 24 hours. (C) Graph showing mean (±SEM) burst
size among those viable cells that had divided at least once. (D and E) Immunoblots of total cell lysates from
splenic B cells of the indicated genotypes stimulated with anti-IgM F(ab')g for the indicated times. (D)
Immunoblot probed with antiserum to pS473-Akt and reprobed with antiserum to Akt as a loading control.
(E) Immunoblots probed with antibodies specific to cyclin 02 or Bcl-x^ and reprobed with antiserum to ERK2
as a loading control.
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duce BCR signals to the
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Rac1^Rac2-lmRNA. (A) Immature s 20 • J^Rac2 -l^R a c i^ R a c 2 -lbone marrow B cells >
were cultured in the ab □ 10
sence (Medium) or pres
0
ence of BAFF. Graph
BAFF
Medium
BAFF
shows mean (±SEM)
percentage of live cells
5
(identified as in fig. S8A)
140-1
4
remaining after 72 hour
□ WT
culture. Each determina
1203
tion was carried out in
triplicate. Results repre •S 1 0 0 2
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(B) Graph showing
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mean (±SEM) fluores
cence intensity (MFI) of
immature bone marrow B cells (gated as in Fig. 1A) stained without (-) and with biotinylated BAFF. Results
show mean of five independent measurements. Significant differences in BAFF binding are indicated: *, P
<0.01. (C and D) Mature splenic B cells (B220^CD21^HSA^°" Fig. 1C) were cultured for 24 hours in the
absence (Medium) or presence of anti-IgM F(ab% antiserum and then stained with biotinylated BAFF, to
evaluate cell surface levels of BAFF receptors or to determine mRNA levels for BAFF-R. (C) Graph showing MFI
(±SEM) as a measure of BAFF binding. Significant differences in BAFF binding are indicated: **, P -0.029. (D)
Graph showing mean (±SEM) fold induction of BAFF-R mRNA in mature splenic Bcells after treatment with
anti-IgM relative to cells cultured in medium alone. A fold induction of 1 indicates no induction.
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immature B cells the BCR positive selection
signal may induce BAFF-R up-regulation and
that this occurs via Racl and Rac2. Consis
tent with this, Syk-deficient immature B
cells, which are also blocked at the immature
B cell stage due to an inability to transduce
the BCR positive selection signal {11),
showed a significant reduction in BAFF re
ceptor levels (fig. S9, A and B). To directly
examine whether Racl and Rac2 transduce
BCR signals to the up-regulation of BAFF-R
expression, we measured BAFF binding ca
pacity and the induction of BAFF-R mRNA
in BCR-stimulated B cells. Though wild-type
cells showed a robust increase in both BAFF
binding and BAFF-R mRNA, this was par
tially decreased in Rac2~'~ cells and further
reduced in Racl^'^Rac2^~ cells (Fig. 3, C
and D; fig. SIO). In contrast, mRNA levels
for TACI, a distinct BAFF receptor, remained
unchanged in all genotypes (27). Thus we
conclude that in mature B cells, Racl and
Rac2 transduce BCR signals for selective
up-regulation of BAFF-R mRNA.
Mice with a mutation in BAFF-R show a
40% reduction in the number of Tl cells and
severely decreased numbers of T2, mature
follicular B cells, and marginal zone B cells,
but normal numbers of B1 cells (22-25).
Thus defective BAFF-R expression cannot
fully account for the developmental block at
the immature-Tl transition and the absence
of B1 cells in Racl^Rac2~^~ mice. It is more
likely that these defects are due to compro
mised BCR signaling, because mutations that
disrupt BCR signaling typically result in re
duced B1 cell numbers (26) and failure to
synthesize a BCR or to signal from it elimi
nates all splenic Tl cells {9-11). Finally, our
results also show that there are notable dif
ferences in the phenotypes of Racl^Raclr'^
and Vavl~'^Vav2r'~ mice (75), suggesting
that in B cells these GTPases may be regu
lated by other exchange factors such as Vav3.
In conclusion, we have shown that Racl
and Rac2 GTPases play critical overlapping
roles in B cell development and BCRinduced activation. In mice deficient for both
proteins, B cell development is arrested at the
immature-Tl transition, consistent with de
fective BCR signaling. Furthermore, we have
shown that Racl and Rac2 transduce BCR
signals that control survival, cell cycle entry
and up-regulation of BAFF-R mRNA.
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