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Abstract

When a B cell encounters specific membrane-bound antigen, a series of signalling
events trigger cytoskeletal rearrangements, integrin activation and cell
polarisation. This, in turn, allows for B cell spreading and the formation of the
immunological synapse (IS) by segregation of the B cell receptor (BCR) and
integrins into domains known as central and peripheral supramolecular activation
cluster (¢cSMAC and pSMAC, respectively). While much is known about the
signalling pathways triggered by antigen recognition, evidence linking these

pathways to integrin activation and IS formation is lacking.

Here, confocal microscopy and biochemical approaches were used to dissect the
signalling pathways regulating integrin activation and formation of the B cell IS.
The obtained data reveals that membrane-bound antigen recognition by the BCR
triggers activation of the integrin leukocyte function-associated antigen 1 (LFA-1)
by a signalling mechanism involving tyrosine kinases, the GTP/GDP exchange
factors Vavl and Vav2, the small GTPase Rac2 and phosphoinositide-3 kinase
(P13K). By supporting LFA-1 activation, this pathway regulates B cell adhesion and
formation of the pSMAC at the IS. Furthermore, Vav1 is revealed as the master

regulator of B cell spreading.

B cell adhesion mediated by the integrin very late antigen 4 (VLA-4) and its
recruitment to the IS also rely on tyrosine kinase and PI3K activity. However, in

contrast to LFA-1, Vav and Rac proteins seem to have redundant functions.

Finally, engagement of LFA-1 and VLA-4 during the initial stage of membrane-
antigen recognition leads to tight B cell adhesion and therefore supports B cell
spreading when the amount of antigen is low. This may represent a critical
mechanism supporting efficient B cell activation in situations of limited antigen

availability.
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Chapter 1

1 Introduction

1.1 The Immune System

The immune system is the body’s own defence mechanism. It is composed of a
network of specialized tissues, cells and molecules that work together to develop
immunity, the ability to defend against invading pathogens and to resist

infections.

1.1.1 The Innate Immune System

Innate, or natural immunity is the first line of defence against invading pathogens.
It is present in each individual, at any given time. Innate immunity mediates the
early phases of the immune response against pathogens through a complex
cooperation of physical and chemical barriers, phagocytotic cells and natural
killer cells, blood proteins and cytokines. These innate components respond to
molecular patterns that are conserved in a large group of pathogens (Medzhitov

and Janeway, 1997).

1.1.2 The Adaptive Immune System

In contrast to innate immunity, adaptive immunity develops through the
recognition of specific structures on pathogens. The adaptive immune system
constantly evolves its capacity to respond to infection and acquires long-lasting
memory to rapidly protect the organism from reoccurring infections (Janeway et

al., 2005).

There are two subtypes of the adaptive immune system, called humoral and
cellular immunity: Humoral immunity is mediated by antibodies, which are
produced by B lymphocytes (B cells) and neutralise extracellular pathogens.
Cellular immunity is mediated by T lymphocytes (T cells), which eliminate
intracellular pathogens by killing infected cells. Furthermore, T cells play a central
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role in supporting humoral immunity by promoting the activation of B cells

(Janeway et al., 2005).

1.2 B Cells in the Adaptive Immune System

B lymphocytes take their name from the Bursa of Fabricius, which is the main
production site of B cells in birds and has been widely used as a model system
(Glick, 1991). B cells are 6-10 pm small, with a dense nucleus and little
cytoplasm. They are able to respond to a large variety of antigens due to the

expression of a unique antigen receptor — called the B Cell Receptor (BCR).

1.2.1 The B Cell Receptor (BCR)

Each B cell carries a unique BCR complex consisting of a variant and invariant
component, which is depicted in detail in Figure 1.1.

The variant part is a membrane-bound immunoglobulin (mlg) that determines the
antigen specificity of a given B cell. Each mlg consists of two heavy and two light
chains, both of which are composed of variable (V) and constant (C) portions
(Hombach et al., 1990). The variable portions of both heavy and light chains form
the antigen-binding site (see section 1.2.2 below).

The invariant part is the signalling component and consists of one Iga and one Igp
transmembrane protein, which form a disulfide-linked heterodimer that associates

noncovalently with the mig (Hombach et al., 1990), (Schamel and Reth, 2000).

1.2.2 BCR specificity: V(D)) Recombination

The need for a large repertoire of antigen-specific B cells carrying distinct
receptors is served by the mechanism of gene rearrangement. During B cell
development this process brings together gene segments coding for the variable

and constant parts of the mig (Figure 1.2).
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heavy chain

. antigen

variable antigen-binding site

portion

light chain

constant
portion

Figure 1.1 The B cell receptor (BCR)

This figure shows the composition of B cell receptor complex. It is composed of a variant
antigen-binding membrane-bound immunoglobulin (mlg) and the invariant signal-initiat-
ing transmembrane proteins Iga and one IgB. The mig consists of two heavy chains (blue)
and two light chains (red), which are composed of variable and constant portions. The vari-
able portions of both heavy and light chains form the antigen-binding site. Adapted from
Janeway et al., 2005.
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light chain rearrangements heavy chain rearrangements

\4 D J C

Figure 1.2 V(D)) recombination

This figure shows a simplified schema of V(D)) recombination of the light and heavy chain
genes. For light chain rearrangements: a variable (V) and joining (J) gene segment are
joined form a complete light chain variable region exon. The light chain constant region is
encoded in a separate exon and joined to the variable exon by splicing. For heavy chain
rearrangements: First, a diversity (D) and ) gene segment are joined, then the V gene sement
joins the D) segment, forming a heavy chain variable region exon. The heavy chain con-
stant region is encoded in several exons (depiced as one square) and joined to the variable
exon by splicing. Adapted from Janeway et al., 2005.
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The first step is the random recombination of a given D (diversity gene of the
heavy chain locus) segment with one J,, (joining) segment. At the next step a V,
(variable) segment is chosen to join a DJ,, pair. Finally, the p chain (C) is spliced
to a VDJ,, segment. If the assembly happens correctly, the heavy chain protein is
synthesised and associated with surrogate light chains. At later stages of B cell
development, the generation of the light chain follows that of the heavy chain by
a similar mechanism involving joining of V, and ), segments from one of the two
light chain loci (x or A) and splicing of the light chain (C,) segment. Thus, from a
limited quantity of genes, V(D)) recombination gives rise to a diverse population
of B cells. This diversity is even further increased by the addition or subtraction of
nucleotides at the junction of gene segments, also known as junctional diversity

mechanism (Janeway et al., 2005).

The result of these complex processes is the production of an IgM receptor
bearing heavy and light chain complementarity-determining regions (CDRs) in its
variable portion. These CDRs form the antigen-binding site and so determine the

antigen specificity of the receptor (Janeway et al., 2005).

1.2.3 B Cell Development

B cells are continuously generated throughout lifetime in the bone marrow from
haematopoietic stem cells (HSC), which differentiate into common lymphoid

progenitors (CLP) and progress to the B cell lineage (Hardy and Hayakawa, 2001).

The early stages of B cell development can be subdivided into several stages
based on the rearrangement status of their immunoglobulin (Ig) genes (Osmond et
al., 1998). Firstly pro-B cells undergo D,-J,; joining. This is followed by progress

to the pre-B cell stage and V,-DJ, rearrangements.

Additionally to the rearranged p heavy chain (C,) pre-B cells express the surrogate
light chains VpreB and A5, which associate and form the pre-BCR. Together with
Iga and IgB the pre-BCR complex is transported to the cell surface and expressed

at low levels in a transient manner. This step constitutes a crucial checkpoint
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during B cell development as the pre-BCR contributes to the positive selection of
pre-B cells. Firstly, it signals to stop heavy chain gene rearrangements, which
ensures production of only one functional heavy chain (allelic exclusion).
Furthermore, it induces expansion of pre-B cells and rearrangements of the light
chain genes. The x light chain locus tends to rearrange first and blocks
recombination of the A locus (isotype exclusion) (Corcoran, 2005). If successive
rounds of rearrangement of the x locus are not productive, the A locus is
rearranged. Unproductive rearrangement of both loci results in apoptosis,
productive rearrangement leads to expression of the surface-bound IgM. To date it
is unclear, how the pre-BCR regulates this progress from the pre-B cell into the
immature B cell stage. It may interact with an external ligand or it may simply be
its intracellular assembly that generate signals, which are required for B cell

development (Janeway et al., 2005).

To avoid autoimmune reactions, immature B cells are negatively selected by
testing of their IgM for reactivity against self-antigen. Autoreactive B cells are
either deleted, undergo receptor editing or become anergised, processes that
contribute to self-tolerance.

Immature B cells bearing self-reactive IgM are efficiently eliminated in large
numbers (Nemazee and Burki, 1989). It is suggested that deletion depends on the
strength of receptor binding to the antigen: Whereas high-affinity interactions with
membrane-bound antigen lead to apoptosis, lower-affinity interactions and
soluble antigens allow receptor editing or result in anergy (Hartley et al., 1991),
(Lang et al., 1996).

During receptor editing, continuous rearrangement of the light chain locus takes
place. This leads to the generation of a receptor with altered specificity, which is
again tested for reactivity against self-antigens (Gay et al., 1993).

Anergy is the third mechanism by which self-reactive B cells might be rendered
inactive. Anergic B cells persist in the periphery in an antigen-unresponsive state
(Goodnow et al., 1988) (Nossal and Pike, 1980). These B cells show high basal
intracellular calcium, reduced IgM surface expression and do not proliferate or
mount an immune response upon antigen encounter (Goodnow et al., 1988),
(Benschop et al., 2001), (Merrell et al., 2006), (Gauld et al., 2006).
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Once overcome negative selection, immature B cells exit the bone marrow, enter
the peripheral circulation and migrate to the spleen. In the spleen, immature B
cells mature further through two distinct developmental stages; known as
transitional 1 (T1) and transitional 2 (T2) B cells (Loder et al., 1999). T1 B cells are
recent immigrants from the bone marrow and retain phenotypic characteristics of
immature B cells, such as a high expression level of IgM and susceptibility to
negative selection. Development into T2 B cells is characterised by the additional
expression of IgD (C), CD21 and CD23. Furthermore, a loss of sensitivity to
negative selection events and an accompanying increase in responsiveness to T
cell help upon recognition of specific antigen may cause the progress of T2 B

cells into the mature B cell compartment (Chung et al., 2003).

These “naive” mature B cells recirculate through secondary lymphoid organs,
where they eventually encounter their specific antigen. Specific antigen
recognition leads to B cell activation and differentiation into antibody-secreting
plasma B cells and memory B cells. A summary of the B cell developmental stages

is shown in Figure 1.3.

1.2.4 BCR Affinity Maturation: the Germinal Centre

While recirculating through the periphery, mature B cells eventually encounter
their specific antigen in secondary lymphoid organs.

Antigen recognition by the BCR triggers two events that support B cell activation:
Firstly, it triggers intracellular signalling cascades that regulate B cell fate
decisions. Secondly, it mediates antigen uptake, processing and presentation of
antigenic peptides in the context of the major histocompatibility complex (MHC)
molecules to T cells, which supports B cell activation (Niiro and Clark, 2002),
(Benschop and Cambier, 1999) (Figure 1.4).
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Upon specific antigen encounter and T cell help, B cells are recruited to form
germinal centres (GCs). GCs are specialised areas in the follicles of secondary
lymphoid organs, in which B cells undergo rounds of proliferation, which is
accompanied by downregulation of the BCR and differentiation into centroblasts.
Centroblasts undergo affinity maturation and class-switch recombination of the
mlg (Tarlinton and Smith, 2000).

Class-switch recombination is a genetic process that results in expression of heavy
chains other than p and §, for example y, a or g, thus changing the effector
function of the Ig (Odegard and Schatz, 2006).

During the process of affinity maturation the affinity of the Ig for the specific
antigen increases. It is the result of somatic hypermutation of the genes coding for
the variable domains of the mlg heavy and light chains (Odegard and Schatz,
2006).

Centroblasts become centrocytes that express the rendered migs, which is
followed by selective survival of those centrocytes producing migs with the
highest affinity (Odegard and Schatz, 2006). This process, known as BCR affinity
maturation, is not completely understood. However, it seems to rely on the
competition for limiting amounts of antigens that are displayed on the surface of
follicular dendritic cells (FDCs) (Haberman and Shiomchik, 2003), (Kosco-Vilbois,
2003). Finally, centrocytes bearing somatically hypermutated and isotype
switched BCRs differentiate into plasma B cells and memory B cells and exit the
GC.

1.3 B Cell Antigen Recognition

1.3.1 Soluble vs. Membrane-Bound Antigen

While soluble antigens can drive B cell activation (Batista and Neuberger, 1998),
(Kouskoff et al., 1998), membrane-bound antigens are proven to be much more
efficient in mediating B cell activation in vitro (Batista et al., 2001). This is
particularly interesting as in vivo B cells will most likely encounter antigen in form

of immune complexes tethered to the surface of cells such as FDCs or dendritic
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cells (DCs) by Fc or complement receptors (Haberman and Shlomchik, 2003),
(Kosco-Vilbois, 2003) (Figure 1.4).

Indeed, DCs are able to retain and present specific antigen in vivo and in vitro and
DC-B cell interactions are necessary for B cell activation (Wykes et al., 1998).
Furthermore, pulsing DCs with specific antigen led to B cell stimulation, when
transferred into non-immunised recipients (Balazs et al., 2002), (Berney et al.,
1999), (Colino et al., 2002), (Wykes et al., 1998). The mechanism of antigen
presentation by DCs is not completely understood, but might involve
internalization of the antigen and recycling back to the cell surface (Bergtold et
al., 2005).

FDCs are able to retain immune complexed antigen on their surface tethered to Fc
receptors (Haberman and Shlomchik, 2003), (Kosco-Vilbois, 2003). Importantly,
FDC-B cell interactions stimulated B cell activation and differentiation into
plasma and memory B cells (Szakal et al., 1988), (Wu et al., 1996), (Aydar et al.,
2005).

Moreover, also other surface proteins are expressed on the membrane of antigen-
presenting DCs or FDCs, which can support the interaction with B cells and assist
B cell activation. Two examples are intracellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), which have been shown to
mediate FDC or DC/B cell contacts by interaction with the integrins leukocyte
function-associated antigen 1 (LFA-1) and very late antigen 4 (VLA-4),
respectively, which are expressed on the B cell membrane (Koopman et al.,
1991), (Kushnir et al., 1998), (Freedman et al., 1990). Furhtermore, they are
reported to promote B cell survival in the GC (Koopman et al., 1994).

1.3.2 BCR Signalling upon Antigen Recognition

Upon specific antigen recognition by the BCR, the invariant subunits Iga. and IgB
are responsible for initiating B cell responses. The signalling capacity of Iga and

IgB lies within a specific motif in each cytoplasmatic tail, known as
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immunoreceptor-based activation motif ITAM). The ITAM motif is composed of
two tyrosine residues separated by 9-12 amino acids. The core of the ITAM
sequence is comprised of YXX[L/1]X,,YXX[L/1], whereby Y represents the tyrosine,
L is leucine, | is isoleucine and X could be any amino acid (Reth, 1989),
(Cambier, 1995).

BCR clustering triggers activation of Src-family tyrosine kinases (SFKs) such as
Lyn, Fyn or Blk (Burkhardt et al., 1991). This is regulated by dephosphorylation of
their negative regulatory tyrosine by the phosphatase CD45 (Hermiston et al.,
2003), however the exact mechanism underlying this activation is not fully
understood. SFKs then phosphorylate the tyrosine residues in the ITAM motifs of
Iga and IgB, which in turn facilitate recruitment and activation of the Syk/Zap70-
family tyrosine kinase Syk. Activation of SFKs and Syk leads to the
phosphorylation of several other signalling molecules, which in turn activate
signalling networks leading to gene transcription, differentiation and proliferation

(Niiro and Clark, 2002) (Figure 1.5).

1.3.2.1 Protein Tyrosine Kinases (PTKs)

Three families of PTKs are implicated in the earliest steps of BCR signalling:
tyrosine kinases from the Src-family, the Syk/Zap-70 family and the Tec-family.

B cells express several SFKs including Lyn, Fyn, Blk, Hck, Fgr, Lck (Law et al.,
1992). Mutations in individual SFKs have little effect on B cell function, indicating
a redundancy between the different SFKs for BCR signalling (Lowell and Soriano,
1996), (Texido et al., 2000).

Lyn is thought to be the main SFK responsible for phosphorylating the Iga and
IgB ITAMs; nevertheless B cell development in Lyn-deficient mice is normal,
confirming the redundancy with other SFKs in positively regulating BCR signalling
(Chan et al., 1997). In fact, the main role of Lyn appears to be negative, as Lyn
deficient B cells exhibit enhanced intracellular calcium flux, proliferative
responses in vitro and increased autoantibody levels in vivo (Hibbs et al., 1995),

(Nishizumi et al., 1995). This negative function results from the ability of Lyn to
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phosphorylate immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in the
BCR co-receptor CD22 and the Ig receptor FcyRIIB1, which are suggested to
dampen the BCR response (Smith et al., 1998), (Chan et al., 1998), (Nishizumi et
al., 1998).

The recruitment of the Syk/Zap-70-family tyrosine kinase Syk to the ITAM motifs
is dependent on phosphorylation of both tyrosine residues, which function as
docking sites for Syk’s Src-homology 2 (SH2) domain (Rowley et al., 1995). Syk is
the key molecule linking antigen recognition by the BCR with downstream
signalling cascades, as deletion of Syk results in a substantial defect in BCR-
mediated activation of downstream signalling pathways (Takata et al., 1994) and
a block in B cell development at the pre-B cell stage (Turner et al., 1995).

The Tec-family tyrosine kinase Btk is crucial for BCR signalling and B cell
development. Loss or mutation of Btk results in the immunodeficiency X-linked
agammaglobulinemia (XLA) in humans and X-linked immunodeficiency (Xid) in
mice, which is characterised by a block in B cell development and the absence of
antibodies (Tsukada et al., 1993), (Vorechovsky et al., 1995), (Rawlings et al.,
1993). Downstream of the BCR activation of Btk requires its phosphorylation by
SFKs and recruitment to the plasma membrane through binding of its pleckstrin

homology (PH) domain to second messenger lipids (Scharenberg et al., 1998).

1.3.2.2 The Family of Vav Proteins

Vav proteins are rapidly phosphorylated by tyrosine kinases downstream of
lymphocyte receptors, which results in their activation (Deckert et al., 1996),
(Schuebel et al., 1998), (Movilla and Bustelo, 1999). The main function of Vav
proteins is the activation of Rho GTPases by catalysing the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP). Therefore, Vav proteins are

also known as guanine nucleotide exchange factors (GEFs).
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CD19

gene transcription, proliferation, differentiation

Figure 1.5 BCR signalling
This figure shows a simplified model of BCR-induced signalling pathways as described in
chapter 1.3.2 of this Thesis. Adapted from Niiro and Clark, 2002.
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The family of Vav proteins consists of three known members; Vav1, Vav2 and
Vav3. The expression of Vavl seems to be limited to cells of the haematopoietic
system, whereas Vav2 and Vav3 are expressed more ubiquitously (Katzav et al.,
1989), (Schuebel et al., 1996), (Movilla and Bustelo, 1999). Vav1 is suggested to
preferentially activate Rac1, Rac2 and RhoG, whereas Vav2 and Vav3 primarily
act on RhoA, RhoB and RhoG GTPases (Crespo et al., 1997), (Movilla and
Bustelo, 1999), (Schuebel et al., 1998).

Analysis of mice deficient for Vav proteins clearly reveals a crucial role for these
proteins in BCR signalling. B cell development in mice lacking Vav1 and Vav2 is
blocked at the immature B cell stage (Doody et al., 2001), (Tedford et al., 2001),
while B cells remain in the transitional B cell stage in mice lacking all three Vav
proteins (Fujikawa et al., 2003). Peripheral B cells from these mice also show
reduced proliferation upon BCR stimulation and defective intracellular calcium
flux, indicating an important role of Vav proteins in the regulation of calcium

mobilisation.

A crucial role in linking initial BCR signals with cytoskeletal rearrangements was
assigned to Rho GTPases, the downstream targets of Vav. Recently, mice with a
deletion of Rac1 and Rac2 have been reported and B cell development in these
mice is blocked at the transitional B cell stage (Walmsley et al., 2003).

1.3.2.3 Phosphoinositide-3 Kinases (P13Ks)

PI3Ks are a family of proteins that regulate a variety of biological functions by
generating second messenger lipids. The family of PI3Ks can be subdivided into
three classes: class |, class Il and class lll. Little is known about the role of class Il
and class lll PI3K in B cells. Class | PI3K however are well characterised and can
be further subdivided into class IA and class IB, which are activated downstream
of the BCR and G-protein coupled receptors, respectively (Okkenhaug and
Vanhaesebroeck, 2003).

-29.



Chapter 1

Class 1A PI3K are heterodimeric proteins, consisting of a regulatory subunit (p85a,
p85p or p55y) and a catalytic subunit (p110 a, p110 B or p1108). Upon antigen
recognition by the BCR, SFKs phosphorylate CD19 and B cell adaptor for PI3K
(BCAP), which provide docking sites for the SH2 domain of the PI3K regulatory
subunit (Wang et al., 2002), (Tuveson et al., 1993). By this mechanism, the
regulatory subunit mediates the recruitment of the catalytic subunit to the plasma
membrane, where it converts phosphatidylinositol-(4,5)-bisphosphate (PIP,) to
phosphatidylinositol-(3,4,5)-triphosphate (PIP,). PIP; in turn acts as a binding site
for numerous intracellular proteins that contain PH domains with selectivity for
this lipid and so contributes to their recruitment and activation of downstream

signalling cascades.

While p110a and p1108 are ubiquitously expressed, the expression of the
catalytic subunit p110d is mainly restricted to leukocytes (Vanhaesebroeck et al.,
1997), (Chantry et al., 1997). Studies using gene targeted mice suggest an
essential role for p1108 in BCR signalling, as B cells from these mice proliferate
poorly upon BCR stimulation and exhibit defective intracellular calcium flux
(Okkenhaug et al., 2002), (Clayton et al., 2002), (Jou et al., 2002).

1.3.2.4 Phospholipase Cy (PLCy)

There are two PLCy isoforms expressed in B cells: PLCy1 and PLCy2, the latter
being most abundant, and both isoforms appear to participate in BCR signalling
(Hempel et al., 1992), (Carter et al., 1991). Several molecules contribute to the
activation of PLCy upon BCR engagement. It is suggested that phosphorylation of
B cell linker protein (BLNK), as well as recruitment of Btk to the plasma
membrane are required for PLCy phoshphorylation and activation of its effector
function (Fu et al., 1998), (Kurosaki and Tsukada, 2000), (Rodriguez et al., 2001),
(Hashimoto et al., 1999).

Activation of PLCy results in the hydrolysis of PIP, and the production of soluble
inositol-(1,4,5)-triphosphate (IP,) and membrane-anchored diacylglycerol (DAG).
The binding of IP; to IP;-receptors on the endoplasmatic reticulum membrane
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induces the release of calcium from intracellular stores, while DAG binds and
activates several isoforms of protein kinase C (PKCs). Both, the elevation of
intracellular calcium and the activation of PKCs contribute to the activation of
transcription factors, including nuclear factor-kB (NF-xB) and nuclear factor of
activated T cells (NF-AT).

1.3.3 The Immunological Synapse (IS)
1.3.3.1 Formation of the IS

On the membrane of a resting B cell or T cell, a variety of surface proteins are
randomly distributed. However, recognition of specific antigen displayed on the
surface of an antigen presenting cell (APC) triggers rapid reorganisation of these
cell surface proteins, resulting in the formation of a specialised junction at the
APC-T cell or APC-B cell interface known as immunological synapse (IS) (Dustin
et al., 1998), (Grakoui et al., 1999), (Monks et al., 1998), (Batista et al., 2001),
(Carrasco et al., 2004), (Carrasco and Batista, 2006).

Using fluorescently labelled antibodies to image the T cell receptor (TCR) and the
integrin LFA-1 in fixed APC-T cell conjugates, Kupfer and colleagues were the first
to observe a segregation of these two receptors into defined membrane
compartments. Confocal microscopy imaging showed that the TCR accumulates
into a central domain accompanied by its intracellular effector PKC-8. LFA-1 was
restricted to the periphery of the TCR and co-localised with talin. These discrete
domains were named supramolecular activation cluster (SMACs), whereby the
TCR accumulates in a central SMAC (cSMAC) and LFA-1 segregates into the
peripheral SMAC (pSMAC) (Monks et al., 1998).

In the early 1980s, the development of the glass-supported planar lipid bilayer
technology made it possible to examine the interaction of immune cells with
membranes by fluorescence microscopy. Since then, these artificial lipid bilayers

have been extensively used to characterise the interactions of cell surface
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receptors and their ligands and have become an invaluable tool for

immunological studies (Groves and Dustin, 2003).

Using T cells interacting with artificial lipid bilayers, in which flurophore-
conjugated peptide-MHC and ICAM-1 were anchored, the group of Dustin
showed the reorganisation of receptors in real time by confocal microscopy. This
particular study revealed a nascent IS within seconds of contact of the T cell with
the lipid bilayer, whereby ICAM-1 accumulates in a central zone and peptide-
MHC engagement by the TCR is detectable in the periphery. During the next
minutes, this pattern inversed drastically and resembled a mature IS, as previously

described by Kupfer and colleagues (Grakoui et al., 1999).

Also cytotoxic T cells (CTLs) show a pattern of TCR and integrin reorganisation at
the IS that is similar to the one described for helper T cells. The TCR and proteins
regulating TCR signalling accumulate in the cSMAC. LFA-1 and talin are excluded
from the central zone and form a pSMAC (Stinchcombe et al., 2001), (Potter et al.,
2001). However, in contrast to the originally described structure of the IS, the
cSMAC of CTLs seems to be divided into a domain of TCR-signalling complexes

next to a domain of clustered cytotoxic granules (Stinchcombe et al., 2001).

The interaction of B cells with APCs or planar lipid bilayers bearing specific
antigen has recently been described as a two-step spreading and contraction
mechanism (Fleire et al., 2006). Thereby, membrane-antigen recognition triggers
B cell spreading over the APC, thus allowing BCR-antigen engagement. This is
followed by a contraction of BCR/antigen complexes into a cSMAC. BCR
engagement also triggers binding of the integrins LFA-1 and VLA-4 to their ligands
ICAM-1 and VCAM-1, respectively. This results in their segregation into a pSMAC
(Carrasco et al., 2004), (Carrasco and Batista, 2006) (Figure 1.6). Importantly,
interaction of LFA-1 with ICAM-1 and VLA-4 with VCAM-1 supported antigen
aggregation at limited antigen densities and facilitated B cell activation (Carrasco

et al., 2004), (Carrasco and Batista, 2006).
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Also other signalling molecules and receptors segregate into distinct areas at the
IS, where they might contribute to membrane-bound antigen recognition. The
phosphatase CD45 for example is excluded from the IS, probably forming a distal
SMAC (dSMAQ). In addition, PLCy2 and Ganglioside (GM1), a marker for lipid
rafts, are accumulated in the cSMAC, from which the negative regulators CD22
and SHP-1 are excluded (Batista et al., 2001) (Figure 1.6).

1.3.3.2 Mechanisms Supporting IS Formation

The observation that cell surface proteins localise into distinct areas upon antigen
recognition raises questions about how this segregation is achieved. The exact
processes leading to the formation of an IS are elusive, however several

mechanisms are suggested to be involved in IS formation in B and T cells.

During formation of a mature IS, rearrangements of the actin cytoskeleton are
critical for receptor redistribution towards the T cell/APC interface, as this process
can be blocked by treatment with inhibitors of actin polymerisation (Wulfing and
Davis, 1998), (Fleire et al., 2006).

In this respect, Vav1 regulates conjugate formation between CD8* T cells and
APCs by contributing to LFA-1 activation and F-actin polarisation (Ardouin et al.,
2003). Although structural aspects of the IS were not affected in this particular
study, another report suggests that Vav may play an important role for IS
formation in CD4"* T cells (Wulfing et al., 2000).

Downstream of Vav, activation of Rac2 and the Abi/Wave complex are required
for actin polymerization upon TCR stimulation (Yu et al., 2001), (Zipfel et al.,
2006), (Nolz et al., 2006), however their contribution to IS formation is unclear.
Although there is evidence suggesting that PI3K may be involved in the regulation
of the cytoskeleton (Bach et al., 2006), no difference in conjugate formation with
APCs could be observed, when T cells were treated with the PI3K inhibitor
Wortmannin (Costello et al., 2002), (Harriague and Bismuth, 2002).
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Figure 1.6 The Immunological Synapse (IS)

Recognition of membrane-bound antigen leads to the formation of an |5 in a two step
mechanism: The B cel| spreads first over the antigen-presenting cell (APC) and this allows
BCR-antigen €ngagement. The B cell then contracts BCR/antigen into a CSMAC. The in-
tegrins LFA-1 and VI A-4 bind to their ligands ICAM-1 and VCAM-1, respectively and form
the pSMAC. PLCy and Ganglioside 1 (GM1) are accumulated in the cSMAC. CD45 s ex-
cluded, probably forming a dSMAC. Adapted from Carrasco etal., 2006.
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Another mechanism contributing to segregation of receptors at the IS was
suggested by Chakraborty and colleagues, who predict the segregation of proteins
of different sizes by mathematical modelling (Qi et al., 2001), (Chakraborty,
2002). According to this model, the segregation of large proteins such as LFA-
1/1ICAM-1 from smaller proteins such as TCR/MHC is thermodynamically

favourable and so facilitates antigen recognition at small distances.

An alternative mechanism that can result in the selective segregation of cell
surface proteins is their association with lipid rafts, cholesterol-rich microdomains
in the cell membrane (Simons and lkonen, 1997). The involvement of lipid rafts in
IS formation is suggested by early experiments showing polarisation of T cell lipid
rafts towards the contact site with beads coated with antibodies against the TCR
(Viola et al., 1999). Furthermore, lipid rafts are enriched in the cSSMAC of the IS in
T cells interacting with lipid bilayers containing peptide-loaded MHC complexes
(Burack et al., 2002).

Also the BCR has been shown to associate with lipid rafts upon antigen
recognition, both biochemically (Cheng et al., 1999), (Petrie et al., 2000) and by
using microscopy (Gupta and DeFranco, 2003). The nature and composition of
lipid rafts however is still contradictory, as techniques used to detect or extract
lipid rafts are limited and therefore their contribution to IS formation remains

elusive.

Although cytoskeletal rearrangements, lipids raft and protein size may all
contribute to the segregation of receptors at the T cell IS, the exact mechanism
underlying its assembly remains unclear. It is also not know whether the same

processes control B cell IS formation and this issue still needs to be investigated.

1.3.4 The Role of Other Receptors for B Cell Antigen Recognition

A mature IS forms several minutes after engagement of membrane-bound antigen.
However, the initial mechanisms underlying antigen recognition by the BCR and
the mechanisms contributing to functional B cell activation are to date unclear. It

is likely that other receptors expressed by B cells can influence the antigen
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recognition process and therefore modulate B cell activation, such as the
complement-recognising B cell co-receptor complex CD19/CD21/CD81 or Toll-
like receptors (TLRs).

Complement activation is essential for the early immune response to infection,
whereby rapidly generated complement cleavage products are crucial for the
elimination of pathogens. The complement receptor CD21 is expressed by B cells
and recognises the iC3b, C3dg and C3d cleavage fragments of the C3 component
of complement (Carroll, 1999). On the B cell surface, CD21 associates with the
primary signalling component CD19 and the tetraspanin molecule CD81 (Poe et
al., 2001). Several reports propose an important role for the CD19/CD21/CD81
complex for B cell activation and subsequent B cell responses (Fearon and
Carroll, 2000), (Rickert, 2005). It has been shown that upon C3d-recognition,
CD19 binds CD81 and CD21, as well as the BCR and augments B cell activation
(Carter and Barrington, 2004). Although the significance of the engagement of
CD19 or CD21 is not well understood, another report indicates that exposure to
polymeric C3d results in BCR-induced proliferation (Carter and Fearon, 1989).
Furthermore, co-engagement of CD21 and the BCR with C3d bound to antigen
promotes CD19/CD21/CD81 translocation into lipid rafts, leading to
augmentation and potentiation of B cell signal transduction events (Cherukuri et

al., 2001).

TLRs are widely expressed on cells of the innate immune system. They recognize
conserved microbial ligands such as bacterial lipopolysaccharide (LPS),
lipopeptides or viral and bacterial RNA and DNA. In the last years, TLRs and their
ligands have also emerged as important regulators of the adaptive immune
responses. Some recent studies described TLR ligands, especially CpG-containing
DNAs and LPS as critical modulators of B cell effector function, supporting B cell
proliferation, differentiation and class switching (Pasare and Medzhitov, 2005),
(Nemazee et al., 2006). Nevertheless, their function during B cell activation is not

well understood and remains to be established in future studies.
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1.4 Integrins

Integrins are cell surface receptors that control cellular interactions and cell
migration. Because the ligands for integrins are widely expressed throughout the
organism, cell adhesiveness has to be highly flexible and at the same time tightly
regulated. In the immune system for example, B cells circulate through the body
as non-adherent cells but rely on integrin function, whenever they transmigrate
across the vasculature, recognise antigen in secondary lymphoid organs and form

immunological synapses.

1.4.1 Integrin Structure

Integrins are heterodimeric integral membrane glycoproteins, which consist of
non-covalently linked a and B subunits. At present, 18 a subunits and 8 B
subunits have been identified in mammals, which give rise to 24 af pairs
(Hemler, 1990). The two main integrins on B cells are LFA-1 (o f,) and VLA-4
(o). The ligands are ICAM-1, ICAM-2 and ICAM-3 for LFA-1 and VCAM-1 and
fibronectin for VLA-4 (Springer, 1990).

A schema of the LFA-1 structure is depicted in Figure 1.7. Each a and B subunit
consists of a large extracellular domain that together form a ligand-binding head
region and two legs, which connect to a hydrophobic transmembrane domain
and a short cytoplasmatic tail. The inserted (1) domain of the a, subunit mediates
binding to the ligand ICAM-1, and this requires the presence of a magnesium ion

in the metal-ion-dependent adhesion site (MIDAS).

1.4.2 Affinity- / Avidity-Regulation of Integrins

Integrin activation is tightly regulated by a complex interplay between cation
binding, intracellular signalling events and associations with the cell cytoskeleton.
LFA-1 is perhaps the most widely studied integrin with respect to the mechanisms

regulating integrin activation (Figure 1.7).
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Figure 1.7 Regulation of LFA-1 activation

This figure summarises the processes leading to integrin activation, LFA-1 is used as exam-
ple. On a resting B cell LFA-1 is maintained in an inactive, low affinity confomation. Stimu-
lation of cell surface receptors, such as BCR, T cell receptor (TCR) or chemokine receptors
(CKR), triggers inside-out activation of LFA-1 and ligand binding. Inside-out activation is a
result of conformational changes in the LFA-1 structure leading to an increase in its affinity
and cytoskeleton-dependent changes in the LFA-1 lateral distribution increasing its avidity.
On the other hand, addition of Mn?*, Mg?* or certain monoclonal antibodies (mAb) induce
the LFA-1 high affinity conformation by outside-in activation.
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On resting lymphocytes LFA-1 is maintained in an inactive state, partially mobile
or immobilized by interaction with the cortical cytoskeleton (Lu et al., 2001),
(Cairo et al., 2006).

Engagement of cell surface receptors, such as BCR, TCR or chemokine receptors
generates intracellular signals that lead to activation of LFA-1-mediated cell
adhesion (Dustin and Springer, 1989), (Campbell et al., 1998). This process is
termed ‘inside-out’ activation.

On the other hand, LFA-1 can also be activated ‘outside-in’, for instance by
addition of Mn?*, Mg?* or certain monoclonal antibodies (mAb). These reagents
induce the integrin high affinity conformation and therefore ligand binding

(Dransfield et al., 1992), (Stewart et al., 1996), (Landis et al., 1993) (Figure 1.7).

The exact mechanism underlying inside-out activation of integrins and
subsequent ligand binding is highly debated, however seems to rely on changes
in integrin affinity and avidity (Carman and Springer, 2003), (Bazzoni and
Hemler, 1998).

Increases in LFA-1 affinity are the result of conformational changes in the integrin
structure. In the low affinity conformation, the integrin head folds over the legs
and is bent at the genu, whereas the high affinity conformation is extended.
Transition into the extended conformation involves separation of the a and B
subunits at their transmembrane, cytoplasmic and leg domains, which might be
regulated by the small cytoskeletal protein Talin (Takagi et al., 2002), (Kim et al.,
2003). These events lead to the switchblade-like extension of the integrin and
support ICAM-1 binding (Shimaoka and Springer, 2003) (Figure 1.7).

The high affinity conformation of LFA-1 is necessary for ligand binding (Kim et al.,
2004), however under physiological conditions, such as cell-to-cell interactions,
engaged integrins become aligned at the site of contact (Dustin et al., 1997).
Therefore also LFA-1 avidity, e.g. its lateral mobility, contributes to cell adhesion.
It is suggested that lateral mobility is regulated by interactions of the integrin
cytoplasmatic domains with the cytoskeleton (Liu et al., 2000). In this line,
addition of artificial agents that mimic intracellular signals, such as phorbolesters,
increases LFA-1 mobility and this results in enhanced adhesion (Kucik et al.,

1996), (Jin and Li, 2002). Furthermore, LFA-1 has been shown to cluster upon
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binding to multivalent ICAM-1 (Kim et al., 2004) and ligand-bound integrin is
constrained by cytoskeletal attachment (Peters et al., 1999). Although a lot of
effort has been made in determining the role of the cytoskeleton to LFA-1

activation, the exact mechanism remains elusive.

On the basis of today’s knowledge of integrin regulation and additional
experiments, Cairo et al. now suggest the following model of LFA-1 activation
(Cairo et al., 2006): On the resting lymphocyte, LFA-1 is maintained in an inactive
state, partially mobile or immobilised by interaction with the cortical
cytoskeleton. Activation of the cell results in release of the immobile fraction of
LFA-1 from cytoskeletal constraints and reattachment to the cytoskeleton upon

ligand binding.

The signalling molecules contributing to inside-out activation of integrins have
mainly been investigated in T cells, however only recently they are starting to be
examined in B cells. During the course of the here presented study, a number of
molecules have been implicated in regulating VLA-4-mediated B cell adhesion,
including Lyn and Syk, PI3K, Btk, PLCy2, IP;-receptor mediated calcium release
and PKC (Spaargaren et al., 2003). Adhesion of B cells to ICAM-1 and VCAM-1 is
unaffected in the absence of adhesion and degranulation promoting adaptor
protein (ADAP), although ADAP is required for T cell adhesion (Griffiths et al.,
2001), (Peterson et al., 2001). Furthermore, similar to Src-kinase-associated
phosphoprotein of 55kDa (SKAP-55) in T cells, the SKAP-55 homologue (SKAP-
HOM) is shown to regulate B cell adhesion to ICAM-1 and fibronectin (Togni et
al., 2005). Recent reports also reveal the involvement of the Rap GTPases in
regulating integrin activation downstream of BCR engagement (Mcleod et al.,
2004), (Duchniewicz et al., 2006) and it is tempting to speculate that this is
mediated through the regulator of cell adhesion and polarisation enriched in
lymphoid tissues (RAPL), as it has been described for T cells (Katagiri et al., 2003).

Although these studies reveal a partial picture of inside-out mechanism leading to
integrin activation in B cells, it is unknown whether and how these events support

the formation of a mature IS.
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1.5 Aims

Our current knowledge of the signalling mechanisms leading to B cell activation
mostly originates from biochemical studies and stimulation of B cells with soluble
antigens. In recent years, however, the importance of membrane-tethered
antigens became more and more clear, as these are more efficient in supporting B
cell activation and may be the main form of antigen recognised in vivo.
Membrane-bound antigen recognition triggers B cell spreading an the formation
of the IS, which is characterised by a segregation of BCR and integrins into
defined domains.

While much is known about the signalling mechanism initiated by antigen
recognition in B cells, evidence linking these pathways to integrin activation, B

cell spreading and the formation of the IS is missing.

The aims of this Thesis are:

o to dissect the signalling mechanism leading to integrin activation downstream
of the BCR.

o to determine how BCR signalling mediates B cell spreading and formation of
the IS.

o to assess the role of integrins during the initial phase of membrane-antigen

recognition, e.g. B cell spreading.
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2 Materials and Methods

2.1 Materials

2.1.1 Antibodies

Abbreviations: CRUK Cancer Research UK, BD Becton Dickinson, MP Molecular
Probes, SC Santa Cruz, IF immunofluorescence, WB Western Blot, FACS
Fluorescence Activated Cell Sorting

anti mouse IF
icam-1 YN1/1.7 none rat IgG2a 1 CRUK 1:50
anti-mouse CD106 | none rat IgG2a, n/a BD n/a
clone 429
anti-mouse CD11a | FITC rat IgG2a 0.5 BD '1:/;%%
anti-mouse FACS
CD45R/B220 FITC rat IgG2a 0.5 BD 1:200
anti-mouse FACS
CD45R/B220 PE rat IgG2a 0.5 BD 1:200
anti-mouse CD49d | PE rat IgG2a 0.5 BD '1:/:%%
anti-mouse FACS
CD86 FITC rat IgG2a 0.5 BD 1:200
anti-mouse Alexa Fluor IF
1gG1 488 ratigG 0.3 sl 1:200
anti-mouse . WB
lgG-HRP HRP goat IgG 0.8 Pierce 1:5000
anti-mouse FACS
M PE goat IgG 0.5 BD 1:400
anti-mouse goat IgG
b s chiin) none Fab), 1.3 Jackson | 5pg/ml
anti-mouse 2T ELISA
lgMa biotin goat IgG 1 BD 1:1000
. goat IgG FACS
anti-Vav2 none (P-18) 0.2 SC 1:100
" goat 1gG FACS
anti-Vav3 none K-19) 0.2 SC 1:100
. FACS
anti-Vavl none :él?]b :) gG 0.2 SC 1:100
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anti-rabbit goat . WB
1sG H+L)-HRp | TRP e o Pierce | 1.10000
anti-Rac1 WB
(23A8) none mouse 1gG2b | 1 Upstate 1:2000
anti-goat Alexa Fluor | donkey 2 MP FACS
IgG (H+L) 488 IgG 1:500
. rabbit WB

anti-Rac2 none nfiserum n/a Upstate 1:2000
anti-Rap1 rabbit WB
(5c-65) none 1gG 0.2 SC 1:1000
anti-rat Alexa Fluor IF
IgG 488 goat I1gG 0.5 MP 1:200
anti-mouse Rat IF
kappa (a-k) s IgG1 I SIBNIR 1:50
anti-pTyr IF
(1G2) none mouse IgG1 0.5 CRUK 1:200
anti-pTyr IF
PY?) none mouse IgG1 05 CRUK 1:200
2.1.2 Inhibitors

PP1 analog Calbiochem | 3.2mM in DMSO 4°C

PP2 Calbiochem | 3.3mM in DMSO 4°C

LY294002 Calbiochem | 3.2mM in DMSO -20°C

Wortmannin Sigma 2mM in DMSO 4°C

Protease Inhibitor Cocktail

TR, Roche 1 tablet was used for 50ml 4°C

ree Tablets
Phalloidin-TRITC Sigma 0.5mg/ml in methanol -20°C

2.1.3 Reagents and Buffers

All chemicals were obtained from Sigma, unless otherwise indicated.

3.5ml 40% Acrylamide, 2.5ml stacking gel buffer, 0.1ml
10% SDS, 50pl 10% APS, 5ul TEMED, 3.9ml dH,O

stacking gel (14%)
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resolving gel (14%)

3.5ml 40% Acrylamide, 2.5ml resolving gel buffer, 0.1ml
10% SDS, 50ul 10% APS, 5pl TEMED, 3.9ml dH,O

stacking gel buffer

0.5M Tris-HCI, pH6.8

resolving gel buffer

1.5M Tris-HCI, pH8.8

PBS/Tween 1xPBS, 1% Tween-20

ELISAG 0k 2% BSA, 0.01% Tween-20, 0.1% NaN, in 1xPBS

.- o 125mM HEPES pH7.5, 750mM NaCl, 5% Igepal CA-630,
50mM MgCl,, 5mM EDTA, 10% glycerol, dH,0O

FACSpiok 2% FCS, 0.1% NaN; in 1xPBS

LB medium for 10 litres: 100g Bacto-Tryptone, 50g Yeast extract, 100g
NaCl, 100 pg/ml ampiclillin, dH,0

GST buffer 25mM Tris, pH8, 10% Glycerol, TmM EDTA, 100mM NaCl,
1mM DTT, protease inhibitor, dH,0O

lysis buffer 25mM Tris-HCl pH8, 150mM NaCl, 0.1% NaN,, 1% Triton-

X-100, dH,0

pre-elution buffer

25mM Tris-HCl pH8, 150mM NaCl, 2% octylglucoside,
dH,O

elution buffer

100mM Clycine pH3, 150mM NaCl, 2% octylglucoside,
dH,O

1x PBS

for 10litres: 80g NaCl, 2.5g KCl, 14.3g Na,HPO,, 2.5g
KH,PO,, dH,0, pH7.2

labelling buffer

100mM NaHCO; pH8.4, 150mM NaCl, 1% Triton-X-100,
dH,O

permeabilisation
buffer

1x PBS, 0.2% Triton-X-100

Tris/NaCl 25mM Tris-HCI pH8, 150mM NaCl, dH,0

1x PBS, 1% BSA, 0.5% FCS, 0.5% goat serum, 0.05%
slidey; o

Tween-20, 0.1% NaN,
TAE, 50x 2M Tris, 1M acetic acid, 50mM EDTA, dH,O

chambers blocking
buffer

1xPBS pH7.4, 2mM Mg”, 0.5mM Ca’’, 2% FCS, 1g/l D-

glucose
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adhesion buffer

1xPBS pH7.4, 2mM Mg, 0.5mM Ca®*, 0.5% FCS, 1g/l D-

glucose

RPMI 1640 with Glutamax (Gibco), 10% FCS, 10mM HEPES

RPMI grpiete (Gibco), 10units/ml penicillin/streptomycin (Gibco), 50pM
2-mercaptoethanol
) 100mM NaCl, 50mM Tris-HCl pH8, 100mM EDTA, 1%
Tail Juice

SDS, dH,0

DNA loading dye,
6x

10mM Tris-HCI pH8.5, TmM EDTA, 0.25% Bromphenol
blue, 40% Sucrose, dH,O

SDS-PAGE buffer,
4x

10% 62.5mM Tris-HCl pH6.8, 2% SDS,
0.01mg/ml Bromphenol blue, 2% 2-mercaptoethanol, dH,0O

glycerol,

Running buffer

for 1 litre: 144g Clycine, 30g Tris, 10g SDS, dH,0

Blotting buffer

for 1 litre: 144g Glycine, 30g Tris, dH,0O

2.2 Mice

2.2.1 Transgenic Mouse Lines

Naive B cells isolated from the spleen of the following transgenic mouse lines

were used for this study:

WT C57BL/6 www.criver.com
CD19“** WT C57Bl/6 (Rickert et al., 1997)
Lyn™ C57BL/6 (Hibbs et al., 1995)
MD4 WT C57BL/6 (Goodnow et al., 1988)
p1108™ C57BL/6 or MD4 | (Clayton et al., 2002)
Rac1™™ CD19°%, C57BL/6 | (Walmsley et al., 2003)
Rac2™” CD19“**, C57BL/6 | (Roberts et al., 1999)
SKAP-HOM™ C57BL/6 (Togni et al., 2005)
Vav1l™ C57BL/6 or MD4 | (Turner et al., 1997)
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Vav1” Vav2™” C57BL/6 or MD4 | (Doody et al., 2001)
Vav1™ Vav2” Vav3” | C57BL/6 or MD4 | (Fujikawa et al., 2003)
Vav2™” C57BL/6 or MD4 | (Doody et al., 2001)
Vav3” C57BL/6 or MD4 | (Fujikawa et al., 2003)

2.2.2 Animal Husbandry

All animal care and breeding was carried out at the Biological Resource Unit
Cancer Research UK.

Mice were maintained in accordance with UK Home Office guidelines.
MD4 mice were maintained as heterozygous for MD4 on a C57BL/6 background.

Vavl™”, Vav2” and Vav1’Vav2” mice were imported from Dr. Martin Turner
(Babraham Institute, Camebridge, UK), crossed into the MD4 C57BL/6
background and maintained as heterozygous for MD4 and homozygous for the
deletion of Vav1, Vav2 or Vav1/Vav2.

Spleens from the following mice were provided at the day of the experiment:

o Lyn™: Dr. Edina Schweighoffer / Dr. Victor Tybulewicz (NIMR, London, UK)

o CD19“% WT, Rac1™*, Rac2”: Dr. Robert Henderson / Dr. Victor Tybulewicz
(NIMR, London, UK)

o SKAP-HOM™: Dr. Mauro Togni / Dr. Burkhart Schraven (Otto von Guerike
University, Magdeburg, Germany)

o p1108” (C57BL/6 or MD4): Dr. Martin Turner (Babraham Institute, Cambridge,
UK)

o Vav3”, Vavl”Vav2”Vav3” (C57BL/6 or MD4): Dr. Elena Vigorito / Dr. Martin
Turner (Babraham Institute, Cambridge, UK)
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2.2.3 Genotyping Vav1l”, Vav2” and Vavi’Vav2” Mice by
Polymerase Chain Reaction (PCR)

2.2.3.1 Purification of DNA from Mouse-Tail

5mm of mouse-tail was incubated at 37°C over night with 750ul tail juice
containing 200ug/ml Proteinase K (20mg/ml stock solution, Qiagen) in Eppendorf
tubes. 250ul of a saturated NaCl solution was added and mixed gently. Tubes
were centrifuged in a microfuge at 13000rpm for 10 minutes at 4°C. The
supernatant was transferred into a new tube and mixed gently with 500ul
isopropanol. DNA was pelleted by centrifugation at 13000rpm in a microfuge for
10 minutes at 4°C. Pellet was washed with 800ul 70% ice-cold ethanol and
centrifuged at 13000rpm at 4°C. Ethanol was removed and the pellet left to air dry
prior to being dissolved in 100ul dH,O.

2.2.3.2 Primers

VaviF1 T 57.5°C - GAGCTGTTCTCTGTGCATAC
VaviR1 T, 60.1°C - CTAGAATTCCCCAAGTCCTG
Vav2F1 T 54.1°C - CTAGACACACCTGCTAGAAG
Vav2R1 T, 65.0°C - CCATCATGGACACATCGATG
PGK3 Tm 53.4°C - AGACTAGTGAGACGTGCTAC

2.2.3.3 PCR Progamm

2 minutes - 95°C

REPEAT THE FOLLOWING STEPS FOR 30 CYCLES
30 seconds - 95°C

30 seconds - 54°C

1 minute - 72°C

FINISHING

5 minutes - 72°C and hold at 4°C
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2.2.3.4 PCR Protocol

PCR reactions were set up in PCR strips (ABgene). The PCR reaction mix consisted
of: 1ul purified mouse-tail DNA, 200ng of each primer, 1unit PicTaq Polymerase
(Cancer Research UK), 1x Thermophilic Polymerase DNA Buffer (Promega),
1.5mM MgCl, (Promega), 200uM dATP/dGTP/dCTP/dTTP (Promega) in a final

volume of 20ul. PCR programs were run on a Peltier Thermal Cycler (Biorad).

2.2.3.5 Agarose Gel Electrophoresis

1xTAE buffer containing 1.5% agarose (Life Technologies) was heated in a
microwave, with intermittent mixing, to dissolve the agarose. The solution was
allowed to cool down prior to addition of ethidium bromide (4ul in 100ml). The
solution was then cast in a mould (Jencons) and allowed to set. DNA loading dye
was added to PCR reactions at a 1:5 dilution and 20ul of each sample was loaded
per agarose well. DNA was electrophoresed at 120V in 1xTAE buffer.

2.2.4 Genotyping MD4 Mice by Enzyme-Linked Immunosorbent
Assay (ELISA)

MD4 mice and MD4 Vavil™, MD4 Vav2” and MD4 Vav1”Vav2” mice were
genotyped by detecting antigen-specific antibodies in blood samples of the mice
using ELISA. 96-well immunoplates (Maxisorp Immuno Plate, Nunc) were coated
with 90ul per well of a Tmg/ml hen egg lysozyme (HEL) solution for 1 hour at
37°C and blocked with 200ul per well ELISA,, for 1 hour at room temperature
(RT). Blood samples were centrifuged in a microfuge at 13000rpm for 10 minutes
at 4°C to separate the serum and 1:10 and 1:100 dilutions of the serum were
prepared. 80ul per well of these dilutions were incubated in the plates for 1 hour
at RT. Specific antibodies captured by the HEL were detected by incubating
sequentially with a biotinylated anti-mouse IgMa antibody, streptavidin-alkaline
phosphatase conjugate (Extravidin-AP, Sigma) and the substrate (alkaline
phosphatase yellow (pNPP) susbstrate tablets, Sigma).
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2.3 Cell Culture

2.3.1 Cell Culture Conditions

Primary naive B cells, B cell lines and transient transfected B cell lines were
cultured in RPMI e at 37°C and 5% CO,. Stably transfected B cell lines were
grown in RPMI ... and 0.5mg/ml HygromycinB (Invitrogen).

2.3.2 Isolation of Naive B Cells from Mouse Spleens

Naive B cells were isolated by negative selection from the spleens of at least 3
months old mice on the day of the experiment. Spleens were disrupted on a cell
strainer (70pm, BD Falcon) with a syringe plunger and total splenocytes were
washed with 10ml 1xPBS. Lymphocytes from the splenocyte suspension were
enriched with Lympholyte-M (Cedarlane Laboratories), remaining red blood cells
were in lysed in 1ml Tris'ammonium buffer, T cells were depleted by incubation
with Dynabeads mouse pan-T (Dynal Biotech ASA, Oslo, Norway) for 30 minutes
at 4°C. The B cells were then incubated in 15ml of RPMI e in 10mm round
plates (Falcon) for 1 hour at 37°C to allow settling of the macrophages on the
plastic. The obtained population contained 90-95% B cells as assessed by FACS
using anti-mouse B220 and anti-mouse 1gM specific antibodies (Figure 2.1)

2.3.3 Cell Lines

2.3.3.1 Cell Lines

o A20: B cell lymphoma (Kim et al., 1979)

o A20-1158: A20 B cells expressing a HEL-specific BCR (Williams et al., 1994).

o H2: A20 B cells expressing a HEL-specific BCR that consists of the mig fused
to the transmembrane domain of the MHC molecule. mlg cannot associate
with Iga and Igf and the B cells are therefore signalling deficient (Williams et

al., 1994).
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Figure 2.1 Purification of B cells from mouse spleen

(A) Flow cytometric analysis of the cell population obtained from a MD4 mouse spleen.
(B) Analysis of B220 and IgM expression levels from cells falling into the gate shown in (A).
Numbers show percentages of cells falling into the indicated gates. Mature naive B cells are
IgM* and B220"* (92%).
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2.3.3.2 Optimisation of the HygromycinB Concentration for B Cell
Selection

To obtain the optimal concentration of HygromycinB for the selection of stably
transfected A20 or H2 B cells (see section 2.3.3.3 below), 3x10* A20-1158 B cells
were plated into each well of a 6-well tissue culture plate (Falcon) in 5ml
RPMI orpiee: HygromycinB was added in different amounts and B cells were
incubated at 37°C for 8 days. A dose-dependent killing curve was obtained by
counting the remaining cells in the wells with different concentrations of
HygromycinB. This curve was used to determine the minimal HygromycinB
concentration required to induce B cell dead (Figure 2.2). The optimal
concentration of 0.5mg/ml HygromycinB was used for the selection of B cells in

further experiments.

2.3.3.3 Transient and Stable Transfections of B Cell Lines

Transient or stable transfection of the A20, A20-1158 and H2 B cell lines was
facilitated by electroporation using the transfection system from Amaxa
Biosystems, which permeabilizes the cells with an electrical pulse, allowing
uptake of the DNA.

2x10° A20 B cells were centrifuged at 200xg for 10 minutes at 4°C and
resuspended in 100pl of Nucleofector Solution V (Amaxa Biosystems) containing
DNA. The cells were then placed in an electroporation cuvette (Amaxa
Biosystems) and subjected to electroporation using the Nucleofector device

(Amaxa Biosystems) according to manufacturer’s instructions (program L-13).

For transient transfections, the cells were then plated into a 10mm round plate

(Falcon) in RPMI g and used 8-24 hours later in experiments.

For stable transfections, the cells were mixed with 50ml RPMI ... and plated
into 5 96-well tissue culture plates (Falcon) at 100pl per well. After 24 hours,
another 100pl RPMI e containing 1mg/ml HygromycinB (Invitrogen) were
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added to each well to obtain a final concentration of 0.5mg/ml HygromycinB.
Single clones were selected after 3 weeks of culture, screened for expression of

GFP by FACS and positive clones were expanded.

2.3.4 Cell Treatment with Inhibitors

B cells were treated with the Src-family tyrosine kinase inhibitors PP1 analog
(PP1) and PP2 (both 100pM), the PI3K inhibitors Wortmannin (100nM) and
LY294002 (50puM) in adhesion buffer for 30 minutes at 37°C. B cells were used

for experiments in the presence of the inhibitor.

2.3.5 Fluorescence Activated Cell Sorting (FACS) Analysis

B cells or B cell lines were incubated with the indicated antibodies in FACS,,., for
20 minutes on ice. Cells were then washed twice with 1xPBS and subjected to
FACS analysis using FACSCalibur cytometer (Becton, Dickinson and Company)
and the Flowjo software (Tree Star). Unstained and single-fluorochrome controls

were used to set voltages and compensation for each experiment.

2.4 Lipid Bilayer Technology

2.4.1 Preparation of Liposomes

Liposomes were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cap Biotinyl)
(N-biotinyl Cap-PE). Both lipids were purchased from Avanti Polar Lipids as
10mg/ml stock solutions dissolved in chloroform. The DOPC solution was either
mixed in a 1:50 molar ratio with N-biotinyl Cap-PE solutions or was not mixed
and chloroform was evaporated using N,. Remaining traces of chloroform were
removed by application of a high vacuum for 4 hours. The dried lipids were then
resuspended in Tris/NaCl buffer containing 2% octylglucoside to obtain 4mM

(10x stock) lipid solutions and sonicated until clear.
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The lipid solutions were then diluted 1:10 with Tris/NaCl buffer containing 2%
octylglucoside, filtered (0.22 pm, Millipore) and dialysed against octylglucoside-
free buffer Tris/NaCl buffer for 36 hours with buffer exchange every 12 hours to

remove the detergent and to generate the liposomes.

2.4.2 Purification of GPIl-linked ICAM-1 and VCAM-1

ICAM-1 and VCAM-1 were produced as GPl-linked proteins on the cell
membranes of L cells as previously described (Carrasco et al., 2004), (Carrasco

and Batista, 2006).

Approximately 5g of L cells expressing GPI-linked ICAM-1 or GPI-linked VCAM-1
were solubilised in lysis buffer in the presence of protease inhibitors (Complete
EDTA-free tablets, Roche Diagnostics). The lysate was incubated with mild
rotation for 1 hour at 4°C and particulate matter were eliminated by centrifugation
at 1000xg for 10 minutes. The supernatant was then incubated for another 1 hour
at 4°C in the presence of 0.5% deoxycholate and cleared by ultracentrifugation at
100000xg for 1 hour.

In the meantime 1-2mg of anti-ICAM-1 (YN1/1.7) or anti-VCAM-1 (CD106)
antibody were coupled in a NHS-activated HiTrap 1 ml column according to
manufacturer’s instructions (Amersham Bioscience). The lysate was then loaded
onto this column using the Aekta (Amersham Bioscience) at a flow rate of 0.1-
0.3ml/minute at 4°C.

Labelling of the proteins was carried out at this point (see section 2.4.3 below).
The column was washed with 15 column volumes of lysis buffer containing 0.5%
deoxycholate and equilibrated with pre-elution buffer. Elution was performed
with an acidic elution buffer and the fractions (10 x 1 ml each) were collected in
1M Tris (pH8) to neutralize the pH.

Fractions containing the protein were pooled, reconstituted with the 10x stock of
DOPC liposomes in a ratio of 10:1, and detergent was removed by dialysis (see
section 2.4.1 above).
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Figure 2.2 HygromycinB Killing Curve

(A) 6x10* A20-1158 B cells per milliliter were plated into a 6-well tissue culture plate (blue
line). B cells were treated with different concentrations of HygromycinB and incubated
for 8 days. Remaining cells were counted (red line). Concentration used for further experi-
ments is 0.5mg/ml HygromycinB.
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2.4.3 Labelling of GPI-linked ICAM-1 and VCAM-1

The column, described in section 2.4.2 above, was equilibrated with labeling
buffer. 200-400pg of Alexa Fluor 532 succinimidyl ester (5mg/ml stock in DMSO,
Molecular Probes) were injected into the column using syringes at both ends,
mixed and incubated for 1 hour at RT. The protein-labeling reagent was then
washed out with labeling buffer and then the column was equilibrated with lysis
buffer.

2.4.4 Monobiotinylation of the Rat Anti-Mouse Kappa Antibody, a-x

The monobiotinylated a-x antibody was prepared by incubation with limiting
concentrations of the EZ-Link sulfo-NHS-LC-LC-biotin reagent (Pierce). 1mg/ml of
the antibody in 1xPBS was mixed with varying concentrations of the sulfo-NHS-
biotin reagent. Usually, final concentrations of 0.03 - 0.1pg/ml yielded the
monobiotinylated species of antibody. The mixture was left to react for 30
minutes at RT protected from light, and then dialyzed against 1xPBS with several
changes of buffer to remove the excess biotin.

The degree of biotinylation was evaluated by FACS, using streptavidin-coated
beads (Bangs Laboratories, Inc.). Briefly, 1pl of beads were mixed with 100pl of a
dilution 1:50 of the biotinylated a-x antibody. The mixture was incubated for 20
minutes at RT with agitation, to prevent the beads from settling in the bottom of
the tube, and then washed once. The beads were then incubated with 100 pl of
Alexa Fluor 633-conjugated streptavidin and an Alexa Fluor 488-conjugated goat
anti-rat IgG antibody for 20 minutes at RT with agitation. After washing, the beads
were analyzed by FACS. The monobiotinylated a-k antibody can be distinguished
from a polybiotinylated one by the levels of Alexa Fluor 633-conjugated
streptavidin staining (Figure 2.3).

This method was also used for the preparation of monobiotinylated HEL (Sigma).
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Figure 2.3 Testing the biotinylation of the a-x antibody

(A) Flow cytometric analysis of the population of streptdavidin-coated beads. Beads were
incubated with (B) a poly-biotinylated and (C) a mono-biotinylated a-x antibody, followed
by detection of the a-x with a Alexa Fluor 488 goat anti-rat IgG and the free biotin with
Alexa Fluor 633 streptavidin. (B) and (C) show the analysis of the anti-rat-488 and strept-
davidin-633 staining of beads falling into the gate shown in (A).
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2.4.5 Assembling of Lipid Bilayers in FCS2 Chambers

Planar lipid bilayers were prepared in FCS2 chambers (Bioptechs Inc.) by
liposome spreading as previously described (Brian and McConnell, 1984), (Dustin
et al., 1996). Glass coverslips were treated with sulphochromic solution over
night, and rinsed with distilled water and acetone; the excess acetone was
removed by aspiration. Liposomes containing N-biotinyl Cap-PE (biotinylated
lipids) and/or the labeled GPI-linked ICAM-1 or VCAM-1 molecules were mixed
at different ratios with DOPC liposomes to get the required molecular densities.
Then, liposome drops (0.8ul per membrane) were deposited on the glass
coverslips and the FCS2 chambers were assembled following the manufacturer’s
instructions. After 20 minutes of incubation, the chambers were flushed with
chamber blocking buffer. After 1 hour of blocking, the chambers were
successively incubated with 1 ml of Alexa Fluor 633-conjugated streptavidin
(concentration = 1pg/ml), 1 ml of monobiotinylated a-k antibody (concentration =
50pg/ml) or 1 ml of monobiotinylated HEL (concentration = 200ng/ml). All the
incubations were performed at RT for 20 minutes in chamber blocking buffer. The
chambers were washed between incubations with at least 3 ml of chamber

blocking buffer to eliminate the excess of reagents.

For the optimal visualisation of receptor-ligand interactions during the contact of
B cells with the lipid bilayers, it is essential that all proteins can freely diffuse.
Monobiotinylation of the a-x antibody or HEL is necessary to keep the lipid
bilayer in a fluid state. A polybiotinylated a-x antibody or HEL molecule would
cross-link several molecules of Alexa Fluor 633-conjugated streptavidin resulting
in the formation of static protein clusters and the decrease of free diffusion of

proteins.
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2.4.6 Experiments on Lipid Bilayers
2.4.6.1 Determining the Density of Molecules

The density of antigen was estimated as the density of monobiotinylated a-x
antibody on the surface of the artificial lipid bilayers. This was determined with a
fluorometric assay using calibrated beads (Bangs Laboratories). These beads have
5 populations with different antibody binding capacities (ABC, 4 plus the negative
control); this value represents the number of molecules of mouse or rat IgG that
each population binds. To estimate the density, the beads were incubated in
FACSy« With saturating concentrations of the a-x (20pg of antibody/drop of
beads, final volume = 100pl) for 20 minutes. The beads were then washed and
incubated with an Alexa Fluor 488-conjugated goat anti-rat antibody (10pg of
antibody, final volume = 100pl). In parallel, lipid bilayers containing biotinylated
lipids were prepared and loaded with Alexa Fluor 633-conjugated streptavidin
and a-x antibody according to section 2.4.5 above. Then the a-x was labeled
with the Alexa Fluor 488-conjugated goat anti-rat antibody for 20 minutes and
washed out. The fluorescence intensity of the beads and the artificial bilayers
were then measured by confocal microscopy. A calibration curve was obtained
from the fluorescence intensity of the different populations of the calibrated
beads. The fluorescence intensity of the lipid bilayer was compared with this
calibration curve to determine the density of the a-x in the bilayer. An example of
the 5 populations of beads upon incubation with primary and secondary antibody

is shown in Figure 2.4.
This method was also used for the quantification of ICAM-1 and VCAM-1

densities in the bilayers using anti-ICAM-1 (YN1/1.7) or anti-VCAM-1 (CD106)
antibodies, respectively.
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Figure 2.4 Determining the density of molecules in lipid bilayers with calibrated beads
(A) Flowcytometric analysis of calibrated beads population. (B) Calibrated beads from (A)
were loaded with the a-x, followed by the Alexa Fluor 488 goat anti-rat IgG. The resulting 5
populations of calibrated beads are shown by flowcytometric analysis. (C) Examination of
the 5 populations of beads by confocal microscopy (D) Antibody binding capacity (ABC) of
the beads used to estimate the density of the antigen. (E) Calibration curve derived from the
fluorescene intensity of the different bead populations measured by confocal microscopy
and their respective ABC.
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2.4.6.2 B Cell Spreading Assay

To examine B cell spreading, the following bilayers were assembled as described

in section 2.4.5 above.

o low amount of antigen: lipid bilayers bearing 35 molecules/um’ of HEL in the
absence or presence of 80 molecules/uym?’ of Alexa-532-conjugated GPI-linked
ICAM-1 or 100 molecules/um? of Alexa-532-conjugated GPI-linked VCAM-1

o high amount of antigen: lipid bilayers bearing 150 molecules/um? of HEL in
the absence or presence of 80 molecules/um’ of Alexa-532-conjugated GPI-
linked ICAM-1 or 100 molecules/uym’ of Alexa-532-conjugated GPI-linked
VCAM-1

A simplified image of a lipid bilayer is shown in Figure 2.5.

B cells were injected into FCS2 chambers and their interaction with the lipid
bilayer was examined by confocal microscopy (see 2.4.7.1 below). Thereby, DIC,
fluorescent and IRM images were acquired every 1 to 1.5 minutes, starting at 1

minute after injection for 10 minutes.

The fluorescent images from the various time-points were used to determine the
values for B cell spreading. Thereby, B cell-bilayer contacts, in which the
fluorescence due to antigen accumulation exceeded the average fluorescence of
the lipid bilayer by 120% were selected with the Volocity software (Improvision,
UK). The utilisation of this program also allowed calculating the value of the area

of B cell-bilayer contacts, which defined the spreading area.

The fluorescent images were also used to quantify the total number of
accumulated antigen molecules. These values were obtained by multiplying the
accumulated density (molecules/um?) by the selected area (pm?) in each cell or
time-point. The accumulated density (molecules/um?) was estimated as [intensity

in the selected area (fluorescence units/um?’) - intensity in neighbouring area
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(fluorescence units/um?)] / [specific activity (fluorescence units/molecule)]. All
quantifications were done after synchronizing the cells for their initial contacts

with the lipid bilayer.

2.4.6.3 B Cell Adhesion Assay

To examine B cell adhesion, lipid bilayers bearing 80 molecules/um’ of Alexa-
532-conjugated GPl-linked ICAM-1 or 100 molecules/ym? of Alexa-532-
conjugated GPI-linked VCAM-1 were prepared as described in section 2.4.5
above.

B cells were treated with 5pg/ml anti-IgM (Fab’), for 30 minutes at 37°C, before
injection into the chamber. B cells were incubated inside the chamber for 20
minutes and their interaction with the lipid bilayer was examined by interference
reflection microscopy (IRM), which shows B cell/bilayer contacts as dark areas. B
cell adhesion frequency was defined as the percentage of B cells showing dark

contacts of the total amount of B cells present in one image.

2.4.6.4 B Cell IS Formation Assay

To examine B cell IS formation, lipid bilayers bearing 150 molecules/um’ of HEL
or a-k and 80 molecules/um? of Alexa-532-conjugated GPI-linked ICAM-1 or 100
molecules/ym’ of Alexa-532-conjugated GPI-linked VCAM-1 were assembled as
described in section 2.4.5 above.

B cells were injected into FCS2 chambers and their interaction with the lipid
bilayer was examined by confocal microscopy after 20 min. IS frequency was
defined as the percentage of B cells showing a cSMAC and a pSMAC of the total

amount of B cells present in one image.
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Figure 2.5 Lipid bilayer technology

(A) Simplified image of a lipid bilayer containing HEL (green), ICAM-1 (red) and VCAM-1
(blue). MD4 B cells are settled onto those bilayers and their interaction is followed by con-
focal microscopy. (B) Fluorescence recovery after photobleaching (FRAP) of bilayers bear-
ing HEL, ICAM-1 and VCAM-1. (C) Fluorescence recovery of bilayers bearing HEL, ICAM-1
and VCAM-1, expressed as ratio of mean intensity at time n after bleach divided by mean
intensity before bleach.
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2.4.6.5 Immunostaining of B Cells on Lipid Bilayers

B cells were settled onto lipid bilayers loaded with high or low amounts of HEL or
a-x in the presence and absence of ICAM-1. B cells were fixed at the indicated
time points by injecting 1ml pre-warmed 4% paraformaldehyde (PFA) into the
FCS2 chamber. After 10 min of incubation at 37°C, the B cells were treated with
permeabilizing buffer for 5 min at RT and blocked with slide,,,, for at least 1
hour. Cells were then stained with the indicated reagents for 20 minutes at RT in
slide,o. Excess of reagent was washed with 3 ml of 1xPBS and cells were imaged

by confocal microscopy.

2.4.7 Microscopy

2.4.7.1 Confocal Microscopy

The kinetics of interaction of B cells with artificial lipid bilayers was monitored by
confocal fluorescence microscopy and IRM with a Zeiss Axiovert LSM 510-META
inverted microscope equipped with the Zeiss software (Zeiss, Germany). All the
images were acquired with a pinhole resulting in an effective optical slice of 1-2
pm. Images were analyzed and processed with the Volocity software package

(Improvision, UK).

2.4.7.2 Total Internal Reflection Fluorescence Microscopy (TIRFM)

TIRFM images were acquired with a Cascade Il CCD camera (Photonics) coupled
to an Olympus I1X-81 inverted microscope. Images were recorded with the Cell R
software (Olympus) and analysed and processed with the Volocity software

package (Improvision).
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2.5 Protein Analysis

2.5.1 Expression of Proteins in Competent Bacteria

Escherichia coli (E.coli) were transformed according to section 2.6.2 below with

the following constructs:

o glutathione-S-transferase (GST)-tagged fusion protein comprised of the
Cdc42/Rac interactive binding domain of Pak1l (GST-CRIB): gift from Dr.
Tomohiro Kurosaki (RIKEN Research Centre, Japan)

o GST-tagged fusion protein comprised of the Rap1-binding domain of RalGDS
(GST-RalGDS-RBD): gift from Dr. Doreen Cantrell (School of Life Science
Research, UK)

Colonies were grown on agar plates containing 100ug/ml ampicillin over night at
37°C. The following day, cultures of single colonies were grown in 100ml LB
medium containing 100ug/ml ampicillin at 37°C, 220rpm, over night. 3ml of this
culture were transferred to 500ml LB medium containing 100pg/ml ampicillin and
grown until culture reached an OD600 of 0.5 at 37°C, 220rpm. Addition of TmM
IPTG (1ml of 500mM IPTG stock) induced protein expression. After another 2
hours of culture, E. coli were pelleted at 3500rpm for 20 minutes at 4°C. Pellets
were frozen at -20°C or GST-tagged proteins were purified directly as explained

in section 2.5.2 below.

2.5.2 Purification of GST-Tagged Proteins

GST fusion proteins were purified from a 500 ml IPTG-induced E.coli culture.
Pellets were resuspended in 10 ml GST buffer and sonicated 6x 20 seconds at
medium power. 500pl of 20% Triton-X-100 were added and incubated for 10
minutes on ice. Solution was centrifuged at 15000xg for 20 minutes at 4°C and
supernatant was recovered. 1.5ml Glutathione beads (Pharmacia Biotech) were
prewashed twice with GST buffer prior to being added to the supernatant. For
efficient coupling of GST-tagged proteins to beads, mixture was incubated
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rotating for 1 hour at 4°C. Beads were then washed 3x with GST buffer. 1Tml GST
buffer and 4ml 100% Glycerol was added and mixed well. In this form beads
were stored for up to 1 month at -20°C.

2.5.3 Preparation of Detergent Soluble B Cell Extracts

Naive B cells were suspended at 1x10’ (for Rac1 and Rap1 activation assays) or
2x10° (for Rac2 activation assays) in 750p! ice-cold 1.5x MLB. The lysate was
incubated for 3 minutes on ice and then centrifuged in a microfuge at 13000rpm
for 3 minutes to remove insoluble material. The supernatant was used for the Rac

and Rap1 activation assays, see section 2.5.4 below.

2.5.4 Rac1, Rac2 and Rap1 Activation Assays

B lymphocytes were stimulated with 10pg/ml anti-IgM F(ab’), for the indicated
times or left unstimulated. Lysates were prepared as described in 2.5.3 above.
Supernatants were incubated with GST fusion protein-coupled Glutathione beads
(15pg protein) for 30 minutes at 4°C under gentle rotation. The beads were then
collected by centrifugation in a microfuge at 13000rpm for 1 minute and washed
by re-suspension and re-pelleting in 1.5x MLB three times. The sepharose was
then boiled in SDS-PAGE buffer for 10 minutes.

2.5.5 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Activation of Rac and Rap GTPases, as well as protein purification was assessed
by SDS-page performed on 14% acrylamide gels, composed of a stacking gel
layered over a separating gel. Electrophoresis was performed in a Mini Protean 3
Cell (Biorad) with Running buffer at 200V and 60mAmp per gel. A dual coloured
protein standard (Biorad) was run under identical conditions in the same gel to
allow calibration by molecular weight. Samples that were not analysed by
Western blot were visualized using a commercial colloidal Comassie Blue dye

(Pierce) according to manufacturer’s instructions.
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2.5.6 Western Blot

Following SDS-PAGE, proteins were transferred onto a PVDF membrane (Biorad)
at 400 mAmps for 45 minutes at 4°C in a Mini Protean 3 Cell (Biorad) containing
Blotting buffer. The membrane was blocked with PBS/Tween containing 5% milk
powder for 1 hour at RT with gentle agitation. The membrane was then incubated
with the primary antibody diluted in PBS/Tween containing 5% milk over night at
4°C with gentle agitation. After washing 4 times 15 minutes each with PBS/Tween
containing 5% milk, the HRP-conjugated secondary antibody was applied in
PBS/Tween 5% milk for 1 hour at RT. The membrane was then washed 8 times for
5 minutes each with PBS/Tween and visualised using chemiluminescent substrate
(ECL detection reagent, Amersham Bioscience) according to manufacturer’s
instructions. Excess substrate was blotted from the membrane onto clean tissue
and membrane was exposed to film (Hyperfilm ECL, Amersham Bioscience) to

visualize protein levels.

2.6 Molecular Biology

2.6.1 DNA Constructs

o Vav1-EGFP: gift from Dr. Martin Turner (Babraham Institute, Cambridge, UK)

o Rac1-EGFP: gift from Dr. Chad E. Harris / David A. Williams (Cincinnati
Children’s Hospital Medical Centre, USA)

o Rac2-EGFP: gift from Dr. Chad E. Harris / David A. Williams (Cincinnati
Children’s Hospital Medical Centre, USA)

o EGFP-Rac2V12: gift from Dr. Eloisa Arana (Cancer Research UK, London, UK)

2.6.2 Transformation of E.coli

Competent E. coli bacteria were prepared by Kathy Howe. The transformation was
performed by incubating bacteria and plasmid on ice for 20 min, which was

followed by heat shock at 42°C for 45 seconds. Bacteria were again placed on ice
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for 2 minutes, shaken for 1 hour at 37°C and plated onto agar plates containing

100pg/ml ampicillin to form colonies.

2.6.3 Plasmid Purification

Colonies were picked and grown in 250ml LB medium containing 100ug/ml
ampiclillin at 37°C, 220rpm, over night. Maxi preparations of plasmids were
performed with the Qiagen maxi kit according to manufacturer’s instructions

(Qiagen).
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3 The Role of BCR-signalling for B Cell Spreading, LFA-1
Activation and pSMAC Formation

At the early stage of membrane-antigen recognition BCR-engagement triggers B
cell spreading and contraction, a two-phase process critical for maximal antigen
engagement and gathering into a cSMAC (Fleire et al., 2006). As a result a mature
immunological synapse (IS) is formed, at which the integrin LFA-1 bound to its
ligand ICAM-1 segregates into the pSMAC, surrounding the antigen cluster
(Carrasco et al., 2004). At low antigen availability LFA-1/ICAM-1 binding assists
antigen aggregation and promotes B cell activation (Carrasco et al., 2004).
However, the contribution of this pair of adhesion molecules to B cell spreading
has not been established yet.

B cell spreading, LFA-1 activation and the formation of the pSMAC are processes
that depend on signalling triggered upon BCR engagement (Carrasco et al., 2004;
Fleire et al., 2006). Nevertheless, the signalling pathways regulating these events
are still unknown.

The following chapter describes the contribution of the LFA-1/ICAM-1 interaction
to initial B cell spreading and antigen accumulation upon membrane-bound
antigen recognition. It further describes how BCR-triggered signalling regulates B
cell spreading, LFA-1 activation and pSMAC formation.

3.1 BCR-Mediated LFA-1/ICAM-1 Binding Supports B Cell
Spreading and Antigen Aggregation by Promoting B Cell
Attachment

To establish the role of the LFA-1/ICAM-1 interaction during the B cell spreading
phase upon membrane-bound antigen recognition, naive MD4 B cells expressing
a hen egg lysozyme (HEL)-specific BCR were purified and settled onto lipid
bilayers containing a low or high amount of HEL (35 and 150 molecules/um?,
respectively) in the presence or absence of ICAM-1 (see section 2.4.6.2 above for

a detailed description of the bilayer system). B cell behavior on these bilayers was
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evaluated during a 10-minutes time course by using confocal microscopy (Figure
3.1 A). B cell spreading was measured by the gathered antigen area and showed a
6pm’ increase on lipid bilayers bearing a low amount of HEL in the presence of
ICAM-1. This also resulted in higher antigen accumulation (Figure 3.1 B, C).
However, no difference in B cell spreading and antigen aggregation could be
observed at high HEL amounts, whether ICAM-1 was present or not (Figure 3.1 B,
0.

At the same time, B cell attachment to the lipid bilayer was quantified by
interference reflection microscopy (IRM), showing B cell contacts as dark areas.
IRM analysis revealed large tight contacts in the presence of ICAM-1 and smaller
scattered contacts in its absence (Figure 3.1 A, D). No B cell attachment could be
observed when B cells were incubated on lipid bilayers containing only ICAM-1,
thus the difference in contact area and tightness was due to BCR-triggered LFA-
1/ICAM-1-interaction (Figure 3.1 A, D).

In conclusion, antigen recognition through the BCR triggers LFA-1 activation and
ICAM-1 binding during the early stage of membrane-bound antigen recognition.
This promotes B cell adhesion, which in turn assists B cell spreading and antigen

accumulation at low antigen densities.

3.2 Signalling Mechanisms Contributing to B Cell Spreading,

LFA-1 Activation and IS Formation

B cell spreading and antigen aggregation have recently been reported to depend
on BCR signalling (Fleire et al., 2006). Also activation of LFA-1 and binding to
ICAM-1 requires BCR signals (see 3.1 and (Carrasco et al., 2004)). However, the
signalling molecules that mediate B cell spreading and LFA-1 activation upon
antigen engagement by the BCR are not known. To identify the mechanism that
regulates the early B cell response upon membrane-bound antigen recognition,
several signalling molecules that are activated downstream of the BCR were tested

for their ability to regulate B cell spreading and LFA-1 activation.
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Figure 3.1 LFA-1/ICAM-1 promotes B cell spreading and antigen aggregation at low anti-
gen amounts

(A) MD4 B cells were settled onto lipid bilayers containing a high and low amount of HEL
in the presence and absence of ICAM-1 and the kinetic of interaction was followed by con-
focal microscopy for 10min. DIC, HEL fluorescence and IRM images of representative B
cells at the indicated time points are shown. Scale bar: 1Tpm. Quantification of (B) the area
of HEL (spreading), (C) the number of accumulated HEL molecules and (D) the IRM area.
Symbols: B high HEL + ICAM-1, O high HEL no ICAM-1, @ low HEL + ICAM-1, O low
HEL no ICAM-1, X  ICAM-1 only. Values are a mean of 10-20 cells each. t-test: * p<0.01.
Data are representative of two independent experiments.
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3.2.1 Requirement of Src-Family Tyrosine Kinases for B Cell

Adhesion and IS Formation

The first signalling event upon BCR engagement is the activation of Src-family

tyrosine kinases (SFKs).

To examine the contribution of SFKs to LFA-1 activation and binding to ICAM-1,
naive C57BL/6 B cells were pre-treated with various doses of the SFK inhibitors
PP1 and PP2. Un-treated and PP1/PP2-treated B cells were stimulated by BCR
cross-linking with a goat anti-mouse IgM (Fab’), or left un-stimulated. B cells were
settled onto lipid bilayers containing ICAM-1 only and their capacity to adhere
was evaluated by counting B cell-bilayer contacts using IRM (Figure 3.2 A). BCR
cross-linking induced adhesion to ICAM-1 in 85% of the untreated B cells.
However, this was completely abolished at a dose of 100pM PP1 or 100puM PP2
(Figure 3.2 A, B), thus showing the importance of SFKs for LFA-1 activation and B
cell adhesion. For further experiments, a dose of 100uM PP1 and 100pM PP2 was
used, as only partial inhibition of adhesion could be observed at 10pM for both
inhibitors (Figure 3.2 B).

To investigate whether SFKs are important for antigen gathering and formation of
a mature IS, MD4 B cells were incubated on lipid bilayers containing high
amounts of HEL plus ICAM-1 in the presence of 100uM PP1 and PP2. The
capacity of B cells to gather antigen and to form a mature IS was severely
impaired (Figure 3.3 A, B, C). Furthermore, the absence of the pPSMAC correlated
with a significant reduction of the B cell contact area with the lipid bilayer as
assessed by IRM (Figure 3.3 A, D).

These results are in agreement with previous observations demonstrating SFK-
transduced signalling as a requirement for B cell spreading and antigen
aggregation (Fleire et al., 2006). These data also show that SFKs mediate LFA-1
activation and pSMAC formation at the IS.
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Figure 3.2 Inhibition of SFKs blocks B cell adhesion to ICAM-1

Not stimulated or a-IgM stimulated WT B cells were settled onto lipid bilayers containing
ICAM-1 and adhesion capacity was assessed by IRM. B cells were pre-treated with different
doses of PP1 or PP2. (A) DIC and IRM images of a representative field of B cells treated as
indicated are shown. Scale bar: 5um. (B) Quantification of the B cell adhesion frequency
by counting B cell-bilayer contacts in 4 different IRM images containing 20-30 cells each.
The mean percentage (+se) is shown. Data are representative of 3 independent experi-
ments.
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Figure 3.3 Inhibition of SFKs blocks IS formation

(A) Not treated (NT), PP1-treated (100pM) and PP2-treated (100pM) MD4 B cells were
settled onto lipid bilayers containing a high amount of HEL and ICAM-1 and imaged by
confocal microscopy after 20min. DIC, fluorescent, merged and IRM images of represen-
tative B cells are shown. Scale bar: 5pm. Quantification of (B) the IS frequency, (C) the
frequency of B cells forming a cSMAC and (D) the IRM area. In each condition 4 different
fields containing 10-20 cells each were analysed. The mean value (+se) is shown. t-test: *
p<0.01, ** p<0.001. Data are representative of 2 independent experiments.
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3.2.2 The Role of the Lyn Tyrosine Kinase for B Cell Adhesion and IS

Formation

The Src-family tyrosine kinase Lyn is suggested to participate in the transduction
of positive signals downstream of BCR engagement (Yamanashi et al., 1992),
(Yamanashi et al., 1993). Nevertheless, Lyn mainly appears to be a negative
regulator by phosphorylation of ITIMs of the BCR co-receptor CD22 and the Ig
receptor FcyRIIB1 (Smith et al., 1998), (Chan et al., 1998), (Nishizumi et al.,
1998). Little is known about the role of Lyn for integrin-mediated B cell adhesion,
however a recent report suggests that Lyn contributes to activation of VLA-4 in the

DT40 chicken B cell line (Spaargaren et al., 2003).

To investigate the role of Lyn for LFA-1 activation, WT and Lyn” B cells were
incubated on lipid bilayes containing only ICAM-1. B cell adhesion frequency
before and after cross-linking of the BCR with anti-iIgM (Fab’), was not
significantly altered in Lyn” B cells compared to the WT control as determined by
IRM (Figure 3.4 A).

To examine the contribution of Lyn for the formation of a mature IS, WT and Lyn™
B cells were settled onto bilayers containing ICAM-1 and a high amount of mono-
biotinylated anti-mouse kappa antibody (a-x) as surrogate antigen. Lyn” B cells
formed a mature IS and did not show any significant changes in the amount of
accumulated a-x and IRM area in comparison to WT control B cells (Figure 3.4 B,

C D, b).

These data show that Lyn is not required for BCR-mediated antigen aggregation,
LFA-1 activation and pSMAC formation and indicate a redundant role for other

SFKs that are expressed in B cells.
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Figure 3.4 Normal adhesion and IS formation in Lyn” B cells

(A) Not stimulated or a-IgM stimulated WT and Lyn” B cells were settled onto lipid bilay-
ers containing ICAM-1 and adhesion frequency was quantified by counting B cell-bilayer
contacts in 4 different IRM images containing 20-30 cells each. The mean percentage (+se)
is shown. Data are representative of 2 independent experiments. (B) WT and Lyn” B cells
were settled onto lipid bilayers containing a high amount of a-x and ICAM-1 and imaged
by confocal microscopy after 20min. DIC, fluorescent, merged and IRM images of repre-
sentative B cells are shown. Scale bar: 5pm. Quantification of (C) the IS frequency, (D) the
number of accumulated a-k molecules and (E) the IRM area of 4 different fields containing
10-20 cells each. The mean value (zse) is shown. Data are representative of 2 independent
experiments.
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3.2.3 The Role of the Adaptor Protein SKAP-HOM for B Cell

Adhesion and IS Formation

Adaptor proteins are multifunctional elements of intracellular signalling cascades.
One of their functions is the coupling of engaged antigen receptors to
downstream effector systems by regulating the subcellular localisation and
activation of signalling molecules. ADAP and SKAP-55 have been shown to
regulate integrin-mediated adhesion and reorganization of the cytoskeleton in T
cells (Griffiths et al., 2001), (Peterson et al., 2001), (Wang et al., 2003), (Jo et al.,
2005), (Kliche et al., 2006). In B cells, SKAP-HOM is also suggested to regulate
LFA-1-mediated adhesion (Togni et al., 2005). However, its contribution to IS
formation has not been established.

To confirm that SKAP-HOM mediates B cell adhesion, the capacity of WT and
SKAP-HOM™ B cells to adhere to ICAM-1-containing bilayers was evaluated
before and after BCR stimulation with anti-IgM (Fab’),. No difference in the
adhesion frequency could be observed under these experimental conditions
(Figure 3.5 A).

To examine the role of SKAP-HOM for antigen aggregation and pSMAC
formation, WT and SKAP-HOM* B cells were settled onto lipid bilayers
containing high amounts of a-k and ICAM-1 molecules. SKAP-HOM™ B cells
aggregated antigen and formed a mature IS similar to the WT control B cells.
Furthermore, quantification of the amount of a-x molecules accumulated in the

cSMAC and the IRM area did not reveal any differences (Figure 3.5 B, C, D, E).

Thus, these data suggest that the adaptor SKAP-HOM is dispensable for LFA-1-
mediated adhesion, antigen aggregation and pSMAC formation in B cells.
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Figure 3.5 Normal adhesion and IS formation in SKAP-HOM" B cells

(A) Not stimulated or a-IgM stimulated WT and SKAP-HOM™ B cells were settled onto
lipid bilayers containing ICAM-1 and adhesion frequency was quantified by counting B
cell-bilayer contacts in 4 different IRM images containing 20-30 cells each. The mean per-
centage (+se) is shown. Data are representative of 2 independent experiments. (B) WT and
SKAP-HOM™ B cells were settled onto lipid bilayers containing a high amount of a-x and
ICAM-1 and imaged by confocal microscopy after 20min. DIC, fluorescent, merged and
IRM images of representative B cells are shown. Scale bar: 5um. Quantification of (C) the IS
frequency, (D) the number of accumulated a-x molecules and (E) the IRM area of 4 differ-
ent fields containing 10-20 cells each. The mean value (+se) is shown. Data are representa-
tive of 2 independent experiments.
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3.2.4 The Role of the Family of Vav Proteins for B Cell Spreading,
Adhesion to ICAM-1 and pSMAC Formation

Early B cell spreading and mature IS formation are processes that require major
changes in cell shape, which is mediated by cytoskeletal rearrangements (Fleire et
al., 2006). Downstream of SFKs, Vav proteins are key players in linking initial
lymphocyte receptor signalling with cytoskeletal dynamics through activation of
Rho GTPases (Crespo et al., 1997), (Han et al., 1997), (Schuebel et al., 1998),
(Movilla and Bustelo, 1999), (Abe et al., 2000).

To examine the role of the family of Vav proteins for B cell spreading and antigen
aggregation, naive MD4 B cells and B cells from MD4 Vav1”, MD4 Vav2” and
MD4 Vav1*/Vav2” (Vav1/2”) mice were settled onto lipid bilayers containing
high and low amounts of HEL in the presence and absence of ICAM-1 over a time
of 10 minutes. Spreading of MD4 Vav1™” B cells was severely reduced on lipid
bilayers bearing a high amount of HEL compared to MD4 B cells. While MD4
Vav2” B cells spread comparably to control B cells, MD4 Vav1/2” B cells
completely lost their ability to spread (Figure 3.6 A, B). Although loss of Vavl
affected B cell spreading, antigen was still aggregated as efficiently as in the WT
control (Figure 3.6 C).

In contrast, on lipid bilayers bearing a low amount of HEL, B cell spreading was
severely affected in MD4 Vav2™ B cells and absent in MD4 Vav1l” and MD4
Vav1/2” B cells (Figure 3.7 A, B). As a result of the defective spreading response,
also the final amount of antigen accumulated in the cSMAC was reduced (Figure
3.7 Q). The loss of spreading of MD4 Vav1”, Vav2” and Vav1/2” B cells
correlated with a reduction of the B cell contact area with the bilayer as observed
by IRM (Figure 3.6 A, D and Figure 3.7 A, D). Furthermore contacts appeared
scattered, similar to spreading in the absence of ICAM-1 (see Figure 3.6 A right
panel and Figure 3.7 A right panel), which suggests that LFA-1 activation and in
turn, ICAM-1 binding might be affected by the loss of Vav1 and/or Vav2.
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Figure 3.6 B cell spreading is dependent on Vav1

(A) MD4 WT, Vavl™*, Vav2” and Vav1/2” B cells were settled onto lipid bilayers
containing a high amount of HEL in the presence and absence of ICAM-1 and the kinetic
of interaction was followed by confocal microscopy for 10min. DIC, HEL fluorescence
and IRM images of representative B cells at the indicated time points are shown. Scale
bar: 1pm. Quantification of (B) the area of B cell spreading, (C) the number of
accumulated HEL molecules and (D) the IRM area. Symbols: B MD4 WT, & MD4 Vav1”
A MD4 Vav2”, O MD4 Vav1/2”. Values are a mean of 10-20 cells each. Data are

representative of 2 independent experiments.
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Figure 3.7 Vav1 and Vav2 regulate B cell spreading if the antigen amount is low

(A) MD4 WT, Vavl”, Vav2” and Vav1/2” B cells were settled onto lipid bilayers
containing a low amount of HEL in the presence and absence of ICAM-1 and the kinetic
of interaction was followed by confocal microscopy for 10min. DIC, HEL fluorescence
and IRM images of representative B cells at the indicated time points are shown. Scale
bar: 1pm. Quantification of (B) the area of B cell spreading, (C) the number of
accumulated HEL molecules and (D) the IRM area. Symbols: l MD4 WT, & MD4 Vav1l-
A MD4 Vav2”, O MD4 Vav1/2”. Values are a mean of 10-20 cells each. Data are

representative of 2 independent experiments.
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Therefore, the capacity of C57BL/6 WT, Vavl™”, Vav2” and Vav1/2* B cells to
adhere to bilayers containing only ICAM-1 was evaluated by IRM analysis before
and after BCR stimulation with the anti-IgM (Fab’), fragment. B cell adhesion of
Vav1” and Vav2™ B cells to ICAM-1 was significantly reduced to 30% and 45%,
respectively, compared to the WT control (Figure 3.8 A). This defect was even
more pronounced in Vav1/2” B cells, indicating that Vavl and Vav2 regulate
LFA-1 activation (Figure 3.8 A).

Furthermore, on bilayers containing a high amount of HEL and ICAM-1
molecules, pSMAC formation was strongly reduced in MD4 Vav1™ and Vav2” B
cells and completely abolished in MD4 Vav1/2” B cells (Figure 3.8 B, C). As a
result, the B cell contact with the bilayer was significantly reduced as assessed by
IRM (Figure 3.8 B, D).

Interestingly, loss of Vav3 (MD4 Vav3™ B cells) did neither affect B cell adhesion
to ICAM-1, cSMAC and pSMAC formation nor the contact area with the bilayer
(Figure 3.8 A, B, C, D). This suggests that LFA-1 activation and pSMAC formation

may occur independently of Vav3.

These results show that Vavl is necessary for efficient B cell spreading and
antigen accumulation. Signalling via Vav2 is not required for B cell spreading
when the amount of available antigen is high, suggesting that Vav1 can overtake
Vav2 function under those conditions. At lower antigen availability, however,
Vav2 is required for spreading and antigen accumulation. Furthermore, Vav1 and
Vav2 mediate B cell adhesion and pSMAC formation by contributing to LFA-1

activation downstream of BCR engagement, while Vav3 is not required.
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Figure 3.8 Vav1 and Vav2, but not Vav3 regulate B cell adhesion and pSMAC formation
(A) Not stimulated or a-IgM stimulated WT and Vav1”, Vav2”, Vav1/2” and Vav3” B
cells were settled onto lipid bilayers containing ICAM-1 and adhesion frequency was
quantified by counting B cell-bilayer contacts in 3 different IRM images containing 30-40
cells each. The mean percentage (+se) is shown. Data are representative of 2
independent experiments. (B) MD4 WT and Vav1™, Vav2”, Vav1/2” and Vav3” B cells
were settled onto lipid bilayers containing a high amount of HEL and ICAM-1 and
imaged by confocal microscopy after 20min. DIC, fluorescent, merged and IRM images
of representative B cells are shown. Scale bar: 5pm. Quantification of (C) the IS
frequency and (D) the IRM area of 3 different fields containing 20-30 cells each. The
mean value (tse) is shown. t-test: *p<0.01, **p<0.001. Data are representative of 3
independent experiments.
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3.2.5 The Role of the GTPases Rac1 and Rac2 for B Cell Spreading, B

Cell adhesion and IS Formation

The defective spreading and pSMAC formation in Vav-deficient B cells implicated
a deregulation of downstream signalling due to absence of Vav GEF activity. Two
proteins that are activated downstream of Vav by guanine nucleotide exchange
are the small GTPases Rac1 and Rac2 (Crespo et al., 1997), (Movilla and Bustelo,
1999), (Schuebel et al., 1998), (Abe et al., 2000).

To test whether Rac1 or Rac2 are required for B cell spreading, naive B cells from
CD19%** WT, CD19°** Rac1™ (Rac1™) and CD19°®* Rac2™ mice were incubated
on bilayers containing high and low amounts of a-k in the presence or absence of
ICAM-1. Loss of either Racl or Rac2 did not affect B cell spreading or antigen
aggregation at high amounts of antigen as compared to WT B cells, independently
of the ICAM-1 presence (Figure 3.9 A, B, C).

However, at low densities, B cell spreading and antigen aggregation was
decreased in Rac2™ B cells, while no reduction could be observed Rac1™” B cells
in the presence of ICAM-1 (Figure 3.10 A, B, C). Furthermore, Rac2” B cells
showed a reduction of the contact area with lipid bilayers bearing ICAM-1
independently of the amount of a-k as shown by IRM in Figure 3.9 A, D and
Figure 3.10 A, D.

The observed decrease in spreading and antigen accumulation of Rac2” B cells in
the presence of ICAM-1 matched the values obtained for WT and Rac1” B cells in
the absence of ICAM-1. This suggested that BCR-mediated LFA-1 activation might
be affected by the loss of Rac2.

Therefore the adhesion capacity of Racl” and Rac2” B cells to ICAM-1
containing lipid bilayers was examined. The frequency of adhering Rac2” B cells
to ICAM-1 upon BCR cross-linking was significantly decreased, indicating a
defective LFA-1 activation in those B cells. In contrast, no defect in Rac1” B cell

adhesion was observed (Figure 3.11 A).
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Figure 3.9 B cell spreading is independent of Rac1 and Rac2 at high antigen amounts

(A) WT, Rac1” and Rac2” B cells were settled onto lipid bilayers containing a high
amount of a-x in the presence and absence of ICAM-1 and the kinetic of interaction was
followed by confocal microscopy for 10min. DIC, a-k fluorescence and IRM images of
representative B cells at the indicated time points are shown. Scale bar: 5pm.
Quantification of (B) the area of a-x, (C) the number of accumulated a-x molecules and
(D) the IRM area. Symbols: B WT, & Racl”, A Rac2™. Values are a mean of 10-20 cells

each. Data are representative of 3 independent experiments.
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Figure 3.10 Rac2 contributes to B cell spreading and antigen aggregation when the
antigen amount is low

(A) WT, Rac1” and Rac2™ B cells were settled onto lipid bilayers containing a low
amount of a-k in the presence and absence of ICAM-1 and the kinetic of interaction was
followed by confocal microscopy for 10min. DIC, a-k fluorescence and IRM images of
representative B cells at the indicated time points are shown. Scale bar: 5pm.
Quantification of (B) the area of a-x, (C) the number of accumulated a-x molecules and
(D) the IRM area. Symbols: B WT, © Racl1”, A Rac2”. Values are a mean of 10-20 cells

each. Data are representative of 3 independent experiments.
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Figure 3.11 Rac2 regulates B cell adesion and pSMAC formation

(A) Not stimulated or a-IgM stimulated WT, Rac1” and Rac2” B cells were settled onto
lipid bilayers containing ICAM-1 and adhesion capacity was assessed by IRM. Quantifi-
cation of the B cell adhesion frequency by counting B cell-bilayer contacts in 4 different
IRM images containing 30-40 cells each. The mean percentage (+se) is shown. Data are
representative of 3 independent experiments. (B) WT, Rac1 and Rac2” B cells were settled
onto lipid bilayers containing a high amount of a-x and ICAM-1 and imaged by confocal
microscopy after 20min. DIC, fluorescent, merged and IRM images of representative B cells
are shown. Scale bar: 5um. Quantification of (C) the IS frequency and (D) the IRM area of 4
different fields containing 10-20 cells each. The mean value (+se) is shown. t-test: * p<0.01.
Data are representative of 3 independent experiments.
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Furthermore, the ability of Rac2” B cells to form a pSMAC was reduced 2.5-fold
when compared to the WT control, but unaltered in Rac1” B cells (Figure 3.11 B,
C). This was also confirmed by a significant reduction of the contact area of Rac2

" B cells with the bilayer (Figure 3.11 D).

Taken together, these data suggest a critical role of Rac2 for LFA-1 activation,
thereby facilitating B cell spreading when the amount of available antigen is low.
Furthermore these data show that Rac2, but not Racl is required for pSMAC

formation in B cells.

3.2.6 PI3K Function is Required for B Cell Spreading, LFA-1
Activation and pSMAC Formation

By generating second messenger lipids, PI3K is suggested to contribute to the
activation of Vav (Han et al., 1998), (Palmby et al., 2002) and could therefore link
receptor signalling with cytoskeletal rearrangements. However, via a positive
feedback loop Vav and Rac are also suggested to contribute to PI3K activation in
B cells and T cells (Inabe et al., 2002), (Reynolds et al., 2002).

Thus, to address the importance of PI3K for B cell spreading, MD4 B cells were
treated with 100nM of the PI3K inhibitior Wortmannin (WM) and settled onto
lipid bilayers bearing a low amount of HEL in the presence or absence of ICAM-1.
The area of B cell spreading was markedly reduced upon WM treatment.
Furthermore, antigen was less efficiently aggregated compared to untreated MD4
B cells, which suggested a role of PI3K for B cell spreading. However, the
observed difference matched spreading and antigen aggregation of untreated B
cells in the absence of ICAM-1 (Figure 3.12 A, B, C), indicating that PI3K might be
required for LFA-1 activation. This notion was supported by the fact that the
decrease in spreading was accompanied by a reduction of the B cell contact area

with the lipid bilayer as assessed by IRM (Figure 3.12 A, D).
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Figure 3.12 PI3K contributes to B cell spreading and antigen aggregation at a low antigen

amount

(A) MD4B cells, not treated (NT) and pre-treated with 100nM WM, were settled onto lipid
bilayers containing a low amount of HEL in the presence and absence of ICAM-1 and the
kinetic of interaction was followed by confocal microscopy for 10min. DIC, HEL fluores-
cence and IRM images of representative B cells at the indicated time points are shown.
Scale bar: 1pm. Quantification of (B) the area of HEL (spreading), (C) the number of accu-
mulated HEL molecules and (D) the IRM area. Symbols: B NT + ICAM-1, O NT no ICAM-
1, ® WM + ICAM-1, O WM no ICAM-1. Values are a mean of 20-30 cells each. Data are
representative of 2 independent experiments.
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Therefore the role of PI3K for LFA-1 activation was tested. C57BL/6 (WT) B cells
were pre-treated with different doses of WM and LY294002 (LY), another inhibitor
for PI3K, and activated by BCR cross-linking with anti-igM (Fab’),. Their adhesion
frequency on bilayers bearing ICAM-1 was determined by IRM. Pre-treatment
with either inhibitor resulted in a dose-dependent abrogation of B cell adhesion to
ICAM-1 (Figure 3.13 A).

Furthermore, in the presence of high amounts of antigen and ICAM-1, the
percentage of B cells forming a pSMAC was strongly reduced after WM-treatment
and was accompanied by a significant reduction of the B cell contact area with

the bilayer (Figure 3.13 B, C, D).

Thus, these data indicate an important role of PI3K for B cell adhesion and

pSMAC formation by mediating LFA-1 activation.

A crucial role for signal transduction from the BCR has recently been attributed to
the p1108 catalytic subunit of PI3K (Clayton et al., 2002), (Okkenhaug et al.,
2002), (Jou et al., 2002).

To investigate the role of p1108 for LFA-1 activation, the ability of MD4 p1108™” B
cells to adhere to ICAM-1 and to form an IS was evaluated. Upon BCR
crosslinking, the adhesion frequency of MD4 p1108”~ B cells to ICAM-1
containing bilayers was significantly lower than the WT control (Figure 3.14 A).
Furthermore, on lipid bilayers bearing a high amount of HEL and ICAM-1 p110&™
B cells aggregated a similar amount of antigen while pSMAC formation at the IS
was abrogated. This also correlated with a decreased B cell contact area with the
lipid bilayer (Figure 3.14 B, C, D, E).

Taken together, these data show that PI3K regulates LFA-1 activation and B cell
adhesion to ICAM-1 and therefore contributes to B cell spreading and antigen
aggregation at low antigen concentration. The p1103 catalytic subunit is required
for LFA-1 activation. However, it is likely that also other subunits contribute to B

cell adhesion to ICAM-1 and pSMAC formation at the IS.
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Figure 3.13 Inhibition of P13K blocks B cell adhesion and pSMAC formation

(A) Not stimulated or a-IgM stimulated WT B cells were settled onto lipid bilayers contain-
ing ICAM-1 and adhesion capacity was assessed by IRM. B cells were pre-treated with
different doses of WM or LY. Quantification of the B cell adhesion frequency by counting
B cell-bilayer contacts in 4 different IRM images containing 20-30 cells each. The mean
percentage (+se) is shown. Data are representative of at least 3 independent experiments.
(B) Not treated (NT) and WM-treated (100nM) MD4 B cells were settled onto lipid bilayers
containing a high amount of HEL and ICAM-1 and imaged by confocal microscopy after
20min. DIC, fluorescent, merged and IRM images of representative B cells are shown.
Scale bar: 5um. Quantification of (C) the IS frequency, (D) the number of accumulated HEL
molecules and (E) the IRM area of 4 different fields containing 20-30 cells each. The mean
value (+se) is shown. t-test: ** p<0.001. Data are representative of at least 3 independent

experiments.
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Figure 3.14 p1105 regulates B cell adhesion and pSMAC formation

(A) Not stimulated or a-IgM stimulated WT and p1108” B cells were settled onto lipid
bilayers containing ICAM-1 and adhesion capacity was assessed by IRM. Quantification of
the B cell adhesion frequency by counting B cell-bilayer contacts in 4 different IRM images
containing 20-30 cells each. The mean percentage (+se) is shown. Data are representative
of 2 independent experiments. (B) MD4 WT and p1108” B cells were settled onto lipid
bilayers containing a high amount of HEL and ICAM-1 and imaged by confocal microscopy
after 20min. DIC, fluorescent, merged and IRM images of representative B cells are shown.
Scale bar: 5pm. Quantification of (C) the IS frequency, (D) the number of accumulated
HEL molecules and (E) the IRM area of 4 different fields containing 10-20 cells each. The
mean value (+se) is shown. t-test: * p<0.01. Data are representative of 2 independent ex-

periments.
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3.3 The Contribution of LFA-1 High Affinity and Avidity to B
Cell Adhesion and pSMAC Formation

3.3.1 Mn?* Induced B Cell Adhesion to ICAM-1

LFA-1 activation is required prior to ICAM-1-binding and can be achieved by two
inside-out signalling mechanisms that are non-exclusive: (1) BCR-triggered
conformational changes in the LFA-1 structure that lead to an increase in LFA-1
affinity and (2) cytoskeleton-dependent LFA-1 redistribution on the cell surface
that results in a high LFA-1 avidity (Bazzoni and Hemler, 1998), (Carman and
Springer, 2003). Additionally, high affinity LFA-1 can also be induced outside-in
by divalent cations, such as Mn** that bind to the LFA-1 I-domain (Dransfield et
al., 1992).

To test whether Mn?* induces LFA-1 activation and ICAM-1 binding in naive B
cells, not stimulated WT B cells were settled onto bilayers containing only ICAM-
1 molecules in the presence of different doses of Mn?*. As quantified by IRM, a

dose of 10mM Mn?* induced adhesion in up to 75% of the B cells (Figure 3.15A).

This shows that addition of Mn** can trigger LFA-1 activation in naive B cells and
induces binding to ICAM-1. The adhesion frequency in the presence of Mn** is
similar to the adhesion frequency obtained after BCR crosslinking. Therefore this

dose was used for further experiments.

3.3.1.1 Mn** Restores B Cell Adhesion upon WM-Treatment and in Vav-
Deficient B Cells

To test whether the defective adhesion of WM-treated, Vav1™, Vav2™”, Vav1/2” or
Rac2” B cells was due to a defect in triggering LFA-1 high affinity, the adhesion of
those B cells to lipid bilayers bearing only ICAM-1 was examined in the presence
of 10mM Mn?*. As shown in Figure 3.16 A, Mn** addition restored adhesion to
ICAM-1 in 50% WM-treated B cells. The adhesion frequency of Vav1”, Vav2™”

-98 -



Chapter 3

and Vav1/2” B cells to ICAM was comparable to WT B cells in the presence of
Mn** (Figure 3.16 B). The defective adhesion of Rac2” B cells however, could not
be restored using Mn?* and showed a 5-fold decrease compared to WT or Rac1™
B cells (Figure 3.16 C).

These data show that the Mn**-induced LFA-1/ICAM-1 interaction is sufficient to
induce B cell adhesion in WM-treated as well as in Vav1”, Vav2”, and Vav1/2” B

cells. In contrast, Mn** was not sufficient to restore adhesion of Rac2™ B cells.

3.3.2 Mn** does not Restore pSMAC Formation upon WM-Treatment
and in Vav- and Rac2-Deficient B Cells

To test whether the loss of pSMAC formation in WM-treated, Vavl”, Vav2”,
Vav1/2” and Rac2” B cells can also be restored using Mn?**, they were incubated
on bilayers containing a high amount of antigen and ICAM-1 in the presence of

Mn2+

As examined by confocal microscopy, WM-treated, Vav1™, Vav2”, Vav1/2" and
Rac2” B cells did not recover pSMAC formation in the presence of Mn?* (Figure
3.17 A, B). An increased number of Vavl” and Vav2” B cells showed ICAM
accumulation, this appeared to localise predominantly only at one side of the

cSMAC instead of forming a peripheral ring (Figure 3.17 B).
These data suggest that although LFA-1 in its high affinity state is able to induce B

cell adhesion, this is not sufficient for pPSMAC formation and implicate other

mechanisms in the regulation of this process.
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Figure 3.15 Mn?* induced B cell adhesion to ICAM-1

(A) WT B cells were settled onto lipid bilayers containg only ICAM-1 molecules in the pres-
ence and absence of different amounts of Mn?*. B cell adhesion frequency was quantified
by counting the number of contacts of B cells with the bilayer by IRM in 4 different fields
containing 20-30 B cells each.
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Figure 3.16 B cell adhesion is restored by Mn?* in WM-treated, Vav1-, Vav2~ and Vav1/2-
- B cells

The following B cells were settled onto lipid bilayers containg only ICAM-1 molecules in
the presence and absence of a-IgM or 10mM Mn?* and adhesion frequency was quantified
by counting B cell contacts with the bilayer using in 3 different fields containing 20-30 B
cells each. (A) NT B cells and B cells treated with 100nM WM. (B) WT, Vav1+, Vav2* and
Vav1/2” B cells. (C) WT, Rac1 and Rac2” B cells. Data are representative of 2 independ-
ent experiments.
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Figure 3.17 Mn?* does not restore pSMAC formation in WM-treated and Vav- and Rac-

deficient B cells
WT B cells, B cells treated with 100nM WM, MD4 Vav1*, MD4 Vav2*, MD4 Vav1/2" and

Rac2” B cells were incubated on bilayers containing a high amount of antigen and ICAM-
1 molecules for 20 min in the presence of 10mM Mn?*. (A) DIC, fluorescent and merged
images from representative B cells are shown. Scale bar: 5puM. (B) The percentage of B cells
accumulating ICAM-1, forming a pSMAC or do not accumulate ICAM-1 is shown. Quanti-
fication was done on 4 different fields containing 10-20 cells each. The mean value (+se) is
shown. Data are representative of at least 2 independent experiments.
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3.4 SFKs, Vavl, Vav2, Rac2 and PI3K are Required for
Cytoskeletal Rearrangements at the 1S

In addition to conformational changes, rearrangement of the cytoskeleton is a
second mechanism that supports LFA-1 binding to ICAM-1 (van Kooyk and
Figdor, 2000). As Mn?* failed to restore pPSMAC formation in WM-treated, Vav1™,
Vav2”, Vav1/2” and Rac2” B cells (3.3.2), misregulation of cytoskeletal dynamics

is a likely cause of the defects observed in those B cells.

A readout for cytoskeletal rearrangements induced upon antigen recognition is the
polarisation of F-actin at the IS (Ardouin et al., 2003), (Fleire et al., 2006). To
examine whether F-actin accumulation was affected, PP1- and WM-treated B
cells, as well as Vavl™, Vav2™”, Vav1/2”, Rac1” and Rac2” B cells were fixed
with PFA upon mature IS formation after 20 minutes incubation on lipid bilayers
bearing high amounts of antigen and ICAM-1 molecules. As revealed by
phalloidin staining F-actin was polarised towards the IS in WT B cells and
localised predominantly at the pSMAC region surrounding the antigen (Figure
3.18 A, B). In contrast, F-actin polarisation could only be observed in a low
number of PP1-treated, WM-treated, Vav1l”, Vav2”, Vav1/2” and Rac2” B cells
(Figure 3.18 A, B, C) and the area of polarised F-actin was significantly reduced
(Figure 3.18 D). Consistent with the observation that pPSMAC formation in Rac1™
B cells was normal, F-actin polarisation was not affected in those B cells (Figure
3.18 A, B, C, D).

These data demonstrate that antigen recognition by the BCR triggers cytoskeletal
rearrangements, e.g. F-actin polarisation, through a signalling cascade involving
subsequent activation of SFKs, Vavl and Vav2, PI3K and Rac2. This, in turn,
might support LFA-1 activation and pSMAC formation at the IS.

In addition, the amount of actin polymerisation could be determined in future
experiments to support the morphological data of F-actin polarisation obtained
from these experiments. To do this, WT, PP1-treated, WM-treated, Vav1”, Vav27,
Vav1/2” and Rac2” B cells could be stimulated by BCR cross-linking and the

amount of F-actin could be measured upon phalloidin staining by FACS analysis.
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Figure 3.18 F-actin polarisation at the IS depends on SFKs, PI3K, Vav1, Vav2 and Rac2
WT B cells, B cells treated with 100pM PP1 or 100nM WM, Vav1, Vav27, Vav1/2” and
Rac2” B cells were incubated on bilayers containing a high amount of antigen and ICAM-1
molecules for 20 min. B cells were fixed with 4% PFA and F-actin was stained with phalloi-
din-TRITC. (A) F-actin polarisation towards the IS for a representative B cells is shown by an
axial projection. (B) DIC, fluorescent and merged images from representative B cells show
amount and area of F-actin at the IS. Scale bar: 2.5pM. (C) Quantification of the amount
of F-actin and (D) quantification of the area of F-actin of 4 different fields containing 10-20
cells each. The mean value (+se) is shown. t-test: ** p<0.001. Data are representative of 3
independent experiments.
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4 Biochemical Analysis of the Vav1/2-Rac2-PI13K Signalling
Pathway

By using confocal microscopy, the results presented in the previous chapter
revealed a signalling mechanism involving SFKs, Vavl, Vav2, Rac2 and PI3K,
required for activation of the integrin LFA-1 in B cells. However, it was important
to confirm these results using a different approach, such as biochemical analysis

of this signalling pathway.

4.1 Analysis of Rac1 and Rac2 Activation

Although LFA-1 activation requires SFKs, Vav1, Vav2, Rac2 and PI3K, it is unclear
whether these molecules act together in a linear signalling cascade. One way to
examine whether Rac1 and Rac2 activation requires SFK, Vav1/2 and PI3K, is the

detection of GTP-bound forms of Rac1 and Rac2 upon antigen recognition.

4.1.1 Preparation of GST-CRIB

To detect GTP-bound active forms of Rac1 and Rac2, a glutathione-S-transferase
fusion protein comprised of the Cdc42/Rac interactive binding domain of Pak1
(GST-CRIB) was coupled to Glutathione beads as described in section 2.5.2
above. The coupling efficiency was determined by SDS-PAGE and the amount of
coupled GST-CRIB was estimated by comparison to different amounts of bovine

serum albumine (BSA) (Figure 4.1 A).

To test, whether GST-CRIB binds to active Rac1- and Rac2-GTP, naive WT B cells
were stimulated with anti-IgM (Fab’), for the indicated times or left unstimulated.
B cells were lysed and incubated with the GST-CRIB beads. Binding of Rac1- and
Rac2-GTP to the GST-CRIB beads at the different time points was examined by
SDS-PAGE and Western Blot (WB) analysis (described in section 2.5 above). As
shown in Figure 4.1 B, C, GTP-bound Racl can be observed at 1 minute after
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BCR cross-linking, while Rac2 activation peaks at 30 seconds. Moreover, the
amount of GTP-bound Racl and -Rac2 declines shortly after their initial

activation (Figure 4.1 B, C).

Thus, GST-CRIB can be used to precipitate GTP-bound active forms of Rac1 and

Rac? in lysates of naive B cells upon stimulation by BCR crosslinking.

4.1.2 Regulation of Rac1 and Rac2 Activation Downstream of the
BCR

To determine how Rac1 and Rac2 activation is regulated downstream of antigen
recognition, naive WT B cells were treated with the SFK inhibitor PP1 or the PI3K
inhibitor WM before stimulation by BCR crosslinking. Furthermore the role of Vav
proteins for Rac1 and Rac2 activation was examined in Vav1/2” B cells.

Inhibition of SFKs resulted in a loss of GTP-bound Rac1 and Rac2 (Figure 4.2 A,
B). While activation of Racl was also abolished upon inhibition of PI3K activity,
Rac2 activation was partially affected (Figure 4.3 A, B). Racl activation was
almost abrogated in Vav1/2” B cells (Figure 4.2 C) and this is in agreement with a
previous report by Johmura et al. Johmura et al., 2003). Rac2-GTP levels were
also diminished in Vav1/2” B cells and residual Rac2 activation was delayed in

comparison to the WT control B cells (Figure 4.3 C).

These results demonstrate that upon antigen recognition early SFK-mediated
signalling triggers activation of the small GTPases Racland Rac2 via a Vav1/Vav2
and partially PI3K-dependent mechanism. Nevertheless, a residual activation of
Rac2 could be observed in Vav1/2” B cells, which suggests that other GEFs might

partly regulate Rac2 activation.
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Figure 4.1 Biochemical analysis of Rac1 and Rac2 activation

(A) SDS page analysis of a GST-CRIB preparation, compared to BSA. Analysis of (B) Rac1-
GTP and (C) Rac2-GTP from lysates of B cells,which were stimulated by BCR cross-linking
with anti-IgM (Fab’), for the indicated times, using GST-CRIB. Samples for the detection of
total Rac1 and Rac2 were taken from the same lysates prior to beeing incubated with GST-
CRIB. Blots were probed with (B) mouse anti-Rac1 IgG2b and goat anti-mouse 1gG-HRP
and (C) rabbit anti-Rac2 1gG and goat anti-rabbit IgG-HRP. Blots are representative of 3

independent experiments.
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Figure 4.2 Regulation of Rac1 activation
Analysis of Rac1-GTP from lysates of B cells,which were stimulated by BCR cross-linking

with anti-IgM (Fab’), for the indicated times, using GST-CRIB. B cells were treated with (A)
100pM PP1 and (B) 100nM WM prior to being stimulated. (C) Analsysis of Rac1-GTP from
Vav1/2* B cells compared to WT B cells. Samples for the detection of total Rac1 were
taken from the same lysates prior to beeing incubated with GST-CRIB. Blots were probed
with mouse anti-Rac1 IgG2b and goat anti-mouse IgG-HRP. Blots are representative of 3

independent experiments.
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Figure 4.3 Regulation of Rac2 activation

Analysis of Rac2-GTP from lysates of B cells,which were stimulated by BCR cross-linking
with anti-IgM (Fab’), for the indicated times, using GST-CRIB. B cells were treated with (A)
100puM PP1 and (B) 100nM WM prior to being stimulated. (C) Analsysis of Rac2-GTP from
Vav1/2* B cells compared to WT B cells. Samples for the detection of total Rac2 were
taken from the same lysates prior to beeing incubated with GST-CRIB. Blots were probed
with rabbit anti-Rac2 IgG and goat anti-rabbit IgG-HRP. Blots are representative of 3 inde-

pendent experiments.
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4.2 Analysis of Rap1 Activation

The small GTPase Rap1 was recently identified as a potent activator of LFA-1in T
cells through its effector molecule RAPL (Katagiri et al., 2003). RAPL is thought to
bind to the intracellular domain of LFA-1 to directly transmit signals from antigen
receptors (Kinashi and Katagiri, 2004). As Rap1/RAPL are absolutely required for
LFA-1 function, the contribution of SFK, Vav1, Vav2, Racl, Rac2 and PI3K to

Rap1 activation was investigated.

4.2.1 Preparation of GST-RalGDS-RBD

To detect active GTP-bound Rapl, a glutathione-S-transferase fusion protein
comprised of the Rapl-binding domain of RalGDS (GST-RalGDS-RBD) was
coupled to Glutathione beads. The coupling efficiency was determined by SDS-
page and the amount of coupled GST-RalGDS-RBD was estimated by comparison
to different amounts of BSA (Figure 4.4 A).

GST-RalGDS-RBD beads were then used to precipitate GTP-bound forms of Rap1
from lysates of naive WT B cells, which where stimulated by BCR cross-linking
beforehand or left un-stimulated.

Rap1 activation could be detected rapidly after BCR crosslinking. The level of
GTP-bound Rap1 peaked at about 1 minute after BCR cross-linking and declined
thereafter (Figure 4.4 B), similar to Racl and Rac2 activation (see section 4.1.1

above).
Thus, GST-RalGDS-RBD beads can be used in further experiments for the

detection of active Rap1 in lysates of naive B cells upon stimulation by BCR

crosslinking.
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Figure 4.4 Biochemical analysis of Rap1 activation

(A) SDS page analysis of a GST-RalGDS-RBD preparation, compared to BSA. Analysis of
(B) Rap1-GTP from lysates of B cells, which were stimulated by BCR cross-linking with
anti-IgM (Fab"), for the indicated times, using GST-RalGDS-RBD. Samples for the detection
of total Rap1 were taken from the same lysates prior to beeing incubated with GST-Ral-
GDS-RBD. Blots were probed with rabbit anti-Rap1 1gG and goat anti-rabbit IgG-HRP. Blots
are representative of 3 experiments.
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4.2.2 Regulation of Rap1 Activation Downstream of the BCR

To determine how Rap1 activation is regulated downstream of BCR engagement,
naive WT B cells were treated with the SFK inhibitor PP1 and the PI3K inhibitor
WM before BCR crosslinking using the anti-IgM (Fab’),. Furthermore the
contribution of Vavl and Vav2 as well as Racl and Rac2 to Rap1 activation was
examined in Vav1/2”, Rac1™” and Rac2™ B cells.

Inhibition of SFKs resulted in a loss of GTP-bound Rap1 (Figure 4.5 A). In contrast,
Rap1 activation was delayed and only slightly reduced in the absence of PI3K
activity (Figure 4.5 B). Furthermore, Rap1 activation was severely affected in
Vav1/2” B cells (Figure 4.5 C). The levels of GTP-bound Rap1 were also markedly
reduced upon BCR cross-linking of Rac2” B cells, but not Rac1™ B cells (Figure
4.5 D).

These results show that SFKs, Vav1/Vav2 and Rac2 transmit BCR signals to the
activation of the small GTPase Rap1. This may be a critical step for LFA-1
activation as well as pSMAC formation at the B cell IS and might be regulated by
RAPL. These data furthermore suggest that PI3K is not absolutely required, but

may facilitate Rap1 activation.
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Figure 4.5 Regulation of Rap1 activation depends on SFKs, Vav1/2 and Rac2 and partially
on PI3K

Analysis of Rap1-GTP from lysates of B cells,which were stimulated by BCR cross-linking
with anti-IgM (Fab’), for the indicated times, using GST-RalGDS-RBD. B cells were treated
with (A) 100uM PP1 and (B) 100nM WM prior to being stimulated. (C) Analsysis of Rap1-
GTP from Vav1/27 B cells and (D) from Rac1” and Rac2” B cells compared to WT B cells.
Samples for the detection of total Rap1 were taken from the same lysates prior to beeing
incubated with GST-RalGDS-RBD. Blots were probed with rabbit anti-Rap1 IgG and goat
anti-rabbit IgG-HRP. Blots are representative of 3 independent experiments.
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5 The Contribution of BCR Signalling to VLA-4 Activation

and Accumulation at the Immunological Synapse

A second integrin expressed on the B cell surface is VLA-4. VLA-4 is recruited to
the IS in B cells and facilitates antigen recognition at limited antigen availability
by mediating B cell adhesion to VCAM-1 (Carrasco and Batista, 2006). During
formation of the IS, VLA-4 distributes to the pSMAC and colocalises with LFA-1
(Carrasco and Batista, 2006). This segregation seems to be driven by its ligand
VCAM-1, as VLA-4 accumulates with the antigen in the cSMAC during
interactions of B cells with APCs or lipid bilayers bearing a VCAM-1 mutant that
lacks its transmembrane domain (Carrasco and Batista, 2006).

The following chapter shows that also VLA-4 contributes to B cell spreading by
increasing adhesion during the early stage of membrane-bound antigen
recognition. Furthermore the following results indicate that antigen recognition
through the BCR triggers activation of VLA-4 through a similar signalling

mechanism than of LFA-1.

5.1 The Contribution of the VLA-4/VCAM-1 Interaction to B
cell Spreading

Similar to LFA-1, VLA-4 contributes to antigen aggregation at limited antigen
densities by promoting B cell adhesion to VCAM-1 (Carrasco and Batista, 2006).
To establish, whether VLA-4/VCAM-1 promotes antigen aggregation by
supporting B cell spreading, naive MD4 B cells were settled onto lipid bilayers
containing a low amount of HEL in the presence or absence of VCAM-1. Confocal
microscopy of the first 10 minutes of the B cell interaction with these HEL-bearing
lipid bilayers revealed a significant increase in B cell spreading in the presence of
VCAM-1 (Figure 5.1 A, B). The increased spreading also resulted in higher antigen

accumulation compared to the absence of VCAM-1 (Figure 5.1 C).
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Similar to bilayers containing ICAM-1 (see section 3.1 above), IRM analysis of B
cell/bilayer attachment at the same timpoints shows large tight contacts in the

presence of VCAM-1 and only scattered contacts its absence (Figure 5.1 A, D).

Thus, the BCR triggers VLA-4 activation and adhesion to VCAM-1 during the early
stage of membrane bound antigen recognition. Subsequently, this B cell adhesion

assists B cell spreading and antigen accumulation at low antigen densities.

5.2 The Role of BCR-Mediated Signalling to B cell Adhesion and
VLA-4 Accumulation at the IS

B cell adhesion to VCAM-1 and recruitment of VLA-4 to the IS depends on BCR-
mediated signalling (5.1 above and (Carrasco and Batista, 2006)). To examine
whether regulation of VLA-4 activation follows the same signalling mechanism
described in the previous chapter for LFA-1, the contribution of SFKs, Vav and
Rac proteins and PI3K to B cell adhesion to VCAM-1 and VLA-4/VCAM-1

recruitment to the IS was examined.

5.2.1 The Role of SFKs for B Cell Adhesion to VCAM-1 and VLA-4
Recruitment to the IS

To analyse, whether SFKs contribute to VLA-4 activation, naive WT B cells were
pre-treated with various doses of the SFK inhibitors PP1 and PP2. Un-treated and
treated B cells were further stimulated by BCR cross-linking with an anti-mouse
IgM (Fab"), or left un-stimulated. B cells were settled onto lipid bilayers containing
VCAM-1 only and their adhesion capacity was quantified by IRM.

Adhesion to VCAM-1 was induced by BCR cross-linking in 90% of the untreated
B cells, however was completely abolished at a dose of 100pM PP1 or 100pM
PP2 (Figure 5.2 A, B). Thus, these results show the importance of SFKs for VLA-4

activation and ligand binding.

-115 -



Chapter 5

To investigate whether SFKs are cruical for the accumulation of VLA-4 at the IS,
MD4 B cells were treated with 100pM PP1 and settled onto lipid bilayers
containing high amounts of HEL in the presence of VCAM-1. Untreated B cells
recruited VLA-4 to the cSMAC of the IS as described previously (Carrasco and
Batista, 2006). PP1 treatment however, severely reduced the capacity of B cells to
recruit VLA-4 and this correlated with a significant reduction of the B cell contact

area with the bilayer as assessed by IRM (Figure 5.3 A, B, C).

These results are in agreement with previous observations demonstrating SFK-
transduced signalling as a requirement for VLA-4 activation and B cell adhesion
to VCAM-1 (Spaargaren et al.,, 2003) and additionally show that SFKs are

responsible for mediating VLA-4 recruitment to the IS.

5.2.2 The Role of Vav Proteins for B Cell Adhesion to VCAM-1 and
VLA-4 Recruitment to the IS

As shown in a previous chapter (see section 3.2.4 above) B cell adhesion to
ICAM-1 required the GEFs Vavl and Vav2. To determine whether also VLA-4
activation depends on Vav proteins, the capacity of C57BL/6 WT, Vav1™, Vav2”,
Vav1/2” and Vav3” B cells to adhere to bilayers containing only VCAM-1
molecules was evaluated.

IRM analysis did not reveal any significant differences in the adhesion frequency
of Vavl”, Vav2™ and Vav3™ B cells upon BCR crosslinking with the anti-IgM
(Fab’), fragment. However, adhesion of Vav1/2” B cells was reduced by 40%,

indicating a redundant role of Vav1 and Vav2 for VLA-4 activation (Figure 5.4 A).
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Figure 5.1 VLA-4/VCAM-1 promotes B cell spreading and antigen aggregation at low an-
tigen amounts "

(A) MD4 B cells were settled onto lipid bilayers containing a low amount of HEL in the
presence and absence of VCAM-1 and the kinetic of interaction was followed by confocal
microscopy for 10min. DIC, HEL fluorescence and IRM images of representative B cells at
the indicated time points are shown. Scale bar: 1pm. Quantification of (B) the area of HEL
(spreading), (C) the number of accumulated HEL molecules and (D) the IRM area. Symbols:
B + VCAM-1, O no VCAM-1. Values are a mean of 10-20 cells each. Data are representa-
tive of 2 independent experiments.

-117 -



Chapter 5

A a-igM - - - +
PP1 (M)

- - 100 .
PP2 (uM) . . - 100
8 - . - .

IRM
cI_._ILI_I
+ + 2+ + + + o+

W
g

Adhesion frequency (%)
g

a-igM -
PPI(upM) - - 100 10 1 - - -
PP2 (uM) - - - - - 100 10 1

Figure 5.2 Inhibition of SFKs blocks B cell adhesion to VCAM-1

Not stimulated or a-IgM stimulated WT B cells were settled onto lipid bilayers contain-
ing VCAM-1 and adhesion capacity was assessed by IRM. B cells were pre-treated with
different doses of PP1 or PP2. (A) DIC and IRM images of a representative field of B cells
treated as indicated are shown. Scale bar: 5pm. (B) Quantification of the B cell adhesion
frequency by counting B cell-bilayer contacts in 4 different IRM images containing 20-30
cells each. The mean percentage (+se) is shown. Data are representative of 3 independent
experiments.
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Figure 5.3 Inhibition of SFKs blocks IS formation on bilayers containing VCAM-1

(A) Not treated (NT) and PP1-treated (100pM) MD4 B cells were settled onto lipid bilayers
containing a high amount of HEL and VCAM-1 and imaged by confocal microscopy after
20min. DIC, fluorescent, merged and IRM images of representative B cells are shown. Scale
bar: 5um. Quantification of (B) the IS frequency and (C) the IRM area of 3 different fields
containing 20-30 cells each. The mean value (zse) is shown. t-test: ** p<0.001 Data are
representative of 2 independent experiments.
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To examine the role of Vav proteins for VLA-4 recruitment to the IS, MD4 Vav1,
Vav2”, Vav1/2” and Vav3” B cells were settled onto lipid bilayers containing
high amounts of HEL in the presence of VCAM-1 molecules. In the absence of
either Vav1, Vav2 or Vav3 VCAM-1 was accumulated at the IS as efficiently as in
WT B cells (Figure 5.4 B, C). Furthermore, the B cell contact area with the bilayer
was similar in MD4 Vavl”, Vav2” and Vav3” B cells (Figure 5.4 B, D).
Concomitantly with the reduction in B cell adhesion to VCAM-1, VLA-4 was only
recruited to the IS in a low percentage of MD4 Vav1/2” B cells, and the B cell
contact area with the bilayer was slightly reduced (Figure 5.4 B, C, D).

These data demonstrate that also B cell adhesion to VCAM-1 and recruitment of
VLA-4/VCAM-1 to the IS depends on Vavl and Vav2. However, in contrast to
LFA-1 activation, both proteins play redundant roles for the activation of VLA-4.

5.2.3 The Contribution of Rac to B Cell Adhesion to VCAM-1 and
VLA-4 Recruitment to the IS

LFA-1 activation requires the presence of the small GTPases Rac2, but not the
highly homologous Rac1 (see section 3.2.5 above). Although Rac proteins are
suggested to regulate T cell adhesion to VCAM-1 (D'Souza-Schorey et al., 1998),
it is unclear, whether Rac1 and Rac2 are also required for VLA-4 activation in B

cells.

To examine the role of Racl and Rac2 for VLA-4 activation, the adhesion
capacity of WT, Rac1” and Rac2” B cells to VCAM-1 containing lipid bilayers
was investigated.

BCR crosslinking resulted in 95% adhesion of WT B cells. Adhesion of Rac1” B
cells to VCAM-1 was similar to WT B cells and did not show any defects. A small
decrease in adhesion of Rac2™ B cells to VCAM-1 could be observed, however

this was not significant when compared to WT B cells (Figure 5.5 A).
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Figure 5.4 VLA-4 activation and VCAM-1 recruitment to the IS in Vav-deficient B cells

(A) Not stimulated or a-IgM stimulated WT and Vav1”, Vav2”, Vav1/2” and Vav3”" B
cells were settled onto lipid bilayers containing VCAM-1 and adhesion frequency was
quantified by counting B cell-bilayer contacts in 3 different IRM images containing 30-40
cells each. The mean percentage (+se) is shown. Data are representative of 2
independent experiments. (B) MD4 WT and Vav1”, Vav2”, Vav1/2” and Vav3” B cells
were settled onto lipid bilayers containing a high amount of HEL and VCAM-1 and
imaged by confocal microscopy after 20min. DIC, fluorescent, merged and IRM images
of representative B cells are shown. Scale bar: 5pm. Quantification of (C) the IS
frequency and (D) the IRM area of 3 different fields containing 10-20 cells each. The
mean value (xse) is shown. t-test: *p<0.01. Data are representative of 2 independent
experiments.
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Figure 5.5 VLA-4 activation and VCAM-1 recruitment to the IS in Rac-deficient B cells
(A) Not stimulated or a-IgM stimulated WT, Rac1” and Rac2” B cells were settled onto
lipid bilayers containing VCAM-1 and adhesion capacity was assessed by IRM. Quantifi-
cation of the B cell adhesion frequency by counting B cell-bilayer contacts in 4 different
IRM images containing 30-40 cells each. The mean percentage (+se) is shown. Data are
representative of 2 independent experiments. (B) WT, Rac1 and Rac2* B cells were settled
onto lipid bilayers containing a high amount of a-x and VCAM-1 and imaged by confocal
microscopy after 20min. DIC, fluorescent, merged and IRM images of representative B cells
are shown. Scale bar: 5pm. Quantification of (C) the IS frequency and (D) the IRM area
of 4 different fields containing 10-25 cells each. The mean value (+se) is shown. Data are
representative of 2 independent experiments.
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To investigate further, if Rac1 and Rac2 are required for VLA-4 recruitment to the
IS, WT, Rac1” and Rac2” B cells were settled onto lipid bilayers containing a
high amount of a-x in the presence of VCAM-1. In contrast to LFA-1 segregation
into the periphery, VLA-4 recruitment to the IS did not require Rac1 or Rac2. No
differences in IS formation or contact area with the bilayer could be observed
(Figure 5.5 B, C, D).

Taken together, these data suggest that VLA-4 activation and recruitment to the IS
can occur independently of either Rac1 or Rac2. However, these results do not
exclude the possibility that both GTPases have redundant functions in mediating
VLA-4 activation. Indeed, Rac2” B cells showed a small reduction in their ability
to adhere to VCAM-1, which might be even further reduced by the additional loss
of Racl.

5.2.4 The Role of PI3K for B Cell Adhesion to VCAM-1 and VLA-4

Accumulation at the IS

PI3K has been suggested to contribute to adhesion of DT40 chicken B cells to
VCAM-1 (Spaargaren et al., 2003). However, the p110d subunit of PI3K was not
required for T cell adhesion to VCAM-1. Furthermore their contribution to VLA-4

recruitment to the IS is unknown.

Whether VLA-4 activation requires PI3K was first investigated. WT B cells were
pre-treated with different doses of WM and LY294002 (LY), activated by BCR
cross-linking and their adhesion frequency on bilayers bearing VCAM-1
molecules was determined. Pre-treatment with both inhibitors resulted in the
abrogation of B cell adhesion to VCAM-1 (Figure 5.6 A), confirming the
dependence of VLA-4 activation on PI3K as reported previously (Spaargaren et al.,
2003).

On bilayers bearing a high amount of HEL in the presence of VCAM-1, VLA-4
recruitment to the IS was also abrogated and this correlated with reduction of the

B cell contact area with the bilayer (Figure 5.6 B, C, D).
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Figure 5.6 Inhibition of PI3K blocks B cell adhesion and VCAM-1 recruitment to the IS

(A) Not stimulated or a-IgM stimulated WT B cells were settled onto lipid bilayers contain-
ing VCAM-1 and adhesion capacity was assessed by IRM. B cells were pre-treated with
different doses of WM or LY. Quantification of the B cell adhesion frequency by counting
B cell-bilayer contacts in 4 different IRM images containing 20-30 cells each. The mean
percentage (+se) is shown. Data are representative of 3 independent experiments. (B) Not
treated (NT) and LY-treated (50pM) MD4 B cells were settled onto lipid bilayers containing
a high amount of HEL and VCAM-1 and imaged by confocal microscopy after 20min. DIC,
fluorescent, merged and IRM images of representative B cells are shown. Scale bar: 5pm.
Quantification of (C) the IS frequency and (D) the IRM area of 3 different fields containing
30-40 cells each. The mean value (zse) is shown. t-test: ** p<0.001. Data are representative

of 2 independent experiments.
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On the basis of these results, the role of the p110d for VLA-4 activation and
recruitment to the 1S was examined. To do this, p1108” B cells were settled onto
bilayers containing VCAM-1 and their adhesion frequency was determined before
and after BCR crosslinking. B cells lacking p1108 showed a reduction of their
capacity to adhere to VCAM-1 (Figure 5.7 A).

However, VLA-4 recruitment towards the IS and the B cell contact area with the

bilayer of p1108” B cells was similar to the WT control (Figure 5.7 B, C, D).

Taken together these results indicate that VLA-4 activation and recruitment to the
IS is regulated by P13K, however do not depend entirely on the p1103 subunit. As
p1108™ B cells were able to adhere to VCAM-1 and to recruit VLA-4 to IS, a role
for other PI3K subunits is likely. In this line, p110a can be recruited to the BCR
upon crosslinking (Vigorito et al., 2004) and may be involved in regulating VLA-4

activation.
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Figure 5.7 B cell adhesion to VCAM-1 and its recruitment to the IS is independent of
p1105

(A) Not stimulated or a-IgM stimulated WT and p11058™ B cells were settled onto lipid bi-
layers containing VCAM-1 and adhesion capacity was assessed by IRM. Quantification of
the B cell adhesion frequency by counting B cell-bilayer contacts in 3 different IRM images
containing 30-40 cells each. The mean percentage (+se) is shown. Data are representative
of 2 independent experiments. (B) MD4 WT and p1108™ B cells were settled onto lipid bi-
layers containing a high amount of HEL and VCAM-1 and imaged by confocal microscopy
after 20min. DIC, fluorescent, merged and IRM images of representative B cells are shown.
Scale bar: 5pm. Quantification of (C) the IS frequency and (D) the IRM area of 4 different
fields containing 10-20 cells each. The mean value (+se) is shown. Data are representative

of 2 independent experiments.
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6 The pSMAC - Localising and Sustaining B Cell Signalling

Signals leading to B cell activation, such as tyrosine phosphorylation events, are
induced within seconds of membrane-bound antigen recognition (Fleire et al.,
2006). Nevertheless, continuous stimulation for a longer period of time might be
required for the total activation of B cells.

In T cells, the pSMAC has been described as the site for continuous generation of
microclusters containing TCR bound to MHC complexes. Only these peripheral
microclusters contained phosphorylated proteins, such as ZAP-70 or Lck (Campi
et al., 2005), (Varma et al., 2006), (Yokosuka et al., 2005). Therefore the current
hypothesis emerges that the sustained signal required for full T cell activation is
continuously generated in microclusters in the pSMAC (Saito and Yokosuka,
2006).

To gain insights into the function of the pSMAC in B cells and into the spatial
regulation of BCR proximal signalling events, localisation of a variety of proteins
was investigated upon membrane bound antigen recognition as described in the

following chapter.

6.1 Continuous B Cell Signalling in the pSMAC

To examine, if also the pSMAC at the B cell IS fuctions as site of new BCR
engagement and signalling, MD4 B cells were settled onto lipid bilayers bearing
low amounts of HEL in the presence or absence of ICAM-1. B cells were fixed
after 2 and 20 minutes upon antigen recognition and the phosphotyrosine (pTyr)
amount was stained with the anti-pTyr antibodies 1G2 and PY2, followed by

incubation with an Alexa Fluor 488-conjugated anti-mouse IgG1.
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In the presence or absence of ICAM-1, pTyr is initially distributed equally over the
whole contact area of the B cell with the bilayer, where it colocalises with the
antigen (Figure 6.1 A). At later timepoints pTyr staining could be observed in the
pSMAC region and colocalising with the antigen cluster (Figure 6.1 A).
Interestingly, stronger pTyr area and fluorescence intensity was observed after 20

minutes in the presence of ICAM-1 compared to its absence (Figure 6.1 B, C).

These data suggest that also in B cells active signalling events occur in the
pSMAC. Furthermore, as measured by the pTyr fluorescence intensity, the
presence of ICAM-1 promoted B cell signalling events. This is in agreement with
the data presented in chapter 3 of this Thesis showing that LFA-1/ICAM-1 binding
supports antigen engagement. Furthermore, it is tempting to speculate that
continuous BCR/antigen engagement occurs in the pSMAC, as it has been
described for T cells.

6.2 Vav Localisation at the IS

pTyr staining could be observed surrounding the antigen. This might imply the
local recruitment of signalling molecules and their activation at the pSMAC area.
As Vav1l and Vav2 regulate B cell spreading and antigen accumulation, and are
also required for LFA-1 activation and pSMAC formation (see section 3.2.4

above), their localisation at the IS was investigated.

To do this, the staining efficiency of commercially available antibodies specific
for Vav1, Vav2 and Vav3 was tested by FACS analysis on PFA- or methanol-fixed
MD4 B cells. However antibodies against Vav1, Vav2 and Vav3 did not give a

positive signal (Figure 6.2 A, B).
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Figure 6.1 B cell signalling events in the pSMAC
(A) MD4 B cells were settled onto lipid bilayers containing a low amount of HEL in the
presence and absence of ICAM-1 and fixed with PFA after 2 and 20 minutes of interaction
with the bilayers. The phosphotyrosine amount (pTyr) was stained and the cells were ana-
lysed by confocal microscopy. (A) DIC, fluorescent and merged images of representative
B cells at the indicated time points are shown. Scale bar: 2pm. Quantification of (B) the
area of pTyr and (C) the fluorescence intensity of the pTyr amount at 20 min. Values are
a mean of 20-30 cells each. t-test: **p<0.001. Data are representative of 2 independent

experiments.
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Figure 6.2 FACS staining of Vav1, Vav2 and Vav3

(A) Flow cytometric analysis of the cell population obtained from a MD4 mouse spleen.
Cells were fixed with 4% paraformaldehyde, permeabilised and stained with anti-Vav1,
anti-Vav2 and anti-Vav3 antibodies (ab) followed by secondary detection (red line). (B)
MD4 B cells were fixed with methanol and stained with anti-Vav1, anti-Vav2 and anti-Vav3
ab followed by secondary detection (red line). B cells falling into the gates were analysed.
As control, a part of the B cells was stained with the secondary ab only (blue line).
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As Vav proteins could not be stained upon fixation of naive B cells, another
approach was taken to determine the spatiotemporal distribution of Vavl. To
examine Vavl localisation in real time, A20 B cells were transfected with a
plasmid encoding GFP-tagged Vav1 and clones were selected. However, no A20
B cells stably expressing Vav1-GFP could be generated, indicating that

overexpression of Vav1-GFP might lead to cell dead.

Therefore, A20 B cells were transiently transfected with the same plasmid and
Vav1-GFP expression was monitored by FACS analysis over 24 hours. Dead and
alive B cells were distinguished by the addition of propidium iodide (Pl). GFP-
positive B cells could be observed as early as 2 hours after transfection.
Expression peaked at 9 hours with up to 77 % of B cells being GFP-positive and
declined thereafter. As control, A20 B cells were transfected without DNA and
incubated for the same period of time (Figure 6.3 A, B).

On the basis of these results, A20 B cells were transiently transfected 8 to 10
hours before the experiment and settled onto bilayers containing a-x and ICAM-1,
to examine the distribution of Vav1 in real time. Unfortunately, due to the strong
GFP background in the B cells, the localisation of Vav1 during the early time
points of the antigen recognition process could not be resolved in great detail

(Figure 6.4 A).

Recently, the use of total internal reflection fluorescence microscopy (TIRFM) has
led to new insights into the organisation of receptors and molecules at the IS
(Saito and Yokosuka, 2006). As the localisation of Vav1 could not be determined
using conventional confocal microscopy, TIRFM was applied to examine its
distribution with the help of Dr. Sebastian Fleire.

As shown on the two B cells in Figure 6.5 A, Vav1-GFP co-localised with antigen
microclusters upon membrane-bound antigen recognition and was additionally
found to distribute to the pSMAC, after 30 minutes incubation of B cells with the
bilayers. Interestingly, both B cells show a different distribution of the antigen.
While the B cell on the left is still spreading and gathering antigen, the cell on the
right has fully accumulated the antigen into a cSMAC (Figure 6.5 A, left and right
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column, respectively). Considering its crucial role for B cell spreading (see 3.2.4
above) Vavl over-expression could enhance or even prolong the spreading
response, which might explain the different status of antigen accumulation of the
two B cells. To support this hypothesis, a larger amount of B cells should be
examined in future experiments.

Thus, upon membrane-antigen recognition, Vavl is recruited to peripheral
BCR/antigen microclusters, where it contributes to signalling events and may
regulate B cell spreading. Moreover, these results are in agreement with a
previous report showing Vav1l localisation with TCR/pMHC microclusters in T
cells (Miletic et al., 2006).

6.3 Rac Localisation at the IS

Rac1 and Rac2 have been shown to overtake different functions in neutrophils
and this was dependent on their distinct localization (Filippi et al., 2004). In B
cells Rac2 contributes to pPSMAC formation, while this process is independent of
Rac1. One could speculate that this difference in pPSMAC formation is due to a
different localisation of Racl and Rac2 upon antigen recognition, which was
examined by expression of Racl- and Rac2-GFP in A20-1158 B cells, which
express a BCR specific for HEL.

To do this, plasmids coding for Rac1-GFP or Rac2-GFP were cotransfected with a
second plasmid encoding for HygromycinB resistance into A20-1158 B cells and

clones were selected as described in section 2.3.3.3 above.

Several A20-1158 clones positive for Rac1-GFP or Rac2-GFP were generated
using this strategy, as determined by FACS analysis (Figure 6.6 A, B, C).
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Figure 6.4 Confocal analysis of the distribution of Vav1-GFP upon membrane-bound an-
tigen recognition

A20 B cells expressing Vav1-GFP were settled onto lipid bilayers containing a-x and ICAM-
1 and Vav1-GFP distribution was imaged after 30 minutes using confocal microscopy. (A)
DIC and fluorescent images of four representative A20 B cells expressing Vav1-GFP are
shown. Scale bar: 5um. Data are representative of 3 independent experiments.
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Figure 6.5 TIRFM analysis of the distribution of Vav1-GFP upon IS formation

A20 B cells expressing Vav1-GFP were settled onto lipid bilayers containing a-x and ICAM-
1 and Vav1 distribution was imaged after 30 minutes using TIRFM (A) DIC, fluorescent and
merged images of two representative A20 B cells expressing Vav1-GFP are shown. Scale
bar: 5um. Data are representative of 2 independent experiments. Images were aquired by
Dr. Sebastian Fleire.
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Rac1-GFP and Rac2-GFP-expressing B cells were settled onto bilayers containing
HEL and ICAM-1 and interactions with the bilayer were followed by confocal
microscopy. Although B cells expressing Rac1-GFP and Rac2-GFP aggregated
antigen, no pSMAC formation could be observed. Furthermore the contact area
with the bilayer was reduced in comparison to B cells transfected without
plasmids, making it impossible to determine the distribution of Rac1 and Rac2 at
the IS (Figure 6.7 A).

These data suggest that strong overexpression of these small GTPases may
interfere with BCR signalling cascades triggering LFA-1 activation or cytoskeletal
rearrangements in the A20-1158 B cells. Thus, another strategy, such as retroviral
transfection of naive B cells combined with TIRFM might help to address these

outstanding questions.

6.4 Rac2V12 Induced Adhesion in the Signalling Deficient B
Cell Line H2

The approaches described in the previous section did not offer information about
the spatial organisation of Rac1 or Rac2 at the IS. However, it was interesting to
determine whether pSMAC formation requires coordinated localised signalling

events triggered by antigen recognition through the BCR.

To address this question, a plasmid coding for constitutively activated Rac2
(Rac2V12)-GFP was cotransfected with a plasmid encoding HygromycinB
resistance into the H2 B cell line and clones were selected. H2 B cells express a
HEL-specifc BCR, which cannot trigger intracellular signalling upon antigen

recognition (see section 2.3.3.1 above).

The transfection yielded the GFP-positive clones H2-V12'"® and H2-V12%** as
judged by FACS analysis. As control for further experiments, a HygromycinB-
resistant H2 clone was also generated (H2-Hygro'*) (Figure 6.8 A, B, C).
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Figure 6.6 FACS analysis of A20-1158 B cell clones stably expressing Rac1-GFP and Rac2-
GFP

(A) Flow cytometric analysis of a not transfected A20-1158 B cell population. B cells falling
into the gate were analysed for GFP-expression. (B) GFP expression profile of two A20-
1158 clones stably expressing Rac1-GFP. (C) GFP expression profile of three A20-1158
clones stably expressing Rac2-GFP.
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Figure 6.7 IS formation of Rac1-GFP and Rac2-GFP-expressing A20-1158 B cells
A20-1158 B cells expressing Rac1- and Rac2-GFP were settled onto lipid bilayers contain-
ing HEL and ICAM-1 for 20 minutes and IS formation was imaged using confocal micro-
scoy. (A) DIC, fluorescent and IRM images of a representative field are shown. Scale bar:
10pm. Data are representative of 4 independent experiments.
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Figure 6.8 FACS analysis of H2 B cell clones stably expressing GFP-Rac2V12

(A) Flow cytometric analysis of a not transfected H2 B cell population. B cells falling into
the gate were analysed for GFP-expression. (B) GFP expression profile of a HygromycinB
resistant H2 B cell clone. (C) GFP expression profile of two H2 B cell clones stably express-

ing Rac2V12.
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As shown recently, H2 B cells are able to passively accumulate a small amount of
HEL without eliciting an intracellular signal (Fleire et al., 2006). In a previous
chapter of this Thesis, Rac2 was shown crucial for triggering LFA-1 activation (see
section 3.2.5 above). On the basis of these results, H2-V12''"* and H2-V12%*¢ B
cells can be used to investigate, if overexpression of Rac2V12 triggers LFA-1

activation and ICAM-1 binding, leading to B cell adhesion and pSMAC formation.

To do this H2-Hygro™, H2-V12'"* and H2-V12%* B cells were settled onto lipid
bilayers containing HEL and ICAM-1 and after 20 minutes incubation B cell
adhesion and pSMAC formation was compared to not transfected H2 B cells, and

A20-1158 B cells as an example for signalling competent B cells.

H2-V12'" and H2-V12%¢ cells showed an increased IRM area as compared to
H2-Hygro'* and not transfected H2 B cells, which was accompanied by
aggregation of ICAM-1 at the contact site in 40% to 50% of the cells. (Figure 6.9
A, B). These results indicate that over-expression of Rac2V12 indeed induces LFA-
1 activation and subsequent ICAM-1 binding independently of B cell stimulation
by specific antigen.

In contrast, pSMAC formation could only be observed in a small percentage of
H2-V12'"®, H2-V12*® B cells compared to A20-1158 B cells (Figure 6.9 A, B),
suggesting the requirement of coordinated signalling events triggered upon

antigen recognition.

Interestingly, fixation of those B cells and subsequent staining of F-actin revealed
large lamellopodia in the presence of Rac2V12, as it has been described for other

cell types (Ridley et al., 1992) (Figure 6.10 A).

In conclusion, these results indicate that over-expression of Rac2V12 induces
LFA-1 activation and subsequent ICAM independent of any other signal triggered
upon antigen recognition by the BCR. This in turn might be attributable to the
activation of downstream effectors by the constitutively active Rac2 leading to

changes in LFA-1 affinity and cytoskeletal rearrangements.
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On the one hand these results are in agreement with previous data showing that
Rac2 is crucial for LFA-1 activation (see section 3.2.5 above). However, on the
other hand, these results indicate that pPSMAC formation requires coordinated

local signalling events induced by the BCR upon antigen recognition.
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Figure 6.9 Expression of Rac2V12 induces H2 B cell adhesion to ICAM-1

Not transfected H2, H2-Hygro 1-4, H2-V12 1-15 and H2-V12 2-6 B cells were settled
onto lipid bilayers containing HEL and ICAM-1 for 20 minutes and IS formation was im-
aged using confocal microscoy. As a reference of IS formation, A20-1158 B cells were also
incubated on these bilayers. (A) DIC, fluorescent and IRM images of a representative field
are shown. Scale bar: 10pm. (B) The percentage of B cells accumulating ICAM or forming
a pSMAC is shown. Quantification was done on 20-40 B cells. Data are representative of

3 independent experiments.
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Figure 6.10 Expression of Rac2V12 induces lamellopodia formation in H2 B cells

Not transfected H2, H2-Hygro 1-4, H2-V12 1-15 and H2-V12 2-6 B cells were settled onto
lipid bilayers containing HEL and ICAM-1 for 20 minutes. B cells were fixed with 4% PFA
and F-actin was stained using Phalloidin. B cells were imaged using confocal microscoy.
(A) DIC, fluorescent and merged images of a representative cell are shown. Scale bar: 5pm.
Data are representative of 2 independent experiments.
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7 Discussion

This final chapter summarises the main findings and discusses the major issues

arising from the work presented in this Thesis.

7.1 The Role of Integrins during B Cell Membrane Antigen

Recognition

Integrin-mediated adhesive cell-to-cell interactions play a central role in the
immune system. They regulate lymphocyte development, migration and cell-to-
cell interactions, however the role of integrins during membrane antigen

recognition is poorly understood.

A recent report by Fleire et al. shows that membrane antigen recognition triggers a
B cell spreading and contraction response that enables B cells to efficiently collect
and extract antigen. The magnitude of spreading determined the amount of
gathered antigen and thereby the extent of B cell activation (Fleire et al., 2006).

In this line two reports by Carrasco et al. show that engagement of the integrins
LFA-1 and VLA-4 and the formation of the pSMAC at the IS are required for
efficient B cell activation in situation of limited antigen availability. Both reports
argue that LFA-1- and VLA-4-mediated adhesion increase the chances of antigen
engagement by the BCR and therefore B cell activation (Carrasco et al., 2004),
(Carrasco and Batista, 2006). Taken together, these evidences indicate that
integrins may contribute to B cell spreading and so facilitate antigen aggregation.
However, the molecular mechanism underlying these observations has not been

shown.

The results presented in section 3.1 and 5.1 show for the first time that, during the
early stage of membrane antigen recognition, binding of the integrins LFA-1 and
VLA-4 to their ligands ICAM-1 and VCAM-1 results in tight adhesion of the B
cells, which supports spreading when the amount of antigen is low. The increase

in B cell spreading results in a higher amount of antigen accumulation, which
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could account for the more efficient B cell activation observed by Carrasco et al.

(Carrasco et al., 2004), (Carrasco and Batista, 2006).

These observations are of particular interest for the immune response, when B cell
fate is decided by means of cell-to-cell interactions in the germinal centres of
secondary lymphoid organs. In these anatomical locations, the BCR can undergo
somatic hypermutation and class-switch recombination resulting in the
production of high affinity BCRs. B cells bearing BCRs with high affinity are
positively selected to become memory or plasma B cells as they can efficiently
compete for antigen-specific survival signals and T cell help (Tarlinton, 1998).
Germinal centre B cells are found in close association with FDCs (MacLennan,
1994), (Camacho et al., 1998), which are known to retain small amounts of intact
antigen in form of immune complexes tethered to their cell surface by Fc or
complement receptors (Haberman and Shlomchik, 2003), (Kosco-Vilbois, 2003).
B cells most likely recognize these immune complexes on FDCs, which have
been shown to support B cell activation and differentiation into memory and
plasma B cells (Szakal et al., 1988), (Wu et al., 1996), and to promote B cell

survival (Koopman et al., 1994).

In this line, Fleire et al. reported that the density of the antigen on the target
membrane and the affinity of the BCR for the antigen are critical parameters
determining the extent of B cell spreading and antigen aggregation (Fleire et al.,
2006). A high density of antigen or a high affinity antigen/BCR interaction
triggered B cell spreading, which allows uptake of large amounts of antigen,
therefore increases the chances of efficient interaction with helper T cells. B cell
interaction with FDCs is mediated by LFA-1 and VLA-4 (Freedman et al., 1990),
(Koopman et al., 1991), (Kushnir et al., 1998). As LFA-1 and VLA-4 facilitate B
cell spreading when the amount of antigen is low, it is possible that these two
integrins contribute actively to membrane antigen recognition, B cell activation

and B cell selection during the germinal centre reaction in vivo.
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7.2 The Regulation of Integrin Activation upon Antigen

Recognition

To date, the signalling mechanism regulating integrin activation in B cells are
poorly understood. Several signalling molecules have been shown to mediate
LFA-1 activation downstream of the BCR, such as the cytosolic adaptor SKAP-
HOM (Togni et al.,, 2005) and the Rap GTPases (McLeod et al., 2004),
(Duchniewicz et al., 2006). Futhermore, an elegant report by Spaargaren et al.
shows that the BCR triggers inside-out activation of the integrin VLA-4 through the
tyrosine kinases Lyn and Syk, PI3K, PLCy2, IP, receptor-mediated Ca**-release and
PKC (Spaargaren et al., 2003).

In concordance with this report, the results presented in section 3.2.1 of this
Thesis demonstrate that, downstream of the BCR, SFKs mediate inside-out
activation of LFA-1 and VLA-4 resulting in B cell adhesion to ICAM-1 and VCAM-
1, respectively. In contrast to Spaagaren et al., loss of the SFK Lyn did not affect B
cell adhesion to ICAM-1, indicating a signalling mechanism independent of this
kinase leading to LFA-1 activation. This could be explained by the fact that
several SFKs are expressed in murine B cells, which could compensate for the loss
of Lyn (Law et al., 1992). However, taken together these results strongly indicate

that integrin activation relies on SFKs.

The presented data show that loss of SKAP-HOM did not affect B cell adhesion to
ICAM-1 (see section 3.2.3). Togni et al. however, show a significant reduction of
B cell adhesion to ICAM-1 (Togni et al., 2005). These differences could partly be
due to the different experimental conditions used: While for the here presented
experiments B cells were settled onto lipid bilayers containing ICAM-1, Togni et
al. assessed B cell adhesion on plastic dishes bearing immobilized ICAM-1.

Whether this is indeed the reason for the contradictory results should be clarified.
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LFA-1 activation requires Vav1 and Vav2, as B cell adhesion capacity to ICAM-1
was significantly reduced in Vav1™ or Vav2” B cells (see section 3.2.4). This is in
agreement with previous reports showing the requirement of Vavl for LFA-1-
mediated conjugate formation of T cells with APCs (Ardouin et al., 2003),
(Krawczyk et al., 2000). Loss of either Vavl or Vav2 did not result in any
significant changes in adhesion to VCAM-1, indicating a redundant role for both
proteins for VLA-4 activation. Indeed, Vav1/2” B cells adhered less efficiently to
VCAM-1 and showed an even further reduced adhesion frequency to ICAM-1.
Although Vav3” B cells did not show any defects in adhesion to either ICAM-1 or
VCAM-1, its role for integrin activation cannot be excluded. Indeed, a small
percentage of Vav1/2” B cells were still able to adhere to ICAM-1 and VCAM-1
and this might be due to the presence of Vav3. Analysis of the adhesion capacity
of Vav1/2/3" B cells would clarify this issue. But this is rather complicated, as
deletion of all three Vav proteins results in a loss of mature B cells due to a block
of B cell development at the transitional B cell stage (Fujikawa et al., 2003). In
conclusion, our results define a crucial role of the family of Vav proteins for B cell

adhesion and extend the current knowledge of integrin regulation in B cells.

Although there is evidence that implicates Rac proteins in the regulation of VLA-4
in T cells (D'Souza-Schorey et al., 1998), their exact role for integrin activation in
B cells is unclear. The results presented in section 3.2.5 now suggest that a BCR-
mediated signalling pathway involving SFKs, Vav1, Vav2 and PI3K regulates LFA-
1 activation through Rac2, while it seems independent of Racl. Interestingly,
VLA-4 activation is not affected by the loss of either Rac1 or Rac2 (see section
5.2.3). Although redundancy between Rac1 and Rac2 cannot be excluded, these
results clearly implicate Rac proteins in integrin activation downstream of the

BCR.

PI3K has been suggested to enhance Vav GEF activity, probably by its recruitment
to the plasma membrane (Palmby et al., 2002). In this line, phospholipid products
of PI3K have been implicated in supporting Rac activation (Reif et al., 1996), (Han
et al., 1998). The fact that Rac1 and Rac2 activation is diminished upon inhibition
of PI3K supports these ideas (see section 4.1.2). B cell adhesion to ICAM-1 and
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VCAM-1 was strongly dependent on PI3K activity and, therefore, suggests PI3K as
a key player in mediating integrin activation in B cells. This is in agreement with a
previous report showing defective adhesion of B cells to VCAM-1 upon treatment
with Wortmannin or LY294002 (Spaargaren et al., 2003).

LFA-1- and VLA-4-mediated T cell adhesion is independent of the p1108 catalytic
subunit of PI3K (Okkenhaug et al., 2002). Interstingly, B cell adhesion to ICAM-1
is significantly reduced in the absence of p1108. A small percentage of p1105™ B
cells were still able to adhere to ICAM-1, while adhesion to VCAM-1 was not
affected. On the basis of these results, one can conclude that, in contrast to T
cells, LFA-1 activation in B cells requires p1108. The residual LFA-1 activation in
p1108” B cells and their capacity to activate VLA-4 might be due to the presence
of the p110a subunit that is activated upon BCR crosslinking (Vigorito et al.,
2004).

One of the latest events triggered upon crosslinking of the TCR is the association
of RAPL with LFA-1, which is mediated by the GTPase Rap1 and required for
LFA-1 activation (Katagiri et al., 2003).

As shown by biochemical analysis (see section 4.2.2), Rap1 activation in B cells
requires SFKs, Vavl and Vav2 and Rac2 and was delayed in the absence of PI3K
activity. Thus, PI3K may facilitate Rap1 activation by enhancing Vav GEF activity
or Rac activation (Palmby et al., 2002), (Reif et al., 1996), (Han et al., 1998).

In conclusion, these data show that SFKs, Vav1, Vav2, Rac2 and PI3K regulate
integrin activation and subsequent B cell adhesion to ICAM-1 and VCAM-1.
Furthermore, these results suggest that this signalling mechanism mediates
integrin activation via the small GTPase Rapl and presumably its effector
molecule RAPL.

Moreover, by regulating the activation of LFA-1 and VLA-4 during the early stages
of membrane-bound antigen recognition, this signalling pathway supports B cell
spreading and antigen aggregation. This signalling cascade is critical when the

amount of available antigen is low, as integrin activation facilitates B cell

triggering.
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7.3 The Regulation of B Cell Spreading and Antigen Aggregation

Spreading was first described in T cells while interacting with glass-coverslips
coated with anti-TCR antibodies (Parsey and Lewis, 1993), (Bunnell et al., 2001)
and on APCs bearing specific antigen on their cell surface (Negulescu et al.,
1996). This spreading response depends on TCR-generated intracellular signalling
cascades involving the adaptor protein LAT, calcium flux and cytoskeletal
rearrangements (Negulescu et al.,, 1996), (Bunnell et al., 2001), (Nolz et al.,

2006).

The report by Fleire et al. now shows that this response is a common mechanism
of lymphocytes, as also B cells spread upon antigen recognition (Fleire et al.,
2006). In their study the authors show that B cell spreading is clearly dependent
on activation of SFKs and polymerization of F-actin. However, nothing is known
about the actual signalling molecules involved in the regulation of B cell

spreading (Fleire et al., 2006).

Downstream of lymphocyte antigen receptors, Vav proteins are rapidely activated
by SFKs (Deckert et al., 1996), (Schuebel et al., 1998), (Movilla and Bustelo,
1999). The results presented in section 3.2.4 clearly identify Vavl as master
regulator of B cell spreading. Already at high amounts of antigen, Vav1” B cells
show an almost complete loss of their ability to spread. Also Vav2 seems to
regulate this process, as Vav2™ B cells show a reduction in the spreading area at
low antigen availability. Interestingly, a recent report shows that a Vavl-Racl-
mediated dephosphorylation of ERM proteins resulted in T cell relaxation and
promoted their conjugate formation with APCs (Faure et al., 2004). One could
speculate that, by a similar mechanism, Vav1 actively regulates B cell spreading

and IS formation. However, this needs to be investigated in depth in the future.
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As the amount of accumulated antigen is determined by the magnitude of B cell
spreading (Fleire et al., 2006), one would expect that Vav deficient B cells show
defects in antigen accumulation. This hypothesis is confirmed in section 3.2.4,
where the amount of antigen accumulated by Vav deficient B cells is smaller
compared to WT B cells at low antigen availability. Additionally the kinetic of
antigen aggregation is much slower. This has implications for humoral immune
responses, as efficient antigen recognition is required for proper B cell activation
and fulfilment of effector functions.

The critical contribution of Vav proteins to BCR signalling in vivo has been shown
in Vav2” and Vav1/2” B cells, which have defects in response against type II
thymus-independent antigens (T1-2) (Doody et al., 2001), (Tedford et al., 2001). A
defect in germinal centre formation and isotype switching has been reported in
mice lacking Vav1 or Vav2 as well (Doody et al., 2001), (Bachmann et al., 1999).
Finally, a recent report shows that Vav proteins are responsible for the regulation
of plasma B cell development and the production of antibodies (Stephenson et al.,

2006).

Interestingly, although spreading was completely abolished in Vav1/2™ B cells,
antigen aggregation still occurred at high amounts of antigen availability and was
comparable to WT B cells. This is in contrast to H2 B cell line expressing a BCR
variant in which the tyrosine residues of the ITAM motifs have been mutated. At
high antigen density, these H2 B cells do not spread and show much less antigen
aggregation compared to signalling competent B cells (Fleire et al., 2006). This
difference could be explained in the following way: As Vav-deficient B cells
express a signalling competent BCR, antigen recognition can still trigger early
BCR signalling events or Vav-independent signalling cascades. This is also
supported by results showing that phosphotyrosine staining in Vav deficient B
cells is comparable to WT B cells upon antigen recognition (see section 6.1).
Interestingly, in a recent report Hao and August describe that BCR crosslinking
induces rapid actin depolymerisation, which could be mimicked by incubation of
DT40 B cells with the actin depolymerising agent Latrunculin B (LatB). LatB
treatment promoted BCR translocation into lipid rafts and passive lipid raft

clustering (Hao and August, 2005). It is tempting to speculate that also in Vav
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deficient B cells antigen recognition induces early actin depolymerisation, BCR
translocation into lipid rafts and their passive clustering. This mechanism could
account for the antigen accumulation observed in Vav deficient B cells, however

this hypothesis needs further investigation.

Rac proteins are initiators of actin polymerisation through activation of the Arp2/3
complex via Wave proteins triggered downstream of Vav (Movilla and Bustelo,
1999), (Crespo et al., 1997), (Abe et al., 2000). Interestingly, suppression of
Wave2 in Jurkat T cells inhibited their spreading on anti-CD3 coated coverslips
(Nolz et al., 2006). Therefore, considering the crucial role of Vav to B cell
spreading, Rac proteins were expected to regulate this process upon antigen

recognition.

Intriguingly, the results shown in section 3.2.5 do not support this hypothesis, as
Rac1” and Rac2” B cells spread comparably to WT B cells at high or low
amounts of antigen. One possible explanation could be that Rac1” and Rac2” B
cells can overcome defects in spreading due to the strong stimulus given by the a-
x antibody that was tethered to the bilayer.

On the other hand, Rac1 and Rac2 could have compensatory functions and only
deletion of both GTPases would reveal their role for the spreading response. Mice
with deletion of Racl and Rac2 have been reported (Walmsley et al., 2003).
However, mature B cells are missing in these mice because of a block of B cell
development at the transitional B cell stage. This makes it difficult to examine the
role of both GTPases. The generation of mice, in which deletion of Racl and
Rac2 could be induced in the mature B cell compartment, would be one

possibility to further investigate this issue.

Furthermore, as Vav proteins also exert their GEF function on the small GTPases
Cdc42 and Rho (Abe et al., 2000), (Han et al., 1997), (Schuebel et al., 1998), a
role for these molecules for B cell spreading cannot be excluded. Cdc42 triggers
actin polymerization via the WASP-Arp2/3 pathway, while Rho contributes by
activation of formins (Jaffe and Hall, 2005). In this line, a recent report by Borroto

et al. suggests that Rho is the key regulator of T cell spreading. In this study,
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expression of a dominant negative RhoA mutant abolished spreading on anti-
CD3-coated glass slides, while dominant negative or constitutively active mutants
of Cdc42 and Rac did not affect T cell spreading (Borroto et al., 2000). Although
this indicates that Rho regulates T cell spreading, it is not clear whether the same
pathway also applies to B cells. Which of the small Rho GTPases actually mediate
B cell spreading remains a key issue in the understanding of the regulation of

membrane antigen recognition.

Through its ability to recruit Vav to the plasma membrane, the PI3K product PIP,
has been suggested to contribute to Vav activity (Palmby et al.,, 2002).
Furthermore, in vitro studies implicate phospholipid products of PI3K in the
regulation of Rac activation (Reif et al., 1996), (Han et al., 1998).

The results presented in section 3.2.6 show that inhibition of PI3K using
Wortmannin did not affect B cell spreading, even when the amount of antigen is
low. These results are in agreement with another report showing no effect of WM
or LY294002 on T cell spreading (Borroto et al., 2000). Therefore a major role of
P13K for B cell spreading can be excluded.

7.4 The Regulation of pSMAC Formation in B Cells

The signalling mechanisms by which membrane antigen recognition controls the
formation of a pSMAC at the IS are largely unknown. The work presented in this
Thesis is the first evidence proposing how pSMAC formation is regulated in B
cells. As discussed above, a signalling mechanism involving SFKs, Vav1, Vav2,
PI3K and Rac2 regulates integrin activation in B cells. This is a prerequisite for
pSMAC formation, as defects in B cell adhesion concomitantly resulted in a loss

of the pSMAC at the IS.

As shown in section 3.3.1.1, induction of the high affinity conformation of LFA-1
by Mn?* results in B cell adhesion to ICAM-1. This is in agreement with studies
showing that Mn?* induces the LFA-1 high affinity conformation in T cells, which
results in ICAM-1 binding (Dransfield et al., 1992).
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Mn?*-induced B cell adhesion to ICAM-1 is independent of the BCR-mediated
inside-out regulation of LFA-1 and restored adhesion defects observed upon
treatment with PP1T and WM and in Vav1” and Vav2™ B cells. Mn** addition did
not restore adhesion of Rac2” B cells to ICAM-1. Interestingly, a recent report
shows that also treatment of Rap1-deficient T cells with Mn?* did not lead to
adhesion (de Bruyn et al., 2002), thus emphasising the relationship between Rac2
and Rap1 shown by biochemical analysis in the present study.

It may well be that Rac2 and Rap1 are activated form the outside-in, downstream
of LFA-1 engagement, and that this is required for ligand binding. Indeed, Rac1 is
activated upon Mn** treatment of T cells (Sanchez-Martin et al., 2004). However
this does not seem to be the case for Rap1 (de Bruyn et al., 2002). Thus, the
mechanism underlying these observations is not clear and should be further

addressed.

Although the high affinity conformation of LFA-1 was efficient in mediating
adhesion to ICAM-1, it was not sufficient to restore pPSMAC formation in B cells
treated with WM or Vavl™, Vav2™”, Vav1/2” and Rac2” B cells. These data
indicate that pPSMAC formation may additionally require LFA-1 avidity changes
and B cell polarisation, processes that are mediated by cytoskeletal
rearrangements. In agreement with this hypothesis, B cells treated with PP1, WM
or Vavl™, Vav2”, Vavl/2” and Rac2” B cells exhibited a defect in F-actin
polarisation upon membane antigen recognition. However these experiments do
not address directly whether cytoskeletal rearrangements regulate pSMAC
formation. This needs to be addressed in the future, for example, by using

biochemical inhibitors of cytoskeletal dynamics.

A previous report suggests that the adaptor ADAP is critical for LFA-1 segregation
into the periphery of the T cell IS, while it was not required for LFA-1 activation
(Wang et al., 2004). This is interesting, as it raises the question to whether specific
localisation of proteins at the IS determines the segregation of integrins into the
pSMAC. Indeed, Racl and Rac2 have been shown to localise differently in
neutrophils and this results in different functions (Filippi et al., 2004).
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The experiments described in chapter 6 represent different strategies to address
the localisation of Vav and Rac proteins in the B cell IS. However, due to the low
quality of antibodies, immunfluorescence staining did not provide any conclusive
results regarding the localisation of Vav or Rac proteins.

A different approach to determine Vav1 localisation was the transient transfection
of A20 B cells with Vav1-GFP. However, due to the strong GFP fluorescence of
transfected A20 B cells, the exact localisation of Vav1 at the IS could not be
addressed in great detail by confocal microscopy.

Nevertheless, the application of TIRFM showed that Vav1 colocalises with antigen
clusters, reminiscent of its crucial role for the transduction of BCR signals. This
finding is in agreement with a recent report showing colocalisation of Vav1 with

TCR/pMHC microclusters in T cells (Miletic et al., 2006).

To examine the localisation of Racl and Rac2 upon membrane antigen
recognition, A20-1158 B cells stably expressing Rac1-GFP and Rac2-GFP were
generated. Unfortunately, it was impossible to determine the exact localisation of
Racl and Rac2, probably due to the strong overexpression of these small
GTPases.

Therefore, determining the specific localisation of Rac proteins at the IS and
whether their localisation affects pPSMAC formation are key issues that need to be

examined in future.

7.5 A Model of Integrin Regulation during B Cell Membrane

Antigen Recognition and Immunological Synapse Formation

The data presented in this Thesis allows proposing the following model of integrin
regulation during membrane antigen recognition and IS formation, which is

illustrated in Figure 7.1 and Figure 7.2.
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Membrane-bound antigen recognition by the BCR initiates an intracellular
signalling pathway involving SFKs, Vav and Rac proteins and PI3K, which is
crucial for integrin activation. This signalling cascade contributes to the activation
of the small GTPase Rap1 and may therefore regulate integrin activation via the

effector molecule RAPL.

This mechanism on the one hand triggers the conformational change of the
integrin into the high affinity conformation, so supporting ligand binding. On the
other hand it induces cytoskeletal rearrangements, which are known to regulate

changes in integrin avidity, such as clustering and integrin polarisation.

Collectively, both high affinity and avidity of integrins support B cell adhesion
during the early stages of membrane-bound antigen recognition. This in turn
facilitates integrin-mediated B cell spreading and antigen aggregation at low

antigen densities and moreover supports pPSMAC formation at the IS.

7.6 Future Perspective - Insights into the Processes of
Membrane Antigen Recognition and Immunological Synapse

Formation

The knowledge about signalling mechanisms triggered upon antigen recognition
by the BCR is very complex. Most of the available information is retrieved from
the biochemical analysis of signalling cascades triggered upon BCR crosslinking
with soluble antigens. However the importance of membrane antigen recognition
becomes more and more clear, as membrane-bound antigens may be the major
form of antigen recognised in vivo. Understanding the spatiotemporal organisation
of signalling pathways is therefore a key issue in understanding regulation of B

cell activation.

In recent years, the development of new imaging techniques has led to new
insights into the basics of membrane antigen recognition and IS formation. It has

been shown by several groups, that the TCR forms microcluster upon antigen
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recognition on artificial APCs, which move towards the centre of the contact zone
and form the cSMAC (Campi et al., 2005), (Yokosuka et al., 2005). These reports
also shed light on how signalling may occur at the IS. A recent study suggests that
signalling continues in peripheral micro-clusters, highlighting the role of the
pSMAC for sustained calcium flux and proper T cell activation (Varma et al.,
2006). Micro-cluster formation and their movement were dependent on the actin
cytoskeleton (Varma et al.,, 2006), however the exact mechanisms are not
understood. First insights into micro-cluster dynamics come from studies that
show their association with Zap-70 and SLP-76 (Yokosuka et al., 2005) and a

recent report shows recruitment of Vav (Miletic et al., 2006).

The data presented in this Thesis suggests that also the pSMAC in B cells may
serve as site for sustained BCR signalling, as phosphotyrosine localised in the
periphery surrounding the cSMAC. Furthermore, in agreement with studies in T
cells, Vav seems to be recruited to antigen clusters. However, the role of these
clusters, and which are the signalling mechanisms that underlie their formation in

B cells is a fundamental question to be addressed in the near future.

A lot of work has been done that contributes to our current understanding of the
regulation of 1S formation. However, it is still unclear how, where and when
antigen recognition and IS formation happens in vivo.

Using two-photon microscopy, Qi et al. recently showed that upon lymph node
entry through high endothelial venules naive B cells scan local DCs for their
specific antigen. Interestingly, the interaction B cells with DC primed with specific
antigen lasted three times longer than their contacts with DC bearing non-specific
antigen (Qi et al., 2006).

The behaviour of follicular B cells in the lymph node was analysed in another
study, which shows that 1 to 3 hours after administration of soluble antigen into
recipient mice, follicular B cells bound to antigen showed decreased velocities,
attributed to enhanced adhesion to neighbouring cells. Upon antigen binding B
cells moved towards the T cell zone in a chemokine-dependent manner and

formed conjugates with helper T cells (Okada et al., 2005).
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In a recent report, Allen et al. directly visualise B cell behaviour in germinal
centres of the lymph node. In this particular study the authors show, that six days
after antigen administration germinal centre B cells are highly motile and migrate
bi-directional between dark and light zones, consistent with multiple rounds of
mutation and B cell selection in these anatomical locations. Furthermore, B cells
seemed to move along FDCs and rarely stopped for prolonged times, possibly due
to the limited antigen availability at this late stage of the immune response (Allen
et al., 2007).

Although, for the first time, these studies examine directly how B cells encounter
their specific antigen in vivo, still much has to be learned about this process in

future.

Recent studies suggest that the affinity of the BCR for the specific antigen plays a
crucial role in determining the fate of a B cell. For example, B cells expressing a
high affinity BCR are destined to become short-lived plasma cells, which produce
the first wave of protective antibodies during the course of an immune response.
In contrast, moderate and low BCR affinity support affinity maturation in the
germinal centre and the formation of long-lived plasma cells and memory B cells
(O'Connor et al., 2006), (Phan et al., 2006), (Paus et al., 2006).

However, the effect of the BCR affinity during the early stages of antigen
recognition has not been addressed in vivo and it would be interesting to examine
B cell behaviour in this context in lymphoid organs in future experiments, for

example by administration of mutant HEL molecules of different affinities.

Another exiting aspect of B cell biology is the contribution of other receptors,
such as complement receptors or TLRs, to B cell activation and differentiation
upon antigen encounter. On the one hand, the complement receptor CD21 has
been reported to support T-dependent antibody responses (Fischer et al., 1996).
On the other hand, TLRs have been suggested to contribute to the induction of
humoral immune responses (Pasare and Medzhitov, 2005), (Ruprecht and

Lanzavecchia, 2006).
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Interestingly, coupling of two or three C3d fragments to HEL increased its
immunogenicity 1000 to 10000 times, respectively, when injected into mice
(Dempsey et al., 1996). These results indicate that the complement recpetor
complex (CD19/CD21/CD81) might actively contribute to B cell fate decisions
during an immune response, possibly by lowering the threshold for B cell
activation. To address this hypothesis, future experiments could involve the
coupling of C3d fragments to HEL mutants of different affinities to test their impact
on B cell differentiation into plasma cells and antibody production in vivo.

Also TLRs have been suggested to cooperate with the BCR upon antigen
recognition, as only immune complexes containing a TLR7 or TLR9 ligand as well
as antigen induced proliferation of autoreactive B cells (Lau et al., 2005),
(Leadbetter et al., 2002). As both, TLR7 and TLR9, reside in the endosomal
compartment, these results suggest that BCR-mediated uptake of immune
complexes followed by TLR engagement in the endosome is essential for full B
cell activation and differentiation. To strengthen these indications, the impact of
TLR signalling on B cell differentiation in the context of BCR affinity could be
examined in future experiments. This could be addressed by coupling TLR ligands
to HEL molecules of different affinities. In this line, the effect of BCR-TLR
cooperation during the initial stages of antigen recognition, B cell motility in
lymphoid tissues or B cell interaction with other immune cells, could also be

investigated using two-photon microscopy.

In recent years, much work has been done to broaden our understanding of the
parameters governing B cell activation and differentiation. However, fundamental
issues, such as which cells are presenting antigen to B cells, their exact location
and the molecular mechanisms driving BCR triggering and antigen uptake, still
need to be elucidated further. New imaging techniques, such as multi-photon
microscopy, are currently being developed and applied to follow these processes
in vivo and assist to expand our current knowledge of B cell antigen recognition,

B cell activation and differentiation.
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