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Abstract

Recognition o f m em brane-bound ligands is a fundamental event that determines 

the fate o f lym phocytes during im m une responses. Extensive studies have been 

performed in order to understand the recognition of soluble ligands, however very 

little  is known o f the parameters that determ ine the in teraction o f membrane- 

bound ligand/receptors. In my PhD thesis 1 have studied how  lym phocytes 

interact w ith  m embrane-bound ligands.

I in itia lly  characterise how  B cells recognise membrane-ligands by expressing 

CFP-tagged antigens on the surface o f target cells. To further dissect this process, I 

have set-up a system o f a rtific ia l lip id  bilayers that a llows a quantita tive analysis. 

Fluorescently labelled antigen molecules o f varying affinities are displayed at a 

range of densities on glass-supported bilayers. The interaction o f transgenic B 

cells w ith  them can then be fo llow ed  by different m icroscopy techniques in real 

time.

1 have described a dynam ic ce llu la r response in the early stages o f the recognition 

process in w h ich  B cells spread and contract on the antigen bearing membranes 

to co llect the bound m olecules in a central cluster to later extract it. This response 

is triggered by signals delivered through the BCR and is an active process guided 

by actin polym erisation. The extent o f the spreading response is dependent on 

both the antigen density and its a ffin ity  for the BCR and it determ ines the am ount 

o f antigen accum ulated. I have also set-up a technique to analyse at the 

m olecu lar level the d ifferentia l dynamics o f reorganisation o f key co-receptor 

molecules invo lved in triggering B cell activation.

Finally, I extended the bilayers system to characterise the in teraction o f human 

NK T cells w ith  a set o f specific ligands o f different affin ities for the T cell receptor 

(TCR). I have determ ined the thresholds for the form ation of the im m unolog ica l 

synapse.

In summary, I have characterised the early events triggered upon membrane- 

antigen recognition and elucidated a novel mechanism by w h ich  B cells are able 

to gather antigen and therefore perform their b io log ica l function.
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Chapter 1: Introduction

Aims

Interactions between ligands and receptors are crucia l events that determ ine the 

outcom e of a large variety o f processes in b iology. In the im m une system, the 

recognition o f antigens by lym phocytes is a key event in the in itia tion  o f the 

im m une response.

The main focus o f this study is to understand the process o f membrane antigen 

recognition by lymphocytes, particu la rly  B cells and a subset o f T cells: natural 

k ille r T cells (NK T cells).

In this Chapter, we w ill give an overview  of basic lym phocyte b io logy and we 

w ill describe recent updates on membrane antigen/receptor interactions and how 

these determ ine the lym phocyte activation and function o f lymphocytes.

1.1 Lymphocytes: key players of the adaptive immune response

The im m une system consists o f a com plex network o f specialised cells, organs 

and tissues that act in a coordinated fashion to defend the body against invading 

foreign pathogens. The adaptive im m unity is the arm of the im m une system that 

confers the remarkable capacity to respond to a large variety o f antigens.

B and T lym phocytes are the main players o f the adaptive im m une response. They 

are able to respond to almost any antigen due to the expression o f prototyp ica l 

antigen receptors on the ir plasma membrane, the T cell receptor (TCR) and the B 

cell receptor (BCR), through w h ich  they sense antigens in their environm ent w ith  

a very high specific ity  (Janeway, 2005).

Therefore, understanding how  lym phocytes recognise and respond to antigens is a 

fundam ental issue in im m unology.

Lymphocytes are continuously generated from the hem atopoietic stem cells (HSC) 

that reside in the bone m arrow  niche. During the process o f lym phopoiesis HSC 

give rise to immature T and B cells that develop into mature naTve T and B cells 

(see details in Figure 1.1) (Janeway, 2005). W h ile  developm ent o f B cells occurs 

in the bone m arrow, the developm ent o f T cells takes place in the thymus 

(Janeway, 2005). At the end o f this process, each lym phocyte w ill express on its 

cell surface a unique antigen receptor that confers its antigen specific ity.
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Figure 1.1. B cell development and maturation.
B cell development begins in the fetal liver and continues in the bone marrow throughout our lives. This diagram illustrates the 
main stages o f B cell development. After several rounds o f differentiation the hematopoietic stem cell (HSC) generates a B cell. 
Lymphoid progenitor cells receive signals from bone marrow stromal cells to begin B cell development. The cells undergo D-J jo in ­
ing on the H chain chromosome to become early pro-B cells and also begin expressing CD45 (B220) and Class II MHC. Joining 
of a V segment to the D-JH completes the late pro-B cell stage. At this stage a B cell can express both H and L chains on its mem­
brane. However, it is still immature and can be easily killed by contact w ith  self antigens until it also expressed membrane IgD. 
This is achieved after the Ig genes are rearranged in a process known as V(D)J recombination. The mature B cell that moves into 
the periphery can be activated by antigen and become an antibody-secreting plasma cell or a memory B cell which w ill respond 
more quickly to a second exposure to antigen. B cells which fail to successfully complete B cell development undergo apoptosis 
(Adapted from Immunobiology, 2005).



Antigen receptors consist of m u lti-p ro te in  complexes characterised by tw o distinct 

components: a variant antigen-b inding com ponent and an invariant signalling 

com ponent (Figure 1.2) (Janeway, 2005). In the case o f T cells the antigen- 

b ind ing com ponent is composed of tw o chains, being either alpha and beta, or 

gamma and delta (Figure 1.2 A). Whereas, the BCR consists o f a membrane 

im m unog lobu lin , characterised by tw o heavy chains and two light chains (Figure

1.2 B) (Flombach et ah, 1990). As a result of this structure, the BCR is a divalent 

receptor w h ile  the TCR is m onovalent (Figure 1.2).

The invariant components perform  the signalling function of the receptors. In the 

case o f B cells, these are composed of tw o transmembrane proteins, the Iga and 

IgP, w h ich  form  a heterodimer that associates w ith  the BCR (Schamel and Reth, 

2000 ).

In the case o f T cells, the CD3 invariant accessory chains form  the signalling 

com plex together w ith  the u chain. The CD3 com plex includes CD3y, CD3z  and 

CD36 (Janeway, 2005).

Signals through the antigen receptors are initiated by the phosphorylation of 

tyrosines included in a target am ino acid sequence known as im m unoreceptor 

tyrosine-based activation motifs (ITAMs) (Reth, 1989). These sequences are 

contained in the cytoplasm ic domains o f the invariant signalling com ponents of 

the antigen receptors.

1.2 V(D)J recombination: a first round to generate antigen receptor 

diversity

The variant antigen-b inding components o f the TCR and BCR are generated by 

gene recom bination during lym phocyte development. This coordinated process 

give rise to po lyc lona l populations o f T and B cells, responsible o f the 

characteristic diversity o f the adaptive im mune system (see details in Figure 1.1 

and Figure 1.3).

The variable regions o f the variant antigen-binding components o f the TCR and 

BCR are known as com plem entary determ ining regions (CDRs) (Figure 1.3). The 

CDRs are generated through a com plex genetic mechanism known as V(D)J
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Figure 1.2. Lymphocytes and their antigen receptors.
This diagram shows the lymphocyte antigen receptors that recognise the antigen 
(green). (A) T cells express a clonal antigen-specific receptor. The T cell receptor 
(TCR) has two paired polypeptide chains both of which have constant and variable 
portions and both o f which are composed of im m unoglobu lin-like domains. It 
exists only as a cell surface receptor and has no counterpart to secreted antibody. 
(B) The B cell receptor (BCR) is also a clonal antigen-specific receptor. It is made up 
o f a dimer of two polypeptide chains linked by disulfide bonds, the heavy chain (H) 
and the light chain (L). Both chains have a constant (C; in blue) and a variable (V; in 
red) domain. The variable regions form the antigen binding domain. The BCR exists 
as a cell surface receptor and has a counterpart secreted antibody. The TCR is m on­
ovalent, whereas the BCR is divalent.



recom bination that takes place during early lym phocyte developm ent (Figure 

1.3;(Bassing et al., 2002). D uring this process different gene segments known as 

variable (V), d iversity (D) and jo in in g  (J) gene segments are random ly recom bined, 

therefore generating a com binatoria l d iversity (Figure 1.2).

In the case o f B cells, the heavy chain is recombined from V, D and J segments, 

and is in itia lly  associated w ith  a surrogate light chain. Later in developm ent the 

light chain is generated through a recom bination of V and J segments (Figure 1.2). 

Thus, from a lim ited number o f genes, the V(D)J recom bination process gives rise 

to a com binatoria l diversity o f po lyclonal population of B and T cells. This 

diversity is increased by several orders of magnitude by the add ition or 

subtraction o f nucleotides at the junction  o f gene segments in a process known as 

junctiona l diversity mechanism.

W ith in  this diversity T cells and B cells that express antigen receptors that 

recognise self-antigens are generated. Stringent selection processes ensure their 

e lim ina tion  from the repertoire (Figure 1.1). If cells that recognise self-antigens are 

not deleted from the repertoire, autoim m une events may take place later.

1.3 Antigen recognition and lymphocyte activation

O nce the developm ent process is completed, mature lymphocytes that have 

passed the selection process migrate through the bloodstream to the peripheral 

secondary lym pho id  organs (lymph nodes, Peyer's patches, tonsils, etc), where 

they w ill encounter their specific antigens for the first tim e (Figure 1.4). 

Recognition of antigen through the antigen receptor initiates an in trace llu lar 

signalling cascade that leads to cell pro liferation and differentia tion and the 

execution o f lym phocytes' effector functions (Figure 1.4).

Antigen engagement through the TCR triggers the d ifferentiation o f CD8 T cells 

into cytotoxic T cells that k ill cells that present the specific antigen on the surface. 

CD4 T cells differentiate into helper T cells that have a coord inating function by 

secreting cytokines that regulate and direct the im m une response to specific 

antigens. Due to these effector functions, T cells are responsible of the cell- 

mediated response of the adaptive im m unity.
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Antigen engagement through the BCR triggers tw o events that w ill lead to B cell 

activation (Figure 1.4). On one hand, it triggers series o f in trace llu la r signalling 

cascades, and on the other hand it internalises the antigen (N iiro  and Clark, 

2002). The internalised antigen is then degraded to peptides and presented to T 

cells in the context o f MF-IC molecules (Figure 1.4; (Rock et al., 1984)). W hen 

these tw o events converge, B cells proliferate and differentiate into plasma cells 

that produce and secrete antibodies, a soluble form of the B cell receptor, that 

b ind an neutralise specific antigens (Figure 1.4). This effector function defines B 

cells as part o f the humoral im m une response.

Some B cells do not need the help of T cells to e lic it a humoral im m une response. 

B cells that recognize antigens w ith  repetitive epitopes such as polysaccharides 

can e lic it a humoral im m une response, however they cannot undergo an affin ity 

maturation o f the im m une response.

Therefore, antigens are classified as T-dependent or T-independent based on their 

necessity o f T cell help to e lic it a humoral immune response.

1.4 Affinity maturation: a second round to generate BCR diversity

B cells must be able to sense a w ide  range of affinities to assure an adequate 

im m une response and the ir activation must be tightly  regulated. This is o f great 

importance, as activation by self-antigens could lead to an autoim m une event. 

W hen B cells m igrate to peripheral tissues they m ight encounter their cognate 

antigens. A subpopulation o f these activated B cells are recruited to the germ inal 

centres (GCs) (Figure 1.5). In these structures, they undergo tw o  distinct 

im m unog lobu lin  gene diversification processes, the process o f class switch 

recom bination and somatic hyperm utation. The first one involves the 

recom bination between the switch (S) regions leading to the m od ifica tion  o f the C 

region o f the IgFH and thus changing the effector function o f the im m unog lobu lin  

molecules. This process has no im pact on changing the a ffin ity o f the BCR for its 

cognate antigen (Odegard and Schatz, 2006).

D uring the process o f somatic hyperm utation, random mutations are introduced 

at a rate o f 10 5 mutations per base pair per cell d iv is ion in the variable region of 

rearranged im m unog lobu lin  heavy and light chain genes (Odegard and Schatz,
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2006). This process is the basis o f the process o f a ffin ity  maturation, w h ich  results 

in the preferential outgrow th o f B cells expressing an im m unog lobu lin  that have 

high a ffin ity for their cognate antigen (See Figure 1.5).

A ffin ity  maturation is a term that describes the increment o f the a ffin ity  o f the 

antibodies secreted during the tim e course o f an im m une response (Figure 1.5 B; 

(Tarlinton and Smith, 2000). B cells in the CC continue to proliferate extensively 

and downregulate their BCRs to differentiate into centroblasts. Centroblasts 

undergo somatic hyperm utation o f the genes coding for the variable domains of 

their BCRs (Figure 1.2; Figure 1.5; (Tarlinton and Smith, 2000). O nce the cell 

cycle is com pleted, the centroblasts re-express the new ly mutated BCRs to 

become centrocytes. Centrocytes are then subject to a selection process based on 

antigen affin ity: centrocytes that express BCRs w ith  an im proved a ffin ity  for the 

antigen are selected and expanded at the expenses of low  a ffin ity  binders (Figure 

1.5).

After successive rounds o f somatic hyperm utation and affinity-based selection, the 

a ffin ity  o f the specific antibodies secreted during the im mune response increases 

over the tim e (Foote and M ilste in, 1991). Typically, the a ffin ity  w ill increase 100- 

1000 times (Eisen and Siskind, 1964; Foote and M ilstein, 1991).

W h ile  the precise mechanism of the affin ity maturation process is not fu lly  

understood, it is clear that the selection process is dependent on com petition for 

lim iting  amounts o f antigen, presumably displayed on the surface o f fo llicu la r 

dendritic  cells (Haberman and Shlomchik, 2003); Figure 1.5).
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Figure 1.4. The process of antigen encounter and B cell activation.
This diagram illustrates the different stages that lead to B cell activation. Mature naive B cells migrate to secondary lym phoid tissues in the 
periphery, includ ing the lymph nodes, in which they w ill encounter specific antigens and become activated. Naive B cells recognise antigens 
in a variety o f forms such as soluble antigens, immunocomplexes or membrane thethered antigens. Antigen engagement through the BCR 
leads to an intracellular signalling cascade and to antigen internalisation, processing and presentation toT  cells in the context o f M HC m ol­
ecules. B cells that encounter specific antigens and receive a p p ro p ria te ! cell help, proliferate and form germinal centers in the follicles. 
These activated B cells divide rapidly and differentiate into antibody-secreting plasma cells or memory B cells that w ill respond more quickly 
to a second antigen exposure (Adapted from Immunobiology, 2005).



1.5 Types of antigens that interact with lymphocytes

T cells recognize antigens in the context o f M HC molecules.

Cells o f the im m une system (dendritic cells, macrophages, B cells) are able to 

in ternalize and degrade proteins to peptides and present them on the cell surface 

in the context of M HC molecules to T cells (Itano and Jenkins, 2003; 

Lanzavecchia, 1985). Cells that have this capacity are known as antigen 

presenting cells (APCs).

Therefore, T cells require that APCs present M HC-peptide complexes expressed 

on the surface in order for them to get activated. The situation for B cells is not so 

clear.

In v itro  studies have shown that B cells are sensitive to intact, soluble antigens 

(Batista and Neuberger, 1998; KouskotT et ah, 1998); Figure 1.4). However, in 

vivo studies have shown that during the course o f an im mune response, fo llicu la r 

dendritic  cells (FDC) retain on their surfaces a large proportion of the available 

intact antigen through low  affin ity  antibodies or com plem ent Fc receptors 

(Haberman and Shlom chik, 2003; Kosco-Vilbois, 2003); Figure 1.4).

M ore recently, W ykes and co-workers have shown that dendritic  cells (DCs) are 

able to retain and present intact antigens to B cells in v itro  and in v ivo  (Wykes et 

al., 1998). In these experiments they also showed that the contact between a 

dendritic  cell and a B cell is necessary to trigger the activation o f B cells. These 

observations are further supported by experiments that demonstrated that antigen- 

pulsed DCs are able to stimulate B cells when they are transferred into 

unim m unized recipients (Balazs et ah, 2002; Berney et ah, 1999; C o lino et ah, 

2002; Wykes et ah, 1998). W h ile  the mechanism of presentation is not fu lly  

understood, a recent study suggests that the process by w h ich  DCs present intact 

antigen to B cells differs from the normal FDC presentation via Fc or com plem ent 

receptors, and it appears to be more com plex. It has been suggested that it m ight 

involve in itia l antigen internalisation and then recycling to the cell surface 

(Bergtold et ah, 2005); Figure 1.7). The mechanism of this type o f presentation has 

not been demonstrated yet but it is like ly to involve a specific set o f receptors to 

contribu ting to the DC function (Carrasco and Batista, 2006a). In add ition , the 

im m unoreceptor tyrosine-based inh ib ito ry  m otif-bearing FcyRllb has been
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(A) B cells encountering antigen and receiving appropriate T cell help, divide 
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terms of activation and co-operation w ith  T cells, and therefore are selected as anti­
body producing cells. (B) The affin ity o f the antibodies secreted during an immune 
response increases over time. Taken and adapted from Tarlinton and Smith, 2000.
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im plicated as one o f the possible molecules that facilitates the presentation of 

intact antigen to B cells (Bergtold et ah, 2005). Thus, it is like ly that membrane 

antigens are the main form of B lym phocyte stim ulation in v ivo  during the 

adaptive im m une response. A lthough this concept has been proposed for almost 

10 years, on ly very recently it started to be addressed.

1.6 Recognition of membrane antigens: its importance in immune 

recognition

1.6.1 The immunological synapse (IS)

In the cell membrane of B lymphocytes, a large array of proteins coexist, 

inc lud ing  the BCR, the FCyRII, the integrins, LFA1 and VLA4, and the co-receptors 

CD45 and G D I9. These molecules are random ly distributed at the membrane 

interface (See Figure 1.7A). The recognition of antigens displayed on the surface 

o f an APC leads to the form ation o f a specialised junction  between the 

lym phocyte and the target cell known as the im m unological synapse (IS) (Batista 

et al., 2001; G rakoui et al., 1999; Monks et al., 1998); Figure 1.7 A and B).

The IS was first described in T cells, and since then the T cell/APC im m unologica l 

synapse has been extensively characterised (Grakoui et al., 1999; W u lfin g  et al., 

2002b). Later studies by Batista et al have shown that the IS form ation upon 

membrane antigen recognition is a general phenomenon o f lym phocytes as B 

cells also form  a IS (Batista et al., 2001; Carrasco et al., 2004). The B cell synapse 

shares the basic features o f the T cell IS (Figure 1.7). B cell recognition o f 

membrane-bound antigens leads to the form ation o f an im m unolog ica l synapse 

and effic ient B cell activation.

W hen B cells and APC make contact a series of events fo llo w  to fac ilita te  the 

encounter o f antigen. The APC presents either intact antigen tethered by FcyRII or 

com plem ent receptors (CD21) via com plem ent fragment 3b (C3b). It has been 

shown that the BCR encounter of antigen molecules is facilita ted by the integrins 

VLA-4 and its ligand VCAM-1 (Carrasco and Batista, 2006b); see Figure 1.7). It is 

like ly that other receptors m ight also be involved in this process. W hen the BCR 

engages antigen, the adhesion o f the B cell to the APC is enhanced via integrins,
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Figure 1.6. Type of antigen encountered by B cells.
B cells can encounter antigens in several forms (A) soluble, (B) complexed 
w ith  IgM, or (C) membrane tehthered through Fc receptors or com plem ent 
receptors. (D) Membrane bound antigens have been shown to be very effec­
tive in activating B cells. It is thought that in vivo B cells encounter antigen 
that is retained on the surface of FDCs in germinal centers (Carrasco and 
Batista, 2006).



inc lud ing LFA-1 and VLA-4 (Carrasco and Batista, 2006b). This increm ent in 

adhesion facilitates the form ation o f the IS and therefore promotes B cell 

activation.

As it can be appreciated from the diagram shown in Figure 1.7, during the process 

o f IS form ation, the receptors in the membrane are reorganised and segregated 

into supramolecular activation complexes (SMACs). Then the BCR gathers antigen 

into a central cluster (cSMAC), w h ich  is surrounded by a peripheral ring of 

adhesion molecules (pSMAC). The phosphatase CD45 is excluded, probably 

form ing a distal SMAC (dSMAC). In add ition, PLCy2 and G anglioside GM1 (C M !) 

also get recruited to the cSMAC (Batista et al., 2001; Cheng et al., 2001).

The co-receptors, C D 19-CD 21 and FcyRII are recruited to the IS and are able to 

m odulate the signalling triggered by the BCR (these w ill be discussed more 

extensively in later sections). Finally, the antigen is internalised in specific 

compartments and later processed and presented in the context o f M HC class II 

molecules to T cells (See Figures 1.4 and 1.7).
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1.7 Ligand/receptor interactions in solution vs membrane 

ligand/receptor interactions

W hen studying ligand/receptor interactions it is im portant to define the 

parameters that determ ine this interaction and also to adapt these parameters to 

the environm ent in w h ich  this interaction take place.

W hen ligands and receptors encounter each other in solution, they associate in a 

com plex (Figure 1.8 A). The rate at w h ich  these complexes are formed is known 

as the association rate constant or k()!1 and the rate at w h ich they dissociate is 

known as the dissociation rate constant or k()!, (Figure 1.8 A). A more in tu itive  

parameter is defined by the dissociation half-life (t, 9 that expresses the tim e that it 

w ill take for 50% of the complexes to dissociate. At equ ilib rium , complexes w ill 

form and dissociate constantly at exactly the same rate in a steady state cond ition 

(Figure 1.8 B). The association constant, Ka, is the parameter that characterizes 

this steady state equ ilib rium , and is a measurement o f the strength of the 

interaction (Figure 1.8 C).

B inding properties in solution are related to three-dimensional parameters (3D), 

and therefore they are expressed in terms of m olar concentrations o f reactants.

The case o f m em brane-bound receptors and ligands is far more com plex. Their 

interaction is restricted to a two-dim ensional (2D) space, and therefore we need 

to consider this when defin ing the parameters of this interaction (Bell, 1 978).

For instance, the concentration o f membrane proteins cannot be expressed as a 

solution concentration but it can be expressed as surface density, a measure of the 

number of molecules per unit area. Thus, in the same line, the a ffin ity  can be 

expressed as a 2D  K. (Bell, 1978; Shaw and Dustin, 1 997).

This has proved to be a very d ifficu lt experimental task and on ly a few 

measurements o f 2D K, have been obtained from experimental data (Dustin et al., 

1996; Dustin et al., 1 997; Shaw and Dustin, 1997).

The interaction o f membrane ligands and receptors w ill also be affected by 

different factors as they are tethered on a membrane. These w ou ld  include, the 

diffusion o f molecules on the bilayer, the mechanical properties o f the membrane, 

the presence o f other m olecules and cytoskeletal dynamics adds up to the 

com plexity o f the recognition process.
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Receptor Ligand Complexes

Figure 1.8. Kinetic parameters of ligand-receptor binding interaction.
(A ) Ligands and receptor associate according to the association rate constant ( k j ,  
and dissociate according the dissociation rate constant (koff). (B) At equ ilib rium  the 
association is equaled by the dissociation o f complexes. This steady-state is char­
acterised by the association constant (Ka), a measurement o f the a ffin ity of the 
interaction. (C ) The association constant is defined by the ratio of the two rate 
constants.



1.7.1 T cells recognise antigens of a narrow range of affinities

The first quantitative studies o f the IS aimed to define the thresholds o f recognition 

o f M HC-peptide complexes by T cells and to unveil the parameters that govern 

the form ation o f the IS.

Based on kinetic studies on glass-supported lip id  bilayers, Grakoui et al. 

suggested that the accum ulation o f the TCR/MHC-peptide complexes is 

dependent on the dissociation rate constant (ku!.) of this interaction (Grakoui et al., 

1999).

From these experiments, several mathematical models have been proposed to 

explain the parameters that drive the differential segregation of receptors in the 

cell surface leading to the form ation of the IS (Burroughs and W ulfing , 2002; Lee 

et al., 2002a; Lee et al., 2002b; Q i et a l„  2001).

These models explain the differentia l segregation of ligand/receptor pairs based 

on the equ ilib rium  therm odynam ics o f relevant physicochem ical parameters 

(protein b inding/d issociation parameters, physical properties of the membranes 

and bond lengths between m olecule pairs) (Burroughs and W ulfing, 2002; Lee et 

al., 2002a; Lee et al., 2002b; Q i et al., 2001).

Furthermore, they stress the im portance o f the kOII in the MHC-peptide/TCR 

interaction and the cytoskeletal involvem ent in synapse form ation (Lee et aL, 

2002b; W u lfing  and Davis, 1998). Finally, Lee et al also predicted the kinetic 

values of TCR/M HC-peptide interaction necessary to promote the accum ulation of 

antigen and the form ation of a T cell im m unological synapse (Lee et al., 2002b). 

W h ile  these studies have stressed the importance o f the a ffin ity and the density o f 

specific ligands in the recognition process, recent publications suggest that also 

endogenous peptides play an im portant role during antigen recognition 

(Krogsgaard et al., 2005; Stefanova et al., 2002; W u lfing  et al., 2002a). D ifferent 

studies indicate that the presence of MHC-endogenous peptides on the surface of 

an APC contribu te to T cell recognition (Krogsgaard et al., 2005; Stefanova et al., 

2002; W u lfing  et ah, 2002a).

In a com bined experimental and com putational approach, Chakraborty and 

colleagues suggested that CD4 may enhance T cell sensitivity by recru iting Lck 

Src kinase to the IS upon M HC-peptide recognition that w ou ld  prom iscuously 

phosphorylate MHC-endogenous peptides (Li et al., 2004). From the proposed
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mathematical model, the authors also predicted that the thresholds o f T cell 

activation are determ ined by a precise com bination of the dissociation half-lives 

o f the tw o complexes (Li et al., 2004).

In this line, Krogsgaard et al have shown in an elegant study that pre-existing 

M HC-agonist/endogenous peptide heterodimers may drive T cell activation and 

sensitivity (Krogsgaard et al., 2005).

The so called 'pseudodim er theory' was extended also to CD8 T cells. In a recent 

report, Zal and colleagues showed that the interaction o f CD8 w ith  an M HC- 

endogenous peptide enhances the recognition o f antigen (Yachi et al., 2005).

In conclusion, the extensive literature available supports the notion that the 

dissociation ha lf-life  is the key parameter determ ining the recognition o f antigens 

by T cells.

1.7.2 B cells recognise antigens of a wide range of affinities

Contrary to T cells, the interaction o f B cell w ith  membrane antigens remains 

largely unexplored. In v itro  studies performed w ith  soluble antigens have shown 

that the a ffin ity  o f the B cell receptor (BCR) for the antigen is a critica l parameter 

that determines the thresholds o f B cell activation (Batista and Neuberger, 1998; 

Kouskoff et al., 1998). M oreover, Batista and colleagues suggested that the 

dissociation ha lf-life  o f the antigen/BCR interaction is im portant in the response of 

a B cell to soluble antigens (Batista and Neuberger 1998). In this line, Foote and 

M ilstein demonstrated in an elegant study the im portance o f the b ind ing kinetics 

in the a ffin ity  m aturation o f antibodies (Foote and M ilstein, 1991). This crucial 

process in the life o f B lymphocytes w ill be discussed in detail in the last section.

D ifferent groups have shown that membrane antigens are particu la rly  effective at 

triggering B cell activation in vivo (Hartley et al., 1991; Nemazee and Burki, 

1989). B cells that express a BCR that recognises a self-antigen are elim inated 

from  the repertoire on ly  if the antigen is expressed on a membrane, w h ile  if the 

antigen is in solution B cells become anergic (G oodnow et al., 1988; Hartley et 

al., 1991; Nemazee and Burki, 1989). In this line, Batista and colleagues have 

shown that the way in w h ich  antigens are presented to B cells have a critica l 

im pact on the activation process (Batista and Neuberger, 1998; Batista and



Neuberger, 2000). However, the parameters that determ ine the kinetics of 

interaction o f B cells w ith  m embrane-bound antigens are not known.

Furthermore, during the course o f an im m une response B cells encounter antigens 

o f a much w ider range of a ffin ity  than T cells. In addition, un like  T cells, B cells 

are capable to effectively recognize antigens in the absence o f ICAM-1 or any 

accessory m olecule (Carrasco et al., 2004). Thus, the models available for T cells 

cannot predict the kinetics o f interaction of B cells w ith  m embrane-bound 

antigens, as they are lim ited to the narrow range of affinities o f the TCR/MHC 

peptide interactions.

1.8 Events triggered by the B cell receptor upon membrane antigen 

recognition

Antigen engagement by the BCR initiates a signalling cascade mediated by the 

C D 79a and CD79(3 chains o f the antigen receptor com plex (N iiro  and Clark, 

2002). In itia l signals involve the activation of src kinases (inc lud ing  Lyn, Fyn, Blk, 

kinase) by dephosphorylation of its negative regulatory site by CD45 (N iiro  and 

Clark, 2002). In turn, this event triggers the phosphorylation of the ITAM motifs of 

the signalling com ponents o f the BCR and facilitates the recruitm ent o f Syk and 

Btk tyrosine kinases (N iiro  and Clark, 2002). Syk and Btk kinases then activate 

downstream cascades inc lud ing  phospholipase Cy2 (PLCy2) and PI3 kinase. Both 

enzymes partic ipate in the metabolism o f phosphoinositides to generate key 

second messengers in BCR signalling (N iiro  and Clark, 2002).

PI3 kinase phosphorylates phosphatidylinosito l-4,5-biphosphate to produce 

phosphatidylinosito I-3 ,4 ,5-triphosphate (PIP3), and PLCy2 degrades the same 

substrate into inosito l-1,4,5-triphosphate (IP3) and diacylg lycero l (DAG). These 

molecules serve as second messengers that u ltim ate ly lead to the transcription of 

genes im portant for survival and prolife ra tion of B cells (N iiro  and Clark, 2002).

1.9 General aims

Given the im portance of the recognition of membrane antigens by B cells and 

how  little  is known, in this Thesis we set out to understand the interaction of 

lymphocytes w ith  membrane antigens. W e focused on the interaction o f B cells 

and NKT cells w ith  the ir respective antigens.



W e have set up a system o f a rtific ia l lip id  bilayers that a llow  quantita tive analysis 

o f the membrane antigen recognition process. W e took advantage o f this system 

to characterise in detail the interaction of B cells and NKT cells w ith  their 

respective antigens and define the parameters that define this process. 

Furthermore, we dissected the early m olecular events that take place in B cells 

upon membrane antigen recognition.

Since B cells recognise antigens o f a w ide  range of affinities that include all 

possible interactions, we hope that the findings o f this study w ill be extended to 

other ligand-receptor pairs.



Chapter 2: Materials and Methods

2.1 Mice

2.1.1 Animal care and breeding

All animal care and breeding was carried out by the Clare H all Anim al U n it 

(Cancer Research UK). M D 4, D1.3 and HSp trasngenic m ice were maintained as 

heterozygous on a C57BL/6 background. 3-83 transgenic m ice were maintained 

as heterozygous on a Balb/c background.

M ice were k illed  according to humane k illing  practices approved by the Home 

O ffice.

2.1.2 Genotyping

Genotyping of the M D4, 3-83 and HSp transgenic m ice was performed by 

detecting antigen-specific antibodies in the serums of the m ice w ith  a capture 

ELISA. Briefly, 96-w e ll im m unoplates (Maxisorp Im m uno Plate, Nunc) were 

coated w ith  the specific antigens (HEL for M D4, p31 for 3-83, and NIP- 

ovoa lbum in for HSp) for 1 hr at 37 °C. Then the plates were blocked by adding 

200 p l/w ell o f b lock ing  buffer (PBS, 2% BSA, 0.01%  Tween-20, 0.1%  N aN 3) and 

incubating for 1 hr at room temperature. Then, d ilu tions o f the serums were 

incubated in the plates for 1 hr at RT.

Specific antibodies captured in the plates were detected by incubating 

sequentially w ith  a b iotinylated anti-mouse lgM a antibody (BD Pharmingen), 

streptavid in-a lkaline phosphatase conjugate (Extravidin-AP, Sigma), and the 

corresponding substrate (alkaline phosphatase ye llow  (pNPP) substrate tablets, 

Sigma).

D1.3 transgenic m ice were screened by FACS analysis o f peripheral b lood 

lymphocytes. Heparinized blood samples (2-3 drops) were first incubated for 5 

minutes w ith  1 ml o f Tris-am m onium  buffer (0.75% Tris, 0.2%  N H 4CI, pH =7.2) to 

lyse the erytrocytes, and the w h ite  blood cells were then isolated by 

centrifugation.

D1.3 positive transgenic B cells, labelled w ith  HELW,-Alexa Fluor 488 and anti- 

B220-PE-Cy5 (BD Pharmingen), were detected by FACS.

This transgenic line was a kind gift from Dr M ichael Neuberger (LMB, 

Cambridge).



2.1 Cell culture

All the solutions and reagents were purchased from GIBCO, except where 

indicated.

2.2.1 Cell culture

Primary naTve B cells, A20 B cell line (Kim et al., 1979), COS-7 (G luzman, 1981), 

L-cells, J558L (W eigert et al., 1970), Sp2/0 (Shulman et al., 1978) and LG2 cells 

were cultured in RPMI m edium  conta in ing 10% fetal calf serum (FCS), 10 mM  

HEPES, 10 lU /m l pen ic illin /s treptom ycin  antib iotics and 50 pM 2- 

mercaptoethanol (Sigma).

Human NKT cells were cultured in RPMI medium conta in ing 5% human serum 

(Cambrex), 2 m M  glutam ine, 1 m M  non-essential am ino acids, 1 m M  sodium 

pyruvate, 10 IU /m l pen ic illin  and streptomycin antib iotics and 50 pM 2- 

mercaptoethanol (Sigma).

2.2.2 Naive B cells isolation

NaVve B cells were isolated by negative selection from  the spleens o f transgenic 

m ice (2-3 months old) on the day o f the experiment. Total splenocytes were 

prepared by d isrupting the spleen on a cell strainer (70 pm, BD Falcon) w ith  a 

syringe plunger and washing w ith  PBS (three washes o f 3 ml each). After a 

Lym pholyte (Cedarlane Laboratories) step and red blood cells lysis in Tris- 

am m onium  buffer (0.75% Tris, 0.2%  N H 4CI, pH=7.2), T cells were depleted by 

incubation w ith  Dynabeads mouse pan-T (Dynal Biotech ASA, Oslo, Norway) for 

30 minutes at 4 °C. The cells were then incubated in 10 ml o f RPMI medium  in 

10 mm round plates (BD Falcon) for 1 hr at 37 °C to a llow  the macrophages to 

stick to the plastic. The popula tion obtained had 95-98%  B cells as assessed by 

FACS using anti-B220 and anti-IgM  specific antibodies.

2.2.3 NKT cells culture

NKT cell lines from human orig in  were stimulated once every 20 days to promote 

their growth. For the stim ulation 4 x 106 peripheral blood m ononucleated cells 

(from human donors) and 4 x 10s LG2 cells were irradiated (5000 Rads) in 2 ml of



culture medium supplemented w ith  1 pg/ml PHA and 500 lU /m l IL-2 (Cambrex). 

NKT cells (1 x 106) were then cultured w ith  the feeders for stim ulation.

The medium was replaced w ith  fresh m edium conta in ing IL-2 (500 lU /m l) every 

3-4 days.

2.2.4 Cell transfection

For celf-to-celI interaction studies, COS-7 cells were transfected w ith  a HELW1- 

CFP construct using the Superfect reagent according to manufacturer's 

instructions (Gibco) (Batista and Neuberger, 2000).

Cells were plated on clean and sterile glass coverslips (Bioptechs, Inc.) at 80%  of 

confluence 24 hours before transfection. On the day o f transfection they were 

treated w ith  5-10 pg of the HELVV1-GFP coding vector dissolved in 100 pi of 

Superfect reagent and 1 ml o f RPMI m edium w ithou t serum. After 2.5 hours of 

incubation at 37 °C, the cells were washed and kept in RPMI 10% m edium  until 

experiments were performed 24 hours later.

On the day o f the experim ent unbound cells were washed away w ith  chamber 

buffer and the coverslip was assembled on the FCS2 closed cham ber system 

according to manufacturer's instructions (Bioptechs, Inc.). The interaction o f M D4 

or W T B cells w ith  transfected COS-7 cells was visualised im m ediate ly.

For protein production J558L cells were transfected by e lectroporation. J558L 

cells (5 x 106) were m ixed w ith  10-20 pg o f plasmid in 500 pi o f RPMI culture 

m edium and electroporated at 0.26 V and 960 pF (BioRad Gene Pulser). Stable 

clones were then obtained by lim iting  d ilu tion  and selection in m edium 

contain ing G -418 (1 mg/ml).

2.2.5 Fluorescence Activated Cell Sorting (FACS) analysis

Cell stainings for FACS analysis were performed w ith  the indicated antibodies and 

concentrations in FACS buffer (PBS, 2% fetal calf serum, 0.1%  N aN 3). Cells were 

incubated at 4 °C for 20 minutes and washed once w ith  FACS buffer. Samples 

were analysed w ith  a FACS Calibur cytometer (Becton, D ickinson and Company) 

and the Cellquest software (Becton, D ickinson and Company).

2.3 Artificial membranes technology



2.3.1 Liposomes preparation

Liposomes were prepared by detergent dialysis (Brian and M cConnell, 1984; 

M im m s et al., 1981). Lipid stocks were purchased dissolved in ch loro form  from 

Avanti Polar Lipids. The fo llow ing  lipids were used in the preparation of 

liposomes: 1,2-d io leoyl-sn-g lycero-3-phosphocholine (DOPC), 1,2-d io leoyl-sn- 

glycero-3-phosphoethanolam ine-NBD (PE-NBD), 1,2-d io leoyl-sn-g lycero-3- 

phosphoethanolam ine-N-(Cap Biotinyl) (N -b io tiny l Cap-PE), 1,2-distearoyl-sn- 

g lycero-3-phosphocholine (DSPC).

The chloro form  in the lip ids was first evaporated under a N 2 stream and solvent 

traces were removed by high vacuum for 2 hs. The thin film  of dry lip ids was then 

resuspended in buffer (25 m M  Tris, 150 mM  NaCI, 2% octylglucoside, pH=8.00) 

to obtain a 2 m M  solution (10 x stock), and sonicated until clear.

PE-NBD and N -b io tiny l Cap-PE solutions were m ixed w ith  DOPC in a 1:50 m olar 

ratio. The solutions were then d iluted 1:10 (2% octylglucoside buffer), filtered 

(0.22 pm, M illipo re ) and dialysed against octylglucoside-free buffer (25 m M  Tris, 

150 m M  NaCI, pH =8.00) for 36 hs w ith  buffer exchange every 12 hs to remove 

the detergent and generate the liposomes.

2.3.2 Expression and purification of the GPI-linked HyHel5 Fab fragment protein

The HyHel5 Fab fragment was produced as a CPI-linked protein on the cell 

membranes o f transfected cells and purified by a ffin ity  chrom atography. The 

constructs cod ing for the Fab fragment (the kappa light chain and heavy chain 

fused to ECFP) o f the E1yHel5 antibody (Yolanda Carrasco & Facundo Batista, 

unpublished results) were co-transfected in a 1:5 ratio in Sp2/0 cell line, a cell 

line defic ient in the expression o f light chains (Shulman et al., 1978). Positive 

clones were selected in the presence o f geneticin (0.5 mg/ml) and screened by 

FACS analysis (Yolanda Carrasco).

The G PI-linked fusion protein was then purified by a ffin ity  chrom atography as 

previously described (Bromley et al., 2001). Cell membranes conta in ing the CPI- 

linked Fab were solubilised in lysis buffer (25 mM  Tris, 150 m M  NaCI, 0.1%  

N aN v 1% Triton X-100, pH=8.00) in the presence o f protease inhib itors 

(Complete EDTA-free tablets, Roche Diagnostics). A ratio o f 20 ml of buffer / 1 

gram of cell pellet was used, and approxim ately 4 grams o f cells (5 liters) were



used in each purifica tion. The solution was incubated w ith  m ild  agitation for 1 hr 

at 4 °C; nuclei were e lim inated by centrifugation at 1000 x g for 10 m in. The 

supernatant was then incubated for an additional hour at 4 °C in the presence o f 

0.5%  DOC, and fina lly  c la rified by ultracentrifugation at 100000 x g for 45m in. 

After filte ring  the supernatant through a 0.22 pm filter, the protein was loaded on 

a hen egg lysozyme (HEL)-coupled Sepharose colum n (1-2 mg o f HEL were 

coup led in an NHS-activated H iTrap 1 ml colum n according to manufacturer's 

instructions, Amersham). The colum n was then washed w ith  lysis buffer 

conta in ing 0.5%  DOC (15 co lum n volumes) and equ ilibrated w ith  labelling buffer 

(100 mM  N aH C O v 150 mM  NaCI, 1% Triton X-100, pH=8.4). After that the 

colum n was in jected w ith  200-400 pg o f Alexa Fluor 488 succin im idyl ester 

(M olecular Probes, Invitrogen) to increase the specific labelling due to the EGFP 

and incubated for 30 m in at RT w ith  occasional m ixing. The pro te in -labe lling  

reagent was then washed out w ith  labelling buffer and then the co lum n was 

equilibrated w ith  pre-elution buffer (25 mM  Tris, 150 m M  NaCI, 2% 

octylglucoside, pH=8.00) in order to replace the Triton X-100 w ith  the 

octylg lucoside (OC). Elution was performed w ith  an acid ic buffer (100 m M  Gly, 

150 m M  NaCI, 2% O G , pH =2.5) and the fractions ( 8 x 1  ml each) were collected 

in 1 M  Tris (pH=8.00) to neutralise the pH.

Protein purifica tion  was assessed by FACS analysis and SDS-PAGE (Silver 

staining).

For FACS analysis d ilu tions 1:50 o f the eluted fractions (100 pi, in FACS buffer) 

were m ixed w ith  1 pi o f streptavidin-coated beads loaded w ith  b io tin-H ELWT and 

incubated for 20 minutes at RT w ith  agitation to avoid the beads from  settling 

(Thermomixer, Eppendorf). After washing once w ith  buffer, the beads were 

incubated for 20 min at RT w ith  an anti-kappa-PE antibody (1:400), and then 

analysed.

Fractions conta in ing the pure and active protein were pooled and reconstituted 

into DOPC liposomes by detergent dialysis (see previous section).

2.3.3 Monobiotinylation of the tethering antibody



The m onobiotinylated F10 anti-HEL m onoclonal antibody was prepared by 

incubation w ith  lim iting  concentrations o f the EZ-Link sulfo-NFIS-LC-LC-biotin 

reagent (Pierce).

The antibody was first d ia lyzed against PBS to e lim inate any traces o f am ine- 

conta in ing buffer (final antibody concentration ~ 1 mg/ml). Then it was m ixed 

w ith  varying concentrations o f the sulfo-NHS-biotin reagent (200 mg/ml stock 

so lution in DMSO). Usually, final concentrations o f 0.1 - 0.01 pg/ml yielded 

m onobiotinylated species o f antibody.

The m ixture was left to react for 30 minutes at room temperature, and then 

dialysed against phosphate buffer saline (PBS) w ith  several changes o f buffer to 

remove the excess reagent (biotin).

The degree o f b io tiny la tion  o f the antibody was evaluated by FACS w ith  

streptavidin-coated beads (Bangs Laboratories, Inc.) as described below.

1 pi o f beads were m ixed w ith  100 pi o f a d ilu tion  1:50 (in FACS buffer) o f the 

b iotinylated antibody. The m ixture was incubated for 20 minutes at room 

temperature w ith  agitation (to prevent the beads from settling in the bottom  of the 

tube) and then washed once.

The beads were then incubated w ith  100 pi o f streptavidin-A lexa Fluor 633 

(1:400 d ilu tion ) and an anti-mouse Ig-FITC antibody (BD Pharmingen) for 20 

minutes at room temperature w ith  agitation. After washing, the beads were 

analysed by FACS. The m onobiotinylated antibody can be distinguished from a 

po lyb io tiny la ted  one by the levels o f streptavidin-Alexa Fluor 633 staining.

2.3.4 Planar lipid bilayers preparation

Planar lip id  bilayers were prepared in FCS2 chambers (Bioptechs Inc.) by 

liposomes spreading as previously described (Brian and M cConnell, 1984; Dustin 

et al., 1996). Glass coverslips were treated w ith  su lphochrom ic solution over 

night, and rinsed w ith  d istilled water and acetone; the excess acetone was 

removed by aspirating it.

Liposomes contain ing functiona lized N -b io tiny l Cap-PE or the labelled GPI-linked 

HyHel5 Fab fragment were m ixed at different ratios w ith  1,2-d io leoyl-sn-g lycero- 

3-phosphocholine (DOPC, Avanti Polar Lipids, Inc.) liposomes to get the required 

m olecular densities. Then, liposome drops (0.8 pi per membrane) were deposited



on the glass coverslips, and the FCS2 chambers were assembled fo llow ing  the 

manufacturer's instructions. After 20 minutes o f incubation, the chambers were 

flushed w ith  b locking buffer (PBS 2% FCS) and incubated for at least 1 hour.

Hen egg Ivsozyme (HELs) antigens were tether d irectly  on lip id  bilayers 

conta in ing the GPI-linked Fab fragment by incubating the chambers w ith  the 

antigen (1 ml, concentration ~ 200 ng/ml).

In the case o f lip id  bilayers conta in ing biotinylated lipids, the chambers were 

successively incubated w ith  1 ml o f fluorescently labelled avid in (concentration ~ 

1 pg/ml), 1 ml o f m onobiotinylated F10 antibody (concentration ~ 50 pg/ml), and 

1 ml of the HEL antigen (concentration ~ 200 ng/ml), or incubated w ith  1 ml of 

the m onobiotinylated antigens after the avid in step.

A ll the incubations were performed at room temperature for 10-15 minutes in 

chamber buffer (PBS 0.5%  FCS, 2 m M  M g2t, 0.5 mM Ca2t, 1 g/l D-glucose, 

PH=7 .4). The chambers were washed between incubations w ith  at least 5 ml of 

chamber buffer to e lim inate the excess o f reagents.

In all the cases, the excess antigen was washed out o f the chambers w ith  5-10 ml 

of chamber buffer right before in jection o f the cells. Assays were performed in 

chamber buffer using the FCS2 closed system temperature contro lle r set at 37 °C.

2.3.5 Determination of molecular densities

2.3.5.1 Bilayers containing the GPI-linked Fab fragment protein

The density was estimated w ith  an enzym e-linked im m unosorbent assay (ELISA). 

Bilayers were prepared on glass coverslips (Culturewell, Grace Bio-Labs) 

according to the Lipid bilayers section; these coverslips have 8 round wells w ith  a 

defined surface area o f 20 x 106 pm 2. Then the bilayers were resuspended in a 

fixed volum e o f detergent buffer (PBS, 0.2%  Tween-20, 1% Triton X-100), and the 

am ount o f recovered Fab fragment was estimated w ith  a capture ELISA.

For the ELISA, 96-w ell immunoplates (Maxisorp lm m uno Plate, Nunc) were 

coated w ith  a rat anti-mouse kappa light chain antibody (20 pg/ml, 80 p l/w ell) for 

1 hr at 37 °C. Then, they were blocked for 1 hr by adding 200 p l/w e ll o f b locking 

buffer (PBS, 2% bovine serum album ine, 0.01%  Tween-20, 0.1%  N aN 3).



The samples (100 p l/w e ll, d ilu ted 1:3 in b locking buffer) were incubated for 1 hr 

at room temperature. A ca libration curve was obtained w ith  Fab fragments 

prepared from the HyHel5 antibody (see Fab preparation  section).

After the incubation period, the plates were loaded w ith  b io tinylated HELWT (300 

ng/ml, 100 pl/w ell) for 1 hr at room temperature. Finally, the ELISA was 

developed by incubating sequentially w ith  streptavidin-a lkaline phosphatase 

(Extravidin-AP, Sigma), and its substrate (alkaline phosphatase ye llow  (pNPP) 

susbstrate tablets, Sigma) according to manufacturer's instructions. The developed 

co lo r was read at 450 nm.

The calibration curve was converted to density o f molecules w ith  the surface area 

o f the coverslips, and the densities o f the samples were derived from it.

2.3.5.2 Bilayers containing biotinylated lipids

The density o f antigen was estimated as the density of m onob io tiny la ted F10 

antibody on the surface o f the artific ia l lip id  bilayers. This was determ ined w ith  a 

fluorom etric  assay using calibrated beads (Bangs Laboratories).

These beads consist o f five populations o f beads that have different antibody 

b ind ing capacities (ABC, 4 plus the negative control); this value represents the 

number o f molecules o f mouse IgC that each population binds.

To estimate the density, the beads were incubated in FACS buffer w ith  saturating 

concentrations o f the F10 m onoclonal antibody (20 pg o f antibody/drop o f beads, 

final vo lum e = 100 pi) for 20 minutes. The beads were then washed and

incubated w ith  an anti-kappa-PE antibody (10 pg o f antibody, final vo lum e = 100

Mi).

In parallel, lip id  bilayers conta in ing biotinylated lip ids were prepared and loaded 

w ith  Alexa Fluor 488-avid in  and m onobiotinylated F10 antibody according to 

Planar lip id  bilayers preparation. Then the F10 tethered on the bilayers was 

labelled w ith  the same anti-kappa antibody for 20 minutes and then washed out. 

The fluorescence intensity o f the beads and the artific ia l bilayers were then 

measured by confocal m icroscopy. The density was then estimated as explained 

in Chapter 3.

2.4 Antigens

Af\



A ll the purifications described were performed w ith  an Akta purifie r FPLC system 

using the indicated columns (Amersham).

2.4.1 Recombinant lysozymes

The mutant lysozymes were obtained by genetic m odifica tion o f the w ild -type  

hen egg white  lysozyme (HELW1). The fo llow ing  residues were converted to 

alanine: HELRD, aa 21, 101; HELRDG\  aa 21, 101, 102, 103; HELK, w ith  aa 97; 

HELK0, aa 97, 101; HELRK, aa 21, 97; HELRK0, aa 21, 97, 101; HELKK, aa 21, 97; 

HELV, a 120; and HEL°, a 35 (Batista and Neuberger, 1998). The different HEL 

mutants were expressed as His-tagged proteins in the J558L B cell line and 

purified from the supernatant by N i2+-NTA agarose columns (HisTrap HP 1 ml, 

Amersham) according to the manufacturer's protocol.

HELV and HEL1} were purified by cation exchange chrom atography on a CM- 

Sepharose co lum n (1 ml, Amersham). Protein purifica tion was assessed by SDS- 

PAGE (4-20%) and Coomassie blue staining (Pierce). Both procedures yielded 

0.5-2 mg o f recom binant protein o f high purity (90%) per litre o f supernatant. 

Antigens were used w ithou t any further purification.

2.4.2 Peptides recognised by the 3-83 BCR

The pO, p5, p7, p 1 1 and p31 m onobiotinylated peptides were synthesised by the

Peptide Synthesis Laboratory at Cancer Research UK. The sequences o f the

peptides were (from N-term inal to C-terminal):

pO: SGSGPRLDSAKEIMASGSC

p5: SGSGLMNTGGYQSLLPSGS

p7: SGSGVLTPQDYRWFLDSGSC

p 1 1: SGSGGMNW NW LQAHTSGSC

p31: SGSGHDWRSGFGGFQHLCCSGS

The peptides were dissolved in deionised water at a concentration o f 0.5 mg/ml, 

a liquoted and stored at -20 °C.

2.4.3 Expression, purification and biotinylation of H-2K monomers

Dr Ton Schumacher (The Netherlands Cancer Institute, Netherlands) and Dr D irk 

Busch (Institute o f M icrob io logy, Imm unology and Hygiene, M un ich  Technical

A 1



University, Germany) provided us w ith  the vectors coding for the H 2-Kk and H2- 

Kb heavy chains, and the (32-microglobulin to generate the M H C  class I 

molecules. The vectors coding for the heavy chain molecules contain the 

extracellu lar domain fused to a target site for the b io tin  ligase (BirA). This enzyme 

catalyses the transfer o f a b io tin  m olecule to a lysine contained in a short am ino 

acid ic sequence (O 'Callaghan C et al., 1999).

H-2K proteins (heavy chain and |32-m icroglobulin) were produced in bacteria and 

purified from inclusion bodies fo llow ing  a protocol provided by Dr D irk  Busch. 

The vectors coding for the d ifferent proteins were transfected by e lectroporation 

into the BL21 (RecA ) pLysS Escherichia co li strain (kind gift o f D r Neil M cDonald, 

Cancer Research UK). After selection o f positive transfectants in LB agarose plates 

contain ing carben ic illin  (Sigma, 100 pg/ml), colonies were picked and grown in 

LB medium until the O D 600 reached 0.7-0.75. Protein production was then 

induced by treatment w ith  IPTG (Sigma, 0.4 mM).

After 3 hours, the production o f protein was checked by SDS-PAGE. The bacteria 

were then pelleted by centrifugation, resuspended in lysis buffer (50 m M  Tris, 100 

m M  NaCI, 0.5%  Triton X-100, 0.1%  N aN 3, 1 mM  DTT, pH=8.00) and lysed by 

sonication (probe sonicator). Inclusion bodies were recovered by centrifugation 

(11000 x g, 20 minutes), and cleared w ith  three cycles o f washing (50 mM  Tris, 

100 mM  NaCI, 1 mM  EDTA, 0.1%  NaN3, 1 mM  DTT, pH=8.00) and 

centrifugation. The pellets looked w h ite  after this procedure.

Proteins in the inclusion bodies were then dissolved in 1 ml o f urea solution (50 

mM  Tris, 100 m M  NaCI, 8 M  urea, 10 mM EDTA, 0.1 m M  DTT, pE3=8.00). 

Precipitated material was removed by ultracentrifugation (100000 x g, 20 minutes 

at 4 °C) and the purity  o f the supernatant checked by SDS-PAGE and Coomassie 

blue staining (approximately 90%  of purity). Protein concentration (molarity) was 

determ ined by measuring the absorbance at 280 nm using the fo llow ing  

extinction coeffic ient and m olecular weights:

Protein e (cm'1 m g1 ml) M W  (Da)

H-2Kb 79800 34739

H-2Kk 89600 34990

|3 2-microglobulin 18200 11679

A l



The resuspended proteins were stored at -80 °C until further use.

H2-K monomers were refolded by gradual removal o f the urea by dialysis. The 

heavy chain and the (32-m icroglobulin were m ixed in a 1:2 m olar ratio and 

d ilu ted in urea solution (w ith 1 tablet o f Complete protease inh ib ito r cocktail 

tablet per 50 ml o f buffer) to a final protein concentration o f ~ 0.4 mg/ml. The 

refo lding m ixture was then s low ly dialysed against solutions o f decreasing urea 

concentration for tw o days (2-fold reduction o f urea concentration every 12 

hours).

After dialysis, the sample was centrifuged to remove precipitated protein and 

concentrated to a final vo lum e o f 200 pi (Centricon 0.5 ml concentrator, M W C O  

= 10 kDa). The H-2K complexes were purified from the single chains by size 

exclusion chromatography on a Superose 12 HR10/30 colum n (Amersham) using 

PBS as eluent. Fractions were analysed by SDS-PAGE and those conta in ing the 

monom er were pooled and concentrated (Centricon 0.5 ml concentrator, M W C O  

= 10 kDa).

M onob io tiny la tion  o f the monomers was achieved by using the b io tin  ligase 

enzyme (BirA). Monomers were incubated in buffer w ith  the BirA (1:25 

enzym e/prote in ratio) in the presence o f b io tin  (100 pM), ATP (10 mM) and MgCU 

(5 mM) for 16 hs at RT. The excess biotin  was removed by dialysis against PBS 

(Pierce dialysis cassettes, M W C O  = 10 kDa). The b io tiny la tion e ffic iency was 

tested by FACS using streptavidin-coated beads and fluorescently-labelled anti-H - 

2K molecules antibodies.

2.4.4 Expression and purification of the biotin ligase enzyme (BirA)

The biotin  ligase enzyme (BirA) was produced in bacteria and purified  from the 

periplasm ic fraction by a ffin ity  chromatography (Flis-tagged) through a N i2"-NTA 

colum n (HisTrap HP 1 ml, Amersham).

The vector coding for a His-tagged version o f the BirA enzyme was transfected by 

electroporation into the BL21 (RecA) pLysS Escherichia co li strain. Selection o f 

transfected colonies and production o f protein was performed w ith  the same 

protocol used for the H-2K monomers.



After 3 hours, the production o f protein was checked by SDS-PAGE. The bacteria 

were then pelleted by centrifugation (6000 RPM, 20 min), resuspended in lysis 

buffer (50 mM Tris, 100 m M  NaCI, 0.5%  Triton X-100, 0.1%  N aN 3, 1 mM DTT, 

pH=8.00) and lysed by sonication (probe sonicator). The protein was then 

purified through a HisTrap HP 1 ml colum n according to the manufacturer's 

protocol (Amersham). Further purifica tion was achieved by size exclusion 

chrom atography through a Superdex colum n.

2.4.5 Expression and purification of HEL-peptide fusion proteins

The plasmid coding for the HELRD mutant was used as the backbone to generate a 

fusion protein w ith  the p i 1 and p31 peptides. This vector contains the HELR1) 

mutant and a 6 x h istid ine tag to facilita te the purifica tion process (F.D. Batista, 

personal com m unication).

The plasmid was in itia lly  digested w ith  the restriction enzymes Bam HI and Xhol 

(New England Biolabs). The peptides were then introduced into the construct by 

PCR w ith  the fo llo w in g  primers: 

p i 1: CCGCTCGAGTATGAACTGGAATTGGCTACA

p31: AGAGGCTGCCGGCTGTGG

The cloned products were transfected by electroporation. J558L cells (5 x 106) 

were m ixed w ith  10-20 pg o f plasmid in 500 pi o f RPMI cu lture m edium  and 

electroporated at 0.26 V and 960 pF. Stable clones were then obtained by lim iting  

d ilu tion  and selection in m edium contain ing G-418 (1 mg/ml).

The protein was then purified from the supernatant by a ffin ity  chrom atography 

(His-tagged) through a N i2+-NTA colum n (HiTrap 1 ml, Amersham) according to 

the manufacturer's instructions. The purifica tion process was assessed by SDS- 

PAGE and Coomassie blue staining (Pierce).

2.4.6 Measurements of affinity and binding kinetics

The affin ity and b ind ing kinetic parameters for specific m onoclonal antibodies 

(mAbs)/antigens interactions were measured by surface plasmon resonance (SPR) 

on a BIAcore 3000 biosensor system (BIAcore, Uppsala, Sweden).
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Interactions between hen egg lysozyme mutants and the HyHeMO, D1.3 and 

HyHel5 m onoclonal antibodies (mAbs) were analysed by im m ob iliz ing  the 

biotinylated mAbs on an SA sensor chip. Then, various concentrations o f the 

d ifferent mutants were injected at a flow  rate o f 10 pl/m in.

Interactions between p i 1 and p31 peptides and the 3-83 m onoclonal antibody 

(mAbs) were analysed by im m obilis ing  the m onobiotinylated peptides on an SA 

sensor chip. Then, various concentrations o f the antibody were in jected at a flow  

rate o f 10 pl/m in.

In both cases, the sensorgram of the negative control (unrelated biotinylated 

antibody or peptide) was subtracted from the interactions o f the d ifferent antigens 

and the specific mAb.

A ll b ind ing assays were performed in HEPES-buffered saline (Biacore, pH = 7.4).

2.4.7 CD1d molecules

The C D ld  m olecules loaded w ith  the antigenic lipids were k ind ly  provided by Dr 

V incenzo Cerundolo (Institute for M olecu lar M edicine, Oxford). These proteins 

were prepared w ith  a sim ilar procedure as described in subsection 4.3.

2.5 Microscopy

2.5.1 Wide-field fluorescence microscopy

W ide-fie ld  Z-stack images o f the interaction o f B cells w ith  antigen bearing COS-7 

cells were acquired w ith  a firew ire  Orca CCD camera (Hamamatsu, Japan) 

contro lled by OpenLab software (Improvision, UK) on a Zeiss A xiovert LSM 510- 

META inverted microscope.

Z-stack images were deconvolved using the V o loc ity  software package 

(Improvision, UK).

2.5.2 Scanning electron microscopy

M D 4 transgenic B cells in contact w ith  COS-7 cells transfected w ith  a membrane- 

bound HELWI-GFP construct or in contact w ith  artific ia l lip id  bilayers loaded w ith  

HEL antigens were fixed by in jecting in the flow  chambers 1 ml o f pre-warmed 

freshly prepared 4%  paraformaldehyde (Sigma) at selected tim e-points. The
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samples were then processed for scanning electron m icroscopy by the Electron 

M icroscopy U n it (Cancer Research UK).

A ll the images were acquired in a JEOL JSM-6700F fie ld emission scanning 

electron m icroscope at the Electron M icroscopy U n it (Cancer Research UK).

2.5.3 Confocal microscopy

The kinetics o f interaction o f B cells w ith  artific ia l lip id  bilayers was m onitored by 

confocal fluorescence m icroscopy and interference reflection m icroscopy (1RM) 

w ith  a Zeiss Axiovert LSM 510-META inverted m icroscope equipped w ith  the 

Zeiss software (Zeiss, Germany). A ll the images were acquired w ith  a pinhole 

resulting in an effective optica l slice o f 1-2 [jm. Images were analysed and 

processed w ith  the V o loc ity  software package (Improvision, UK).

The total number o f molecules recruited was obtained by m u ltip ly ing  the 

accum ulated density (molecules/pm 2) by the selected area (pm 2) in each cell or 

tim e-point. The accum ulated density (molecules/pm2) was estimated as [intensity  

in the selected area (fluorescence un its / pm 2) - intensity in neighbouring area 

(fluorescence un its / pm 2)] /  specific activ ity  (fluorescence units/m olecule). 

Selected areas were defined as regions in w h ich the fluorescence due to antigen 

accum ulation exceeded the average fluorescence o f the lip id  b ilayer by 120%. 

Q uantifications were done for at least 20 different cells in 3 independent 

experiments after synchronising the cells for their in itia l contacts w ith  the lip id  

bilayer. The error in the total number o f molecules recruited calculated is less 

than 5%, as assessed by the standard error between the independent experiments. 

The total area comprised inside the perimeter o f the antigen signal defined areas 

o f spreading. The error in the areas o f spreading measured is less than 7%, as 

assessed by the standard error between the independent experiments.

2.5.4 Total internal reflection fluorescence microscopy

Total internal reflection fluorescence m icroscopy (TIRFM) images were acquired 

w ith  a Cascade II CCD camera (Photonics) coupled to an O lym pus IX-81 inverted 

m icroscope. Images were recorded w ith  the Cell R software (Olympus), and 

analysed and processed w ith  the V o loc ity  software package (Im provision, UK).
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2.6 Molecular biology

2.6.1 Plasmids and DNA fragments purification

Maxi preparations o f plasmids were performed w ith  the Q iagen maxi kit 

according to manufacturer's instructions (Qiagen).

D N A fragments, PCR am plifica tion  products and ligated plasmid D N A were 

purified from agarose gels. The D N A was visualised in agarose gels by eth id ium  

brom ide under low  power UV light and the bands o f interest were excised using 

clean scalpels. Agarose fragments were melted and the D N A isolated using a 

Qiagen gel extraction kit according to manufacturer's instructions (Qiagen).

2.6.2 Enzymatic manipulation of DNA fragments

Restriction enzymes, Klenow polymerase and T4 DNA ligase were purchased 

from NEB and used for restriction digestions, fragment am plifica tion  (PCR) and 

D N A ligations, respectively, according to standard procedures.

2.6.3 DNA sequencing

Sequencing reactions were set up using BigDyeTerminator m ix according to 

manufacturer's instructions and purified using DyeEx spin colum ns (Qiagen). 

Samples were run on cap illa ry sequencing gels (Prism 3730) by the Equipment 

Park Facility (CR-UK).

2.6.4 Bacterial transformation

Competent Escherichia co li bacteria (prepared in our laboratory) were used for 

clon ing of DNA. The transformation was performed by heat shock according to 

standard protocols.

2.7 General methods

2.7.1 Cell treatment with inhibitors

B cells were treated w ith  the src kinases inhib itors (PP1 or PP2, Calbiochem ) at a 

concentration o f 100 pM in chambers buffer. After 30 minutes o f treatment at 37 

°C cells were settled on the antigen loaded bilayers w ithou t washing.
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ML-7 or blebbistatin (Calbiochem) treatment were performed by treating B cells 

w ith  100 pM in chamber buffer at 37 °C for 30 min, and in jecting the cells 

w ithou t previous washing.

2.7.2 Immunostaining on lipid bilayers

Transgenic B cells were incubated w ith  lip id  bilayers loaded w ith  their specific 

antigen at defined densities and then fixed at the indicated tim e points by 

in jecting 1 ml pre-warmed 4%  paraformaldehyde (Sigma) into the FCS2 chamber. 

After 10 min o f incubation at 37°C, the cells were treated w ith  perm eabilising 

buffer (PBS, 0.2%  Triton X-100) for 5 min at RT and blocked w ith  PBS 1% BSA, 

0.1%  goat serum, 0.05%  Tween-20, 0.1%  NaN3 for at least 1 hour. Cells were 

then stained for F-actin w ith  1 ml of Alexa Fluor 543-pha llo id in  (M olecular 

Probes, Invitrogen) in b locking buffer. After 20 minutes the chambers were 

washed w ith  2 ml o f b lock ing  buffer. Phosphotyrosine was revealed w ith  the 

b iotinylated 4C 10 anti-pTyr antibody (Upstate Biotechnology) fo llow ed by 

incubation w ith  Alexa Fluor 633-streptavidin (M olecular Probes, Invitrogen).

2.7.3 Ca2+ influx assays

Intracellu lar Ca2+ in flux was measured by confocal m icroscopy w ith  a 

fluorom etric  assay. Cells were labelled w ith  fluo-4FF calcium  ind ica tor (M olecular 

Probes, Invitrogen) (1 pM in culture medium) for 30 m in at room temperature, 

washed, and in jected into the FCS2 closed chamber in chamber buffer. The Ca2+ 

flux was m onitored by the increase o f fluorescence at -5 2 0  nm w ith  an open 

p inhole to acquire the total signal.

The total mean fluorescence per cell was quantified as [intensity in the selected 

cell -  intensity in neighbouring area] at each time point. Data represent the mean 

of 20 cells.

2.7.4 SDS-PAGE

Protein purifica tion was assessed by SDS-PAGE performed on 4-20%  acrylam ide 

pre-cast gels (Pierce). Samples (~ 5 pg o f protein) were m ixed w ith  sample buffer 

(4x stock: 20%  sodium dodecyl sulfate (SDS), 4%  glycerol, 0.2%  brom ophenol 

blue, 5% 2-mercaptoethanol, 1 M Tris, pF4 = 8.6), heated at 95 °C for 5 m in, and
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loaded into the gels. The gels were then run according to the manufacturer's 

instruction. The running buffer (1 Ox stock): 1 M Tris, 1 M HEPES, 10% SDS, 

pH=8.1.

Cels were stained either w ith  com m ercial co llo ida l Coomassie Blue (Pierce) or 

w ith  a com m ercial silver staining kit (Invitrogen) according to the manufacturer's 

instructions.

2.7.5 Preparation of Fab fragments of monoclonal antibodies

Fab fragments o f purified m onoclonal antibodies were prepared by enzymatic 

digestion w ith  papain (Rousseaux et al., 1986). For this, the antibody was dialysed 

against phosphate buffer saline (PBS) and concentrated to ~ 2 mg/m l.

Cysteine (from a freshly prepared 1 M stock solution) was added to a final 

concentration o f 10 mM. The enzyme papain (Sigma) was d ilu ted in PBS 

contain ing 10 m M  cysteine to a final concentration of 1 mg/ml, and then 

activated at 37 °C for 10 minutes.

The activated enzyme was then added to the antibody solution (10 pg enzyme/1 

mg of antibody), m ixed and incubated at 37 °C (water bath). Mouse m onclonal 

antibodies were incubated for 6 hs, and rat monoclonals for 2.5 hs.

The reaction was stopped by the addition o f iodoacetam ide (final concentration 

0.5 mM, Sigma).

The Fab, Fc and intact antibody were isolated by size exclusion chrom atography 

in the case o f rat monoclonals. In the case o f mouse m onoclonal antibodies, the 

Fab fragments were separated from  the Fc fragment and intact antibody molecules 

w ith  a protein A colum n that binds the Fc portion o f mouse antibodies.

Digestion and purifica tion o f the fragments was assessed by SDS-PAGE and 

Coomassie Blue staining.
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Chapter 3: Recognition of membrane antigens by B cells

3.1 Introduction

Recognition of membrane antigens by B cells is a poorly understood process. 

Batista et al reported for the first tim e the interaction o f antigen specific B cells 

w ith  cells expressing a membrane-bound form of the antigen (Batista et al., 2001). 

They observed that B cells accum ulate the antigen in a central cluster that is later 

extracted (Batista et al., 2001). However, nothing is known o f the kinetics o f the 

recognition process or the parameters that govern it.

In order to e lucidate the early events that take place during membrane antigen 

recognition, we analysed the interaction of BCR transgenic B cells w ith  their 

specific antigen tethered on the surface o f target cells or on artific ia l lip id  bilayers.

3.2 Early events during B cell membrane antigen recognition

W e first wanted to elucidate the early events that take place during membrane 

antigen recognition. To this end, we took advantage o f B cells isolated from the 

spleen o f M D 4 transgenic m ice (G oodnow et al., 1988). These B cells express a B 

cell receptor (BCR) derived from the H yH e llO  antibody that specifica lly binds an 

epitope o f the model antigen hen egg lysozyme (HELWT) w ith  a very high affin ity 

(Ka = 2 x 10 10 M '1) (Figure 3.1).

In order to visualize the antigen we expressed the HELWT fused to a 

transmembrane domain and to green fluorescent protein (GFP) on the plasma 

membrane of COS-7 cells. W e used these cells as they have a large flat surface 

that allows better visualisation o f events in a single focal plane. To fo llo w  the B 

cells, we labelled their plasma membrane w ith  a lip id  soluble dye, PKH26.

W e then m onitored their interaction in real tim e by fast 3D  w ide-fie ld  

fluorescence m icroscopy.

W e observed that 2-4 minutes after contact, most B cells rap id ly spread over the 

target's surface, as assessed by the PKH26 staining (Figure 3.2 A and D). During 

this period, several small clusters o f HEFWI-GFP of approxim ate ly 0.5 to 1 pm in 

diameter appeared w ith in  the area o f interaction. The flattening B cells reached a 

maxim um  surface area o f contact o f approxim ately 25 pm 2 and then gradually 

start to contract (Figure 3.2 A and D). During this second phase, w h ich  lasts for
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HyHEL5 Fab 
Ka=4 x 1010 M-1

Figure 3.1. X-ray crystal structure of a complex of HEL with two MAbs.
This schematic diagram illustrates the X-ray crystal structure of the hen egg lyso- 
zyme (HEL) com plexed w ith  two monoclonal antibodies, the HyHeMO (expressed 
as a BCR by the M D 4 transgenic line, gold) and the HyHel5 (green). Both antibodies 
bind the H E L^ antigen in non-overlapping epitopes and w ith  a very high affin ity of 
interaction (taken from Batista and Neuberger, 1998). Note that only the Fv portions 
are shown.



approxim ately 5-7 minutes, the antigen is gathered into a central defined cluster,

w ith  an eventual area o f 10 p rrr (Figure 3.2 A, C and D).

In order to determ ine whether this process is dependent on im m unologica l 

recognition and not caused sim ply by cell-to-celI contact, we repeated the 

experiment w ith  W T B cells w ith  no specificity for the HELUI antigen. As shown 

in Figure 3.2 B, C and D, these B cells do not form stable contacts or spread on 

the surface o f COS-7 transfected cells, or aggregate any antigen.

To analyse in more detail the m orphological changes of the B cells during the

recognition process, we incubated the M D4 B cells w ith  the HELu ,-[ransfected 

COS-7 cells, fixed them at different time points and analysed them by scanning 

electron m icroscopy (SEM). The SEM data showed that indeed the shape of B cells 

correlates w ith  the observed pattern o f antigen accum ulation: they in itia lly  spread 

over the target cell corre lating w ith  cluster formation, and later contract to co llect 

the in itia lly  engaged antigen molecules (Figure 3.2 E).

From these experiments we conclude that membrane antigen recognition in B 

cells is characterised by a two-phase response. During the early minutes o f this 

process B cells spread over the target surface and engage the antigen molecules in 

small clusters. During the second phase, B cells contract to aggregate the antigen 

molecules previously engaged in a central cluster.

W hat are the parameters that govern this process? O ur main ob jective  was to 

quantita tively analyse the membrane antigen recognition process in order to 

understand the parameters that drive it. EHowever, one of the consequences of 

using cel l-to-cel I systems is the presence o f m u ltip le  ligand/receptor interactions 

that cannot be contro lled accurately, and therefore, effects due to the different 

interactions cannot be discrim inated. Therefore, we looked for an alternative 

model system that w ou ld  a llow  us to quantita tively study the membrane antigen 

recognition process.

Class-supported artific ia l lip id  bilayers constitute a simple and accurate model to 

m im ic cel l-to-cel l interactions (Groves and Dustin, 2003). Thus, next we decided 

to set-up a system of glass-supported artific ia l bilayers to study quantita tive ly the 

interaction of B cells w ith  membrane antigens by confocal m icroscopy.
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Figure 3.2. Recognition of membrane antigens by B cells: cell-to-cell interaction.
(A) Transgenic M D 4 or (B) w ild-type naive B cells were labelled w ith  PKH26 dye 
(red) to visualise the cell membrane and incubated w ith  COS-7 cells expressing 
a membrane-bound form of HEL^-CFP fusion protein (green). Z-stacks images of 
the cells were acquired every 1 min. The time lapse shows the overlayed antigen 
(green) and B cell membrane (red) images for the selected cell. A single confo- 
cal plane for each time point is pictured. (C) Amount of antigen accumulated in 
total units o f fluorescence and (D) the area of contact for the antigen recogni­
tion process quantified as a function of time. (E) SEM analysis of the same process 
showed in (A). The arrows show the lim its of the spreading B cell. Scale bars: 2 pm.



3.3 Artificial lipid bilayers system as a model to study cell-to cell 

interactions

A rtific ia l lip id  membranes have been extensively used as s im plified models o f the 

plasma membrane for the last 40 years. Bilayers accessible on both sides 

generated in small apertures ('b lack lip id  bilayers') or on the tip  of glass electrodes 

were in itia lly  introduced by electrophysiologists to characterise the 

electrochem ical properties o f ion channels incorporated into these artific ia l 

membranes (H ladky and Haydon, 1970; M ueller et al., 1962). This model system 

was later extended to study lymphocyte-m ediated lysis o f target cells by 

measuring the changes in the electrical properties of the bilayers due to the 

secretion of lytic mediators (Henkart and Blumenthal, 1975). A clear 

breakthrough came w ith  the in troduction of glass-supported planar lip id  

monolayers by Hafeman et al. as it expanded the artific ia l membrane technology 

to study cell-m em brane interactions by fluorescence m icroscopy (Hafeman et al., 

1981).

Since then artific ia l lip id  bilayers have become an invaluable system model to 

study the interaction of lymphocytes w ith  membrane ligands (Brian and 

McConnell, 1984; Groves and Dustin, 2003). The com position o f the bilayers as 

w e ll as the m olecular densities can be precisely controlled. Due to the flat surface 

o f the glass support used to generate the bilayers, in com bination w ith  confocal 

m icroscopy they become a powerful quantitative technique. In order to study 

quantita tively the interaction of B cells w ith  membrane bound antigens we set-up 

a glass supported artific ia l bilayer system. O ur idea was to generate bilayers on 

wh ich freely diffusing and fluorescently labelled ligands could be tethered in 

order to fo llo w  the ligand recognition process by confocal m icroscopy.

3.3.1 Tethering molecules on lipid bilayers: GPI-linked molecules

A major d ifficu lty  o f the artific ia l bilayers systems is how  to tether ligand 

molecules on their surface w ith  the characteristics described above. Different 

ways of tethering molecules to artific ia l bilayers have been previously used for 

structural and electrophysiological studies. However, we decided to explore 

fluorescently labelled GPI-linked molecules, since they have been successfully 

used to study cell-m em brane interactions by confocal m icroscopy (Chan et al.,
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1991; Dustin et al., 1996).

CPI-linked molecules are expressed and purified from the plasma membranes of 

transfected cells. O nce incorporated into artific ia l lip id  bilayers they can freely 

diffuse, and the ir interaction w ith  cells can be fo llow ed by confocal m icroscopy 

(Bromley et al., 2001; Carrasco et al., 2004).

In this study, instead o f expressing a GPI-linked form of the antigen, we decided 

to express a CP I-linked Fab fragment o f an anti-HEL antibody, HyHelS, that binds 

a non-overlapping epitope o f the HEL recognised by the H yH e llO  BCR expressed 

by the M D 4 transgenic B cells (Figure 3.1). The affin ity o f the HyHel5/HEL 

interaction is extremely high, and therefore the complexes should be stable for 

long periods o f tim e (Figure 3.1). This strategy w ou ld  result an advantage for our 

studies.

3.3.1.1 Expression and purification of a GPI-linked HyHEL5 Fab fragment 

protein

The Fab fragment o f the HyHel5 antibody was expressed and purified as a GPI- 

linked protein on the plasma membrane of the Sp2/0 cell line (see Materials and 

Methods for a detailed description). Briefly, cell membranes were solubilised in 

Triton X-100 buffer, and the fusion GPI-linked protein was then captured in a 

HEL-coupled Sepharose colum n. To fluorescently label the captured protein, the 

colum n was in jected w ith  Alexa Fluor 488 reagent and incubated for 30 minutes 

to a llow  the reaction to take place. Then the colum n was extensively washed and 

the labelled fusion protein eluted w ith  acidic buffer.

W e evaluated the presence o f the protein in the fractions by FACS w ith  

streptavidin-coated beads loaded w ith  b iotinylated HEL (see M aterials and 

Methods). As shown in Figure 3.3 A, five o f the eight eluted fractions contained 

intact and b io log ica lly  active CPI-linked Fab fragment. The protein in these 

fractions had a high level o f purity (>90%) as assessed by SDS-PACE (Figure 3.3

B).
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Figure 3.3. Purification and characterisation of the GPI-linked Fab fragment of 
the HyHel5 anti-HEL monoclonal antibody.
(A) The GPI-linked Fab protein was detected in the eluted fractions by FACS 
analysis w ith  HEL-coated beads. HEL-coated beads (1 pl/sample) were incubated 
w ith  d ilu tions o f each eluted fraction, and the protein bound to the beads was 
then detected w ith  an anti-kappa-PE antibody and FACS analysis. The histograms 
show the fluorescence from the labelling reagent used to label the protein (Alexa 
Fluor 488, top panel) and from the antibody (anti-kappa-PE, bottom  panel). 
Numbers indicate the fraction number. (B) SDS-PAGE analysis o f the eluted 
fractions. 10 ul o f each fraction were loaded in 4-20%  polyacrylam ide gel, and 
the gel developed w ith  silver staining. The asterisks mark the bands o f the Fab 
fragment corresponding to the heavy chain fused to GFP (55 kDa) and the kappa 
light chain (25 kDa). M W M : m olecular weight markers. (C) FRAP experiments of 
lip id  bilayers conta in ing GPI-linked Fab fragment (top panel) or NBD-PE lipids 
(bottom panel). A spot on the lip id  b ilayer (white dotted circle) was bleached w ith  
25 laser pulses, and the fluorescence recovery was fo llow ed for 2 m in. Scale bar: 
2 pm. Fluorescence recovery (expressed as ratio = mean intensity at time n after 
bleaching /  mean intensity at t=pre-bleaching) o f lip id  bilayers conta in ing (B) GPI- 
linked Fab fragment and (C) NBD-PE lipids is represented as a function  o f time.
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3.3.1.2 Functional evaluation of the GPI-linked Fab fragment

The purified labelled GPI-linked protein was reconstituted in DOPC liposomes by 

detergent dialysis according to standard procedures (Mimms et al., 1981) see 

Materials and Methods for a detailed explanation). A rtific ia l lip id  bilayers were 

then prepared by liposome spreading on the surface o f clean glass coverslips in 

the FCS2 closed chamber system (Brian and M cConnell, 1984) (Materials and 

Methods).

The GPI-linked Fab can freely diffuse, as evidenced by the recovery o f the 

fluorescent signal in a simple fluorescence recovery after photobleaching (FRAP) 

experiment performed by confocal m icroscopy (Figure 3.3 C and D). Furthermore, 

the diffusion rate is com parable to the diffusion rate observed for fluorescently 

labelled lip id  molecules (Figure 3.3 C, D and E).

3.3.1.3 Estimation of the density of molecules of GPI-linked Fab fragment 

protein on the artificial bilayers

In order to study the recognition process in a quantitative way, it was im portant to 

estimate the density o f antigen on the bilayer. To this end, we generated artific ia l 

lip id  bilayers on glass coverslips that have a defined area (Figure 3.4 A). W e then 

resuspended the lip id  bilayers w ith  detergent buffer and measured the am ount of 

HyHel5 Fab fragment w ith  a capture enzym e-linked im m unosorbent assay (ELISA) 

(Figure 3.4 B, and see Materials and Methods for a detailed explanation). Finally, 

we estimated the density d iv id ing  the number o f molecules o f HyH el5 Fab 

fragments measured by ELISA by the area o f the bilayers prepared in the glass 

coverslips.

3.3.1.4 Recognition of antigens tethered on lipid bilayers

W e next tested the capacity o f M D 4 B cells to interact w ith  the antigen tethered 

on the artific ia l lip id  bilayers. As shown in Figure 3.5 A, after 10 minutes o f 

interaction most B cells are able to make contacts w ith  the bilayer as assessed by 

IRM (interference reflection m icroscopy), a technique that allows visualising tight 

contacts between the cell and the bilayer. During the same period, B cells 

aggregate the freely d iffusing antigen in a central cluster (green), as the 

fluorescence intensity associated w ith  it increases in the po in t o f contact (Figure

^ 8



A B
y=0.1022x-0.0255 
R2=0.9986 ,3<

f0.5-
LO

COn
<

0 5 10
Cone (ng/ml)

Lipid bilayers

+*EL1SA

Glass coverslip

Figure 3.4. Estimation of the molecular density of the GPI-linked Fab fragment on 
artificial lipid bilayers.
(A) Artific ia l lip id  bilayers conta in ing the G PI-linked HyHel5 Fab fragment were 
prepared on glass coverslips that have a defined surface area (Culturewell, Grace 
Bio-Labs). Then, the lipids were recovered w ith  a buffer contain ing detergent and 
the am ount o f Fab fragment measured by ELISA. (B) A calibration curve was ob­
tained w ith  Fab fragments prepared from  the HyHel5 m onoclonal antibody. The 
density o f antigen was then estimated by d iv id ing  the number o f molecules o f Fab 
fragment measured by ELISA by the area o f the coverslip.
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Figure 3.5. Recognition of the HEL^ antigen tethered on artificial lipid bilayers 
through the GPI-linked Fab fragment by M D4 B cells.
(A) C onfoca l im ages o f M D 4  B cells settled on artific ia l bilayers lo ad ed  w ith  the  

H E L ^  antigen  te th ered  through the G P I-lin ke d  Fab (G PI-Fab, green) at a density  o f 
1 0 0  m o le cu le s /p m 2. The cells  e ffic ien tly  recognise and acc u m u la te  the  antigen  as 

observed by the  increase in the  fluorescence intensity at the site o f co n tac t. C ontacts  
w ith  the b ilayer w e re  assessed by IR M  (in terference  reflection  m icro sco p y). Scale  
bar: 5 pm . (B) Shows the  a m o u n t o f antigen aggregated by the M D 4  B cells  after 

1 0  m inutes o f in teractio n . (C) C onfoca l images o f M D 4  B cells settled on a rtific ia l 
bilayers loaded  w ith  H ELKK antigen tethered  through the G P I-lin k e d  Fab (G P I-Fab , 
green) at a density o f 1 0 0  m o le cu le s /p m 2. Scale bar: 2 pm .



3.5 A and B). W hen we tested B cells for their capacity to recognise a mutant HEL 

w ith  no measurable a ffin ity  for the BCR (HELKK), we could not detect any 

interaction w ith  the bilayer as assessed by IRM or non specific G PI-linked Fab 

accum ulation (Figure 3.5 C). This shows that antigen accum ulation is dependent 

on im m unological recognition.

The lip id  bilayer system was also able to recapitulate what we observed in a celI- 

to-cell interaction: B cells in itia lly  spread over the surface o f the b ilayer when 

they recognise the tethered antigens, and after this phase they contract to 

aggregate the antigen previously engaged in a central cluster (Figure 3.6 A, B and

C).

Next, we wanted to understand if the cell spreading and contraction response 

triggered during antigen recognition correlates w ith  m orphological changes, as 

previously observed in the celI-to-celI (Figure 3.2 E). To this end, we fixed M D 4 B 

cells in contact w ith  the lip id  bilayers loaded w ith  the HEL antigens at different 

tim e points and then analysed them by SEM. As shown in (Figure 3.6 D), 

spreading and contraction seems to be a general mechanism during membrane 

antigen recognition by B cells.

In conclusion, B cells effectively recognise and aggregate antigens tether on 

artific ia l lip id  bilayers through a GPI-linked anti-HEL Fab fragment. During the 

early stages o f the recognition process B cells spread over the target surface to 

later contract during w h ich  B cells accum ulate the antigen previously engaged, as 

observed in the cell-to-ce ll system.

3.3.1.5 Membrane antigen recognition: dependence on density and affinity

W e then wanted to understand what are the parameters that define the thresholds 

for membrane-antigen recognition. W e postulated that the density o f antigen on 

the bilayer should have an im pact on the antigen recognition process. To achieve 

the different antigen densities, the liposomes containing the GPI-linked Fab were 

d iluted w ith  DOPC liposomes.

As shown in Figure 3.7, when we decreased the density o f antigen on the artific ia l 

membrane, the amount o f antigen that B cells accumulated also decreased. W e 

determ ined that B cells recognise and aggregate HELwr at densities as low  as ~ 15 

molecules/pm 2. Below this value B cells do not longer recognise the antigen even
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Figure 3.6. Recognition of membrane antigens on bilayers: spreading and 
contraction.
(A) The tim e lapse shows confocal images of transgenic M D 4 naTve B cells in 
contact w ith  an artific ia l lip id  bilayer loaded w ith  H E L ^  antigen at a density of 
150 m olecules/pm 2. Contacts o f the B cells w ith  the bilayer were visualised by 
IRM (grayscale, low er panels). Dotted lines indicate the perimeter o f the spreading 
cell as assessed by the fluorescent antigen signal. Scale bar: 2 pm. (B) Am ount o f 
H E L ^  antigen aggregated and (C) surface area of spreading quantified as a 
function o f time. (D) Scanning electron m icroscopy (SEM) images o f transgenic 
M D4 naYve B cells in contact w ith  artific ia l lip id  bilayer loaded w ith  HELWT 
antigen at a density o f 150 m olecules/pm 2 fixed at indicated tim e points. W hite  
arrows indicate the lim its o f the spreading B cell. 65% of cells exam ined at 2 
minutes showed a spreading phenotype (indicated by the presence o f a 
lam ellipodia), w h ile  0% showed the same phenotype at 10 minutes. Scale bar: 2 
pm.



though the a ffin ity  o f this interaction is extremely high (Figure 3.7). The am ount o f 

antigen aggregated showed an exponentia l decrease w ith  the density on the 

bilayer (Figure 3.7).

This find ing  suggests that a m in im um  affin ity threshold governs the effective 

recognition and accum ulation o f antigen. If so, then there should be interplay 

between antigen density and the strength o f the BCR/antigen interaction. But, 

what is the effect o f the a ffin ity  on the thresholds o f antigen recognition?

To address this question we took advantage of a set o f mutant lysozymes obtained 

by alanine scanning o f the H E L ^  epitope recognised by the HyHeHO BCR 

(Batista and Neuberger, 1998). These antigens show a 20,000-fo ld  range of 

affinities for the BCR m ain ly due to their off-rates, as measured by surface 

plasmon resonance (SPR) (Figure 3.8 and Table 1).

W e then explored the kinetics o f antigen aggregation for the different mutants of 

HEL displayed on the bilayers at d ifferent densities. As shown in Figure 3.9 A and 

B, a m in im um  a ffin ity  o f 1 x 106 M '1 is necessary in order to trigger effective 

antigen accum ulation. Above this a ffin ity  threshold, B cells are sensitive to the 

precise antigen/BCR b ind ing  a ffin ity  and give a proportional response up to a 

plateau o f 5 x 10 7 M '1. For example, when we tested the HELK and HELRKD mutants 

that have affin ities o f 8.7 x 106 M '1 and 8 x 105 M '1 respectively, we observed that 

B cells d iscrim inated them by the total am ount o f antigen accumulated as w e ll as 

by the slower kinetics o f the ir aggregation (Figure 3.9 B). However, when we 

assessed the HELRDGN m utant that has an a ffin ity o f 5.2 x 107 M '1, we observed that 

B cells accum ulated equ ivalent amounts o f antigen compared to H E L ^  (Figure 

3.9 B).

In order to understand if the high levels o f antigen on the artific ia l bilayers were 

responsible fo r the lack o f discrim ination in the upper range o f affinities, we 

explored the kinetics o f antigen recognition for the different antigens displayed at 

decreasing densities. As shown in Figure 3.10 A, when we decreased the density 

o f antigen on the bilayer by half from 150 to 75 m olecules/pm 2, HEL mutants w ith  

b ind ing affinities low er than 8 x 10s M '1 were no longer accum ulated, however, 

mutants w ith  affinities greater than 5 x 107 M~1 were accum ulated at sim ilar 

amounts. A further 5-fo ld decrease in the density o f antigen d id not im prove the 

discrim ination o f antigen affin ities (Figure 3.10 B).
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Figure 3.7. Dependence of B cell membrane antigen recognition on the density of 
antigen on the target membrane.
M D4 B cells were settled on artific ia l bilayers loaded w ith  the HEL^7 antigen at the 
indicated densities, and the kinetics o f interaction fo llowed by confocal m icrosco­
py. (A) Shows representative B cells after 10 minutes o f interaction w ith  the antigen 
loaded bilayers. Contacts w ith  the bilayers were assessed by IRM. Scale bars: 4 pm. 
(B) Shows the kinetics o f antigen accum ulation for the different densities tested. (C) 
Shows the dependence o f the total molecules o f antigen accumulated after 10 m in­
utes of contact w ith  the density o f antigen displayed on the artific ia l bilayer.
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Figure 3.8. Analysis of the kinetics of binding of the HyHeMO monoclonal anti­
body with the HEL mutants by surface plasmon resonance.
(A) Shows the overlaid sensorgrams (Resonance Units (RU) as a function of time 
(sec)) at varying temperatures o f the interaction between the HyHeM 0 monoclonal 
antibody and the indicated HEL mutants. Values indicate the measured dissociation 
half-life in seconds. (B) Shows the overlaid sensorgrams of the interaction between 
the H yH ellO  monoclonal antibody and different HEL mutants at the indicated tem­
perature. Note the strong dependence of the dissociation half-life w ith  the tempera­
ture, w h ile  the k is rather insensitive.
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Table 1. Binding constants of mutant lysozymes.

Ka x 106 k0ff t1/2 37 °C t1/21 0 ° C
Antigen (M-1) (sec'1) (sec) (sec)

Binding to HyHehO

(M D4 BCR)

HELm 20,740 0.0001 7,187 1 7,000

HELRD 793 0.0025 275 720

HELRDCN 52 0.0385 18 170

HELK 8.7 0.23 3 20

HELkd 4 0.5* 1.4* 12

HELRK 1.3 1.54* 0.45* 5

HELrkd 0.8 2.5* 0.3* 2

HELKK <0.4 ND ND ND

Binding to D1.3  

(D1.3 BCRs)

HELm 300 0.0067 104 -

HELV 5 0.41 1.7 -

Binding to HyHel5  

(tethering Fab)

HEL wt 40,000 0.00005 13,852 -

The different mutants share the same rate o f association (kon« 2 x 106 M 'V ) .  

Asterisks indicate values calculated from the rate o f association and the affinities 

measured by SPR.
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Figure 3.9. Dependence of B cell membrane antigen recognition on the affinity of 
the BCR/antigen interaction.
M D4 B cells were settled on artific ia l bilayers loaded w ith the indicated HEL mutant 
antigen at a density o f 150 molecules/pm2, and the kinetics of interaction fo llowed 
by confocal microscopy. (A) Shows representative B cells after 10 minutes o f inter­
action w ith  the antigen loaded bi layers. Contacts w ith  the bi layers were assessed 
by IRM. Scale bar: 4 pm. (B) Shows the kinetics o f antigen accum ulation for the 
different mutants o f HEL.
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Figure 3.10. Evidence of an affinity ceiling in membrane antigen recognition.
M D 4 B cells were settled on artific ia l bilayers loaded w ith  the different HEL anti­
gens at the indicated densities, and the kinetics of interaction fo llow ed  by confocal 
microscopy. The plots show the kinetics o f antigen accum ulation fo r (A) 75 m ole­
cules/pm2 and (B) 15 molecules/pm 2. Note that B cells cannot d iscrim inate HELRDCN 
from H E L^ even though their 400-fo ld  difference in affinity.



Thus, the a ffin ity o f the antigen for the BCR and the density at w h ich  it is 

displayed are the tw o parameters that define the thresholds of membrane antigen 

aggregation. If this avid ity threshold is overcome, then the am ount o f antigen 

aggregated w ill be proportional to the affinity. However, once the a ffin ity  is 

greater than 2.5 x 108 M '1, a ce iling  is achieved and equivalent amounts of 

antigen are accumulated.

3.3.2 Recognition of polyvalent antigens: biotinylated lipids

The HEL tether through the GPI-linked Fab fragment is presented as a m onovalent 

antigen to M D4 B cells. However, it is like ly  that in v ivo antigens are presented to 

B cells as im m unocomplexes, and therefore as polyvalent species (Haberman and 

Shlomchik, 2003). A v id ity  effects that arise from this situation are d ifficu lt to 

account for and they can result in changes in thresholds and/or ceilings. 

Furthermore, a ffin ity  values and kinetic parameters o f the BCR/antigen interaction 

obtained by SPR, and therefore as m onom eric species, cannot be related in any 

simple way to m ultiva lent species. Then, we wanted to understand what is the 

effect of the antigen valency in the recognition process.

To study this we looked for an alternative way of tethering antigens on the 

bilayers. Bilayers or monolayers containing biotinylated lip ids have been 

extensively used for structural and therm odynam ic studies o f proteins (M uller et 

al., 1993; Uzgiris and Kornberg, 1983). W e wanted to adapt the same technology 

to explore the interaction o f B cells w ith  polyvalent membrane-bound antigens 

w ith  the idea that avid in w ou ld  w ork as a bridge between the b iotinylated lip id  

on the bilayer and a b iotinylated antigen or molecule. A labelled avid in w ou ld  

also provide the fluorescence required for confocal m icroscopy studies. 

Furthermore, the high affin ity interaction o f av id in /b io tin  w ou ld  ensure stability 

for the complexes for very long periods o f tim e (Ka>1013 M '1).

3.3.2.1 Preparation and characterisation of lipid bilayers containing biotinylated 

lipids

The first step was to prepare and characterise the bilayers. Liposomes contain ing 

biotinylated phosphoethanolam ine (N -b io tiny l Cap-PE) lipids were prepared by 

sonication and detergent dialysis according to standard procedures (see Materials
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Figure 3.11. Antigens tethered on artificial lipid bilayers through biotinylated lip­
ids.
(A) Lipid bilayers containing biotinylated lipids (N-biotinyl Cap-PE, yellow) are gen­
erated on the surface of glass coverslips. The HEL antigen (red) is tethered through 
a m onobiotinylated F10 antibody (blue) - avidin (bright green) bridge. The avidin is 
fluorescently labelled and therefore the antigen bound to it. (B) Streptavidin-coated 
beads were used to estimate the degree o f b iotinylation o f the F10 antibody. The 
beads were coated w ith  the b iotinylated F10, and then labelled w ith  an anti-Ig 
(FITC) and streptavidin-Alexa Fluor 633. The degree o f b io tinyla tion can be dis­
tinguished by the levels o f streptavidin-Alexa Fluor 633 staining as shown by the 
FACS profiles o f beads coated w ith  a monobiotinylated (left panel) or a polyb io- 
tinylated F10 antibody (right panel). Uncoated control beads are shown in gray.
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and Methods for a detailed explanation). A rtific ia l lip id  bilayers were then 

prepared by liposome spreading on the surface o f clean glass coverslips in the 

FCS2 closed cham ber system (Brian and M cConnell, 1 984).

To avoid the m odifica tion o f the HEL antigen w ith  the b io tin  reagent w h ich  may 

interfere w ith  its b ind ing  to the receptor, we looked for an alternative way to load 

it on the fluorescently labelled avid in tethered on the bilayer. This was achieved 

by generating a m onob io tiny la ted  form  of a HEL specific antibody to use as a 

link ing  m olecule (Figure 3.11 A).

The F10 antibody binds HEL w ith  a very high a ffin ity  (Kd=5 x 10'° M '1) in an 

epitope overlapping the one recognised by the HyHelS m onoclonal antibody - 

used for the CP I-linked system - and therefore, it does not affect the b ind ing  to the 

H yH e llO  antibody expressed as a BCR by the M D 4 transgenic m ice strain (Figure 

3.1).

The m onob io tiny la ted  form o f the FI 0 was obtained by m ixing the an tibody w ith  

lim iting  amounts o f the NH S-sulfo link LC b io tin  reagent. The degree o f 

b io tiny la tion  was assessed by FACS using streptavidin-coated beads (Figure 3.11 

B).

W e then loaded the artific ia l bilayers sequentially w ith  Alexa Fluor 488-avid in , 

the m onob io tiny la ted  F I0 antibody and HELm  antigen solutions (Materials and 

Methods).

In order to assess the diffusion o f m olecules on the bilayers, we perform ed FRAP 

experiments. These showed that antigen molecules tethered on bilayers through 

an avid in bridge freely diffuse and the ir diffusion rate is com parable to the 

diffusion rate o f fluorescently labelled lip ids (NBD-PE) (Figure 3.12 A, B and C). 

M D 4 B cells can interact w ith  the freely diffusing molecules as assessed by IRM 

and accum ulate the antigen in a central cluster as the fluorescence intensity 

associated w ith  it increases in the po in t o f contact (Figure 3.12 D and E).

3.3.2.2 Determination of the density of antigen

In order to quantita tive ly study the membrane antigen recognition process, we 

needed to determ ine the density o f antigen on the bilayers. W e in itia lly  tried the 

same approach that we had used to measure the density o f the G PI-linked Fab 

membranes. But as the ELISA em ployed to measure the concentration o f Fab

n
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Figure 3.12. Characterisation of lipid bilayers containing biotinylated lipids.
(A) FRAP experiments o f lip id  bilayers containing biotin-PE lip ids (top panel) 
or NBD-PE lipids (bottom panel). A spot on the lip id  bilayer (white dotted cir­
cle) was bleached w ith  25 laser pulses, and the fluorescence recovery was fo l­
lowed for 2 m in. Scale bar: 2 pm. Fluorescence recovery (expressed as ratio = 
mean intensity at tim e n after bleaching /  mean intensity at t=pre-bleaching) 
o f lip id  bilayers containing (B) biotin-PE and (C) NBD-PE lipids is represent­
ed as a function o f time. (D) Shows the interaction o f M D 4 B cells w ith  a rtifi­
cial bilayers loaded w ith  HEL^. Scale bar: 4 pm. (E) Shows the am ount o f an­
tigen aggregated (expressed as total fluorescence) by the M D 4 B cells in (D).



fragment (or antibody) involves the use o f b io tin /streptavid in  for the developm ent, 

the b io tin  and avid in  used on the lip id  bilayers w ou ld  interfere w ith  it. Therefore 

we needed to look for another technique.

W e fo llow ed tw o strategies based on fluorom etric  assays rather than radioactive 

as previously described for other b ilayer systems (Grakoui et al., 1999) (for a 

detailed description see M aterials and Methods). Both approaches used calibrated 

beads w ith  known antibody b ind ing  capacities to com pare the densities o f F I0 

antibody (used to tether the antigen) on the artific ia l bilayers, w ith  the densities on 

the beads.

3.3.2.2.1 Glass beads

This approach focused on generating artific ia l lip id  bilayers on the surface o f glass 

beads o f a defined area. The bilayers are then incubated w ith  fluorescently 

labelled avid in , the m onob io tiny la ted F10 and a fluorescently labelled anti-mouse 

Ig antibody. The fluorescent signal associated w ith  the beads is analysed by FACS, 

and the specific fluorescence (density as m olecules/prrr) derived w ith  the 

ca lib ra tion curve obtained from the calibrated beads (Lauer et al., 2002).

W e chose the silica beads from Bangs Laboratories for our assay. W e prepared 

lip id  bilayers conta in ing  different ratios o f b io tinylated lipids on the surface o f the 

silica beads and incubated them w ith  A lexa Fluor 488-avid in  (or Alexa Fluor 633- 

streptavidin).

Class beads proved to be very heterogeneous in size as shown by forw ard vs size 

scatter analysis (Figure 3.13 A). W hen we analysed the associated fluorescence, 

we observed that it decreased linearly w ith  the d ilu tion  factor (Figure 3.13 A and 

B).

However, the situation was different when we incubated the beads sequentia lly 

w ith  avid in , the m onob io tiny la ted F I0 antibody and an anti-mouse kappa chain 

antibody fluorescently labelled w ith  phycoeritrine (PE): no signal from  the 

fluorescently labelled antibody cou ld  be detected, ind ica ting  that the 

m onob io tiny la ted F10 antibody did not bind to the avidin.

As a consequence o f these results, we discarded this method to measure the 

density o f antigen on the bilayer.
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Figure 3.13. Estimation of the antigen density on lipid bilayers with biotinylated 
lipids I: glass beads.
A rtific ia l bilayers w ith  varying ratios o f b io tinylated lipids were prepared on the 
surface o f silica beads, loaded w ith  A lexa Fluor 488-avid in and analysed by FACS. 
(A) Left panel shows the forward vs size scatter, and the right panel the histogram 
o f the associated fluorescence. Numbers indicate the different b io tiny la ted lip ids : 
DOPC ratios. (B) The fluorescence associated to the avidin (MFI) increases linearly 
w ith  the b io tiny la ted  lip ids : DOPC ratio (b/D).



3.3.2.2.2 Lipid bilayers

The second approach consisted in com paring the fluorescence of a rtific ia l 

bilayers generated on glass coverslips w ith  the calibration curve by confocal 

m icroscopy.

As these beads b ind specifica lly  mouse IgG we coated them w ith  the F10 mAb 

(used to tether the HEL mutants on the bilayers) and then we used an anti-mouse 

kappa chain antibody labelled w ith  phycoeritrin  (PE) to analyse the fluorescence 

associated w ith  them. A FACS histogram showed five populations w ith  defined 

levels o f fluorescence that comprised a negative contro l and four d ifferent ABCs 

(Figure 3.14 A).

These five populations were also evident when the beads were visualised by 

confocal m icroscopy (Figure 3.14 B). Furthermore, the mean fluorescence o f each 

popula tion o f beads is d irectly  proportional to the antibody b ind ing  capacity 

(ABCs) o f each popula tion (Figure 3.14 C and D).

W e then incubated artific ia l bilayers loaded w ith  avid in and the m onob io tiny la ted 

F10 antibody w ith  the anti-mouse kappa chain antibody fluorescently labelled 

w ith  phycoeritrine  (PE), and measured the mean fluorescence of the b ilayer at 

d ifferent d ilu tions o f b io tin  lipids.

W e com pared these values w ith  the ca libration curve obtained w ith  the beads 

and determ ined that the density o f antigen on a lip id  b ilayer prepared w ith  a 

d ilu tio n  1:25 o f b io tiny la ted  lipids in DOPC corresponds to approxim ate ly 250 

m olecules/pm 2.

This approach to determ ine the density o f antigen allow ed us to correlate the 

density o f the antibody used to tether the antigens to the bilayers w ith  the density 

o f antigen itself. This is possible by assuming that the antigen occupies all the 

b ind ing  sites o f the antibody, an assumption that is probably correct since the 

a ffin ity  o f the in teraction is extrem ely high, and the concentrations o f antigens 

used to incubate the bilayers are high enough to saturate the available antibody.
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Figure 3.14. Estimation of the antigen density on lipid bilayers with biotinylated 
lipids II: glass beads.
(A) Calibrated beads were loaded w ith  the F10 antibody and labelled w ith  an anti- 
kappa-PE antibody. FACS analysis showed the five populations w ith  different levels 
of antibody b ind ing capacity (ABC). (B) Images of the different beads observed by 
confocal microscopy. (C) Antibody binding capacities (ABC) of the different ca li­
brated beads used to estimate the density o f antigen. (D) Calibration curve derived 
from the mean intensity o f the fluorescence measured by confocal m icroscopy of 
the different populations o f calibrated beads and their respective ABCs.



3.3.2.3 Thresholds of membrane antigen recognition

To determ ine the thresholds for antigen aggregation when the antigen was 

tethered in a polyvalent wav, we explored the interaction o f M D 4 B cells w ith  

bilayers conta in ing the different m utant HEL antigens loaded at d ifferent densities 

(Table 1).

W e observed that the av id ity  threshold necessary to trigger antigen aggregation 

does not d iffer sign ificantly compared to antigens tethered through a GPI-Iinked 

Fab: a m in im um  density o f 6 m olecu les/unr and an a ffin ity higher than K, = 8 x 

1 0 ’ M '1 are necessary to trigger antigen accum ulation (Figure 3.15). S im ilarly, the 

ce iling  for antigen accum ulation is m aintained: when the a ffin ity  o f the BCR for 

the antigen is higher than K, = 5 x 1 0  M ! then the HEF mutants are accum ulated 

equally (Figure 3.1 5).

From these experiments, we concluded that in our system po lyvalent antigens do 

not affect in any significant way the thresholds of antigen recognition or the 

a ffin ity  ce iling  observed w ith  a m onovalent antigen system.
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Figure 3.15. Effect of the valency of the antigen in the recognition process.
M D 4 B cells were settled on a rtific ia l bilayers loaded through b io tiny la ted lip ids 
w ith  the different HEL antigens, and the kinetics o f interaction fo llow ed  by con fo ­
cal m icroscopy. The plots show the kinetics o f antigen accum ulation at the different 
densities (A) 125 m olecules/pm 2, (B) 20 m olecules/pm 2 and (C) 5 m olecules/pm 2. 
Note that B cells cannot discrim inate HELRDGNfrom HELWT even though the ir 400- 
fo ld  difference in affinities.
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3.3.3 Antigen extraction

One of the main functions o f the BCR upon antigen recognition is the 

internalisation o f the BCR/antigen com plex and targeting o f the antigen for 

processing and presentation in the context o f M HC class II m olecules to T cells 

(Lanzavecchia, 1985). W hen CD4 T cells recognise the specific M HC-peptide 

complexes on the surface o f B cells, these receive T cell help. This event is 

necessary in order to fu lly  activate antigen specific B cells (Janeway, 2005).

W e wanted to determ ine if B cells were able to extract antigens tethered on 

artific ia l lip id  bilayers. To this end we settled M D 4 B cells on bilayers loaded w ith  

an Alexa Fluor 543-labelled HELVVI antigen, and fo llow ed the in teraction by 

confocal m icroscopy. As shown in Figure 3.16 A, B cells aggregated the antigen 

in a central cluster, and the signal from  the CPI-linked and the labelled antigen 

co-localise.

After 15 m inutes the area o f contact w ith  the bilayer and the size o f the cluster 

decreased, ind ica ting  that dissociation or in ternalization o f the previously 

engaged antigen had occurred (Figure 3.16 A).

W hen we analysed the B cells by 3D -confocal m icroscopy for the presence o f 

in trace llu lar antigen we were surprised to see that M D 4 B cells not on ly  extracted 

the fluorescently labelled antigen, but they also extracted the G PI-linked Fab used 

to tether the antigen, as the fluorescence associated w ith  both m olecules can be 

observed inside the cell (Figure 3.16 B). Antigen extraction is evident after 10-15 

m inutes o f in teraction, and therefore once the accum ulation process has finished, 

although we cannot discard the possibility that it takes place long before it 

happens at levels that cannot be detected by confocal m icroscopy.

The presence o f in trace llu lar antigen was confirm ed by labelling the cells w ith  

LysoTracker, a probe that specifica lly stains lysosomes. A three-dim ensional 

reconstruction showed that antigen and LysoTracker signals co-loca lise inside the 

cell (Figure 3.1 6 C).

As we were able to fo llo w  antigen internalisation by confocal m icroscopy on the 

artific ia l bilayers, we wanted to further study the effect o f the affinity/BCR 

interaction in the internalisation process as this process w ou ld  be a key event 

during B cell activation. This showed to be more com plicated than in itia lly
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Figure 3.16. Antigen extraction and internalisation.
(A) Shows the interaction o f M D4 naTve B cells w ith  planar lip id  bilayers contain­
ing GPI-linked Alexa Fluor 488-Iabelled HyHel5 Fab (Fab, green) loaded w ith  Alexa 
Fluor 543-labeled hen egg lysozyme (HEL^7, red) at a density of 150 molecules/pm2 
as visualised by confocal microscopy. The antigen is aggregated in a central cluster 
after 10 minutes o f interaction, however, after 15 minutes its size and the area of 
contact w ith  the bilayer (as assessed by IRM) decrease. (B) Shows the axial projec­
tion o f the process showed in (A). Both the antigen (red) and the GPI-linked Fab 
(green) are extracted. The Z-stacks were acquired w ith  slices o f 0.3 pm. The dashed 
white line shows the perimeter of the B cell in the Z-projection. (C) Shows the co­
localisation o f the GPI-Fab molecule (green) w ith  the lysosomal marker LysoTracker 
(red), indicating that the extracted antigen is efficiently internalised. Scale bar: 2 
pm.
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thought, as it became very d ifficu lt to visualise by confocal m icroscopy the 

internalisation o f antigens o f low  affin ity.

3.4 Discussion

The study presented in this chapter deals w ith  the early stages o f membrane 

antigen recognition and describes the parameters that determ ine this process. In 

add ition it introduces the use o f a rtific ia l lip id  bilayers to quantita tive ly study the 

interaction of B cells w ith  membrane antigens.

3.4.1 Early events during membrane antigen recognition by B cells

Taking advantage of HEL-specific BCR transgenic B cells and target cells 

expressing a membrane bound form of the antigen, we showed that the early 

stages of the recognition process proceeds in tw o distinct phases: first the B cell 

spreads qu ick ly  over the surface o f the target membrane to increase its area of 

contact and, secondly, it s low ly contracts to gather the antigen previously 

engaged w h ich  can then be e ffic ien tly  extracted by the B cell in order to present 

to T cells. The spreading is triggered by antigen engagement through the BCR. 

W h ile  different groups have reported a sim ilar T cell response, our experiments 

are the first to suggest that this response is associated w ith  antigen engagement 

and accum ulation (Bunnell et al., 2001; Negulescu et al., 1 996; Parsey and Lewis, 

1993). In a fo llo w in g  chapter, we w ill explore in detail the relevance of this 

ce llu la r response and we w ill unveil part o f its mechanism.

3.4.2 Recognition of membrane antigens by B cells: lipid bilayers

Different groups have analysed the dependence of the B cell response on the 

BCR/antigen a ffin ity  (Batista and Neuberger, 1998; Kouskoff et al., 1998). W h ile  

these studies were perform ed w ith  soluble antigens, very little  is known of the B 

cell response to membrane bound antigens (Batista et al., 2001; Batista and 

Neuberger, 2000).

Thus, we took advantage o f a rtific ia l lip id  bilayers to analyse the in teraction of B 

cells w ith  membrane antigens in a precise quantitative way (Carrasco et al., 2004; 

G rakoui et al., 1999). In order to do this, we developed tw o ways o f tethering 

freely diffusing molecules on artific ia l membranes. W e achieved this through an
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anti-HEL GPI-linked Fab fragment and by inc lud ing  b io tinylated lip ids in the 

bilayers. W h ile  G PI-linked m olecules have been previously used to study by 

confocal m icroscopy the interaction o f im mune cells w ith  specific ligands, 

membranes conta in ing b io tinylated lip ids had on ly been applied for structural 

studies (Chan et al., 1991; Dustin, 1997; Uzgiris and Kornberg, 1983).

FRAP experiments showed that ligands freely diffuse on both type o f bilayers. This 

in itia lly  surprised us, as the liposome spreading technique used to generate the 

artific ia l lip id  bilayers should generate bilayers w ith  GPI-linked proteins on both 

leaflets o f the membrane. This w ou ld  in turn lim it the d iffusion rate through 

association o f the molecules to the glass coverslip.

However, a certain degree o f orientation w ith  the m olecules preferentia lly 

locating in the upper leaflet takes place when the liposome solutions are 

incubated w ith  the coverslips to form  the bilayers, as the FRAP experiments 

revealed that the recovery is almost com plete. This has been previously reported 

for transmembrane proteins and presumably a sim ilar process takes place when 

bilayers w ith  G PI-linked proteins or m odified lip ids are assembled (Salafsky et al., 

1996).

It is like ly  that slight differences in the diffusion coeffic ient between the planar 

bilayers system and the surface o f a professional APC such as FDCs or DC may 

exist as a result o f the lack o f a target cell cytoskeleton and other membrane 

proteins. But the supported bilayers system allows precise quantifica tion  o f the 

num ber o f ligands w h ile  keeping the nature o f the stimulus over physio logica l 

range of affin ities and densities recognised in vivo  by B cells.

3.4.3 Parameters that determine the recognition of membrane antigens

Taking advantage o f the artific ia l bilayers, we determ ined that the density of 

antigen and its a ffin ity  for the BCR are the tw o parameters that establish the 

thresholds o f antigen recognition, s im ilar to what has been reported for T cells 

(Grakoui et al., 1999).

3.4.3.1 Dependence on the antigen density

O ur results show that antigen recognition strongly depends on the density of 

antigen: a tw o-fo ld  decrease in the density o f antigen leads to a four-fo ld  decrease



in the am ount o f antigen accum ulated, show ing an exponentia l dependence on 

this parameter (Figure 3.7).

C rakoui and colleagues reported sim ilar results in the case o f T cells using 

artific ia l lip id  bilayers as model system (Crakoui et al., 1999). However, a 

surprising difference is that the density threshold for antigen accum ulation 

appears to be higher in the case o f B cells, even though the affin ities of the 

BCR/antigen interaction are several orders o f magnitude higher than the 

TCR/M HC-pepitde interaction a ffin ity  (Batista and Neuberger, 1998; Foote and 

M ilstein, 1991; Sykulev et al., 1994). This could be sim ply due to the different 

ways in w h ich  the densities were estimated (radio immunoassays or fluorom etric  

assays). M ore tem pting, however, is the notion that T cells and B cells may have 

different sensitivities for antigen.

In this line, Davis et al have shown that helper T cells (CD4* T cells) respond even 

to a single M HC-agonist peptide com plex displayed on the surface o f an antigen 

presenting cell (APC), w h ile  B cells are not as sensitive to antigens presented on 

the surface o f APCs (Irvine et al., 2002)(F.D. Batista data not shown). The authors 

proposed the pseudodim er theory in order to explain this remarkable sensitivity to 

antigen, in w h ich  non-agonist peptides may be involved together w ith  CD4 in 

am p lify ing  the signal triggered by the engagement through the TCR o f a single 

agonist peptide (Krogsgaard et al., 2003; Li et al., 2004; W u lfing  et al., 2002a). 

The situation is som ehow different for B cells as they recognise intact antigens in 

isolation w ith o u t any accessory m olecule. A lthough CD19 may am plify  the BCR 

signalling through a sim ilar mechanism, its cross-linking to the BCR is dependent 

on the presence o f com plem ent, w h ile  CD4 interacts d irectly  w ith  the M H C  class 

II molecules in the absence o f any other m olecule (Dempsey et al., 1996; 

Sakihama et al., 1995).

3.4.3.2 Dependence on the BCR/antigen affinity

From our experiments we concluded that a m in im um  affin ity  o f 8 x 1CP M '1 is 

necessary to trigger effective antigen accum ulation. This value is s im ilar to the 

a ffin ity  o f antibodies produced in a prim ary im mune response in vivo, as reported 

by different groups (Foote and Eisen, 1995; Foote and M ilstein, 1991). Above this 

threshold B cells are sensitive to the precise b ind ing a ffin ity  as shown by the
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different amounts o f antigen aggregated. However, once the a ffin ity  is above 5.2 

x 10r M '1 a ce iling  is reached, and B cells are no longer able to d iscrim inate 

antigens in terms of the am ount o f molecules accumulated, even though they 

differ almost 400 times in the ir b ind ing  affinities (Table 1).

The presence o f an a ffin ity  ce iling  in the response of B cells has been previously 

reported for soluble antigens, and our results show that the same constraint 

applies to membrane antigens (Batista and Neuberger, 1998).

Foote and Eisen predicted that the a ffin ity  maturation o f antibodies during 

im m une responses w ou ld  be also lim ited by a ceiling, a 'm axim al a ffin ity  like ly to 

be found in antibodies produced during an im m une response' (Foote and Eisen,

1995).

Both reports stressed on the relevance o f the single k inetic parameters of 

in teraction - association rate and dissociation rate - in both the triggering o f B 

cells and in the a ffin ity  maturation o f the humoral im m une response, respectively. 

In the same line, Foote and M ilste in showed that the a ffin ity  m aturation of 

antibodies is driven by both therm odynam ic and kinetic parameters, although 

other reports arrived to different conclusions (Foote and M ilste in , 1991; 

C oldbaum  et al., 1999; Sagawa et al., 2003).

W h ile  Foote and Eisen predicted an a ffin ity  ce iling  o f Kd ~ 1010 M '1, the value 

reported by us differs by three orders o f magnitude (Ka ~ 107 M '1). O ne question 

that arises from  this is whether this difference is due to the m ethod em ployed to 

measure the a ffin ity  values, or if other mechanisms are involved. The e ffic iency of 

extraction o f antigens that are aggregated equally, but have different b ind ing 

affinities may be one o f these mechanisms.

3.4.4 Antigen extraction

H ow  does the antigen accum ulated influence the subsequent B cell activation 

process? Antigen extraction is a late event guided by the BCR and necessary for 

presentation and T cell co stim ulation. It is like ly that the am ount o f antigen that a 

B cell accumulates w ill have a d irect im pact in the am ount o f antigen that the B 

cell w ill extract, and therefore in the degree o f T cell help that they w ill eventually 

receive.
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W e observed that after accum ulating the antigen, B cells are able to extract it 

from  the artific ia l bilayers. Though, our experiments suggest that the am ount of 

antigen internalised depends on the am ount o f antigen accum ulated, w e do not 

have any data to support the degree o f presentation derived from this process so 

far.

Thus, antigen extraction may account for the difference in the a ffin ity  ce iling  

observed, if we consider that the half-life  o f the internalisation process (t1/2 = 510 

minutes) is at least one order o f magnitude higher than the dissociation half-life  o f 

our a ffin ity  ce iling  (t1/2 = 18 seconds) (Cuerm onprez et al., 1998; Watts and 

Davidson, 1988).

In this line, G uermonprez and colleagues have shown that the e ffic iency o f 

antigen internalisation is dependent on the dissociation half-life  o f the interaction, 

although these experiments have been performed w ith  soluble antigens 

(Guerm onprez et al., 1998).

Therefore, antigens that are still aggregated equally w ill be extracted w ith  different 

efficiencies, depending on their dissociation half-life  from the BCR.

Future experiments addressing this issue w ill be important, as they w ill give an 

insight on the mechanism o f selection during the a ffin ity  m aturation process.
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Chapter 4: Effect of binding kinetics on membrane antigen 

recognition

4.1 Introduction

In the previous chapter, we showed that the recognition o f membrane antigens is 

characterised by the existence o f an a ffin ity  ceiling: when the a ffin ity  o f the BCR 

for the antigen is higher than 5 x 107 M '1, B cells accum ulate equ iva lent amounts 

o f antigen independent o f the affin ity.

The presence o f an a ffin ity  ce iling  in B cell activation has been previously 

reported for the recognition o f soluble antigens, and different reports suggested 

that this m ight be regulated by the kinetic b ind ing parameters, particu la rly  the rate 

o f dissociation (Batista and Neuberger, 1998; Foote and Eisen, 1995). However, 

nothing was know n o f the recognition o f membrane antigens by B cells.

Grakoui and colleagues have suggested that the aggregation of the T cell receptor 

(TCR) and M H C -peptide is dependent on the dissociation rate constant (kOIt) o f this 

interaction (Grakoui et al., 1999). From these results, the authors proposed a 

model based on partial d ifferentia l equations to explain the recognition of 

antigens and synapse form ation depending on specific kinetic parameters (Lee et 

al., 2002b). However, the range of affinities and kinetic parameters of 

antigen/BCR interaction that a B cell may encounter are broader than those 

recognised by T cells (Foote and M ilstein, 1991; Sykulev et al., 1994). Therefore, 

this model cou ld  not be applied to B cells. Thus, we wanted to unveil the 

relevance o f the single kinetic parameters during membrane antigen recognition 

by B cells.

In an interesting com mentary, Foote and Eisen suggested that the a ffin ity  ce iling  of 

the antibodies produced during an im m une response is determ ined by lim its in 

the on-rate and off-rate (Foote and Eisen, 1995). The m axim um  on-rate should be 

determ ined by the diffusion o f the antigen and the antibody molecules in solution, 

and therefore this value should be around lO M O 6 M 'V ;  the m axim um  off-rate is 

less precise and defined according to the half-life  o f endocytosis o f BCR/antigen 

complexes, that is 8.5 m inutes (Watts and Davidson, 1988).
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Therefore, we reasoned that for membrane antigen recognition, the association 

phase w ou ld  be lim ited by the diffusion rate o f molecules on the artific ia l 

bilayers, as this value is considerably lower than the association rate o f the 

BCR/antigen interaction (Bell, 1978).

On the other hand, the complexes formed w ill dissociate according to their 

dissociation rates and therefore this parameter alone w ill have a d irect im pact on 

the total am ount o f molecules that a cell can accum ulate (Bell, 1978).

However, as the mutant lysozymes used in our studies were generated by alanine 

scanning, they show sim ilar on-rates (kon = 6 x 106 M"1 s"1) and the differences in 

affinities are characterised by differences in their off-rates (Table 1). Therefore, to 

test our hypothesis we needed to look for alternative transgenic BCR systems in 

w h ich  we could obtain specific antigens w ith  lower on-rates.

4.2 Antigens and transgenic systems

In order to tackle this problem  we explored two different transgenic BCR mice: 

the 3-83 transgenic mouse and the HSu transgenic mouse (Nemazee and Burki, 

1989). As it w ill be shown during this section their k inetic parameters of 

in teraction are adequate to answer the main question posed.

4.2.1 3-83 transgenic mouse

B cells from the 3-83 transgenic mouse express a BCR that specifica lly recognises 

different H-2K M H C  class I molecules w ith  varying affinities ranging from  (Table 

2). In add ition, this BCR also recognise a set o f a rtific ia l peptides obtained from a 

phage display lib rary (Kouskoff et al., 1998).

W e took advantage o f these tw o different sets o f antigens, the H2-K molecules 

and the phage display antigenic peptides, to elucidate how  the kinetic parameters 

affect the antigen recognition process.

4.2.1.1 Monomeric forms of the peptides recognised by the 3-83 transgenic 

system

The phage display library generated by Nemazee and colleagues gave rise to 

peptides that are specifica lly recognised by the 3-83 BCR (Kouskoff et al., 1998). 

W e selected different peptides: p5, p7, p i 1 and p31, and designed a random
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peptide (pO) w ith  no affin ity for the BCR to use as a control (see M aterials and 

Methods). M onob io tiny la ted  versions o f each peptide were synthesised and 

purified by the Protein Synthesis Facility at Cancer Research UK.

W e then tested the capacity o f 3-83 B cells to recognise the peptides tethered 

through an avid in bridge on lip id  bilayers. As shown in Figure 4.1 A and B, 3-83 

B cells recognise and accum ulate the four selected peptides w ith  varying 

efficiencies. For instance, the p5 peptide is poorly recognised even when it is 

displayed at extrem ely high densities (at 6 — 1 500 m olecules/pm 2, 25%  of the cells 

accum ulate antigen), w h ich  suggests that its a ffin ity  is extrem ely low. O n the 

other hand, p7 is aggregated very effic iently, and p31 and p i 1 are accum ulated 

w ith  interm ediate efficiencies (Figure 4.1 B). W e discarded p5 for further analysis, 

as the densities at w h ich  it is e ffic ien tly  accum ulated exceed the physiological 

densities o f receptors expressed on the surface o f cells.

W e next measured the b ind ing  properties o f the interaction between the 3-83 

BCR and the peptides by Surface Plasmon Resonance (SPR) (Figure 4.2 A and 

Table 2). The am ount o f antigen accum ulated correlates w ith  the a ffin ity  of the 

interaction. Flowever, since the b ind ing  kinetics were determ ined by tethering the 

m onob io tiny la ted peptides on an SA-chip, and then the 3-83 m onoclonal was 

injected, the a ffin ity  parameters may in fact reflect a measurement o f av id ity  (see 

Materials and Methods).

To test whether this was the case, we prepared Fab fragments o f the 3-83 

m onoclonal antibody, and repeated the measurements. As shown in Figure 4.2 C, 

we were not able to measure any interaction. This indicates that e ither the a ffin ity 

o f interaction is extremely low, or that the b ind ing properties o f the 3-83 

m onoclonal antibody are altered when the Fab fragments are prepared.

Therefore, we focused our attention on setting up ways to obtain m onom eric 

forms of the 3-83 peptides. In order to do this we explored tw o  different 

approaches. The first one consisted o f generating fusion proteins w ith  the HEL and 

each antigenic peptide, and the second of d ilu ting  the peptides w ith  an unrelated 

m onob iotinylated m olecule to decrease the valency of the antigen tethered on the 

bilayer.
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Figure 4.1. Recognition of antigenic peptides by 3-83 transgenic B cells.
(A) C o nfo ca l im ages o f 3 -8 3  B cells a fter 10  m inutes o f co n tac t w ith  a rtifi­
c ia l b ilayers lo ad ed  w ith  the  ind icated  peptides tethered through an A lexa  F lu ­
or 4 8 8 -c o n ju g a te d  av id in  bridge  (green) at a density o f 2 5 0  m o le cu ie s /p m 2. 
The cells  recognise and  a cc u m u la te  the antigens w ith  vary ing  effic ienc ies . 
Scale bar: 5 pm . (B) Shows the kinetics o f antigen  a cc u m u la tio n  for the d iffer­
en t peptides. p5 is a cc u m u la ted  o n ly  w h en  it is d isplayed at very  high densities.
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Figure 4.2. Analysis of the kinetics of binding of the 3-83 monoclonal antibody 
with the antigenic peptides by surface plasmon resonance.
(A) Shows the overlaid sensorgrams (Resonance Units (RU) as a function of time 
(sec)) o f the interaction o f the 3-83 monoclonal antibody w ith  the indicated pep­
tides. The 3-83 antibody was injected at a concentration o f 200 nM. (B) Shows 
the overlaid sensorgrams (Resonance Units (RU) as a function of tim e (sec)) o f the 
interaction of Fab fragments o f the 3-83 monoclonal antibody w ith  the indicated 
peptides. The Fab fragments were injected at a concentration o f 200 nM.
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Table 2. Binding constants of antigenic peptides.

Antigen
Ka x 106

(M-1)

Kn x 103

(M '1 sec'1)

k0tf x 10 

(sec'1)

t1/2 37 °C  

(sec)

Binding to 3-83

P7 25.8 15.3 0.0006 1155

p H 7.13 8.51 0.0012 577

p31 64.3 9.36 0.0001 6931
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4.2.1.2 HEL-peptide fusion proteins

O ur approach consisted in fusing the antigenic peptides p i 1 and p31 to the HEL 

antigen and to tether the resulting antigens through the GPI-linked Fab fragment 

as m onovalent species. W e selected these two peptides as they show sim ilar 

levels of antigen aggregation.

In order to fuse them w ith  the HEL, we used the vector cod ing for the HELKD 

mutant as the backbone vector. This vector contains the sequence cod ing for the 

HELRI) mutant and a h istid ine tag for purifica tion (Figure 4.3 A). W e introduced 

the sequences coding for the peptides into the construct by PCR, and then 

expressed them in the J558L cell line. Finally, the protein was purified from the 

supernatant by a ffin ity  chrom atography (see Materials and Methods).

W e first analysed if the protein was e ffic iently produced and purified by SDS- 

PAGE analysis o f the fractions eluted from the colum n. This showed that indeed 

the fusion protein is produced, and its m olecular weight is higher than the HELUI 

from  which the fusion protein is derived as expected (Figure 4.3 B).

W e next tested the capacity of 3-83 B cells to recognise and aggregate the 

ch im eric antigens when these were tethered to the bilayer through the GPI-linked 

Fab fragment. As shown in Figure 4.3 C, 3-83 B cells did not recognise the 

ch im eric antigens since no increase in the antigen signal was observed at the site 

of contact. However, M D 4 B cells (labelled w ith  the membrane dye PKH26 (red)) 

e ffic ien tly  recognised the fusion antigens, confirm ing that these were in fact 

tethered on the bilayers (Figure 4.3 C).

W e confirm ed that the fusion proteins were not recognised by the 3-83 BCR when 

we attempted to measure the a ffin ity o f this interaction by SPR. To this end, we 

tethered the b io tinylated 3-83 m onoclonal antibody on an SA-chip, and then 

injected the fusion proteins. As shown in Figure 4.3 D, the sensorgram did not 

reveal any specific interaction between the proteins and the m onoclonal 

antibody.

These results showed that the fusion proteins produced are not recognised by the 

specific 3-83 BCR expressed by the transgenic B cells, therefore we d id not fo llo w  

this strategy any further.
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Figure 4.3. Purification and characterisation of HEL-peptides fusion proteins.
(A) Diagram of the HEL-peptides fusion proteins generated. Antigen ic peptides 
p i 1 and p31 flanked by glycine-serine linkers were introduced by PCR into the 
plasmid coding for the HELR1) mutant. This plasmid contains a 6 x H istid ine tag to 
facilita te the purifica tion. (B) Shows the SDS-PAGE of a typical purifica tion  o f the 
HEL-p31 fusion protein. 10 pi o f each o f the five fractions were loaded in a 4- 
20%  polyacrylam ide gel and the gel was developed w ith  co llo ida l Coomassie 
blue staining. As a contro l 1 and 5 pg of HELU1 were also loaded. The purified 
fusion protein (indicated w ith  an asterisk) shows a m olecular w eight higher than 
the HEL from w h ich  it is derived. The same result was obtained for the HEL-p11 
fusion protein. (C) Shows confocal images of 3-83 (unlabelled) and M D 4 (PKH26- 
labelled, red) B cells in contact w ith  GPI-linked Fab bilayers (green) loaded w ith  
the HEL-pl 1 (top row) or the HEL-p31 (bottom row) fusion proteins at a density of 
200 m olecules/urrr. The images show the cells after 10 minutes o f interaction. 3- 
83 B cells do not recognise the fusion proteins that are still recognised by the 
M D 4 B cells. Scale bar: 2 urn. (D) Shows the sensorgram of the interaction 
between the 3-83 m onoclonal antibody and the indicated HEL-peptide fusion 
proteins. The b io tinylated 3-83 m onoclonal antibody was tethered on an SA-chip 
and then the fusion proteins were injected at a flow  rate of 10 pl/m in.



4.2.1.3 Dilution with an unrelated monobiotinylated ligand

The avid in m olecu le that we use to tether antigens on artific ia l lip id  bilayers has 

four b ind ing sites. Structural studies have shown that tw o o f the b ind ing  sites are 

occupied by b io tin  when an avid in m olecule is in contact w ith  artific ia l bilayers 

conta in ing b io tinylated lip ids (Darst et al., 1991; Q in  et al., 1995). Therefore, it is 

like ly  that the m onob io tiny la ted peptides tethered on artific ia l bilayers are present 

as d im eric  species.

W e reasoned that by d ilu tin g  the m onobiotinylated peptides w ith  another 

irrelevant m onob iotinylated m olecule we should be able to obtain m onom eric 

antigenic species. For this purpose, we selected the pO peptide, as this has no 

detectable a ffin ity  for the 3-83 BCR (Figure 4.2).

From simple com binatoria l calculations we derived a p lo t that shows the 

distribution o f probabilities o f the different species - that is, m onom eric, d im eric 

and null - that w ou ld  be present in an artific ia l bilayer if a fixed num ber of 

molecules o f an antigenic peptide (pN) were m ixed w ith  an increasing number of 

molecules o f the irrelevant peptide (pO) (Figure 4.4 A). This shows that w ith  a ratio 

pO/pN > 5 the ratio d im eric /m onom eric antigen is < 0.1. Clearly, this is not an 

ideal 100% m onom eric antigen, but it should at least a llow  us to test our main 

hypothesis.

W e in itia lly  had to determ ine the exact m olar concentrations o f m onobiotinylated 

peptide solutions to prepare the corresponding dilutions. To this end, we 

developed a FACS analysis method using streptavidin-coated beads and b io tin - 

FITC (see M aterials and Methods). W e first incubated the streptavidin-coated 

beads w ith  fixed amounts o f biotin-FlTC (a saturating solution for all the b ind ing 

sites available in the beads) and increasing d ilu tions o f the different peptides (pO, 

p7, p i 1 and p31), and measured the ir levels o f fluorescence by FACS analysis 

(Figure 4.4 B). Then, we derived a calibration curve from the mean fluorescence 

intensity measured by FACS and the corresponding d ilu tion  factors o f the peptides 

solutions (Figure 4.4 C). This strategy a llowed us to set the correct d ilu tions of 

peptides.

Next, we prepared artific ia l bilayers and loaded them w ith  the different antigenic 

peptides d iluted w ith  the pO peptide in a 1:6 ratio and tested the capacity o f 3-83 

B cells to recognise them. As shown in Figure 4.5 A, B cells e ffic ien tly
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Figure 4.4. Strategy followed to obtain monomeric forms of the antigenic peptides 
recognised by the 3-83 BCR.
(A) Probability d istribution of species obtained by m ixing the antigenic peptides 
(pN) w ith  the non-antigenic peptide (pO) at varying ratios. (B) Species that would 
be present in a sample of streptavidin mixed w ith  a biotinylated ligand and biotin- 
FITC. (C) Mean fluorescence intensity (MFI) as a function o f the biotin-FITC : b iotin- 
peptide (bF/pN) as measured by FACS w ith streptavidin-coated beads.
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Figure 4.5. Recognition of monomeric peptides by the 3-83 transgenic B cells.
(A) Shows the kinetics o f antigen aggregation for the different peptides when these 
are in a m onom eric form on the bilayers at a density o f 250 molecules/pm2. (B) 
Sensorgram o f the interaction between tetramers prepared w ith  mixtures o f the 
peptides, pO and avidin, and the 3-83 monoclonal antibody. The biotinylated 3-83 
monoclonal antibody was im m obilised on an SA chip and the indicated tetramers 
were injected at a concentration o f 100 nM.
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accum ulated the p31 and p7 peptides. However, in these conditions B cells did 

not recognise the p 1 1 peptide any longer (Figure 4.5 A).

These results were prom ising, however, we were still lacking kinetic parameters of 

interaction of m onom eric species. In order to obtain these values we prepared 

tetramers o f the different peptides diluted in pO to obtain a fam ily  o f tetramers 

enriched in the m onovalent form of the antigenic peptide (see Materials and 

Methods). W e used them to measure the affin ity and kinetic parameters of 

interaction w ith  the 3-83 antibody by SPR. Unfortunately we were not able to 

detect any interaction between the two (Figure 4.5 B).

After these results we decided to look for alternative approaches to take 

advantage of the 3-83 transgenic system.

4.2.2 H-2K M H C  class I molecules

From SPR studies Nemazee and colleagues measured the kinetic parameters of 

interaction o f the 3-83 BCR w ith  the H2-K molecules (Lang et ah, 1996). The on 

rate for the 3-83/H -2K :> interaction is around 1.42 x 10 ; M '1 s'1 w h ich  means that it 

is two orders o f magnitude lower than for the HEL/HyHellO  interaction (Table 1). 

Furthermore, the t, , is around 18.6 seconds, and therefore it is comprised in the 

range of the HELKI)(A. This antigen constitutes an ideal system to test the effect of 

the kinetic b ind ing parameters in the membrane antigen recognition process.

M HC molecules loaded w ith  specific peptides are usually used conjugated w ith  

fluorescently labelled avidin in the form  of tetramers to detect antigen specific T 

cells by FACS (Cerundolo, 2000; Klenerman et al., 2002; Valm ori et al., 2000). 

W e wanted to produce the m onom eric b iotinylated H2-K m olecules in order to 

tether them on artific ia l lip id  bilayers through an avidin bridge.

Dr Ton Schumacher (The Netherlands Cancer Institute, Netherlands) and Dr D irk 

Busch (Institut o f M icrob io logy, Imm unology and Hygiene, M un ich  Technical 

University, Germany) provided us w ith  the vectors coding for the H 2-Kk and H2- 

Kh heavy chains, and the p2-m icrog lobu lin  to generate the M HC class I 

molecules. The heavy chain of the H-2K molecules contains a target site for the 

b io tin  ligase (BirA), an enzyme that specifically binds a b io tin  to the lysine 

contained in a short am ino acid sequence (O 'Callaghan C et al., 1999). Dr 

Schumacher also generously provided us w ith  the vector coding for this enzyme.
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4.2.2.1 Expression and purification of monobiotinylated H-2K molecules

W e expressed and purified the H-2K molecules from inclusion bodies in bacteria 

according to a protocol from  Dr D irk  Busch (for a detailed explanation see 

Materials and Methods). Briefly, the vectors were transfected in the BL21 (RecA ) 

pLysS strain o f Escherichia co li by electroporation. Protein production was 

induced w ith  IPTG and then purified from inclusion bodies w ith  an 8 M urea 

buffer. This protocol yie lded several mgs o f protein (Figure 4.6, step 1).

Properly folded M H C  m olecules conta in ing both the heavy chain and the (32- 

m icrog lobu lin  were generated by dialysis against PBS and then purified from the 

excess non-fo lded chains by size exclusion chromatography. SDS-PAGE analysis 

o f the peaks isolated showed that the complexes contained on ly  heavy and light 

chains (Figure 4.6, step 2).

The M HC monomers were b iotinylated w ith  the BirA enzyme (Materials and 

Methods). As shown in Figure 4.6, FACS analysis revealed that the monomers 

were correctly fo lded and m onobiotinylated as they were recognised by anti-H- 

2K (k and b) antibodies when they were loaded on streptavidin-coated beads.

4.2.2.2 Recognition of the H-2K molecules tethered on artificial bilayers

W e next tested the capacity o f 3-83 transgenic B cells to recognise the 

m onob io tinyla ted H-2K molecules tethered through an avidin bridge on bilayers 

conta in ing b io tiny la ted lipids.

As shown in Figure 4.7 A and B, B cells could not recognise and accum ulate 

these molecules on the bilayers even when they were displayed at high densities 

(8 ~ 250 m olecu les/pm 2). Under the same conditions, B cells recognised and 

e ffic ien tly  accum ulated large amounts of p31 peptide antigen (Figure 4.7 A and 

B).

3-83 transgenic B cells bound the m onom eric forms of the H-2K proteins when 

they were sequentia lly incubated w ith  the proteins and then w ith  fluorescently 

labelled avid in as shown by FACS analysis (Figure 4.7 B).
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Figure 4.6. Stepwise representation of the H-2K proteins purification.
Step /: the heavy chains (HC Kk and HC Kh) and the (32-m icroglobulin ((32-m) 
were purified from inclusion bodies isolated from transfected bacteria, and the 
purifica tion assessed by SDS-PAGE. The asterisks mark the correct m olecular 
weight of the three proteins ((32-m: 12 kDa, KT 34 kDa, and KT 35 kDa).
Step /: the complexes were then generated by dialysis, and purified by size 
exclusion chrom atography (top panel). SDS-PAGE analysis o f the tw o isolated 
peaks (1 and 2) showed that the peak 1 consisted exclusively o f heavy and light 
chain - therefore the folded complexes -, and peak 2 consisted exclusive ly o f free 
(32-microglobulin (bottom panel). O n ly  an example of one of the tw o proteins is 
shown, as the results were the same for both.
Step 3: the purified complexes were then biotinylated w ith  the BirA enzyme. The 
b io tiny la tion  and correct fo ld ing  of the monomers were assessed by FACS. 
Streptavidin-coated beads were incubated w ith  the biotinylated proteins and then 
revealed w ith  an anti-E3-2KK b specific antibody and analysed by FACS. The 
histogram of the beads shows that the complexes were correctly folded and 
b iotinylated (red trace). Blue trace shows unstained beads.
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Figure 4.7. Recognition of the H-2K molecules tethered on artificial lipid bilayers 
by 3-83 B cells.
(A) Confocal images o f 3-83 B cells settled on artific ia l bilayers containing the 
m onobiotinylated H-2Kk molecule (top) or p31 peptide (bottom) tethered through 
an Alexa Fluor488-conjugated avidin (green) at a density of 250 molecules/pm2. 
The antigen-specific B cells did not recognise the H-2K molecules, even though in 
the same conditions they efficiently accumulated the p31 peptide. Scale bar: 5 pm.
(B) Shows the amount of p31 accumulated by the 3-83 B cells. (C) FACS profile of 
3-83 B cells sequentially incubated w ith  either the monobiotinyalted FH-2Kk m ol­
ecule (red trace) or the m onobiotinylated p31 peptide (blue trace), and streptavidin- 
FITC. Gray trace shows the profile o f 3-83 B cells incubated w ith  streptavidin-FITC 
in the absence o f the peptides.
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Taken together, these results suggest that the proteins are not properly recognised 

on artific ia l bilayers when tethered through an avidin bridge, as the a ffin ity  of the 

interaction at least for the H-2IO has been reported to be very high (Lang et ah,

1996).

As a consequence of these results we discarded the H-2K molecules as model 

antigen for our studies.

4.2.3 The HS|j transgenic mouse

HSp transgenic B cells express a BCR formed by the canonical B l - 8  heavy chain 

and a.1 light chain (Allen et al., 1988). This BCR binds the 4-hydroxy-5-iodo-3 - 

nitrophenyl (NIP) and the 4-hydroxy-3-n itrophenyl (NP) haptens w ith  different 

affinities (Figure 4.8 A). Therefore, we wanted to test if this transgenic mouse was 

suitable to test the im portance of the kinetic parameters in the antigen recognition 

process.

W e obtained the m onobiotinylated forms of the two haptens from  Biosearch. To 

obtain m onovalent forms of the antigens tethered through a streptavidin m olecule 

we planned to use the same strategy as the one we used for the p i 1 and p31 

antigenic peptides.

4.2.3.1 Recognition of the N IP /N P haptens by the HSp transgenic system

W e in itia lly  tested the capacity o f the HSpj B cells to recognise and aggregate the 

m ultiva lent forms of the NIP and NP haptens tethered on artific ia l bilayers. As 

shown in Figure 4.8 B, B cells d id not recognise these antigens on the lip id  

bilayers even at very high densities of antigen (6 ~ 500-600 m olecules/pm 2).

As a further contro l, we explored the interaction o f the HSp B cells w ith  the 

haptens in solution. To this end, we sequentially incubated the HSp B cells w ith  

the m onobiotinylated NP or NIP molecules and Alexa Fluor 488-conjugated 

streptavidin, and analysed the B cells by FACS. As shown in Figure 4.8 C, we did 

not detect any b ind ing  w ith  this assay.

These results suggest that the b ind ing o f the haptens to the avid in -loaded artific ia l 

bilayers (or the streptavidin in FACS analysis) impairs their recognition by the 3- 

83 transgenic B cells. As a consequence of this, we discarded this system for 

further analysis.
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Figure 4.8. Recognition of NIP and NP haptens tethered on artificial bilayers by 
HSp transgenic B cells.
(A) Structures o f the NIP (left) and NP (right) haptens recognised by the HSp B cells.
(B) Confocal images of HSp B cells settled on artific ia l bilayers loaded w ith  the NIP 
(left panels) or the NP (right panels) haptens at a density of 550 molecules/pm2. (C) 
FACS analysis of HSp B cells sequentially incubated w ith  the m onobiotinylated NIP 
(blue trace) or NP (red trace) haptens and streptavidin-FITC. Gray trace indicate 
unstained cells.



4.3 Effect of the membrane diffusion in the antigen aggregation 

process

As discussed earlier, for very fast on-rates measured in solution the diffusion rate 

of the membrane should be a lim iting  factor in the association process. However, 

the dissociation phase is not affected by this. Therefore, we postulated that 

decreasing the diffusion rate of the bilayer should increase the thresholds of 

antigen accum ulation, as w e ll as the affin ity ceiling.

Diffusion properties of artific ia l bilayers can be altered by the inclusion of 

phospholipids w ith  saturated chains like DSPC that increase the T.„. In addition, 

the inclusion o f cholesterol increases the rig id ity  of the membrane and has a 

sim ilar effect (Veatch and Keller, 2002; Veatch and Keller, 2003).

Thus, to test this hypothesis, we prepared liposomes w ith  phospholip ids 

contain ing saturated fatty acids (such as DSPC) and DOPC inc lud ing  different 

percentages o f cholesterol. W e mixed them w ith  liposomes conta in ing NBD-PE 

phopspholip ids and visualised them by confocal m icroscopy.

The different a rtific ia l membranes showed a differential degree o f clustering 

(Figure 4.9). The proportion o f cholesterol included in the liposomes appeared to 

have a key im pact in the form ation of these clusters, as these increased in size 

w ith  the proportion o f cholesterol included (Figure 4.9). W e observed by FRAP 

experiments that there are two lip id  fractions present on the bilayers: one fraction 

that can freely diffuse and another fraction that is almost im m ob ile  and consists 

m ainly o f big clusters o f lip ids (Figure 4.9). These results showed that this 

approach was not suitable; therefore we discarded their further use.
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Figure 4.9. Effect of the lipid bilayer composition in the diffusion rate and antigen 
recognition process.
FRAP experiments o f artific ia l lip id  bilayers prepared w ith liposomes of different 
compositions (indicated in the panels). Pre: pre-bleaching; Post 10': image after 10 
minutes o f bleaching. The membranes appeared clustered compared to NBD-PE 
lip id  and w ith  tw o populations of diffusing molecules.
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4.4 Effect of tethering antigens on a membrane on the dissociation 

half-life of the antigen/BCR interaction

O ur results showed that antigens that have an extremely low  affin ity are 

nevertheless e ffic ien tly  accum ulated (Figure 3.9 and Table 1). Therefore, 

membrane tethering o f ligands has a positive effect in the a ffin ity  of the 

interaction and in the recognition process.

W e postulated that the positive effect on the a ffin ity of membrane tethering of 

antigens w ou ld  be m ainly due to a positive effect on the dissociation half-life.

To test this, we performed FRAP experiments of antigen clusters on artific ia l lip id  

bilayers. One o f the problems that we encountered was that B cells extract the 

antigens after aggregation, and therefore the system was not suitable for long-term 

visualisation required for FRAP experiments (Figure 3.16). Thus, we searched for 

alternative ways o f approaching this problem.

4.4.1 Polymer beads as surrogate cells

O ur first approach consisted in using beads coated w ith  the H yH e llO  antibody 

(M D4 BCR) as surrogate cells. To this end, we took advantage o f streptavidin- 

coated beads and the calibrated beads previously used to estimate the antigen 

density on the bilayer.

W e coated both type o f beads w ith  the HyHel 10 m onoclonal antibody, and then 

incubated them w ith  artific ia l bilayers loaded w ith  the HELWI antigen. As shown 

in Figure 4.10 A, neither of the tw o types o f beads clustered any antigen. The 

result was surprising as these beads have a density of antibody that exceed the 

density o f the B cell receptor expressed on the surface o f M D 4 B cells (Figure 4.10 

B).

As previously described in Chapter 3, B cells spread on the target membrane 

during the in itia l stages o f antigen recognition. Therefore, taken together these 

results suggest that due to their rig id ity the beads cannot expose an appropriate 

surface of contact (therefore, antibody molecules) w ith  the artific ia l bilayers.

4.4.2 Blocking antigen extraction

The second approach consisted in treating the B cells w ith  src kinase inhib itors 

(PP1 and PP2) to b lock the antigen extraction process, as the signalling
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Figure 4.10. Antibody-coated beads as surrogate cells to study membrane antigen 
recognition.
(A) Confocal images o f streptavidin-coated beads (Strep) or calibrated beads (Cal) 
coated w ith  the HyHeMO m onoclonal antibody settled on artific ia l bilayers con­
taining the H E L^ antigen tethered through the GPI-Iinked Fab (GPI-Fab, green) 
at a density o f 150 molecules/pm2. Scale bar: 5 pm. (B) FACS analysis o f M D4 B 
cells (blue trace) and streptavidin-coated beads coated w ith the HyHeMO M Ab (red 
trace) stained w ith  a PE-conjugated anti-kappa antibody.
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Figure 4.11. Effect of tethering antigens on a membrane on the dissociation half-life of the BCR/antigen interaction.
(A) M D4 B cells treated w ith  PP2 inh ib ito r were settled on artific ia l bilayers loaded w ith  different mutant lysozymes at a density of 
150 molecules/pm2. After 30 minutes of interaction, selected clusters o f antigen were bleached and the recovery o f fluorescence 
fo llowed for 30 minutes. Scale bars: 2 [jm. (B) Shows the recovery o f fluorescence as a function o f time for different mutant lyso­
zymes.



com ponent of the BCR is necessary to perform this task (Batista and Neuberger, 

2000). Under these conditions, B cells are suitable for long-term FRAP 

experiments. M D 4 B cells were treated w ith  PP2 and settled on a rtific ia l bilayers 

loaded w ith  the different HEL antigens tethered through a G Pl-linked Fab (Table 

1). W e then probed the stability o f the antigen/BCR interaction by FRAP 

experiments.

As shown in Figure 4.11, the recovery rate of fluorescence correlates w ith  the 

rates of dissociation of the antigen/BCR interactions measured by SPR. However, 

the half-lives (t, ,) increased by several orders o f magnitude when both, ligands 

and receptors are tether on a membrane. For instance, HELKl)(,N that in solution 

has a measured t, , of 18 seconds, when it is tethered on a membrane this value 

increases to an apparent t, , of *  120 seconds. Sim ilar results were obtained for 

other mutant lysozymes.

4.5 Discussion

4.5.1 Binding kinetics and membrane antigen recognition

In the study presented in this chapter, we explored different strategies to address 

the relevance o f the b ind ing kinetic parameters of the BCR/antigen interaction in 

the membrane antigen recognition process. To this end, we took advantage of 

BCR transgenic m ice that recognise antigens w ith  varying on-rates and off-rates, 

something that was not attainable w ith  the M D4 transgenic system.

Unfortunately, the different approaches did not provide any conclusive result. B 

cells isolated from  the 3-83 transgenic mouse did not recognise fusion antigens of 

HEL and peptides and m onobiotinylated H-2K molecules tethered on artific ia l 

lip id  bilayers. S im ilar negative results were obtained w ith  the HSp transgenic 

mouse.

In the case o f the HEL-peptides fusion antigens probably the epitope is hidden 

due to the fusion itself, and therefore the BCR cannot bind it. A sim ilar 

mechanism may be involved w ith  the m onobiotinylated antigens, but in this case 

the masking of the epitopes may be due to the tethering through an avidin 

m olecule on the bilayers.
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This idea is supported by experiments that showed that transgenic B cells 

effectively bound some of the antigens (for example the H-2K molecules) when 

they were incubated in solution w ith  them.

The experiments performed w ith  antigenic peptides recognised by the 3-83 BCR 

transgenic mouse d iluted w ith  an irrelevant m onobiotinylated peptide were the 

on ly experiments that provided a positive result. They suggest that the off-rate is 

an im portant parameter determ ining the accum ulation o f antigen. The main 

problem  encountered in this case was that we did not manage to obtain 

measurements o f the b ind ing kinetics for the antigens as the antigenic peptides 

have a very low  m olecular weight, and therefore they are not adequate for SPR 

analysis.

These experiments also showed that for this system the avid ity plays an im portant 

role in the recognition o f membrane antigens, contrary to what we observed w ith  

the M D4 system. Structural differences of the two types o f antigens may account 

for this difference, as one consists o f small peptides and the other o f g lobular 

proteins.

The relevance o f the dissociation half-life  in the recognition o f membrane 

antigens w ou ld  be in line w ith  previous reports on the recognition o f M HC- 

peptides by T cells (Crakoui et al., 1999). Furthermore, as the range o f affinities 

and kinetic parameters o f antigen/BCR interaction that a B cell may encounter are 

broader than T cells, our results could be extensive to most ligand/receptor 

interactions. Further experiments w ill be necessary to solve this question.

4.5.2 Membrane diffusion and antigen recognition

Alteration of the com position of the artific ia l bilayers proved to be a d ifficu lt task, 

since the inclusion o f phospholip ids w ith  saturated chains or cholesterol altered 

the structure o f the artific ia l bilayers generating clusters o f non-diffusible 

molecules (Figure 4.9). Thus, we could not use bilayers prepared w ith  these 

phospholip ids to address the effect of membrane diffusion in antigen recognition. 

Previous reports have shown that the diffusion o f receptors in the postsynaptic 

membrane is an im portant parameter contro lling  the transmission o f nerve 

impulses (Choquet and Triller, 2003). Therefore, it w ill be interesting to explore if
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this is also an im portant parameter affecting the recognition o f membrane 

antigens by lymphocytes.

This w ill require a dedicated effort in the development of artific ia l bilayers w ith  

the desired characteristics.

4.5.3 Dissociation half-life and membrane tethering

Several groups have attempted to measure two-dim ensional a ffin ity  constants (2D 

Kd). However, this has proved to be a very d ifficu lt task and on ly  a few 2D  

constants o f in teraction have been reported (Davis et al., 2003; Dustin et al., 

1996; Shaw and Dustin, 1997). W hat is evident from these studies is that there is 

no simple relationship between the 2D  and the 3D Kd values.

FRAP experiments w ith  cells treated w ith  src kinase inhib itors a llow ed us to 

explore the effect o f tethering an antigen on a membrane on the dissociation half- 

life. A lthough this approach only provides estimated membrane t 1/2 that are slower 

than real membrane t 1/2, it is interesting to remark that they increase by several 

orders o f magnitude compared to solution measurements. This in part explains 

w hy B cells e ffic ien tly  aggregate antigens that have an extremely low  t1/2 in 

solution as measured by SPR (Bell, 1978; Dustin, 1997).

Finally, the kind o f measurements that we performed may be useful in order to 

understand how 2D  and 3D affin ity  are related.
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Chapter 5: Spreading and contraction response during 

membrane antigen recognition

5.1 Introduction

As described in the previous chapters, during the early stages o f membrane 

antigen.recognition, B cells spread and contract on the target surface. W e have 

also shown that this ce llu la r response correlates w ith  the engagement and 

accum ulation o f antigen. Interestingly, we observed that most o f the antigen 

molecules seem to be engaged during the spreading phase as the tim e point of 

m axim um  area o f spreading correlates w ith  the tim e point o f m axim um  am ount of 

antigen engagement (see Figures 3.2 and 3.6). In the same line, the results 

obtained w ith  the experiments using beads as surrogate cells suggest that the 

fle x ib ility  o f the cell membrane may play a role during membrane antigen 

recognition.

Taken together these results suggest that cell spreading has in fact an im portant 

role during antigen accum ulation. Therefore, we wanted to explore further its 

involvem ent in this process.

5.2 Importance of the spreading response

5.2.1 Dependence on signalling

In itia l experiments support the notion that spreading is triggered by antigen 

engagement through the BCR and not simply by contact w ith  the bilayer (Figures

3.2 and 3.6). Therefore, we reasoned that B cells that cannot signal through the 

BCR should not be able to spread.

To test this hypothesis, we took advantage o f different lines o f transgenic B cells 

that express the D1.3 BCRs that bind an epitope o f the hen egg lysozyme w ith  a 

very high a ffin ity  (Figure 5.1 A) (Teh and Neuberger, 1997). However, the three 

different lines o f transgenic BCRs present altered signalling properties (Figure 5.1 

B). B cells from  the IgM transgenic line express a canonical BCR, w ith  an antigen- 

specific membrane im m unog lobu lin  and the signalling components Iga and lg[3. 

The lgM/|3Y>L transgenic B cells express a chim eric IgM that consists o f the 

membrane im m unog lobu lin  fused to the cytoplasm ic tail o f the lg|3 chain. The
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Figure 5.1. Schematic representation of the D1.3 transgenic lines.
(A) Shows the X-ray crystal structure of HEL complexed w ith  the D1.3 (blue), the 
HyHel5 (green) and the H yH e llO  (light gold) monoclonal antibodies. The affinity 
o f interaction for the D 1.3 antibody is very high. (B) Diagrams of the different ch i­
meric BCRs w ith  D 1 .3 b ind ing specificity, but altered signalling properties. IgM is a 
canonical BCR, w h ile  IgM/p is a chim eric receptor that consists of the IgP tail (yel­
low) fused d irectly  to the membrane im m unoglobulin. The lgM /pY>L receptor is the 
same chim eric receptor, but is signalling-deficient since the tyrosines on the ITAM 
m otif have been mutated (yellow band w ith  red dots).
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transmembrane domain was replaced w ith  the H2 transmembrane dom ain of the 

MHC molecules, and therefore this receptor cannot associate w ith  the 

endogenous signalling components o f the BCR (Teh and Neuberger, 1997). 

Furthermore, the tyrosines of the ITAM m otif o f the fused IgP chain were replaced 

by leucines, thus the BCR o f these B cells is signalling deficient (Figure 5.1 B). The 

th ird transgenic line (IgM/p) expresses the same chim eric BCR, but w ith  an intact 

ITAM m otif of the fused Igp chain (Figure 5.1 B).

W e first analysed the recognition of the HELWT antigen tethered on the bilayer by 

the D1.3 transgenic B cells that express the canonical BCR (IgM). As shown in 

Figure 5.2 A (top panels) and B, these B cells spread norm ally and contract to 

accumulate the antigen previously engaged.

When we tested the behaviour o f B cells isolated from the signalling-deficient 

D1.3 mouse (lgM /pY>L), we observed that they have an impaired capacity to 

spread, and the antigen seems to be accumulated in a passive way, by 

engagement o f the freely diffusing antigen at the point of contact (Figure 5.2 A 

(m iddle panels) and B). Signals delivered from the IgM/p ch im eric BCR are 

sufficient to restore this ce llu lar response, as B cells spread norm ally (Figure 5.2 A 

(bottom panels) and B).

W e then quantified the am ount o f antigen aggregated by measuring the increase 

o f the associated fluorescence at the site of contact. W e observed that signalling 

deficient B cells (lgM /pY>L) have an impaired capacity to accumulate antigen 

compared to signalling competent B cells (IgM and IgM/p) (Figure 5.2 C).

Similar results were obtained when we tested other signalling defic ient B cells, the 

A20 B cell line transfected w ith  the same HEL-specific BCRs w ith  altered 

signalling capacity (Figure 5.3 A and B) (W illiam s et al., 1994). As shown in 

Figure 5.3 A and B, A20 B cells transfected w ith  signalling deficient BCRs, 

lgM /pY>L and H2, did not spread and aggregated the antigen in a passive way. A 

signalling-competent BCR restored their spreading response (Figure 5.3 A and B). 

This differential response depending on the signalling capacity had a dramatic 

effect in the amount of antigen that the cells accumulated (Figure 5.3 C).

These results were further confirmed by treatment of M D4 B cells w ith  Src kinase 

inhib itors (PP1 or PP2) that block the in itia l signals delivered by the BCR. As 

shown in Figure 5.4, B cells treated w ith  these inhibitors did not spread compared

11 &
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Figure 5.2. Signalling dependence of the spreading response.
(A) The time lapses show confocal images o f IgM (top panels), IgM /pY>L (medium 
panels) and IgM/p (bottom panel) transgenic D 1.3 B cells naTve in contact w ith  ar­
tific ia l lip id  bilayers loaded w ith  H E L^ antigen at a density o f 150 molecules/pm2. 
Contacts o f the B cell w ith  the bilayer were visualised by IRM (grayscale). Scale 
bars: 2 pm. (B) Surface area of spreading and (C) amount o f H E L^  antigen aggre­
gated for the different transgenic backgrounds as a function o f time.
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Figure 5.3. Signalling dependence of the spreading response: A20 B cell line.
(A) A20 B cells expressing a canonical IgM (top panel), lgM/|3 (second panel), 
lgM/|3Y>L (third panel) or lgM /H2 (bottom panel) BCR were allow ed to settle onto 
artific ia l lip id  bilayers loaded w ith  HELWT antigen at a density o f 150 
m olecules/pm 2 (green, top rows). Individua l cells were fo llow ed  by confocal 
m icroscopy for 30 minutes. Contacts o f the B cell w ith  the bilayer were visualised 
by IRM (grayscale, bottom  rows). (B) Surface area o f spreading and (C) am ount of 
H E L ^  antigen aggregated for the different transgenic backgrounds as a function of 
time.
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w ith  the Src kinase inh ib ito r PP2 in contact w ith artificial bilayers loaded w ith  the 
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to untreated cells when they encounter the HELW1 on artific ia l lip id  bilayers. Their 

capacity to accumulate antigen was also impaired and the aggregation process 

resembled the one o f signalling defic ient B cells (Figure 5.4).

In conclusion, these results show that B cell spreading is triggered by signals 

delivered through the BCR and not on ly by antigen binding. In fact, B cells that 

express a BCR w ith  an extremely high a ffin ity for the antigen but are signalling- 

deficient cannot spread. In addition, when we performed the experiments w ith  

the IgM/p transgenic line, in w h ich the BCR is fused to on ly the IgP chain, the 

spreading response was normal. This result indicates that this single signalling 

com ponent o f the BCR com plex is sufficient to trigger this ce llu lar response.

5.2.2 Signal localisation and spreading

W e next wanted to understand if signals bypassing the localised triggering 

through the BCR on the lip id  bilayer could eventually promote cell spreading. For 

this purpose, we settled signalling-defic ient B cells on lip id  bilayers loaded w ith  

HEL and a llow  them to aggregate the antigen passively for 15 minutes. After that, 

we injected in to the chambers ionom ycin or an anti-kappa antibody to trigger cell 

signalling through tw o different pathways. Ionom ycin is an ionophore that causes 

the entry o f ca lc ium  through the plasma membrane. Calcium  is an im portant 

second messenger responsible o f several o f the effects of BCR mediated signalling 

(N iiro  and Clark, 2002). The anti-kappa antibody has a high capability  to 

crosslink the endogenous non-transgenic BCR expressed by the signalling- 

deficient B cells (Teh and Neuberger, 1997).

As shown in Figure 5.5, B cells d id  not spread on the target membrane by 

overcom ing the signals delivered by local contact through the BCR. This suggest 

that signals delivered loca lly  through the BCR as a consequence o f membrane 

antigen recognition are responsible for the oriented spreading response on the 

antigen bearing membrane.
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Figure 5.5. Effect of bypassing the BCR signalling cascade.
Transgenic lgM /pY>L D1.3 B cells were allowed to interact w ith  the HEL'*'1 antigen 
loaded on artific ia l bilayers at a density o f 150 molecules/pm2. After 15 minutes of 
interaction, the chambers were injected w ith (A) ionomycin or (B) an anti-kappa 
antibody and the response o f the B cells fo llowed for another 15 minutes.
The signals delivered by the ionophore or by the cross-linking of the endogenous 
BCR expressed by the lgM /pY>L D1.3 B cells were not sufficient to trigger the cell 
spreading response o f B cells.
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5.2.3 Dependence of the spreading response on the affinity and the density of 

antigen on the target membrane

O ur results showed that cell spreading is im portant for antigen accum ulation; 

therefore we postulated that the extent o f this response should be sensitive to the 

affin ity o f the BCR/antigen interaction as w e ll as to the density o f antigen on the 

bilayer. This w ou ld  in turn have an im pact on the am ount o f antigen accum ulated 

at the end of the process. To test this hypothesis, we analysed the interaction o f 

M D 4 B cells w ith  the different HEL antigens tethered on artific ia l bilayers through 

the GPI-linked HyHel5 Fab fragment. To fo llow  changes in m orphology by 

confocal m icroscopy, we labelled the cell membranes w ith  the PKH26 dye.

As expected, PKH26 fluorescence images showed that the m axim um  area o f B 

cell spreading depended on the a ffin ity o f the interaction (Figure 5.6 A). For 

example, B cells exhibited an increased area of spreading on bilayers loaded w ith  

HELRD compared to those loaded w ith  HELRKD, w h ich has a 1000-fold decreased 

in its a ffin ity for the H yH e l! 0 BCR (Figure 5.6 A).

However, we cou ld  not observe any difference in the area delim ited by PKH26 

fluorescence between HELRD and HELK, even though B cells were able to 

discrim inate them effic ien tly  in terms of number o f molecules accumulated 

(Figure 5.6 A). Since the dye is homogeneously distributed in the plasma 

membrane, we reasoned that confocal images m ight not be accurate enough to 

discrim inate m orphologica l changes that take place at the level o f the artific ia l 

bilayer from m orphologica l changes in other sections o f the cell body.

W e then measured the area defined by the surface o f antigen engagement (see 

Materials and Methods). In this case, we observed that in fact the m axim um  area 

o f spreading depended precisely on the a ffin ity of the BCR/antigen interaction 

(Figure 5.6 A and B). Differences in the spreading response to the different 

antigens were also evident when we analysed M D 4 B cells by SEM (Figure 5.7). 

W e also tested the effect o f the density in the spreading response, and we found a 

sim ilar dependence: the extent o f the spreading area decreases when the density 

o f antigen on the bilayer decreases (Figure 5.8). In fact, cell spreading showed a 

sharp decrease when the density was decreased, as we have previously shown for 

the antigen accum ulation process (Figure 5.8).
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Figure 5.6. Dependence of the spreading response on the affinity of the 
BCR/antigen interaction.
(A) The tim e lapses show confocal images o f transgenic M D 4 naTve B cells in 
contact w ith  artific ia l lip id  bilayers loaded w ith  HELRD (top panels), HELK (m iddle 
panels) and HELRKD (bottom panels) antigens at a density o f 150 m olecules/urn2. 
Cell membranes were visualised by PKH26 staining (red). Dotted line shows the 
maxim um  area o f spreading as assessed by the antigen fluorescence. Scale bars: 2 
pm. (B) Surface area o f spreading o f M D 4 B cells for the d ifferent HEL m utant 
antigens as a function o f time.
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Figure 5.7. Dependence of the spreading response on the affinity of the BCR/an­
tigen interaction: SEM analysis of B cell morphology.
M D4 B cells were settled on artific ia l bilayers loaded w ith H E L^ (top lane), HELK 
(middle lane) and HELRKD (bottom lane) at a density of 150 molecules/pm2 and fixed 
at different tim e points. Cell morphology was then analysed by SEM. Arrows mark 
the lim its o f the spreading cell membrane. Scale bars: 2 pm.
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Figure 5.8. Dependence of the spreading response on the density of antigen on 
the artificial bilayer: evidence for an affinity ceiling.
M D 4 B cells were settled on artific ia l bilayers loaded w ith  the different HEL anti­
gens at the indicated densities, and the kinetics o f interaction fo llow ed  by confocal 
microscopy. The plots show the area o f spreading accum ulation fo r (A) 75 m o l­
ecules/pm2 and (B) 15 m olecules/pm 2. Note that B cells spread to the same extent 
when they encounter either HELRDCN or H E L^ even though the ir 400 -fo ld  difference 
in affinity.
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In this case we also observed a ce iling  in the maximum area o f spreading 

co incident w ith  the a ffin ity ce iling observed for the antigen accum ulation process 

(Figure 5.8).

Taken together, these results suggest that a m in im um  membrane avid ity, that is 

a ffin ity  and density, is necessary not on ly  to trigger the cell spreading, but also to 

sustain it. Therefore, the extent o f this response has a direct im pact on the am ount 

o f antigen that is accum ulated at the end o f the antigen recognition process.

5.2.4 Effect of LFA-1/ICAM-1 interaction in the spreading response

W hen B cells recognise antigens tethered on a cell membrane, a structure known 

as im m unological synapse (IS) is formed (Batista et al., 2001; Carrasco et al., 

2004). This structure is characterised by a central cluster o f BCR/antigen 

complexes (known as cSMAC), and a peripheral ring of ICAM-1/LFA-1 adhesion 

molecules (known as pSMAC) (Figure 5.9 A). W e reproduced the IS on artific ia l 

bilayers by inc lud ing  CPI-linked ICAM-1 together w ith  the antigen (Figure 5.9 B). 

Using this system we previously showed that the presence o f ICAM-1 on the 

bilayers decreases the thresholds for antigen recognition and B cell activation 

(Carrasco et al., 2004). Therefore, we wondered whether the ICAM-1/LFA-1 

interaction plays a role during the spreading response and in antigen 

accum ulation.

To test this, w e prepared lip id  bilayers w ith  CPI-linked Fab fragments together 

w ith  G Pl-linked Alexa Fluor 543-1CAM-1 and then analysed the effect o f this 

adhesion m olecu le in the spreading and contraction response o f M D 4 B cells. As 

shown in Figure 5.9 C, the presence o f ICAM-1 on the bilayer d id  not significantly 

affect the m axim um  area o f spreading o f the B cells in contact w ith  a high affin ity 

mutant (HELRD). But, we observed a small increase in the area o f spreading o f the 

B cells when the bilayers were loaded w ith  a HEL antigen (HELRKD) that has a low 

a ffin ity for the BCR (Figure 5.9 C). These results are in agreement w ith  our 

previous report in w h ich  we showed that the ICAM-1 /LFA-1 interaction during 

membrane antigen recognition decreases the threshold o f activation by increasing 

adhesion (Carrasco et al., 2004).

SEM analysis o f B cells in contact w ith  bilayers loaded w ith  the H E L ^  antigen in 

the presence or in the absence of ICAM-1 revealed that spreading B cells adhere
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Figure 5.9. Effect of ICAM-1 in the spreading response.
(A) 3-83 transgenic B cells labelled w ith  a Cy3-conjugated Fab fragment o f an 
anti-IgM  m onoclonal antibody (green) were incubated w ith  L-cells transfected 
w ith  a CPI-linked ICAM-1 molecules fused to GFP (red). The L-cells express the 
H-2Kk molecule, recognised specifica lly by the 3-83 B cells. The confocal images 
show an im m unological synapse established between the two cells evidenced by 
the accum ulation o f the BCR in the centre (cSMAC) and the exclusion o f the 
ICAM-1 m olecule to the periphery (pSMAC). (B) Shows confocal images o f a 
mature im m unological synapse formed by an M D4 B cell in contact w ith  artific ia l 
bilayers contain ing HEL antigen (green) and an Alexa Fluor 543-conjugated CPI- 
linked ICAM-1 m olecule (red). Note the enlarged surface o f contact evidenced by 
the large IRM signal (grayscale). Scale bars: 2 jam. (C) Area o f spreading as a 
function of tim e o f M D 4 B cells in contact w ith  artific ia l lip id  bilayers loaded w ith  
either \-\E lRD (closed circles) or HELRKi:) (open squares) at a density of 150 
m olecules/um 2 in the presence (full trace) or in the absence (dashed trace) of 
ICAM-1. (D) SEM analysis o f M D 4 B cells fixed at 2 minutes o f contact w ith  
artific ia l lip id  bilayers loaded w ith  HELVVT at a density of 150 m olecules/urn2 in the 
presence (left picture) or in the absence (right picture) o f ICAM-1. Scale bars: 2 
pm.



more strongly to the membrane in the presence o f ICAM-1, as revealed by the flat 

surface o f the lam ellipod ia  structure, compared to a rough surface in the absence 

o f the adhesion m olecule (Figure 5.9 D).

These results support the notion that cell spreading is driven m ain ly by the BCR.

5.2.5 Spreading and affinity discrimination

O ur results show that cell spreading is triggered by signals delivered through the 

BCR upon antigen engagement: B cells that express a signalling de fic ien t BCR or 

treated w ith  signalling inhib itors do not spread. The membrane antigen avidity, 

that is the density at w h ich  it is displayed and its a ffin ity for the BCR, affect the 

extent o f the spreading response m ainly by affecting the s ignalling through the 

BCR. The extent o f the B cell spreading response determines in turn the am ount o f 

antigen that B cells accumulate at the end o f the process.

W ith  this in m ind, we wanted to understand if cell spreading plays a role in the 

capacity o f B cells to discrim inate between antigens w ith  different affinities.

To this end, w e took advantage o f the D1.3 transgenic system and m utant HEL 

antigens that show a 60-fold difference in their a ffin ity  for the BCR (Table 1). B 

cells isolated from  the signalling competent IgM D1.3 transgenic mouse spread 

norm ally and discrim inated between the two antigens in terms o f num ber o f 

molecules accum ulated (Figure 5.10 A, left plot). However, s ignalling defic ient B 

cells showed an im paired capacity to discrim inate antigens and both were 

aggregated to a sim ilar extent (Figure 5.10 A, right plot).

Sim ilar results were obtained when we tested the transfected A20 B cell line. Cells 

transfected w ith  the canonical IgM were able to discrim inate the different 

antigens, w h ile  cells transfected w ith  the signalling im paired BCR lost this 

capacity (Figure 5.10 B).

From this results we concluded that cell spreading is not on ly  im portant for 

antigen accum ulation, but it also plays an im portant role in a ffin ity 

discrim ination.
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Figure 5.10. Spreading response and affinity discrimination.
(A) Kinetics of antigen accumulation of IgM/p (left panel) and lgM/(3Y>L (right panel) 
transgenic B cells in contact with lipid bilayers loaded with HEL^ (triangles) or 
HELV (triangles) antigens at a density of 150 molecules/pm2. Signalling deficient 
IgM/p Y>L B cells show an impaired capacity to discriminate antigens compare to 
signalling competent IgM/p B cells. (B) Similar results were obtained with A20 B 
cells transfected with the same BCRs.
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5.3 Insights into the mechanism of cell spreading and contraction

W e showed that cell spreading is triggered by antigen engagement through the 

BCR. A m in im um  avid ity  is necessary to trigger it, but probably it is also necessary 

to sustain it. Therefore, to dissect its mechanism we focused on tw o  aspects o f the 

spreading process: the force that drives the cell spreading, and how  cell spreading 

is sustained.

5.3.1 Driving force of cell spreading: actin polymerization

Previous reports have shown that synapse form ation in B cells leads to F-actin 

polarisation (Batista et al., 2001). Therefore, we reasoned that polarised actin 

polymerisation may be the driv ing force o f the spreading response.

To test this hypothesis, we incubated M D 4 B cells w ith  H E L ^  antigen loaded 

bilayers for 10 minutes and fixed them (Materials and Methods). To visualise F- 

actin, we stained them w ith  fluorescently labelled pha llo id in  and analysed them 

by confocal m icroscopy.

W e observed a polarisation o f the F-actin towards the antigen recognition site 

(artificial membrane) in the form o f an actin ring surrounding the antigen/BCR 

cluster in agreement w ith  previous reports (Figure 5.11).

W hen we analysed B cells fixed at different tim e points, we observed that F-actin 

is in itia lly  present at the site o f cell contact w ith  the bilayer (antigen engagement 

site) and then localises in a peripheral ring throughout the spreading phase (Figure 

5.11). The F-actin ring is maintained even during the contraction phase, 

coordinating the antigen accum ulation process (Figure 5.11). Thus, actin 

polymerisation appears to be the driv ing force that guides cell spreading.

M ichele W eber (a PhD student in the lab) further confirm ed this result by treating 

B cells w ith  actin polym erisation inhib itors (latrunculin and cytochalasin D). The 

inh ib ito r treatment abolished the capacity o f B cells to spread.

These results suggest that signals delivered through the BCR trigger local actin 

polymerisation that drives the cell spreading. To test this hypothesis, we fixed 

M D 4 B cells at different tim e points and looked for the pattern o f tyrosine 

phophorylation by im m unostaining. As shown in Figure 5.11, tyrosine 

phosphorylation shows a sim ilar pattern o f d istribution as F-actin, and they 

partia lly co-localise.
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Figure 5.11. Localisation of F-actin and pTyr during membrane antigen recogni­
tion.
(A) Confocal images o f a representative M D4 B cell fixed after 10 minutes o f con­
tact w ith  an artific ia l membrane loaded w ith  HEL^1 antigen (green) at a density of 
150 molecules/pm2 and stained w ith  Alexa Fluor 543-phallo id in (red). (B) Shows 
the profile o f the actin staining shown in (A) defined by the dashed arrow. (C) Con­
focal images o f representative M D4 B cells fixed at the indicated tim e o f contact 
w ith  an artific ia l membrane loaded w ith  H E L^ antigen (green) at a density o f 150 
molecules/pm2 and stained w ith  Alexa Fluor 543-phallo id in (red) and a fluores- 
cently labelled anti-pTyr antibody (blue). Scale bars: 2 pm.
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These results support the notion that signals delivered through the BCR upon 

antigen engagement trigger a local actin polymerisation that drives cell spreading.

5.3.2 BCR/cytoskeleton connections

The next aspect we investigated was how the signals o f the BCR are transmitted to 

the cytoskeleton. Bunnell and colleagues have shown that the adaptor protein 

LAT is fundamental for the spreading response of T cells, presumably link ing  the 

TCR to the cytoskeleton (Bunnell et al., 2001). Another protein that has been 

involved in TCR-mediated cytoskeletal reorganization is the guanosine exchange 

factor Vav (Fischer et al., 1998a; Fischer et al., 1998b; W u lfing  et al., 2000). As 

LAT is not expressed in B cells, we focused on the Vav protein.

5.3.3 Role of Vav proteins

Vav is a guanine nucleotide exchange factor for the Rho fam ily  o f GTP-ases 

(Hornstein et al., 2004). In B cells, Vav has been shown to play an im portant role 

in diverse aspects o f BCR-mediated signalling and B cell development, but very 

little  is known o f its involvem ent in cytoskeletal m odifications (Turner, 2002a; 

Turner, 2002b).

B cells express three isoforms o f the Vav proteins, Vav1, Vav2 and Vav3 (Turner, 

2002b). To explore the function o f the Vav exchange factors in the spreading 

response of B cells, we took advantage o f B cells isolated from  m ice defic ient in 

Vav1 and Vav2 proteins (Vav1'/'A /av2 / ). Dr M artin Turner (Barbaham Institute, 

Cambridge) provided us w ith  the mice and we crossed the V a v r /W a v 2 'A w ith  the 

M D4 transgenic mice, therefore we could analyse the spreading response on 

artific ia l bilayers loaded w ith  HEL antigen.

W e observed that V a v r /VVav2'/' knockout M D4 B cells have a marked im pairm ent 

in cell spreading (Figure 5.12 A, B and C). Surprisingly, these B cells aggregate as 

much antigen as M D 4 W T B cells, but at a much lower rate (Figure 5.12 D). In 

order to c larify this discrepancy, we analysed the m orphology o f the Vav deficient 

B cells in contact w ith  a rtific ia l bilayers loaded w ith  the HEL antigen. SEM 

analysis revealed that these cells appeared deformed and flattened compared to 

W T M D4 B cells, thus show ing a change in m orphology (Figure 5.12 E and F).
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Figure 5.12. Role of Vav proteins in B cell spreading.
(A) Vavl/Vav2-defic ient or (B) W T M D4 B cells were settled on artific ia l bilayers 
loaded w ith  HEL^1 antigen at a density of 150 molecules/pm2, and the kinetics of 
interaction fo llow ed by confocal microscopy. Contacts w ith  the bilayer were fo l­
lowed by IRM (greyscale). Dotted white line lim its the spreading area as assessed 
by antigen fluorescence. Scale bars: 2 pm. (C) Area of spreading and (D) amount of 
antigen accumulated as a function of time (closed circles: W T M D 4 B cells; open 
circles: Vav W av2 -de fic ien t M D4 B cells). (E) Vav W av2 -de fic ien t or (F) W T M D4 
B cells were settled on artific ia l bilayers loaded w ith H E L^ antigen at a density of 
150 molecules/pm2, and fixed at different time points. Cell m orphology was anal­
ysed by SEM. Scale bars: 2 pm.
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The results presented in this section suggest that Vav1 and/or Vav2 are the 

proteins that link the BCR w ith  the cytoskeleton. Further experiments w ill be 

needed to address the im portance o f the ind iv idual Vav isoforms in the spreading 

response.

5.3.4 Role of Rac proteins

Next we addressed the mechanism by which Vav proteins are able to trigger the 

localised actin polymerisation guided by the BCR. Rho CTP-ases are one o f the 

main downstream effectors of Vav adaptor proteins (Turner, 2002b). This fam ily  of 

GTP-ases includes Rho, Rac and Cdc42 proteins, and each one o f these proteins 

has been involved in triggering actin polym erization leading to the form ation of 

particular ce llu lar structures during cell movement (Jaffe and Hall, 2005). For 

instance, Rho has been associated to the form ation of stress fibers, Cdc42 to the 

formation of filopod ia  and Rac is involved in the form ation of lam ellipod ia  during 

m igration (Jaffe and Hall, 2005).

Since the cell spreading that we observed in B cells involves the form ation o f a 

lam elIipod ia-like structure, we decided to investigate the function o f Rac during 

this ce llu lar response.

B cells express tw o isoforms of Rac proteins, Racl and Rac2, w h ich  are involved 

in development and signalling (Walmsley et al., 2003). In order to test the 

relevance of the Rac proteins in the cell spreading response, we took advantage of 

B cells isolated from Rac1 and Rac2 deficient m ice (Walmsley et al., 2003).

W e first analysed the spreading response of RacJ and Rac2-deficient B cells. 

Since the Rac defic ient lines do not express an antigen-specific transgenic BCR, 

we used artific ia l bilayers w ith  b iotinylated lip ids loaded w ith  an anti-kappa 

antibody as a surrogate antigen. As shown in Figure 5.13 A, R a d a n d  Rac2 /_ B 

cells did not show any evident compromise in cell spreading.

W hen we next analysed the cell morphology by SEM, we observed that Rac 

deficient B cells presented a smooth surface w ith  the loss o f m ic ro v illi compared 

to W T B cell (Figure 5.13 B). However, they did not show any m ajor abnorm ality 

contrary to Vav defic ient B cells (Figures 5.13 B and 5.12 E and F).
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Figure 5.13. Role of Rac proteins in B cell spreading.
(A) WT (top panels), Rac1-deficient (m iddle panels) and Rac2-deficient (bottom 
panels) B cells were settled on artific ia l bilayers loaded w ith  an anti-kappa antibody 
as a surrogate antigen, and the kinetics o f interaction fo llowed by confocal m icros­
copy. Contacts w ith  the bilayer were fo llowed by IRM (grayscale). Dotted line shows 
the maximum area of spreading. Scale bars: 2 pm. (B) SEM analysis o f fixed B cells 
after 10 minutes o f interaction w ith  antigen-loaded bilayers. Scale bar: 2 pm.
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5.3.5 Contraction phase

W e have shown that cell spreading is triggered by signals delivered through the 

BCR and is an active mechanism dependent on actin reorganisation. Thus, next 

we wanted to get an insight into the mechanism o f the contraction phase. Several 

reports suggest that myosin proteins are involved in the contraction phase during 

cell m igration (Jacobelli et al., 2004; Small and Resch, 2005).

As an in itia l approach to test this hypothesis, we tested the capacity o f M D 4 B 

cells treated w ith  myosin light chain kinase inhib itors to contract. B cells were 

treated w ith  either ML-7 or blebbistatin inhibitors and settled on a rtific ia l bilayers 

w ithout previous washing. This was performed so that the inh ib itors w ou ld  be 

present throughout the w hole experiment.

In both cases the capacity of B cells to accumulate antigen was severely im paired 

(Figure 5.14). In fact, cells treated w ith  the ML-7 inh ib ito r did not establish any 

contact w ith  the artific ia l bilayer, nor aggregated any antigen (Figure 5.14). In the 

case of cells treated w ith  blebbistatin, we observed that some cells (« 40%) were 

still able to established weak contacts w ith  the bilayers and to spread (Figure 

5.14). FHowever, they seemed to have a delayed contraction phase as w e ll as an 

impaired capacity to accumulate antigen (Figure 5.14). A lthough these results 

seemed prom ising they did not provide any insight of the contraction mechanism.

1 a o



Control
HELWT

ML-7o
IRM

Blebbistatino
IRM

Figure 5.14. Contraction phase.
M D4 B cells were treated w ith  vehicle (DMSO, top panels), M L-7 (m iddle panels) 
and blebbistatin (bottom panels) for 20 minutes and settled on artific ia l bilayers 
loaded w ith  H E L^  antigen at a density of 150 molecules/pm2 and the interaction 
followed by confocal microscopy. Contacts w ith  the bilayer were fo llow ed by IRM 
(grayscale) Scale bars: 4 pm.
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5.4 Proposing a model of the cell spreading and contraction response

In this chapter we showed that the spreading response is triggered by antigen 

engagement through the BCR and it on ly takes place when the b ind ing  avid ity  of 

the B cell for the antigen bearing membrane is above a m in im um  threshold. This 

avid ity threshold is determ ined by both the affin ity of the BCR for the antigen and 

its density in the two-dim ensional plane of the membrane. The m axim um  area of 

spreading is also dependent on these two parameters.

W ith  these results in m ind, we proposed a model for the spreading phase of the 

membrane antigen recognition process (Figure 5.15). In itia lly , the B cell w ill 

expose a certain number of antigen receptors to the antigen bearing membrane; if 

a m inim um  percentage o f these receptors engage the freely diffusing antigen 

molecules, the cell spreading response w ill be triggered (Figure 5.15). The degree 

of receptor occupancy w ill depend exclusively on the membrane avidity.

After the in itia l spreading event, the cell w ill expose a new set o f receptors to the 

antigen bearing membrane. These new receptors w ill be subject to the same 

stringent av id ity  conditions in order to trigger a new round of cell spreading. In 

this way, this response w ill proceed in a series of spreading events until the 

contraction phase is triggered (Figure 5.15). W hich are the signals that trigger the 

contraction phase are unknown at the moment, but it seems a tigh tly  contro lled 

response as cells looked coordinated during the entire response. Moreover, our 

results using inh ib itors o f the myosin light chain (blebbistatin and ML-7) suggest 

that myosin proteins are involved in this cellu lar response.

Finally, the spreading response enhances the d iscrim ination of antigens of 

different affinities.

This model is supported by the results obtained by im m unostaining o f B cells 

fixed on the artific ia l lip id  bilayers. These results show that both signalling, as 

evaluated by phosphotyrosine immunostaining, and actin polym erisation take 

place in progressive rings in the periphery.

But, we wanted to test if the proposed model was a possible explanation for our 

quantitative results. To further address this we set out to setup a fluorescence 

resonance energy transfer (FRET) live m icroscopy technique.
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Figure 5.15. Model of spreading and contraction of B cells.
This diagram illustrates a B cell in contact w ith  a membrane carrying antigen (green). The B cell exposes a certain 
number o f BCRs (white circles). The B cell w ill sense the antigen only if the avidity o f the interaction is above a 
certain threshold. Then, if the avidity is high enough, a critical number o f B cell receptors w ill be occupied and that 
w ill trigger a spreading event. This w ill expose a new set o f receptors that w ill be subject to the same stringent cond i­
tion to sustain the spreading or to stop. The sustained spreading w ill continue until the cell starts to contract. At pres­
ent the mechanism is not fu lly  understood, and it is the focus o f major research (adapted from Fleire et al., 2006).
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Figure 5.16. Fluorescence resonance energy transfer (FRET) and spreading mech­
anism.
M D4 B cells were labelled w ith  a Cy3-conjugated Fab fragment o f an anti-IgM 
antibody (red) and settled on artific ia l bilayers containing the Alexa Fluor 488-con- 
jugated GPI-linked Fab fragment (green) loaded w ith  H E L^ antigen (top panels) or 
in the absence of it (bottom panels) at a density o f 150 molecules/pm 2. The FRET 
signal between Cy3 and Alexa Fluor 488 (shown in a pseudo co lor scale) was then 
measured over the time. A single time point (5 minutes) of each cond ition is shown. 
FRET ef: FRET efficiency. Scale bars: 5 pm.
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O ur idea was to measure a progressive increase in the area o f positive FRET signal 

between the BCR, labelled w ith  an Alexa Fluor 543-label led Fab, and the antigen 

on the bilayer labelled w ith  Alexa Fluor 488. This increase should be proportional 

to the serial spreading mechanism postulated.

W e observed effic ient FRET signal between the tw o fluorescent molecules w h ich  

was very encouraging in itia lly  (Figure 5.16). Flowever, we also observed an 

efficient FRET signal when the cells were settled on artific ia l bilayers in the 

absence of antigen (Figure 5.16). Furthermore, the difference between the tw o 

was extremely small. Therefore, part o f the signal is due to the contact o f the B 

cells w ith  the bilayer, even in the absence of antigen.

As a consequence of this, we discarded the FRET technique.

5.5 Discussion

In this chapter we analysed in detail the spreading and contraction response of B 

cells when they encounter antigens tethered on a membrane. W e showed that this 

process is triggered by signals delivered through the BCR upon antigen 

engagement, and is guided by actin polymerisation. Furthermore, our quantita tive 

results show the dependence of the spreading process extent on both the a ffin ity  

o f the BCR/antigen interaction and the density of the antigen on the target 

membrane.

5.5.1 Cell spreading: its relevance

Bunnell et al have previously described a spreading response o f T cells in contact 

w ith  rigid surfaces (coverslips) coated w ith  anti-TCR antibodies (Bunnell et al., 

2001). In the same line, Negulescu and colleagues described a s im ilar behaviour 

when T cells encounter APCs that carry specific antigens on their surface 

(Negulescu et al., 1996). In the case of B cells, spreading has been described 

when integrins are activated through anti-CD44 and anti-CD38 antibodies bound 

to coverslips (Santos-Argumedo et al., 1997; Sumoza-Toledo and Santos- 

Argumedo, 2004). Flowever, our experiments show for the first tim e that the 

spreading and contraction response triggered by antigen engagement through the 

BCR described here is a dynam ic mechanism that B cells em ploy to collect 

antigen molecules. O ur results also suggest that the a ffin ity o f the BCR/antigen
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interaction and the density o f the antigen on the target membrane regulate the 

extent of the spreading response. This in turn determines the am ount o f antigen 

that B cells co llect at the end o f the process.

Furthermore, our results revealed an im portant function of the spreading response 

in the affin ity d iscrim ination o f antigens, as we showed that B cells that cannot 

spread have an impaired capacity to discrim inate antigens in terms o f the am ount 

accumulated. In this line, it is interesting to cite the model o f a ffin ity  maturation 

proposed by Tarlinton and Smith (Tarlinton and Smith, 2000). This model 

proposed that the selection o f B cells that express BCRs w ith  high a ffin ity  for a 

specific antigen is based on the com petition for lim iting  amounts o f this antigen 

presented on the surface o f fo llicu la r dendritic cells (Tarlinton and Smith, 2000). 

Thus, it is tem pting to speculate that by spreading on the target membrane, B cells 

expressing BCRs w ith  varying affinities for a particular antigen can compete for 

lim iting  amounts o f this based fundam entally in the a ffin ity  o f the BCR/antigen 

interaction. B cells that express BCRs w ith  a higher a ffin ity  for the antigen w ill 

accumulate more antigen and they w ill be favoured in the selection process. 

Although a ffin ity  maturation is a poorly understood process, it is w e ll documented 

that the selection process is guided by the BCR/antigen interaction, and this could 

be a possible description o f the mechanism involved in this process (Shih et al., 

2002 ).

It w ill be im portant to dissect this model and to unveil the mechanism of 

spreading and contraction in vivo. Hopefully, technical improvements in 

m icroscopy, such as two-photon m icroscopy, w ill a llow  us to fo llo w  in detail the 

process of antigen recognition in intact lymph nodes.

Currently, the inform ation available is scarce and lim ited to measure the 

encounters.

5.5.2 Cell spreading: its mechanism

Bunnell et al have previously described the cell spreading response in Jurkat T 

cells (Bunnell et al., 2001). This report shows the dependence o f the spreading 

response on signals delivered through the TCR and calcium ; but more important, 

it shows its dependence on the adaptor protein LAT (Bunnell et al., 2001).



As B cells do not express the LAT adaptor protein, we looked for an alternative 

protein that may be involved in the spreading response. Vav proteins have been 

involved in cytoskeletal rearrangements in T cells, therefore we tested their 

involvem ent in B cell spreading (Fischer et al., 1998a; Fischer et al., 1 998b).

W h ile  the spreading capacity is severely impaired in Vav-defic ient B cells, their 

capacity to accum ulate antigen is not (though the process is delayed). This was 

in itia lly  surprising, as signalling deficient B cells (lgM/|3Y>L), that do not spread, do 

not accumulate antigen as effic iently as signalling competent B cells. However, 

when we analysed the cell m orphology o f V a v l/2  deficient B cells in contact w ith  

artific ia l bilayers by SEM, we observed that they looked deformed (Figure 5.12 E). 

Interestingly, it has recently been reported that stim ulation through the BCR 

induces a rapid global actin de-polymerisation in a BCR signal-strength 

dependent manner, fo llow ed by polarised actin re-polym erisation (Hao and 

August, 2005).

This result may explain w hy we observed deformed cell m orphology when we 

analysed V a v l/2  defic ient B cells by SEM: w h ile  these cells have a signalling- 

competent BCR, its engagement to the cytoskeleton is im paired. Therefore, the 

BCR w ould  still be able to trigger the in itia l actin de-polym erisation event, but not 

to coordinate and direct the active polarised actin polym erisation that guides the 

cell spreading response.

B cells defic ient in Rac1 or Rac2 proteins did not show any marked phenotype in 

the spreading response in our system. This result seems contradictory; however, 

one possibility is that any difference in the spreading response m ight be masked 

due to the strong nature of the stimulus (m onobiotinylated anti-kappa antibody 

tethered on artific ia l bilayers through an avidin bridge). A lternatively, Racl and 

Rac2 may have a partia lly  redundant role in B cell cytoskeletal rearrangements. 

The normal m orphology revealed by SEM supports this last idea.

Recent reports have suggested that the W AVE/Abi proteins are im portant for this 

process and this may help in trying to understand the pathways that guide it (Nolz 

et al., 2006; Zipfe l et al., 2006).
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Taken together, these results suggest that cell spreading and contraction response 

w ill involve tw o coordinated mechanisms: a fast actin de-polym erisation on one 

hand, fo llow ed by a localised actin polymerisation triggered and guided by the B 

cell receptor on the other.

In the same line, Delon and colleagues have shown that membrane relaxation 

promotes the conjugation between T cells and APCs that express a specific 

antigen (Faure et al., 2004). In this study, the authors showed that the inactivation 

o f ezrin-radexin-moesin (ERM) proteins triggered by the TCR is im portant for 

membrane relaxation and conjugates form ation (Faure et al., 2004). The authors 

also showed that ERM proteins are rapid ly inactivated through a V a v l-R a c l 

pathway.

Based on our results and those o f other groups it is clear that the BCR is the key 

organizer o f the spreading and contraction mechanism; however, its linkage w ith  

the cytoskeleton is poorly understood (Braun et al., 1982; H artw ig  et al., 1995; 

Jugloff and Jongstra-Bilen, 1997; Park and Jongstra-Bilen, 1997). From previous 

reports and our own results it seems in tu itive that Vav proteins play a key role in 

directing and coordinating the cytoskeletal changes triggered by the BCR 

(Hornstein et al., 2004).

It w ill be im portant to understand how the different cytoskeletal rearrangements 

guided by the BCR are coordinated. Particularly, it w ill be im portant to 

understand how  the in itia l actin de-polymerisation is triggered and how this is 

coordinated w ith  the membrane relaxation promoted by the Vav proteins.

5.5.3 Cell spreading: a lymphocyte response

Based on our experiments and previous reports on T cells we can conclude that 

cell spreading is a general mechanism of antigen recognition fo r lymphocytes. It's 

an early response to membrane antigen recognition that is triggered by signals 

delivered through the antigen receptor. The precise mechanism of spreading and 

contraction is clearly very com plex and further experiments w ill be necessary in 

order to unveil it.
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Chapter 6: Recognition of lipidic antigens by natural killer T 

cells

6.1 Introduction

Most T cells recognise antigenic peptides presented by M HC class I or class II 

molecules, but certain subset of T cells are able to respond to antigenic lipids 

(Godfrey et al., 2004). These lip id ic  antigens are presented by the C D ! fam ily  of 

non-canonical M HC class IB molecules (Gumperz, 2006). A particu lar subset of 

human T cells that recognise lip id ic  antigens in the context of CD1 molecules is 

known as NKT cells.

Follow ing antigen stimulation, NKT cells rapid ly release large amounts o f both 

Th1 and Th2 cytokines, includ ing TNF-a, IFN-y and IL-4, w h ich  stresses their 

importance as regulators o f immune responses.

W hile  the recognition of antigenic peptides by canonical CD4 and CD8 T cells 

have been extensively characterised, very little  is known about the recognition o f 

lip id ic  antigens by NKT cells (Grakoui et al., 1999; Irvine et al., 2002; W u lfin g  et 

al., 2002a).

In the fo llow ing  chapter, we analysed the parameters that govern this process. In 

order to understand what are, we took advantage o f the artific ia l lip id  bilayers to 

m im ic the interaction o f NKT cells w ith  specific antigens.

6.1.1 CD1 antigenic system and natural killer T cells

The CD1 fam ily  o f non-canonical M HC class IB molecules has a lim ited 

polymorphism  and it can be divided into tw o types: type I that consist o f CD1a, 

CD1b and CD1c, (and CD1e in humans), and type II that includes the CD1d 

molecule. W h ile  type I CD1 molecules present mammalian and mycobacterial 

lipids to both CD4 and CD8 T cells, it is currently unknown w h ich  antigens 

present the CD1d m olecule (Godfrey et al., 2004; Gumperz, 2006). It has been 

shown that the CD1d m olecule can bind specifically a broad range of lip ids that 

can in turn stimulate CD1 d-restricted T cells (Fischer et al., 2004; Rauch et al., 

2003; W u et al., 2005). The marine sponge derived a-galactosylceram ide (a-
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CalCer) is the most extensively studied ligand for C D ! d-restricted T cells (Godfrey 

et al., 2004).

CD1 d-restricted T cells are characterised by the expression o f a semi invariant a|3 

T cell receptor (TCR). In mice, the TCR is composed of the Va14Ja28 a-chain 

paired to the V|38.2, V(37 or V|32 (3-chains, whereas in humans it is exclusive ly 

composed of the Va24JaQ a-chain and the V(311 |3-chain.

Though the physiological relevance o f a lip id  derived from a marine sponge is 

unclear, it provides a model antigen to study the recognition o f lip id  antigens by 

CD1 d-restricted T cells.

The work presented in this chapter is part o f a collaboration that we established 

w ith  Dr V incenzo Cerundolo and Dr Corinna McCarthy to understand the 

parameters that govern the recognition o f lip id ic  antigens by NKT cells (Institute 

o f M olecular M edicine, Oxford - United Kingdom).

6.2 Results

6.2.1 Antigen recognition and synapse formation by NKT cells

In order to characterise the antigen recognition process, we fo llow ed  by confocal 

m icroscopy the interaction o f NKT cells w ith  artific ia l lip id  bilayers, loaded w ith  a 

m onobiotinylated CD1 d-a-GalCer molecule tethered through an Alexa Fluor 488- 

avidin bridge (Figure 6.1). W e also included in the bilayers an Alexa Fluor 543- 

conjugated GPI-linked ICAM-1 molecule, as it has been previously shown that T 

cells need ICAM-1 to effectively recognise antigens (Grakoui et al., 1999).

W e observed that NKT cells qu ick ly  spread on the target membrane as evidenced 

by the antigen and the large IRM signal (Figure 6.2 A). Simultaneously, they 

effic iently accumulated ICAM-1 and the CD1 d-a-GalCer m onom er in the area of 

contact, as observed by their fluorescent signal (Figure 6.2 A, B and C). After 5 

minutes, NKT cells formed a classical mature im m unologica l synapse, 

characterised by a central cluster of the CD1 d-a-GalCer m onom er surrounded by 

a ring of ICAM-1 (Figure 6.2 A). This structure was stable for at least 30 minutes 

(Figure 6.2 A).

To determine if the im m unologica l synapse form ation process is dependent on 

antigen recognition, we settled NKT cells on lip id  bilayers loaded w ith  the CPI- 

linked ICAM-1 m olecule and an m onobiotinylated CD1d m olecule loaded w ith
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a-GalCer (K = 7 .7 x  105 M 1)

p-GalCer

C20:0 (K = 3 .6 x  105 M 1)

O H

OCH (K=8.1 x1CP M 1)

O H

Figure 6.1. Ceramide analogues used as antigens for NKT cells.
Structure o f the analogues o f the ceramide used in this study. A ffin ity  values (K ) for 
the TCR are indicated next to the analogues' names. The numbers indicate the alkyl 
chain (1) and the phytosphingosine chain (2) o f ceramides.
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Figure 6.2. Recognition of the CD1 d-a-GalCer antigen tethered on lipid bilayers: 
formation of the NKT cell immunological synapse.
Kinetics of the N K T  cell im munological synapse formation. (A) Time lapse o f the 
interaction o f an NK T cell w ith  an artificial lip id  bilayer loaded w ith  the CD1d- 
a-GalCer antigen (green) at a density of 200 molecules/pm2 and ICAM-1 (red) at 
a density o f 80 molecules/pm2 as visualised by confocal microscopy. Contacts of 
the NKT cell w ith  the bilayer were visualised by IRM (grayscale, lower panels). The 
amount of (B) C D Id -ligand  and (C) ICAM-1 aggregated were quantified as a func­
tion o f time. Scale bars: 5 pm.
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CD1d
CD 1 d-f3-GalCer (2 0 0  m o le c u le s /p m 2)

ICAM-1

Figure 6.3. Immunological recognition and immunological synapse formation.
Short time lapse o f the interaction of NKT cells w ith  an artific ia l lip id  bilayer loaded 
w ith  CD ! d-p-GalCer antigen (green) at a density o f 200 molecules/pm2 and ICAM- 
1 (red) at a density o f 80 molecules/pm2 as visualised by confocal microscopy. 
Contacts o f the N K T  cell w ith  the bilayer were visualised by IRM (grayscale, lower 
panels). In the absence of a specific im m unological recognition N K T cells continue 
to migrate and do not form an im m unological synapse. Scale bars: 4 pm.
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the (3-CalCer analogue that is an epimer o f a-CalCer (Figure 6.1). The TCR has no 

affin ity for this C D !d-analogue com plex. As shown in Figure 6.3, NKT cells did 

not recognise this antigen. Instead, NKT cells e ffic iently accum ulated ICAM-1 

molecules and migrated on the bilayer, w ithou t any detectable accum ulation of 

C D ld  monomer (Figure 6.3). The NKT cells migrated w ith  a mean speed o f 10 

pm/s, which is sim ilar to previously reported values for T cells in v itro  and in vivo 

(M iller et al., 2004; Stoll et al., 2002).

These results show that NKT cells recognise the specific antigens tether on 

artific ia l bilayers and the antigen recognition process leads to the form ation o f an 

im m unological synapse.

6.2.2 Effect of affinity and density: thresholds for antigen recognition

W e next examined the effect of the affin ity of the TCR/CD1 d-ligand interaction in 

the antigen recognition process by NKT cells. To this end, we loaded in the 

bilayer an analogue of the a-CalCer, the OCH that has an a ffin ity  that is 100 

times lower (Figure 6.1).

As shown in Figure 6.4 A, the NKT cells also recognised e ffic ien tly  this antigen 

and they formed an im m unological synapse w ith  sim ilar kinetics as when the 

membranes were loaded w ith the a-GalCer analogue. However, quantitative 

analysis revealed that the number of C D ld -O C H  molecules accum ulated was 

lower than for the CD1 d-a-GalCer analogue (Figure 6.4 B). Furthermore, after 20- 

30 minutes o f interaction the NKT cells started to migrate disrupting the structure 

of the im m unological synapse (Figure 6.4 A).

To analyse the effect o f the antigen density in the recognition process, we 

fo llowed by confocal m icroscopy the interaction of NKT cells w ith  a rtific ia l lip id  

bilayers contain ing decreasing concentrations o f antigen. The data showed that 

C D ! d-a-GalCer is effic iently accumulated to form a mature im m unological 

synapse up to densities o f antigen as low  as 10 molecules/pm2, w h ile  C D ld -O C H  

is no longer recognised when its density is lower than 100 m olecules/pm2 (Figure 

6.5).

In conclusion, these results show that the affin ity o f the TCR for the C D ld - 

analogue com plex and the density of this on the target membrane are key 

parameters that determ ine the effective recognition o f antigens by the NKT cells.
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Figure 6.4. Dependence of the antigen recognition on the affinity of the TCR/ 
CD1d-ligand interaction.
(A) Time lapse o f the interaction o f an NK T cell w ith  an artific ia l lip id  bilayer 
loaded w ith the CD1 d-OCH antigen (green) at a density of 200 molecules/pm2 and 
ICAM-1 (red) at a density o f 80 molecules/pm2 as visualised by confocal m icros­
copy. Contacts o f the N K T  cell w ith  the bilayer were visualised by IRM (grayscale, 
lower panels). The amount o f (B) CD1d-ligand and (C) ICAM-1 aggregated were 
quantified as a function o f time. Note that after 20-30 minutes o f interaction the 
synapse is disrupted as the cell starts to migrate. Scale bars: 5 pm.
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Figure 6.5. Thresholds of immunological synapse formation for different ligands.
(A) Synapse form ation for the indicated ligands (a-GalCer and OCH) displayed at 
varying densities (top number in molecules/pm2) in the presence o f ICAM-1 (densi- 
ty=80 molecules/pm2) as visualised by confocal microscopy. A representative single 
cell after 15 minutes o f interaction w ith  the bilayer is shown in each column. (B) 
Shows the amount o f antigen accumulated for the different ligands and densities 
after the formation o f the mature im m unological synapse (10-15 minutes). ICAM-1 
accumulation levels are equivalent in all the cases (data not shown). Scale bars: 5 
pm.
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6.2.3 Antigen recognition and NKT cell activation

Next, we wanted to understand if the different efficiencies in antigen engagement 

and accum ulation lead to a differential activation o f the NKT cells. In order to 

study this, we labelled NKT cells w ith  the Fluo4-FF calcium  sensitive probe, and 

then settled them on artific ia l bilayers loaded w ith  the CD1 d-a-G alCer and 

CD1 d-OCH, and fo llow ed the kinetics of calcium  signalling by confocal 

m icroscopy. As shown in Figure 6.6, the levels o f in trace llu lar calcium  is 

proportional to the amount of antigen that the NKT cells accum ulate at the end of 

the process.

These experiments indicate that activation o f NKT cells is dependent as shown for 

B cells and T cells, on the density of the CD1 d-analogue on the target membrane 

and on the a ffin ity  o f the CD1 d-analogueCTCR interaction.

6.2.4 Parameters that affect the CD1d-analogue/TCR affinity

W e showed that the a ffin ity  of the TCR/CD1 d-analogue interaction and its density 

are key parameters that determine the thresholds of NKT cell triggering and 

activation. But, how can an invariant TCR and a single M HC m olecu le give rise to 

a differential response to antigens?

As shown in Figure 6.1, the tw o analogues analysed, a-G alCer and O CH, differ in 

the length o f the ir phytosphingosine chains: the OCH chain is shorter than the 

one of a-GalCer. This suggests that the phytosphingosine chain has a critica l 

effect in determ ining the affin ity o f the TCR for the CD1 d-analogue com plex. In 

this line a second analogue, the C20:0, that has the same phytosphingosine chain, 

but a different alkyl chain, is recognised by the TCR w ith  a b ind ing a ffin ity  that is 

sim ilar to the a ffin ity  of the a-GalCer analogue (Figure 6.1).

W hen we then settled NKT cells on artific ia l bilayers loaded w ith  the C20:0 

analogue, we observed that the density threshold for antigen recognition and 

synapse form ation is com parable to the density threshold observed for a-GalCer 

(Figure 6.7).

These results show that the CD1d presentation system takes advantage o f different 

structural features o f the antigens to extend the range o f affinities at w h ich the 

NKT cells are responsive.
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Figure 6.6. Calcium influx for the CD1d-ligands.
(A) Kinetics o f calcium  influx o f N K T  cells in contact w ith  bilayers loaded w ith  CD1d-a-GalCer (top panels) or CD1 d-OCH (bot­
tom panels) at a density of 200 molecules/pm2 in the presence o f ICAM-1 (density=80 molecules/pm2) as visualised by confocal 
microscopy. Fluorescence is shown in a pseudocolor scale. (B) The level o f the intracellular calcium  influx in fluorescence units 
(AU) for a-GalCer (closed circles) and OCH (open circles) were quantified over a period o f 10 minutes. Scale bars: 5 pm.
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Figure 6.7. Structural parameters of the analogue affecting the affinity of interac­
tion.
(A) Synapse form ation for the indicated ligands (a-GalCer and C20:0) displayed at 
varying densities (top number in molecules/pm2) in the presence o f ICAM-1 (densi- 
ty=80 molecules/pm2) as visualised by confocal microscopy. A representative single 
cell after 30 minutes o f interaction w ith  the bilayer is shown in each column. (B) 
Shows the amount o f antigen accumulated for the different ligands and densities 
after the formation o f the mature im m unological synapse (10-15 minutes). Scale 
bars: 5 pm.
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6.3 Discussion

Taking advantage of artific ia l bilayers contain ing biotinylated lip ids we 

characterised the antigen recognition process o f human NKT cells (Dr V incenzo 

Cerundolo, unpublished results). The early stages o f this event are characterised 

by a spreading and contraction response that leads to the form ation o f a classical 

mature im m unological synapse (Grakoui et al., 1999; Monks et al., 1998).

By using a set o f CD1 d-analogue complexes, we determ ined that the a ffin ity  o f 

the TCR/CD1 d-analogue interaction and the density at w h ich  the antigen is 

displayed on the target membrane are key parameters that determ ine the 

efficiency o f antigen recognition.

Furthermore, we established that the efficiency o f antigen accum ulation leads to a 

differential activation of the NKT cells, as shown by the measurement of ca lcium  

signals, and by the production o f cytokines.

W hile  these are characteristics shared w ith  canonical CD4 and CD8 T cells, the 

density thresholds for efficient antigen recognition and synapse form ation are 

surprisingly higher for NKT cells (Grakoui et al., 1999; Irvine et al., 2002; 

Purbhoo et al., 2004; W ulfing  et al., 2002a). In fact, reports from different groups 

have shown that CD4 T cells are responsive to densities o f antigen as low  as 1 

m olecule/pm 2 (Grakoui et al., 1999; Irvine et al., 2002). This cou ld  reflect as 

previously discussed, a difference in the way in w h ich the antigen densities on the 

artific ia l bilayers are determined or simply differences in sensitivity between the 

different types o f T cells.

Flow can an invariant TCR and M HC m olecule pair give rise to differential 

antigen recognition? O ur results suggest that the CD1d m o lecu le /lip id  interaction 

determines its a ffin ity  for the invariant TCR, consistent w ith  a ffin ity  measurements 

obtained by SPR (Figure 6.1 and Dr V incenzo Cerundolo, unpublished data). 

Surprisingly, both the polar head and the phytosphingosine chain seem to be 

responsible o f this effect, even though only the polar head is exposed to the 

interface in contact w ith  the TCR. However, this correlates w ith  the recently 

solved crystallographic structure o f the CD1d m olecule w ith  and w ithou t a- 

GalCer (Koch et al., 2005). In this reports, the authors showed that there are 

conformational differences between lip id  bound and non-lip id  bound CD1d
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m o lecu les  (Koch et a l., 2 0 0 5 ) . O u r  results suggest the  in v o lv e m e n t o f the  

p hytosph ingosine  ch a in  in fin e -tu n in g  the  a ffin ity  o f the  C D 1  d -lip id /T C R  

in teractio n .

In this line , the  expression o f an in v arian t a|3 T  ce ll recep to r (TC R ) an d  the  

reco g n itio n  o f antigens in th e  co n tex t o f C D Id  m o lecu les  c o u ld  suggest th a t N K T  

cells m ay fu n c tio n  as cells  o f the  in n ate  im m u n e  system. T h e re fo re , N K T  cells  

c o u ld  have e v o lv e d  to re co g n ize  a p a rtic u la r set o f a n tig e n ic  lip ids , an d  the  

sophisticated m echanism s proposed fo r the  a ffin ity  d is c rim in a tio n  o f a n tig e n ic  

peptides w o u ld  result red u n d an t in this case.
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Chapter 7: Molecular events during B cell activation

7.1 Introduction

R ecognition  o f m e m b ran e  antigens by B cells  leads to th e  fo rm a tio n  o f an 

im m u n o lo g ic a l synapse (see C h ap te r 5). In this process, a n tig en  and  BCR  

aggregate in the  cen tre  fo rm in g  the  c S M A C  and  a ring  o f IC A M -1 /L F A -1  surround  

th e  central c luster fo rm in g  the  p S M A C  (see F igure 1 .7 ). C o n c o m ita n tly , o th e r c o ­

receptors on th e  B ce ll surface are  d iffe re n tia lly  segregated (Batista e t a l., 2 0 0 1 ) .  

Several o f these co -recep to rs  take  part in triggering  the  s ig n a llin g  cascade  

d o w n stream  o f th e  BCR (N iiro  and  C la rk , 2 0 0 2 ) . Thus, w e  w a n te d  to  study the  

kinetics o f d is trib u tio n  o f co-receptors  d u rin g  m e m b ra n e  an tig en  reco g n itio n  by  

using several m ic ro sco p y  techniques.

7.2 B cell activation and co-receptors

T h e  s ig na llin g  events tak in g  p lace  d o w n stream  o f th e  BCR are  v e ry  c o m p le x  and  

not fu lly  understood  (N iiro  and C lark , 2 0 0 2 ) . T h e  a v a ila b le  in fo rm a tio n  is based  

on b io c h e m ic a l d ata  tha t o n ly  helps to unve il general m ech an ism s o f a c tio n  o f  

receptors and  co-recep to rs . H o w e v e r, th e ir lo ca lisa tion  and  k in etics  are  not 

kn o w n . M o re o v e r, research on BCR s ignalling  process has o n ly  b een  p erfo rm e d  

w ith  so lub le  antigens, there fo re  n o th ing  is k n o w n  o f this d u rin g  th e  process o f 

m e m b ran e  an tig en  reco g n itio n .

U n d ers tan d in g  the  spatio tem p o ra l segregation o f m o lecu les  in v o lv e d  in BCR  

s ignalling  is a key  issue to  understand h o w  m e m b ra n e  antigen  re co g n itio n  leads  

to  B cell a c tiva tio n  and  to unveil the m ech anism  tha t regulates this process.

In o rder to address this, w e  prepared  flu o rescen tly  la b e lle d  Fab fragm ents  o f 

m o n o c lo n a l an tib o d ie s  tha t recognise som e key receptors, in c lu d in g  C D 4 5  and  

C D 1 9 . W e  then  la b e lle d  M D 4  B cells  w ith  these a n tib o d ies  and  fo llo w e d  the  

kinetics o f in teractio n  w ith  a rtific ia l lip id  b ilayers lo aded  w ith  the  HEL antigen  by  

con fo ca l m icro sco p y.

7.3 Reorganisation of CD45
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T o  study the  k inetics o f d is tribu tio n  o f C D 4 5 , w e  la b e lled  M D 4  transgen ic  B cells  

w ith  A le xa  F lu o r 5 4 3 -c o n ju g a te d  Fab fragm ents  o f the  1 4 .8  a n tib o d y  (anti B 22 0 )  

and settled th e m  on a rtific ia l lip id  b ilayers  lo aded  w ith  the  H E L ^  a n tig en . W e  

observed tha t C D 4 5  is in it ia lly  aggregated in the  c o n tac t area  an d  then  is ra p id ly  

e xc lu d ed  fro m  the  cen tre  (F igure 7.1 A ). A t th e  en d  o f th e  an tig en  a c c u m u la tio n  

process, a sm all p ro p o rtio n  o f C D 4 5  seem ed to be  m a in ta in e d  in th e  centra l 

cluster o f an tigen  (Figure 7.1 A).

T h e  fast exc lu s io n  o f C D 4 5  from  the cen tra l c luster o f an tig en  takes p la c e  d u rin g  

the  spreading  phase, and  there fo re  d u rin g  this phase C D 4 5  c o -lo c a lise s  in the  

p erip h ery  w ith  th e  n e w ly  engaged antigen  m o lecu les  w h e re  w e  h ave  p rev io u s ly  

show n that phosp h o tyro sine  is d etected  (see Figure 5 .1 1 ).

7.4 Reorganisation of CD19

N ex t, w e  lo o ke d  at the  d is tribution  o f the  BCR c o -re c e p to r C D 1 9 . T o  this e n d , w e  

lab e lled  the  M D 4  B cells w ith  flu o rescen tly  la b e lled  Fab frag m en ts  o f th e  1 D 3  

an tib o d y  and  settled them  on a rtific ia l lip id  b ilayers  lo a d e d  w ith  th e  H E L ^  

antigen . W e  observed  tha t C D 1 9  is c o -lo c a lis in g  th ro u g h o u t th e  an tig en  

reco g n itio n  process w ith  the  acc u m u la ted  antigen  clusters (F igure  7.1 B). A t the  

end  o f the  aggregation  process C D 1 9  seem ed to d isap p ear fo rm  th e  c o n ta c t area  

(Figure 7.1 B).



Figure 7.1. Kinetics of reorganisation of co-receptors.
M D 4  B cells w e re  la b e lled  w ith  fluorescent Fab fragm ents o f m o n o c lo n a l a n tib o d ­
ies d irected  against (A ) C D 4 5  or (B) C D 1 9 , and  the kinetics fo llo w e d  by con fo ca l 
m icroscopy. The  w h ite  arrow s ind icate  the clusters o f C D 4 5  m o lecu les  tha t c o -Io -  

calises w ith  the  antigen  cluster. Scale bars: 2 pm .



7.5 TIRF (total internal reflection fluorescence) microscopy

A ltho u g h , co n fo ca l m icro sco p y  analysis  a llo w e d  us to fo llo w  the  reorgan isation  of 

co-receptors  upon m e m b ran e  antigen  re co g n itio n , this te c h n iq u e  is lim ite d  in 

t im e  and spatial reso lu tion .

Tota l in ternal re flec tio n  fluo rescen ce  m icro sco p y  (T IR F M ) is a m icro sco p y  

tech n o lo g y  that a llo w s  the  v isua lisation  o f single m o lecu les  in real t im e  (D ouglass  

and V a le , 2 0 0 5 ) .

This tech n o lo g y  takes advan tag e  o f the  re flec tion  o f an in c id en t c o llim a te d  b eam  

at the in terface  o f tw o  m ed iu m s o f d iffe ren t re fraction  indexes to  g en era te  an 

evanescent w a v e . T h e  evanescent w a v e  o n ly  excites the  flu o ro p h o re  m o le cu le s  

that are in c lose p ro x im ity  to the in terface, and this results in th e  e lim in a tio n  o f  

background  flu o rescen ce  im p ro v in g  d ra m a tic a lly  the  s ig n a l-to -n o ise  ratio. 

Furtherm ore, acq u is ition  o f im ages w ith  a sensitive C C D  c am e ra  a llo w s  a very  fast 

record ing  o f events. As a con seq u ence  o f this, the  sp a tio te m p o ra l reso lu tio n  is 

increased to the  m o le c u la r level.

Thus, the  v isu a lisatio n  o f artific ia l lip id  b ilayers by T IRF m ic ro sc o p y  is an ideal 

set-up to dissect at the  m o le c u la r level the  in teraction  o f B cells  w ith  m e m b ra n e  

antigens. A lth o u g h , the  in itia l reports using these tw o  tech n o lo g ies  d a te  fro m  the  

early  '80s, o n ly  in the  past year they  have been m erged  successfu lly  (V a rm a  et a l., 

2 0 0 6 ; W atts  et a l., 1 9 8 6 ; Yokosuka et a l., 2 0 0 5 ).

In o rd er to dissect at the  m o le c u la r level the  reorgan isation  o f co -re ce p to rs  that 

take p lace  upon  m e m b ran e -an tig en  recogn ition  by B cells, w e  fo llo w e d  the  

process by T IR F  m icro sco p y.

7.6 Setting-up the TIRF microscopy technique with lipid bilayers

W e  w an ted  to set-up a system w ith  enough sensitivity and  speed o f acq u is itio n  to  

visualise single m o lecu les  or sm all clusters o f m o lecu les  in real tim e . T h e  first step 

in vo lved  adjusting  the d iffe ren t tech n ica l specifica tions  to fit th e  m ic ro sco p e  to  

o u r experim ents . A fter that, w e  p repared  a rtific ia l lip id  b ilayers  c o n ta in in g  the  

A lexa  F luor 4 8 8 -c o n ju g a te d  C P I- lin k e d  Fab fragm ents and  set-up the  cond itions  

to visualise s ingle m o lecu les .

As show n in Figure 7 .2  A , the  b ilayers  ap p e are d  as surface scattered w ith  sm all 

bright dots o f heterogeneous flu o rescen ce  intensity.
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A  fast tim e -la p s e  m o v ie  sho w ed  th a t consistent w ith  o u r p rev io u s  FRAP  

exp erim ents  on b ilayers , m ost o f the  sm all dots on the  b ilayers  (~ 9 0 % )  can  free ly  

diffuse and the  d iffus ion  is characterised  by a B ro w n ian  m o tio n  as e xp ec ted  for 

free ly  d iffus ing  m o lecu les  (Figure 7 .2  A).

W e  in terp re ted  th a t these dots represented single m o le cu le s  o r sm all clusters o f 

fe w  m olecu les . H o w e v e r , the  real nature  o f the  spots rem ains  o p e n , as w e  d id  not 

set-up a te c h n iq u e  to p ro ve  this yet.

W e  o b ta in ed  s im ila r results w h e n  w e  v isualised  a rtific ia l lip id  b ilaye rs  c o n ta in in g  

b io tin  lip ids lo ad ed  w ith  A lexa  F luor 4 8 8 -a v id in . H o w e v e r , in this case the  

percentage o f free ly  d iffusing m olecu les  w as lo w e r (~  7 0 % ).

7.7 Antigen recognition process

To  get m o re  insight on antigen recogn ition  by B cells, w e  m o n ito re d  th e  ea rly  

events by T IR F M . T o  this end  w e  prepared  a rtific ia l b ilayers  lo a d e d  w ith  H E L ^ .  

In teresting ly , w e  observed  tha t the  spreading  response o f B cells  is charac te rised  

by the  fo rm a tio n  o f sm all clusters that are  la ter a c c u m u la te d  d u rin g  the  

con tractio n  phase (Figure 7 .2  B).

T h e  spatio tem p o ra l resolution  appears to be h igher than  for c o n fo c a l m ic ro sc o p y , 

as the  sm all clusters o f m o lecu les  c o u ld  be d is tingu ished  c le a r ly  fro m  th e  

background  flu o rescen ce  and  tracked  in tim e , co n tra ry  to  th e  fu z z y  im ages  

acq u ired  w ith  a con fo ca l m icroscope (Figure 7 .2  B and  c o m p a re  w ith  F igure 3 .6 ). 

T aken  together, these results v a lid a te  the T IRF m ic ro sco p e  as an a d e q u a te  too l to  

fo llo w  the rearran g em en t o f receptors on the  m e m b ra n e  o f B cells  in d e ta il.

7.8 Kinetics of receptors reorganisation

W e  next investigated  the  k inetics o f reorgan isation  o f c o -recep to rs  on the cell 

m e m b ran e  o f B cells d u rin g  the  reco g n itio n  o f m e m b ra n e  antigens  by TIRF  

m icroscopy.

In o rder to ana lyse  in greater d eta il w h a t w e  observed  by c o n fo ca l m icroscopy, 

w e  selected C D 4 5  and  C D 1 9  as th e  co-recep to rs  to study. W h e n  w e  investigated  

the  k inetics o f d is trib u tio n , w e  observed  s im ila r results as those o b ta in e d  by  

con fo ca l m icroscopy, w ith  s im ila r kinetics o f reorgan isation  (Figure 7 .3  A  and  B).
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Figure 7.2. Single molecule tracking on lipid bilayers by TIRF microscopy.
(A) Bilayers v isualised under the  TIRF m icro so co p e  show  brigh t spots o f vary ing  

intensities scattered throughout the surface. Fast t im e  lapse im ag in g  a llo w s  to  track  

free ly  diffusing m olecules; one  such e x a m p le  is m arked  w ith  a red dot. (B) Shows  
the trajectory  o f the  m arked  m o le cu le  tracked for 450 m sec. (C) Show s a tim e  lapse  
o f the antigen recognition  process as v isualised by T IR F m icroscopy. N o te  the  sm all 
antigen cluster that can be tracked durin g  the en tire  process. Scale: 2 pm .
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Avidin
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Figure 7.3. TIRF microscopy: kinetics of reorganisation of co-receptors.
M D 4  B cells  w e re  lab e lled  w ith  fluorescent Fab fragm ents o f m o n o c lo n a l a n ti­
bodies d irected  against (A ) C D 4 5  or (B) C D 1 9 , and  the  k inetics fo llo w e d  by T IR F  
microscopy. W h ite  arrows ind icate  clusters w h e re  C D 1 9  and  an tig en  co -lo c a lise . 
Scale bars: 2 pm .
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H o w e v e r , w e  d id  not observe any a c c u m u la tio n  o f C D 4 5  by T IR F , con tra ry  to

w h a t w e  observed  by con fo ca l m ic ro sco p y  (Figure 7 .3  A).

W h ile  im ages o f co -receptors  a p p e a r h o m ogeneous u n d er th e  con fo ca l 

m icroscope, tak in g  advan tag e  o f the  T IR F  m icro sco p e  high reso lu tio n , w e  co u ld  

observe som e clusters o f C D 1 9  m o le c u le  c o -lo c a lis in g  w ith  clusters o f an tigen  

m olecu les  (Figure 7 .3  B).

7.9 Discussion

In this ch ap te r w e  analysed the k inetics o f reorgan isation  o f c o -re ce p to rs  that take  

p lace  upon m e m b ra n e  antigen reco g n itio n  by B cells  by tw o  d iffe re n t m ic ro sc o p y  

techniques, co n fo ca l m icroscopy and total in terna l re flec tio n  m ic ro sco p y  

(T IR FM ). W e  selected tw o  co-receptors , C D 4 5  and  C D 1 9 , for o u r studies, as these  

are in vo lved  in the  early  s ignalling  events that take  p la c e  upon  antig en  

e ng ag em en t through  the BCR (N iiro  and C lark , 2 0 0 2 ) .

O u r  results o b ta in e d  by both m icroscopy tech n iqu es  are consistent w ith  p rev io u s

reports on the  k inetics  o f d is tribu tion  o f C D 4 5  (Johnson et a l., 2 0 0 0 ;  V a rm a  et a l., 

2 0 0 6 ). In the  case o f C D 1 9 , the  in fo rm atio n  on its s ig na llin g  p ro p erties  is vast; 

h o w ever, n o th in g  is k n o w n  on its k inetics o f d is tribu tio n  (C a rte r and  Fearon , 

1 9 9 2 ; Fearon and  C arro ll, 2 0 0 0 ) .

Though , both m icro sco p y  techniques  gave o ve ra ll s im ila r results, th e  T IRF  

m icroscope c le a rly  increases the spatio tem poral reso lu tio n . In this lin e , re ce n tly  

d iffe rent groups h ave  analysed  the in teractio n  o f T  cells  w ith  antig ens  d isp layed  

e ith e r on b ilayers  or im m o b ilised  on p lastic  plates by T IR F  m ic ro sc o p y  (Douglass  

and V a le , 2 0 0 5 ;  V a rm a  et a l., 2 0 0 6 ;  Y okosuka et a l., 2 0 0 5 ) . T hese  reports have  

stressed the im p o rtan c e  o f resolving the k inetics o f d is trib u tio n  o f receptors  in an  

effort to unve il the  m o le cu la r events that lead to T  ce ll a c tiva tio n .

C learly , our results are  p re lim in ary ; h o w ever, w e  strongly b e lie v e  tha t T IRF  

m icroscopy together w ith  a rtific ia l m e m b ran e  te c h n o lo g y  w il l  b e c o m e  the  

tech n iq u e  o f c h o ic e  to study the  in teractio n  o f lym p h o cy tes  w ith  an tig en , and  

th e ir subsequent activa tio n  process. O u r  idea is to study in d e ta il this process in B 

cells.
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Chapter 8: Discussion

T h e  recogn ition  o f m e m b ran e  antigens by lym p h ocytes  is a key e v e n t in the  

in itia tio n  o f the  a d a p tiv e  im m u n e  response. In this Thesis, w e  h ave  q u a n tita tiv e ly  

characterised  in deta il the  process o f m e m b ra n e  lig an d  re co g n itio n  by  

lym phocytes, focusing  m a in ly  on B cells  and  N K T  cells. In this fin a l C h ap ter, w e  

w ill sum m arise o u r m ain  find ings  and  discuss the  m a jo r issues raised by this  

Thesis and suggest d irectio n s  for fu tu re  research.

8.1 Glass supported artificial lipid bilayers are a simple and powerful 

system to mimic cell-to-cell interactions

A lthough  a rtific ia l m em branes  have  been p rev io u s ly  used to  an a lyse  the  

in teraction  o f T  cells  w ith  m e m b ran e  ligands, w e  e x ten d ed  this m e th o d  to dissect 

q u an tita tive ly  th e  in teractio n  o f B cells  w ith  m e m b ra n e  an tig ens  (B rian  and  

M c C o n n e ll, 1 9 8 4 ;  B ro m ley  et al., 2 0 0 1 ; G rako u i et a l., 1 9 9 9 ) . W e  h ave  d escrib ed  

tw o  systems th a t a llo w e d  us to dissect the  in teractio n  o f B cells  w ith  m e m b ra n e  

antigens. O n e  based on c e ll-to -c e ll in teractions and  the  second o n e  based on  

artific ia l lip id  b ilayers  to m im ic  a ce ll m em b ran e .

To  this end  w e  h ave  first d eve lo p ed  a n e w  and  s im p le  w a y  o f te th e rin g  antigens  

on b ilayers using b io tin y la ted  lip ids. This p ro ved  to be a s im p le  a n d  re lia b le  

m ethod  that c o u ld  be a p p lied  to study o th er lig a n d /rec e p to r in teractio n s .

T h e  w o rk  presented  in this Thesis shows th a t a rtific ia l lip id  b ilaye rs  are  an  

extrem ely  p o w e rfu l tool to  study q u an tita tive ly  the  in te rac tio n  o f lym p h o cy tes  

w ith  m e m b ran e  antigens by c o m b in in g  a va rie ty  o f m ic ro sc o p y  tech n iq u es  

in c lu d in g  con fo ca l m icroscopy (C M ), scanning  e lec tro n  m ic ro sc o p y  (SEM ), and  

m o re  recently  tota l in terna l re flection  m icro sco p y  (T IR F M ).

T h e  use o f a rtific ia l m em branes  is a very  versatile  te c h n iq u e  as w e  w e re  a b le  to  

extend  the system to analyse the  in te rac tio n  o f d iffe re n t an tig e n -s p e c ific  

lym phocytes w ith  the ir respective  antigens. This show s tha t this system c o u ld  be  

easily  e m p lo y e d  to analyse o th er c e ll-to -c e ll in teractions, this is, th e  in teractio n  o f  

any  pair o f m e m b ra n e -b o u n d  ligands and  receptors, and  even  fo llo w  the  

dynam ics  o f this in teractio n  at the  m o le c u la r level.
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8.2 B cell spreading: a cellular response that regulates the 

recognition of membrane antigens

O u r  results described  a novel d y n a m ic  c e llu la r  response in w h ic h  B cells  spread  

and co n tract w h e n  they  e n c o u n te r m e m b ra n e  antigens. Th is  is a key process as it 

m ay eq u ip  B cells  w ith  an e n h an ced  c ap ac ity  to  d is c rim in a te  the  a ffin ities  of 

m e m b ran e  antigen  ligands that they  e n c o u n te r d isp layed  on  a m e m b ran e , 

d e te rm in in g  an e ffic ien t a c c u m u la tio n  o f an tigen .

T h e  exp erim ents  that w e  presented in C h ap te r 5 s h o w  th a t th e  d eg ree  o f  

spreading is d e te rm in e d  by tw o  factors: the  a m o u n t o f an tig en  tha t th e  B cells  

encounters  and  the  a ffin ity  o f the  BCR for the  antigen .

It has been show n tha t T  cells  show  a s im ila r spread ing  response, h o w e v e r the  

b io lo g ica l s ig n ificance  o f this process in d e fin in g  th e  fate  o f T  cells  has not been  

u n ve iled  yet (B u n n ell et a l., 2 0 0 1 ;  N egulescu  et a l., 1 9 9 6 ) . It w il l  b e  in teresting  in 

the  future to test if the spreading m ech an ism  d escribed  for B ce lls  is a g en era l 

m ech an ism  fo r o th er lym p h o cy te  in teractions.

8.3 Parameters that determine membrane ligand/receptor 

interactions: a look into the future

It w ill be im p o rtan t to e lu c id a te  the  m ech an ism  o f spread ing  and  c o n tra c tio n  and  

to get fu rth er insights on its in flu en ce  on B cell a c tiv a tio n . In o rd e r to  understand  

these processes w e  w ill have to focus on the  p aram eters  th a t w e  w il l  discuss in 

this section.

As w e  previo u s ly  discussed in C h ap ter 1, in teractions  o f m e m b ra n e  ligands and  

receptors are  better described by the  density  o f ligand  on th e  ta rg e t m e m b ra n e  

and the  tw o  d im en s io n a l a ffin ity  (2 D  Kd). M o re o v e r, m e m b ra n e  lig a n d /re c e p to r  

in teractions on a c e ll-to -c e ll con tac t are  in flu en c ed  by d iffe re n t p aram eters , such 

as d iffusion rates o f m o lecu les  on the m em b ran es , th e  p resence  o f o ther 

m olecu les  than the  recep tor and  m e ch a n ica l p roperties  o f th e  m em b ran es . 

B io log ical m em branes  d isp lay  a c o m p le x  structure th a t affects th e  m o b ility  o f  

proteins in c lu d ed  in th em  by d iffe ren t m echanism s (Kusum i et a l., 2 0 0 5 ) . In this  

line , C h o q u e t and  T r ille r  recen tly  proposed a ro le  for recep to r d iffus ion  in the  

organisation  o f the  postsynaptic  m e m b ra n e  in neurons (C h o q u e t and  T rille r, 

2 0 0 3 ). C lustering  o f receptors d u e  to a lim ite d  m o b ility  o r throu g h  in teractio n
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w ith  the  cytoskele ton  increase th e ir a v id ity  for the  ligand , as observed  for 

adhesion  m o lecu les  like  in tegrins (H u g h es  an d  Pfaff, 1 9 9 8 ) . It w o u ld  be very  

interesting if this m ech an ism  in neurons ap p lies  to lym p h ocytes , in p a rtic u la r to B 

cells.

O n  the o th er h an d , the  a v a ila b le  k n o w le d g e  on the  d iffus ion  rates o f receptors  on  

lym phocytes  is very  lim ited ; there fo re , e x p lo rin g  this w il l be  o f g reat im p o rtan c e  

to  address the  im p a ct o f this p aram ete r in the  in teractio n  w ith  m e m b ra n e  antigens  

(A xe lro d  et a l., 1 9 7 6 ; D ragsten et a l., 1 9 7 9 ; Londo et a l., 1 9 8 6 ) . In p a rtic u la r, the  

use o f the flu o rescen ce  m icroscopy tech n iqu es  F lu o rescen ce  R eso n an ce  Energy  

Transfer (FRET) and F luorescence R ecovery  A fte r P h o to b le a c h in g  (FRAP) w ill  

pro ve  e x trem ely  useful to  this end .

A  second p a ra m e te r to take  in to  accou n t is the  p resence o f o th e r m o le cu le s  that  

can in terfere  w ith  the  in teraction  process. M o d e ls  o f fo rm a tio n  o f the  

im m u n o lo g ic a l synapse in T  cells have e x p la in e d  the  d iffe re n tia l segregation  o f  

lig a n d /rec e p to r pairs based on the e q u ilib r iu m  th e rm o d y n a m ic s  o f re lev a n t  

p h ys ic o c h em ica l param eters , in c lu d in g  bond  lengths b e tw e e n  m o le c u le  pairs  

(Burroughs and  W u lfin g , 2 0 0 2 ;  Lee et a l., 2 0 0 2 a ;  Lee e t a l., 2 0 0 2 b ;  Q i e t a l., 

2 0 0 1 ). M o re o v e r, the  d im en sio n  o f the  T C R  re la tive  to  o th e r a b u n d a n t ce ll 

m e m b ran e  m o le cu le s  such as C D 4 3  and  C D 4 5  is re la tiv e ly  sm all, a n d  th e re fo re  it 

w o u ld  not be  accessib le  to the  M H C -p e p tid e  (S haw  and  D u s tin , 1 9 9 7 ) . In this 

line , van d er M e rw e  and  co lleagues have show n th a t trig g ering  th ro u g h  th e  T  ce ll 

receptor is c r it ic a lly  d ep e n d e n t on the length o f th e  M H C -p e p t id e  c o m p le x  

(C h o u d h uri et a l., 2 0 0 5 ;  W ild  et a l., 1 9 9 9 ).

A lthough  a s im ila r p h en o m e n o n  has been described  fo r natura l k ille r  cells  (N K  

cells), no th ing  is k n o w n  yet in the  case o f B cells  (M c C a n n  et a l., 2 0 0 3 ) .

A  th ird  p aram eter to con sid er is the  m e ch an ica l p roperties  o f th e  ce ll m e m b ran e . 

In this line , D e lo n  an d  co lleagues  p o in te d  o u t the  im p o rta n c e  o f m e m b ra n e  

re laxation  in p ro m o tin g  the  fo rm atio n  o f con jugates  b e tw e e n  T  cells  an d  APCs  

(Faure et a l., 2 0 0 4 ) . C le a rly , cell spreading  and c o n trac tio n  w ill be  in c lu d ed  in 

this th ird  group, since this response im p lies  m o rp h o lo g ica l changes o f the  cell 

body.
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U n d ers tan d in g  th e  cytoskeletal m o d ifica tio n s  tha t take  p la ce  in B cells  upon  

antigen  e n g ag em en t w il l be very  im p o rta n t to u n ve il the  m ech an ism s o f antigen  

reco g n itio n  and  ly m p h o c y te  a c tiva tio n . T h e  fa m ily  o f ER M  pro te ins  are  lik e ly  to  

p lay  an im p o rtan t ro le , s ince recent e v id e n c e  suggest that they  a re  in v o lve d  in 

cell m e m b ran e  m o d ifica tio n s  d u rin g  antigen  reco g n itio n  in B cells  (G u p ta  et a l., 

2 0 0 6 ).

8.4 A step forward for understanding membrane antigen recognition 

and lymphocyte activation

Q u a n tita tiv e  analysis  revea led  that the  density  thresholds o f a n tig en  re co g n itio n  

are h igher fo r B cells  than  for T  cells; this is, h ig h er densities  o f an tig en  are  

necessary fo r e ffec tive  recogn ition  in B cells  c o m p a re d  to T  cells  (C arrasco  et a l., 

2 0 0 4 ; G ra ko u i e t a l., 1 9 9 9 ). D ustin  and co lleagues rep orted  th a t C D 4  T  cells  

e ffic ien tly  recognise agonist M H C -p e p tid e s  d isp layed  at densities  lo w e r  than  1 

m o le c u le /p m 2 (G ra ko u i e t a l., 1 9 9 9 ). In the  sam e lin e , D av is  a n d  co lleag u es  

suggested tha t C D 4  T  cells  are sensitive to  a single M H C -a g o n is t  p e p tid e  

expressed on an A P C  (Irv in e  et a l., 2 0 0 2 ) . These results are  surpris ing  c o n s id erin g  

that B cells  are  responsive to a m uch w id e r  range o f a ffin ities  than  T  cells.

W h a t is the  m ech an ism  that m akes T  cells  m o re  sensitive to  lo w e r  doses o f  

antigen than B cells? T h e  m ost like ly  e xp la n atio n  is th a t this d iffe re n c e  re lies on  

do w n stream  s ig na llin g  o f the  antigen  receptors (the T C R  fo r T  ce lls  a n d  th e  BCR  

fo r B cells).

For instance, T  cells have  C D 4  and  C D 8  as co-recep to rs , e n h a n c in g  th e  signals  

d e live red  through  the  TC R . C h akrab o rty  and co lleag u es  suggested th a t this  

synergy is m e d ia ted  by the  recru itm en t o f Lck to  th e  synapse by th e  C D 4  

m o le cu le  (Li e t a l., 2 0 0 4 ) . Furtherm ore, d iffe ren t groups h ave  suggested th a t also  

M H C -e n d o g e n o u s  peptides m ay e n h a n c e  the  sensitiv ity  o f T  ce lls  (Krogsgaard et 

a l., 2 0 0 5 ;  Stefanova et a l., 2 0 0 2 ;  Y ach i et a l., 2 0 0 5 ) .

In the  case o f B cells, they  are  a b le  to recognise antigens in th e  absen ce o f any  

co-recep to r. Even though  co-receptors  such as C D 1 9  h ave  b een  recen tly  

described as am p lifie rs  o f BCR s igna lling  and  has been show n to  associate w ith  

the  BCR, its fu n c tio n  relies in the  reco g n itio n  o f antigens a lo n g  w ith  prote ins o f
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the  c o m p le m e n t system (C arter and  Fearon, 1 9 9 2 ; Fearon and  C arro ll, 2 0 0 0 ).  

These results p o in t ou t also at the  im p o rtan ce  o f the  context in w h ic h  m em b ran e -  

tethered  ligands are  recognised, and  there fo re , co-receptors  can exq u is ite ly  

regulate  BCR s ignalling  d ep en d in g  on this con tex t (Carrasco and  Batista, 2 0 0 6 a ).  

These studies taken  together show  that a lthough B cells and  T  cells  share m any  

b io log ica l m echanism s, it is im p o rtan t to re m em b e r the  d ifferences.

Future research w il l be focused in try ing  to understand the  spatial reorgan isation  

o f co-receptors and  h o w  this regulates in trace llu la r s ig na llin g  cascade  in B cells. 

To this end , tota l in ternal reflection  fluorescence  m ic ro sco p y  tog e th er w ith  

artific ia l lip id  b ilayers w ill be an in v a lu a b le  too l, as show n by o u r p re lim in a ry  

results.

8.5 Mathematical models in the immune system

M ath em a tica l m odels  have b eco m e a very  useful too l in h e lp in g  to understand  

c o m p lex  b io lo g ic a l systems (C hakraborty  et a l., 2 0 0 3 ;  G o ld s te in  e t a l., 2 0 0 4 ) .  

Indeed , just by lo o k in g  at the  array o f co-receptors  present in the  structure o f the  

IS, o ne  can say that the study o f m em b ran e  ligand reco g n itio n  is in d eed  a 

c o m p lex  p ro b lem .

In recent years, the  effort w as focused in understand ing  the basic features o f TC R  

signalling to e xp la in  concepts such as sensitivity and  spec ific ity  (A lta n -B o n n e t and  

G erm a in , 2 0 0 5 ) . F low ever, at the tim e  w h e n  this Thesis w as started no m odels  

w e re  ava ila b le  for the  m em b ran e  antigen recogn ition  process o f B cells.

8.5.1 Mathematical simulation of B cell antigen recognition

In this line, w e  d ec id ed  to m odel our results and use th em  to  gen erate  a co m p u te r  

s im ulation . O u r  co llaborators , D r Jacki G o ld m a n  and D r D en n is  Bray (C am b rid g e  

U nivers ity , U K ) generated the  m o d el. This stochastic m a th e m a tic a l m odel 

im p lem en ted  the m ethod  o f B ro w n ian  d ynam ics  to s im u la te  the  spreading  and  

contraction  response o f B cells w h e n  they  en co u nter a m e m b ran e  antig en .

T he  spreading phase is s im u la ted  as described  in Figure 5 .1 5 , as a series of 

la m e llip o d ia  extensions on the antigen loaded  b ilayer. In these cond itions, the

17^



BCR sequentia lly  probes the density and  the  a ffin ity  o f the  antigen  to sustain or to  

abort accord in g ly  the  spreading phase.

This 'k in e tic  m o d e l' for m e m b ran e  antigen  recogn ition  by B cells  leads us to m ake  

specific p red ictions on the b eh av io r o f B cells upon certain  situations. From  these  

predictions, w e  designed the experim ents  show n in Figure 5 .1 0 .

The  im p lem en ta tio n  o f this m odel gives an insight on the  m ech an ism  o f the  

spreading phase; h o w ever, further research w ill be needed  in o rd er to address the  

m o lecu la r details .

A  com ple te  d iffe ren t approach  w as im p le m e n te d  in the  case o f the  con tractio n  

phase: our experim ents  d id  not p ro v ide  any  in fo rm atio n  on its m o le c u la r  

m echanism . T herefore, this phase w as e m p iric a lly  im p le m e n te d  a cc o rd in g  to the  

tim e  scale d e te rm in ed  by our experim ents.

8.6 Concluding remarks

It is c lear tha t m e m b ran e  antigens p lay  a c ritica l ro le  in B ce ll ac tiva tio n  and  

d ev e lo p m en t. W e  b e liev e  that the in vitro system o f lip id  b ilayers  d escrib ed  in this  

Thesis, in p a rtic u la r exp lo itin g  the  T IR F M  tech n o lo g y  w ill shed lig h t in to  th e  steps 

that lead to B cell IS form ation  and activa tio n .

U n til recently , most studies in lym p h o cy te  b io logy  had addressed th e  e a rly  events  

of m em b ran e  antigen recognition  by B cells. This Thesis describes a novel 

response o f spreading and contraction  that a llo w s  B cells  to d is c rim in a te  antigens  

w ith  d ifferent affin ities. It w ill be im portan t to e lu c id a te  its m e ch a n ism .

F inally, c o m b in in g  this in vitro m ethod w ith  in vivo studies w il l be an im p o rtan t 

step. T w o -p h o to n  tech no lo g y  has a llo w e d  to fo llo w  h o w  B cells  in teract w ith  

m em b ran e  bo u nd  antigen on d en d ritic  cells in the  lym p h  nodes (Q i et a l., 2 0 0 6 ) . 

In the future, w e  w ill have to test h o w  param eters e lu c id a te d  fro m  c o m b in in g  in 

vitro and in silico studies translate in v ivo  to understand h o w  B ce ll fate is 

determ in ed  by its a ffin ity  for antigen and the con tex t in w h ic h  B cells en c o u n te r  

antigens.

F inally , the range o f a ffin ities o f antigens that B cells recognise com prises all the  

possible a ffin ities of in teraction  b etw een  ligand  and  receptors, there fo re , w e  hope  

that our studies w ill help  not o n ly  in the understand ing  o f antigen recogn ition  by  

lym phocytes, but also to understand o ther m e m b ran e  lig an d /recep to r interactions.
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