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Abstract 

Chronic lymphocytic leukaemia (CLL) is characterised by the proliferation of 

malignant B cells that progressively accumulate into lymphoid tissues and peripheral 

blood. Whereas CLL cells in the peripheral blood are mainly resting, proliferative and 

survival signals are provided to CLL cells within the lymphoid tissues in specific 

structures known as proliferation centres. Understanding the molecular basis for CLL 

cell migration and retention within lymphoid tissues is therefore essential to devise 

new treatment strategies for CLL. Expression of the surface molecule CD38 on CLL 

cells is a marker of poor prognosis. CD38 is a transmembrane ectoenzyme involved 

in Ca2+ mobilization, and although CD38 expression in CLL cells has been linked to cell 

migration, the underlying molecular mechanisms are unknown.  

In this study, the role of CD38 in cell motility was investigated using a CD38 stably 

transfected CLL-derived cell line (MEC1) and primary CLL cell samples with different 

CD38 expression levels. CD38 expression markedly enhanced MEC1 cell basal 

migration and chemotaxis towards the chemokine CCL21. Additionally, CD38 

expression increased MEC1 cell spreading on VCAM-1 and reduced their ability to 

crawl on and transmigrate through an endothelial cell monolayer. These results 

correlated with increased Rap1 GTPase activity observed in cells expressing CD38 

compared to control cells, both in resting conditions and after CCL21 stimulation. An 

important finding was that CD38 expression increased intracellular basal Ca2+ levels 

in MEC1 cells. Knockdown and localisation studies in CD38-expressing MEC1 cells 

revealed that RasGRP2, a Ca2+-regulated guanine nucleotide exchange factor for Rap1, 

may act as a critical signalling molecule in regulating the CD38-dependent migratory 

phenotype observed. Data obtained with primary CLL samples indicate that a similar 

mechanism could be responsible for the increased migration linked to CD38 

expression in CLL cells. 

In conclusion, this study reveals a link between CD38 and a RasGRP2-Rap1 signalling 

axis, which could contribute to our understanding of the role of CD38 in CLL cell 

motility and disease progression. 
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1. Introduction 

1.1 The immune system   

The immune system is a combination of cellular and molecular components with the 

main function of defending an organism against infections and toxic or allergenic 

substances that alter normal homeostasis. There are two main categories of response 

to pathogens. The first is the innate (natural) response, which occurs to the same 

extent irrespective of the type of infectious agent and of the number of times the 

infectious agent has been encountered. The second mechanism is the adaptive 

(acquired) response, which is able to improve after consecutive exposure to a specific 

infection (Delves and Roitt, 2000). The innate response is based on the recognition of 

molecular patterns shared by a large number of pathogens that are not present in 

the host. Because of this non-specificity, innate responses act rapidly after pathogen 

encounter and represent the initial host response. The cellular components of the 

innate immune system are phagocytic cells (neutrophils, monocytes and 

macrophages), natural killer cells, and cells that release inflammatory mediators 

(basophils, mast cells, and eosinophils) (Chaplin, 2010). In contrast, the adaptive 

responses are based on the recognition of specific foreign structures. This specificity 

is obtained through somatic rearrangement of the gene elements that encode for the 

antigen-binding molecules. Acquired immune responses involve the proliferation of 

antigen-specific B- and T- lymphocytes, which occurs upon the binding of their 

surface receptors to a specific antigen. Moreover, specialized antigen-presenting 

cells (APCs) participate in the acquired immune response by displaying on their 

surface antigens complexed with major histocompatibility complexes (MHCs) 

(Chaplin, 2010). The best characterised APCs are the dendritic cells, mostly present 

in secondary lymphoid tissues.  
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1.2 B-lymphocytes  

B-lymphocytes are characterised by the expression of immunoglobulin (Ig) 

responsible for the recognition of specific antigen epitopes. Ig can be produced in 

two different forms: one soluble (antibody) and one bound to the cell surface (sIg) as 

a component of the B cell receptor (BCR). The Ig molecule consists of two identical 

heavy chains and two identical light chains bound together by disulphide bonds. The 

N-terminal region of each chain possesses a variable domain, VH in the heavy chains 

and Vκ or Vλ in the light chains (Janeway et al., 2001). Each variable domain is 

composed of three hypervariable complementarity-determinant regions (CDR1, 

CDR2 and CDR3), which confer specificity and affinity for the cognate antigen. 

Therefore, each antibody possesses two identical antigen-binding arms (Fab) (Fig. 

1.1). Conversely, the C-terminal domains of the heavy and light chains are constant 

within each Ig isotype (IgG, IgE, IgM, IgD and IgA). The constant region of the two 

heavy chains represents the Fc domain of the Ig, which mediates the binding to Fc 

receptors expressed on the cell surface of innate immune cells, such as mast cells, 

neutrophils, monocytes and macrophages (Delves and Roitt, 2000). These 

interactions trigger several effector responses, including the release of cytotoxic 

molecules, pro-inflammatory mediators and chemoattractant, as well as 

phagocytosis of immune complexes (e.g. antibody-coated microorganisms), 

depending on the immune cell involved (Nimmerjahn and Ravetch, 2008).  

It has been estimated that B-lymphocytes are able to produce approximately 1015 

different variable regions originating from 400 genes. This diversity is obtained by 

recombination processes that modify the variable gene products. The genes 

encoding the light chains κ and λ are located on chromosome 2 and 22, respectively. 

The heavy chain locus is encoded on chromosome 22 and it is composed of four 

segment regions: variable (V), diversity (D), joining (J) and constant (C). In contrast, 

the κ and λ light chain cluster contain only the V, J and C segments. A complete 

variable region is obtained through specific molecules expressed during the 

rearrangement step of developing B-lymphocytes. The recombination-activating 

proteins (RAG1 and RAG2) mediate the recombination process. Further diversity is 

obtained by the addition of non-gene-encoded sequences to the junction sites 
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mediated by the enzyme TdT (terminal deoxynucleotidyl transferase) (Janeway et al., 

2001) (Pieper et al., 2013)(Fig. 1.2).  

 

 

 

 

 

Figure 1.1 Schematic structure of the Immunoglobulin (Ig).  
Ig molecules expressed by mature B cells consist of two identical heavy chains 
(purple) and two identical light chains (blue) bound together by disulphide bonds. 
The N-terminal domain of each heavy chain together with the full light chain 
represent the Fab (fragment, antigen-binding) region; each Ig contains two identical 
antigen-binding Fab regions. Each chain contains a constant domain (CH for the heavy 
chain and Cκ or Cλ in the light chain) and a variable domain (VH in the heavy chain 
and Vκ or Vλ in the light chain). Within the variable region, three hypervariable 
complementarity-determinant regions (CDR1, CDR2 and CDR3) mediate the antigen-
binding affinity. The C-terminal domains of the two heavy chains form the Fc domain 
(constant within each Ig isotype), which mediates the binding to Fc receptors, 
contributing to the innate immune response. 
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Figure 1.2 Schematic representation of VDJ recombination and generation of the 
Ig heavy chain locus. 
The Ig heavy chain locus is generated by random rearrangement and assembly of 
genetic elements from among multiple germline variable (V), diversity (D) and joining 
(J) elements occurring during the pro-B cell maturation into pre-B cell. The 
recombination-activating gene (RAG1 and RAG2) protein complexes mediate the 
recombination process. The enzymatic activity of the terminal 
deoxyribonucleotidyltransferase (TdT) mediates incorporation of nucleotides and 
splicing inaccuracies, thus enhancing the variability. 

 

 

1.2.1 Early B cell development 

In adults, B-lymphocytes develop from pluripotent haematopoietic stem cells in 

specialized microenvironments of the bone marrow. Progenitors of B cells (pro-B 

cells) begin the Ig heavy chain rearrangement by joining a D element to a J element. 

At the successive developmental step, rearrangement of the V to the DJ elements 

occurs, providing a complete gene encoding the Ig heavy chain.  Subsequently, the Ig 

heavy chain can associate with a surrogate Ig light chain, consisting of the λ5 and 

VpreB invariable components, to assemble a pre-BCR and determine the pre-B cell 

stage. Successful signalling through the pre-BCR and consequent proliferation of pre-

B cells is required for the cessation of the surrogate light chain expression and 

initiation of the recombination of the elements of the κ and λ light chain clusters. 

Assembly of Ig heavy chain to the successfully rearranged Ig light chain leads to the 

expression of the IgM on the surface of the immature B cell (Janeway et al., 2001)(Fig. 

1.3). The non-covalent association of transmembrane IgM to a heterodimeric Ig-/Ig-
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 (CD79a/CD79b) signalling complex form the BCR (Niiro and Clark, 2002). Signalling 

through the BCR is essential in determining the fate of developing and mature B cells. 

The BCR signal transduction pathway will be described in detail in Section 1.4.5. 

 

 

 

Figure 1.3 Schematic overview of B-lymphocyte development. 
Rearrangement and expression of the components of the Ig determines the B cell 
developmental stages. Recombination of the heavy chain locus starts in early pro-B 
cells with the rearrangement of the DH to a JH genetic element, followed by the 
rearrangement of VH to DJH during the late pro-B cell stage. If the VDJH rearrangement 
is successful, a complete Ig heavy chain can be expressed on the B cell surface 
together with a surrogate light chain as components of the pre-B cell receptor (pre-
B cell stage). Recombination of the Ig light chain occurs during the pre-B cell stage, 
followed by the expression of a complete IgM molecule on the surface of immature 
B cells. Mature B cells, through alternative mRNA splicing, express surface IgD and 
IgM, which share the same antigen-binding specificity. 
 

 

It has been suggested that 50-75% of B cells produced in the bone marrow are able 

to recognise self-antigens (autoreactive) and require to be silenced. Silencing of 

autoreactive B cells can be achieved by three different mechanisms (Janeway et al., 

2001). One mechanism is receptor editing, resulting from the re-expression of RAGs 

in immature B cells and a further re-arrangement of a new Ig light chain.  Other 

mechanisms are clonal deletion and B cell anergy. If receptor editing fails to eliminate 
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autoreactivity, self-reacting B cells undergo apoptosis (clonal deletion)(Niiro and 

Clark, 2002). Whereas high avidity to autoantigens favours receptor editing, low-

affinity autoreactivity is thought to induce B cell anergy. Anergy can be defined as the 

intrinsic unresponsiveness to antigen. This phenomenon has been studied mainly 

with trangenic mouse models by inducing chronic interaction in B cells with fixed and 

controlled antigen-specificity, such as the hen-egg-lysozyme-specific, the DNA-

specific and the arsonate-specific models (Cambier et al., 2007). Based on these 

studies, features of anergic B cells appear to be: reduced level of sIgM, decreased 

lifespan, no proliferation, no antibody secretion and altered anatomical localisation. 

However, these characteristics vary among different models (Cambier et al., 2007). 

Notably, a naturally occurring population of anergic B cells has been identified, both 

in mice and human (Duty et al., 2009; Merrell et al., 2006). The human anergic B cell 

fraction is characterised by a IgD+ IgM- CD27- phenotype, slightly higher amount of 

basal Ca2+ levels, reduced Ca2+ mobilisation and tyrosine phosphorylation in response 

to BCR cross-linking. Of note, chronic exposure to the antigen is required for the 

maintenance of anergy, which is considered a reversible state (Gauld et al., 2006).  

 

1.2.2 The germinal centre reaction 

Immature B cells that have successfully gone through developmental checkpoints 

leave the bone marrow and migrate to the peripheral lymphoid tissues. There they 

undergo a further developmental step and become mature B cells, expressing surface 

IgD, in addition to IgM, with identical antigen-specificity. Mature B cells, called naive 

B cells before antigen encounter, can eventually be activated upon binding of the BCR 

to the appropriate antigen and develop within the germinal centres (GCs) of spleen 

and lymph nodes into memory B cells or plasma cells (PC).  

GCs are specialised structures that are generated in the B cell follicular compartments 

of secondary lymphoid organs (SLOs) in response to antigen challenge. Alongside 

antigen-experienced B cells, two types of accessory cells are found in GCs: follicular 

dendritic cells (FDCs) and follicular T helper cells (Gatto and Brink, 2010). FDCs are 

stromal cells that retain unprocessed antigen through Fc and complement receptors, 

acting as APCs. Follicular T helper cells constitute 5-20% of GC cells and provide 
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survival signals for GC B cells (Allen et al., 2007). BCR binding to the antigen on the 

surface of APCs leads to the internalization and processing of the antigen. Once the 

antigen has been processed, antigen-derived peptides can be loaded onto MHC 

molecules on the B cell surface and presented to helper T cells in the GCs.  

GCs represent the primary site where antigen-experienced B cells undergo 

diversification and affinity maturation. Mature B cells constantly migrate within SLOs 

surveying for antigens. Antigen binding induces B cell activation and migration 

towards the T cell areas to encounter helper T cells. Interaction between the tumour 

necrosis factor (TNF) receptor family member CD40, constitutively expressed on the 

B cell surface, and its ligand CD40L (CD154) expressed by activated T cells together 

with T cell secreted cytokines, such as IL-21 and IL-4, drive B cell proliferation and GC 

formation (Gatto and Brink, 2010). During B cell proliferation, a high number of 

mutations are induced in the variable region of both heavy and light chain Ig genes 

by the activity of the enzyme activation-induced cytidine deaminase (AID), through a 

process known as somatic hypermutation (SHM) (Janeway et al., 2001). SHM leads to 

random variation in the BCR affinity and specificity to the immunising antigen. 

Following SHM, decreased antigen recognition induces GC B cells to undergo 

apoptosis, whereas increased affinity to the antigen induces clonal expansion. This is 

due to the fact that GC B cells are intrinsically predisposed to apoptosis and highly 

dependent on pro-survival signalling, due to their low expression level of the anti-

apoptotic factors Bcl-2 and Bcl-X and elevated expression of surface death receptor 

(FAS) and the pro-apoptotic BIM (Gatto and Brink, 2010).  

Subsequently, cytokines secreted from GC helper T cells induce immunoglobulin 

class-switch recombination (CSR), which like SHM also requires the enzyme AID. CSR 

is an irreversible somatic recombination process that induces the rearranged VDJ 

region to relocate into a new position upstream of alternative constant region, 

leading to the production of B cells expressing IgG, IgA and IgE with the same antigen 

specificity but with different effector functions (Janeway et al., 2001). 
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1.3 Regulation of immune cell trafficking 

Trafficking and compartmentalisation of immune cells in secondary lymphoid organs, 

particularly in lymph nodes, are fundamental mechanisms that maximise the 

probability that rare antigen-specific B and T cells encounter their cognate antigen. 

In vivo analysis of murine lymphocyte migration patterns have shown that B cells 

spend approximately 24 hours 'exploring' a lymph node before migrating to another 

tissue (Tomura et al., 2008). During homeostasis, lymphocytes recirculate daily from 

the blood to the lymphoid organs and back to the blood.  

1.3.1 Lymphocyte entry into the lymph nodes 

B- and T-lymphocytes reach the lymph nodes mainly by crossing the endothelial 

barrier represented by the high endothelial venules (HEVs) through a mechanism 

defined as extravasation or transendothelial migration (TEM) (von Andrian and 

Mempel, 2003). Entry via afferent lymphatics has also been described for T cells 

(Braun et al., 2011). HEVs are a specific type of blood vessel that under physiological 

conditions are found exclusively in secondary lymphoid organs (excluding the spleen). 

Lymphocyte extravasation is a multi-step process, which includes the rolling of the 

lymphocyte on the lumen of the vessel, followed by the arrest of the lymphocyte and 

its transmigration through the endothelial barrier (diapedesis) (Fig. 1.4). The first 

level of interaction between lymphocytes and HEVs is mediated by the mucin-like 

glycoproteins, such as CD34, podocalyxin, endomucin and nepmucin, which are 

expressed by the endothelial cells and highly post-translationally modified (sulphated, 

fucosylated and sialylated) (Girard et al., 2012). Interaction of these molecules with 

the L-selectin expressed on the lymphocyte surface mediates B and T cell tethering 

and rolling along the endothelial lumen.  

Rolling lymphocytes can then firmly arrest on the surface of the HEVs. This is 

mediated by the activation of lymphocyte integrins (described in detail in Section 

1.4.4) and their binding to adhesion molecules expressed on the apical surface of 

endothelial cells. Activation and binding of the integrin leukocyte function-associated 

1 (LFA-1; αLβ2-integrin) to the intercellular adhesion molecule 1 (ICAM-1) on HEVs 

has been shown to be crucial for lymphocyte TEM, as LFA-1 depletion strongly impairs 

murine lymphocyte homing to lymph nodes (Berlin-Rufenach et al., 1999). Further 
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interactions are mediated by vascular cell-adhesion molecule 1 (VCAM-1) on the 

HEVs, which is able to bind the α4-integrin subunit of the α4β7- and α4β1-integrin 

heterodimers (α4β1-integrin is also known as very late antigen 4; VLA-4) (Boscacci et 

al., 2010). It has also been proposed that VLA-4 could be involved in lymphocyte 

tethering and rolling (Alon et al., 1995). 

 

 

 

Figure 1.4 Schematic representation of the multi-step process of lymphocyte 
transendothelial migration (TEM).  
In order to exit the blood stream and enter the lymph node, lymphocytes need to 
extravasate throught the high endothelial venules. The first step consists of 
lymphocyte rolling on the endothelium, followed by firm adhesion, which mediates 
its arrest. Subsequently, lymphocytes can crawl along the vessel wall before crossing 
the endothelium. Diapedesis can occur by a paracellular (between two endothelial 
cell) or by a transcellular route (across one single endothelial cells). Once in the 
lymphoid tissue, lymphocytes continue migrating through the extracellular matrix 
(ECM) and resident cells towards their specific compartment. 

 
 

 

Integrin activation is dependent on the binding of chemokines, exposed on the apical 

surface of the endothelial cells, to the lymphocyte chemokine receptors (Fig. 1.5).  

The chemokines CCL21, CXCL12 and CXCL13 are constitutively expressed on the HEVs 

and mediate B-lymphocyte homing through their binding to the CC-chemokine 

receptor 7 (CCR7), CXC-chemokine receptor 4 (CXCR4) and CXCR5 respectively.  
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Figure 1.5 Lymphocyte-endothelium interactions during lymphocyte rolling and 
adhesion. 
Lymphocyte rolling is mediated by highly modified glycoproteins expressed on the 
endothelial apical surface through an intermittent and reversible binding to L-selectin 
expressed on the lymphocyte. Subsequently, chemokine binding to the chemokine 
receptors expressed on the lymphocyte surface triggers a signalling cascade that 
activates integrins and allows firm adhesion and cell spreading. In B-lymphocytes, 
α4β1, α4β7 and αLβ2 are the major integrins involved in this process by mediating 
the binding to vascular cell-adhesion molecule 1 (VCAM-1) and intercellular adhesion 
molecule 1 (ICAM-1). 
 

B cell homing to lymph node is less efficient than T cells, possibly because of their 

lower expression of L-selectin (Tang et al., 1998). Intravital microscopy studies have 

shown that, after firm adhesion to the endothelial luminal surface, B-lymphocytes 

crawl, possibly in search of the optimal site, and cross the endothelium within 5 

minutes of adhesion (Park et al., 2012).  

1.3.2.Transendothelial migration 

Several studies performed on leukocytes (general term for white blood cells including 

neutrophils, monocytes and lymphocytes) have addressed the transendothelial 

migration process, also known as diapedesis. In vitro studies have shown that 

adherent leukocytes induce the formation of endothelial cell projections that 

surround the leukocyte cell body and are enriched in vinculin, talin-1 and ERM 
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proteins (ezrin, radixin and moesin). These structures, defined as 'transmigratory 

cups' or 'docking structures', mediate the clustering of ICAM-1 and VCAM-1 around 

the leukocyte and are thought to facilitate the transmigration process (Barreiro et al., 

2002; Carman and Springer, 2004).  

Leukocyte TEM can occur through a paracellular or a transcellular route.  Paracellular 

TEM involves the transient disruption of the endothelial cell-cell junctions mediated 

at least in part by the signalling triggered upon leukocyte adhesion. Formation of 

stress fibres in the endothelial cells could help to disrupt junctions by mechanical 

tension. Clustering of endothelial ICAM-1 and VCAM-1 has been shown to increase 

the activity of endothelial RhoA, which can induce stress fibre formation mediated by 

the activation of the Rho-associated protein kinase (ROCK) and the consequent 

myosin light chain (MLC) phosphorylation (Millán and Ridley, 2005).  

Endothelial junction molecules, such as CD99, junctional adhesion molecules (JAMs) 

and platelet/endothelial cell adhesion molecule-1 (PECAM-1; CD31) can directly 

participate in leukocyte diapedesis (Muller, 2009). PECAM-1 is a member of the 

immunoglobulin superfamily localised mainly at the junctions of endothelial cells. 

Leukocytes express PECAM-1 with a diffuse localisation, and homophilic interaction 

between leukocyte and endothelial PECAM-1 was reported to be involved in TEM 

(Muller et al., 1993). After interaction with neutrophils, endothelial PECAM-1 is 

translocated from a lateral border recycling compartment, a parajunctional reticulum 

of vesicles, to the endothelial surface. Inhibition of this mechanism impairs 

neutrophil TEM (Mamdouh et al., 2003). Homophilic binding of CD99 expressed by 

leukocytes and endothelial cells has also been shown to mediate leukocyte TEM 

(Schenkel et al., 2002). 

Leukocyte TEM can also occur through the body of an endothelial cell, a mechanism 

known as transcellular TEM. This mechanism has been described rarely in HEVs, 

where the paracellular route appear to be the most common form of TEM (Muller, 

2009). As for the paracellular pathway, transcellular TEM has been shown to be 

mediated by an initial clustering of ICAM-1 on the endothelial apical surface in 

contact with the leukocyte. ICAM-1 is then translocated to the endothelial basal 

plasma membrane through caveolin- and F-actin-rich regions, resulting in the 

formation of channels that allow the passage of the leukocyte (Millan et al., 2006). 
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Transcellular TEM also requires the trafficking through the lateral border recycling 

compartment of the same molecules involved in paracellular TEM, such as CD99, 

PECAM-1 and JAMs. An enrichment of PECAM-1 at the site of leukocyte adhesion has 

also been reported (Carman et al., 2007; Carman and Springer, 2004; Mamdouh et 

al., 2009), and its contribution to transcellular TEM appears to be fundamental, as 

blocking PECAM-1 with blocking antibodies is able to inhibit this process.  Inhibition 

of CD99, but not JAM-A, is also able to inhibit transcellular TEM (Mamdouh et al., 

2009). 

1.3.3 Lymphocyte migration within lymph nodes 

After entering the lymph node, lymphocytes need to traffic and strategically 

compartimentalise to facilitate the encounter with their cognate antigen. Naive B-

lymphocytes localise in primary follicles around the T cell zone and move among a 

network of stromal cells mainly represented by FDCs and marginal reticular cells 

(MRCs) (Mueller and Germain, 2009) (Fig 1.6). Both these stromal cell types express 

the chemokine CXCL13, which has been shown to have a critical role in guiding B cell 

access to the follicles by binding to the chemokine receptor CXCR5 expressed by all 

mature B cells (Forster et al., 1996). Beside its chemotactic role, CXCL13 also 

upregulates the B cell expression of the cytokine lymphotoxin α1β2, which promotes 

a positive feedback by contributing to FDC maturation and CXCL13 expression (Ansel 

et al., 2000). Within the follicles, B cells are highly motile with an approximate speed 

of 6 μm per minute (Miller et al., 2002). Lymphocyte migration within lymph nodes 

shows frequent directional changes and has been defined as a 'random walk', as it 

appears to be independent of chemoattractant gradients. However, inhibition of the 

chemokine receptor pathway was shown not only to impair B cell access to the 

follicles, but also to reduce their migration speed within the follicles, indicating a 

possible role for chemokines in this process (Han et al., 2005).   
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Figure 1.6 Compartmentalisation of lymphocytes within the lymph node. 
B and T cells enter the lymph nodes mainly by crossing the high endothelial venules 
(HEVs), although entry via afferent lymphatics has also been observed for T cells. 
Chemokine gradients guide B and T cells to localise in the follicles and in the T cell 
area respectively. Within the follicles, B cells migrate among a network of stromal 
cells, such as follicular dendritic cells (FDCs) and marginal reticular cells (MRCs) 
surveying for antigens. Antigen encounter induces B cell activation and the 
generation of a germinal centre (GC) within the follicle. 
 

It has been reported that B cell migration within the follicles could be guided and 

constrained by the network of FDC processes, leading to the hypothesis of a 

molecular signature on the FDC surface involving chemokines and adhesion 

molecules expressed by FDCs such as ICAM-1 and VCAM-1 (Bajenoff et al., 2006). The 

chemoattractant-type receptor Epstein-Barr virus-induced molecule 2 (EBI2) has also 

been shown to be involved in the compartmentalisation of B cells in the follicles 

(Pereira et al., 2009). Unlike CXCR5, the expression of which stays stable during B cell 

trafficking, EBI2 levels are increased after B cell activation and this process is crucial 
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for GC formation. The CCR7 receptor has also been shown to guide B cell distribution 

in the follicles. Mature B cells express CCR7 at a low level and are able to respond to 

its ligands CCL21 and CCL19. The CCL21 concentration within the lymph node is high 

in the T cell zone and diffuses with a gradient that reaches the follicles (Pereira et al., 

2010). After antigen-recognition, B cells rapidly upregulate CCR7 expression and 

migrate towards the T cell zone, positioning at the border of the follicle (Ekland et al., 

2004) (Fig. 1.7). The close contact with the T cell zone allows B cells to encounter T 

cells with cognate-antigen specificity and receive pro-survival signals (Okada et al., 

2005). Naive B cells that fail to encounter their cognate antigen leave the lymph node 

through efferent lymphatics. Studies on the effects of the immunosuppressant 

FTY720 on normal B cells identified sphingosine 1-phosphate (S1P) as a key molecule 

involved in lymphocyte exit from lymph nodes. S1P acts by binding to five G-protein 

coupled receptors: S1PR1 – S1PR5 (Takuwa et al., 2012). Modulation of S1PR1 

expression on recirculating lymphocytes is essential for their trafficking, as ligand-

induced downregulation of SP1R1 is required to prevent the immediate exit of 

lymphocytes from the lymph nodes (Matloubian et al., 2004). S1PR2 on the other 

hand regulates the survival and the clustering of the B cells in germinal centres (Green 

et al., 2011). 

 

 



Chapter 1  Introduction 

 

 30 

 

Figure 1.7 Chemokine-mediated B cell migration within the lymph node. 
Figure 1.7 The chemokine CXCL13 expressed by FDCs and MRCs guides CXCR5-
expressing B cells toward the follicular compartment. The high concentration of 
CCL21 within the T cell area diffuses with a gradient reaching the follicles. Expression 
of CCR7 in B cells is low in resting conditions but it is rapidly upregulated after antigen 
recognition. This allows B cells to migrate towards the border of the follicle and 
interact with cognate T cells. 
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1.4 Molecular regulation of lymphocyte motility 

Lymphocytes are characterised by an outstanding ability to move rapidly, and most 

of their maturation and activation steps depend on the dynamical regulation of 

migration, local arrest and positioning within the tissues. The Rho family of small 

GTPases are crucial players in the coordination of signalling pathways involved in 

lymphocyte adhesion and locomotion on different substrates (Friedl and Weigelin, 

2008; Tybulewicz and Henderson, 2009). They also contribute to other cellular 

processes including survival and cell cycle progression (Coleman et al., 2004). In B-

lymphocytes, in vitro and in vivo experiments have shown that Rho GTPases together 

with their regulatory and effector molecules are involved in B cell development, B 

cell receptor signalling and cell migration (Tybulewicz and Henderson, 2009).  Rho 

GTPases are part of the Ras superfamily, which also include the Ras, Rab, Arf and Ran 

families (Vega and Ridley, 2008). The Rap GTPases, a subgroup of the Ras family, are 

also involved in B cell function. 

1.4.1 Rho and Rap GTPases  

Most Rho and Rap GTPases, including the best-characterized Rho family members 

RhoA, Cdc42 and Rac1/2, switch between an inactive GDP-bound and an active GTP-

bound form. This mechanism is finely regulated by two major classes of regulatory 

protein: the guanine nucleotide exchange factors (GEFs), which facilitate GDP 

dissociation with the consequent binding to GTP, and the GTPase-activating proteins 

(GAPs), which stimulate the hydrolysis of bound GTP to GDP (Fig. 1.8). GTP-bound 

Rho and Rap GTPases interact with and activate multiple downstream effectors. 

Some Rho family members, for example RhoH, are unable to hydrolyse GTP and are 

constitutively GTP-bound. They are defined as atypical and their activity is mainly 

regulated by protein expression, phosphorylation and stability (Heasman and Ridley, 

2008). 

Further regulation of Rho and Ras GTPase activity is mediated by their subcellular 

localisation and interactions with distinct membrane compartments. Rho and Ras 

proteins can be post-translationally modified, by the addition of a lipid group by 

prenylation to the CAAX motif (C=Cys, A=aliphatic, X=any amino acid) and/or 

palmitoylation of different cysteine residues at their C-terminus, facilitating their 
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membrane association and interaction with downstream effectors (Roberts et al., 

2008; Vega and Ridley, 2008). Guanine nucleotide dissociation inhibitors (GDIs) can 

negatively regulate this mechanism by binding to the prenyl group and promoting 

cytosolic sequestration of several Rho GTPases (Dovas and Couchman, 2005). 

 

 

Figure 1.8 The Rho and Ras GTPase cycle. 
Most Rho and Ras GTPases cycle between a GDP-bound (inactive) to a GTP-bound 
(active) form. Guanine nucleotide exchange factors (GEFs) facilitate the dissociation 
of the GDP, allowing a GTP molecule to bind the unbound GTPase. GTP-bound 
GTPases can bind their effectors and mediate multiple signalling cascades. GTPase 
activating proteins (GAPs) enhance the intrinsic GTPase activity and the hydrolysis of 
GTP to GDP, leading to inactivation of the GTPase. A third mechanism of regulation 
is represented by the guanine nucleotide dissociation inhibitor (GDI), which can bind 
prenylated GTPases and extract them from the membrane compartment to the 
cytosol, therefore impairing their activity.  
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1.4.2 Roles of Rho and Rap GTPases in chemokine-mediated signalling 

Chemokine receptors are G protein-coupled receptors (GPCRs). After the chemokine 

binds to its cognate receptor, the heterotrimeric G-protein dissociates into the Gα- 

and the Gβγ-subunits that are then able to activate downstream signaling cascades 

that differ depending on the subunits involved. Several α,β, and γ subunits have been 

identified. Gα and associated Gβγ subunits have been grouped into the Gi, Gq, Gs, 

and G12/13 subfamilies, based on their heteromeric combination (Kehrl, 2006). 

Chemokine receptors mainly associate with the Gi and Gq subfamily members. 

Inhibitors of Gi, such as pertussis toxin, have been shown to block the binding of 

leukocytes to HEVs and their homing into lymph nodes (Bargatze and Butcher, 1993; 

Cyster and Goodnow, 1995). Many different pathways are activated after chemokine 

receptor stimulation, which ultimately lead to the cytoskeleton reorganisation 

required for the lymphocyte to polarise and migrate (Thelen and Stein, 2008). The 

phosphatidylinositol 3-kinase (PI3K) pathway is known to be involved in the 

chemokine response downstream of the Gβγ subunit. There are 3 classes of PI3Ks, 

the Class I PI3Ks are best characterized for their roles in B cells. The Class I PI3Ks 

consist of heterodimers containing a catalytic subunit p110 and a regulatory subunit 

(Cain and Ridley, 2009).  The p110 subunit in particular has been shown to have a 

crucial role in B-lymphocyte motility, as p110 depletion or treatment with specific 

pharmacologic inhibitors impairs B cell chemokine responses (Reif et al., 2004). 

Chemokine receptor stimulation also induces the activation of phospholipase C (PLC), 

which mediates the cleavage of membrane phosphatidylinositol 4,5-bisphosphate 

(PtdInsP2 or PIP2) to produce two intracellular second messengers: diacylglycerol 

(DAG) and inositol trisphosphate (IP3). IP3 mobilises Ca2+ from intracellular stores and 

from extracellular compartments. In B cells, PLCγ2 has been reported to be the PLC 

isotype involved in this mechanism, probably downstream of the Bruton tyrosine 

kinase (Btk) (de Gorter et al., 2007). Btk-deficient B cells showed an impaired PLCγ2 

activation, correlating with reduced adhesion and migration in response to CXCL12 

and CXCL13. It has been proposed that the residual B cell motility could be controlled 

by the PI3K pathway.  
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Rho and Rap GTPases are critical signal transducers of chemokine-mediated 

pathways (Fig. 1.7). RhoA has been proposed to be involved in the B cell chemokine-

response through its GEF LSC (also known as ARHGEF1). LSC is able to bind the GPCR-

associated Gα12/13 subunit through its regulator of G protein signalling (RGS) 

domain, and down-regulate the GPCR signalling (Tybulewicz and Henderson, 2009). 

LSC-depleted marginal zone B cells showed increased ability to migrate in response 

of S1P, indicating that LSC and possibly RhoA are involved in the regulation of the 

S1PR1-mediated lymph node egress of B cells in mice (Girkontaite et al., 2001). 

Moreover, LSC-depleted marginal zone B cells showed a reduced ability to detach 

from ICAM-1 during their in vitro migration, probably due to a requirement for LSC-

mediated RhoA activation during cell detachment from integrin ligands (Rubtsov et 

al., 2005). 

Rac has also been shown to be involved in B cell chemokine responses. Depletion of 

Rac1 and Rac2 impairs in vivo B cell homing to lymph nodes and spleen, in agreement 

with their decreased migration in vitro in both basal conditions and upon stimulation 

with CXCL12, CXCL13 and CCL21 (Croker et al., 2002; Henderson et al., 2010). Several 

GEFs can be involved in the regulation of Rac activation during chemokine responses, 

depending on the cell type. In B cells, the Rac-specific GEF DOCK2 has been shown to 

have a critical role in the activation of Rac in the migratory response to CXCL12, 

CXCL13 and S1P (Nombela-Arrieta et al., 2004; Nombela-Arrieta et al., 2007). DOCK2 

deficiency in B-lymphocytes was shown to partly reduce chemokine-mediated Rap1 

activation, indicating that this Rac GEF and possibly Rac itself could be involved in the 

activation of Rap1 during this process (Fig 1.9).  

Rap proteins (Rap1a,b and Rap2a,b,c) have been shown to have a crucial role in 

chemokine responses. Studies performed in primary murine lymphocytes have 

shown that CXCL4 and CCL21 stimulation induces rapid GTP-loading of Rap1 

(Shimonaka et al., 2003), and CXCL12 stimulation of B cells has been shown to induce 

activation of both Rap1 and Rap2 through PLC (McLeod et al., 2002). Inhibition of Rap 

proteins through the expression of RapGAPII was shown to inhibit CXCL12-mediated 

chemotaxis in B cell lines. Notably, spontaneous migration was also reduced after 

Rap inhibition in a murine B cell line (McLeod et al., 2002). In agreement with these 
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data, in vivo studies have shown that Rap1b depletion reduces murine B cell homing 

to lymphoid organs (Chen et al., 2008b; Chu et al., 2008). 

 

 

 

Figure 1.9 Roles of Rho and Rap GTPases in B cell chemokine-mediated signalling. 
Chemokine signalling is mediated through binding of chemokines to their cognate 
receptors on the surface of B cells. Chemokine receptors are associated with 
heterotrimeric G-proteins that, after chemokine binding, dissociate and trigger 
several signalling cascades. The GTPases RhoA, Rac and Rap have key roles in the 
cytoskeleton rearrangements and integrin activation necessary for B cells to migrate 
and traffic in response to chemokines. Chemokine receptors expressed by B cells such 
as CCR7, CXCR5, CXCR4 guide them towards the lymphoid organs, whereas the S1P 
receptors (S1PRs) are involved in the B cell exit from lymphoid organs. PLCγ2, 
phospholipase C-γ2; DOCK2, dedicator of cytokinesis 2; PI3K, phosphatidylinositol 3-
kinase; Btk, Bruton tyrosine kinase. 
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1.4.3 Lymphocyte polarisation and locomotion 

Cell polarity is a pre-requisite for cell migration. Whether migration is directed by a 

chemoattractant gradient (chemotaxis) or random directionality in the presence of a 

uniform chemokine concentration (chemokinesis), cells need to acquire functional 

and morphological asymmetry to generate forward movement (Lauffenburger and 

Horwitz, 1996). Polarised leukocytes lose their round morphology by acquiring a 

broad protruding leading edge called a lamellipodium and a short cylindrical-shaped 

structure at the rear defined as a uropod (Friedl and Weigelin, 2008). Studies 

performed in vitro have shown that human T-lymphocytes stimulated with CCL19 

form several lamellipodia, one of which is subsequently stabilised and this leads to 

the formation of a uropod on the opposite cellular pole (Real et al., 2007). The 

formation and maintenance of the leading edge is mediated by an asymmetric 

distribution of the actin cytoskeleton. Actin polymerarisation at the front of the cell 

induces the formation of a broad branched network of actin filaments. This process 

is mediated by actin nucleators, such as the Arp2/3 complex, which stimulates the 

addition of actin monomers to pre-existing actin filaments and whose activity is 

modulated by adaptor proteins such as the Wiskott-Aldrich syndrome proteins 

(WASPs) and the WASP-family verprolin-homologous proteins (WAVEs) (Campellone 

and Welch, 2010). Rac1 and Rac2 have been shown to be key regulators of 

lamellipodium formation in several cell types (Ridley, 2011). Studies performed using 

GTPase biosensors in migrating fibroblasts have shown that active RhoA, Cdc42 and 

Rac1 are localised at the leading edge. RhoA appears to initiate the formation of 

lamellipodial protrusions, while Cdc42 ad Rac1 have a subsequent stabilising role 

(Machacek et al., 2009). In T cells, RhoA was shown to be active at the front during 

TEM (Heasman et al., 2010).  

GTP-bound Cdc42 has been shown to bind and activate WASP and N-WASP, inducing 

activation of the Arp2/3 complex and chemotaxis in T-lymphocytes (Goley and Welch, 

2006). In B cells, WASP deficiency induced impaired adhesion, migration and homing, 

suggesting that a similar mechanism could mediate B-lymphocyte motility 

(Westerberg et al., 2005). In agreement with this observation, Rac2 depletion in 

murine B cells significantly decreases the level of basal and chemokine-induced actin 

polymerisation (Henderson et al., 2010).  
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Rap proteins are also important players in lymphocyte polarisation. Constitutively 

active Rap1 expression in B cells was shown to enhance both spontaneous and 

chemokine-induced cell polarisation (Shimonaka et al., 2003). TEM was also 

enhanced in the presence of constitutively active Rap1, although this required the 

application of shear stress (Shimonaka et al., 2003).   

In order for the cell to move forward, the actin polarisation at the leading edge must 

be coordinated with a contractile force at the trailing edge. This force is generated in 

the uropod by actomyosin contraction triggered by phosphorylation of the myosin 

light-chain (MLC). This mechanism is controlled by the activation of RhoA and its 

effector ROCK (Lee et al., 2004). 

Cell polarisation also includes an asymmetrical distribution of both intracellular and 

plasma membrane receptors. For example, polarised B cells show redistribution of 

chemokine receptors at the leading edge whereas CD44 is mainly found in the uropod. 

This phenomenon has been observed in B cells polarised upon chemokine stimulation 

but also in B cells polarised upon constitutively active Rap1 expression (Shimonaka et 

al., 2003). Interestingly, in vivo studies have suggested that antigen-bearing B cells in 

the lymph nodes appear to transport the antigen on their uropod during their 

migration (Carrasco and Batista, 2007).   

1.4.4 Lymphocyte adhesion: the role of integrins 

Arrest of migrating lymphocytes requires the activation of adhesion receptors on the 

lymphocyte surface and a subsequent binding to counter-receptors found in the 

extracellular matrix or surrounding cells (Dixit and Simon, 2012). Integrins, a family 

of proteins with a double role of adhesion molecules and receptors, are key players 

in this process. Integrins are transmembrane heterodimers, with one α- and one β-

subunit; a total of 18 α-subunits and 8 β-subunits have been identified; association 

of these subunits allows the formation of at least 24 known integrins (Kinashi, 2005). 

Integrins are in equilibrium between different conformational and activity states. In 

resting cells, integrins are mainly in an inactive conformation, consisting of a bent 

shape of their extracellular domain that is unable to bind ligand (Hogg et al., 2011). 

Signalling cascades triggered by other receptors (inside-out signalling) induce 

conformational changes in the integrin extracellular domains leading to clustering of 
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integrins at the cell membrane and an intermediate affinity for their ligands (Takagi 

et al., 2002). This mechanism is mediated by cytoplasmic proteins that bind to the 

carboxy-terminal tail of the integrin α- and β- subunits inducing a conformational 

change and providing connection to the cytoskeleton, namely talins and kindlins. 

Upon binding to the appropriate ligand, integrins acquire a high-affinity 

conformation state, possibly requiring the application of external forces such as shear 

flow (Alon and Dustin, 2007; Zhu et al., 2008). The signalling cascade leading to 

adhesion strengthening mediated by ligand binding to the integrin is defined as 

outside-in signalling (Hogg et al., 2011). Several kinases have been shown to be 

involved in the outside-in signalling cascade; in T cells these include the tyrosine 

kinases of the Src family, Syk and the ζ-chain-associated protein kinase 70 kDa (ZAP-

70) (Evans et al., 2011; Mocsai et al., 2006). In B cells, the molecular components 

involved in integrin outside-in signalling have not been elucidated, but it has been 

proposed that this mechanism could mediate B cell spreading upon BCR engagement 

(Arana et al., 2008a). Mature B cells express high levels of LFA-1 and VLA-4 integrins. 

Their ligands ICAM-1 and VCAM-1 are expressed on the surface of several cell types, 

such as endothelial cells, leukocytes, dendritic cells and FDCs (Freedman et al., 1990; 

Harwood and Batista, 2010; Koopman et al., 1991). Integrin-mediated adhesion has 

been shown to have a crucial role in B cells, being involved in B cell recruitment to 

tissues and lymphoid organs (Berlin-Rufenach et al., 1999; Lo et al., 2003), interaction 

with APCs during the antigen-recognition process (Carrasco and Batista, 2006; 

Carrasco et al., 2004), long-term compartmentalisation and retention in lymphoid 

tissues (Lu and Cyster, 2002).  

Rap proteins are major regulators of cell adhesion. Although it was initially postulated 

that the role of Rap1 is to act as a Ras antagonist, because of its ability to bind Ras 

effectors forming non-productive complexes, later studies showed that Rap1 has a 

fundamental Ras-unrelated role in controlling cell adhesion through integrin 

activation and cell polarisation (Bos et al., 2001). Rap1 has been shown to regulate 

integrin activity in leukocytes mainly by its effectors RAPL and Rap1-GTP-interacting 

adaptor molecule (RIAM) (Hogg et al., 2011). Integrin activation by the Rap1-GTP-

RIAM complex has been proposed to be mediated by talin. RIAM has been shown to 

immunoprecipitate with talin and increase integrin activity (Lafuente et al., 2004). 
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Moreover, Rap1 has been shown to modulate LFA-1 localisation through the 

formation of a complex with RAPL and the threonine/serine kinase Mst-1 linked to 

the vesicular redistribution of LFA-1 to the leukocyte leading edge (Katagiri et al., 

2006). It still needs to be defined if Rap1 found in vesicular complexes is in an active 

state or if its activation is restricted to the plasma membrane compartment (Hogg et 

al., 2011). B cells from Rap1a and Rap1b knockout mice showed impaired in vitro 

adhesion to VCAM-1 and ICAM-1 (Chu et al., 2008; Duchniewicz et al., 2006). 

Moreover, B cells from RAPL-deficient mice exhibit impaired in vitro adhesion, 

polarisation and migration as well as in vivo homing to lymphoid compartments, 

indicating that this Rap1 effector is essential in mediating Rap1 function in B-

lymphocytes (Katagiri et al., 2004). Notably, integrin inactivation has been shown to 

have a milder effect compared to Rap1 depletion on B-lymphocyte motility. In 

agreement with this observation, interstitial migration has been proposed to be an 

integrin-independent mechanism that nevertheless requires Rap1 (Ebisuno et al., 

2010; Lämmermann et al., 2008). These data suggest an additional role for Rap1 in 

lymphocyte motility that will require further investigations. 

It still needs to be defined which GEFs are involved in the chemokine-mediated 

activation of Rap proteins in B-lymphocytes. Several GEFs such as C3G (RAPGEF1), 

Ras guanyl nucleotide-releasing proteins (RasGRP2, also known as CALDAG-GEFI, and 

RasGRP3), EPAC, PDZ-GEFs and RasGEF1 can induce Rap activation in different cell 

types (Gloerich and Bos, 2011). A key role for RasGRP2 in the activation of Rap1 has 

been shown in immune cells (Bergmeier et al., 2007; Cifuni et al., 2008; Ghandour et 

al., 2007). RasGRP2, together with the other RasGRP proteins, contains one DAG- and 

two Ca2+-binding motifs. However, there is no clear evidence to date on how these 

two second messengers activate RasGRP2 (Stone, 2011). It has been hypothesised 

that RasGRP2 activation is mediated through PLCγ production of DAG and Ca2+ upon 

chemokine receptor stimulation. RasGRP2 is required for the Rap1-mediated 

activation of αLβ2- and αIIβ3 in T cells and platelets respectively (Cifuni et al., 2008; 

Ghandour et al., 2007). Moreover, it has been shown that murine RasGRP2-depleted 

neutrophils and platelets fail to activate Rap1 in response to different stimuli and 

exhibit functional defects in β1, β2 and β3 integrins (Bergmeier et al., 2007).  
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1.5 B cell receptor signalling  

As described above in this Chapter, the fate of B cells is highly dependent on the BCR 

signalling, which coordinates multiple pathways leading to cell differentiation and 

proliferation. Several of these pathways involve Rho and Rap GTPases (Fig 1.10).  

1.5.1 B cell receptor-induced proliferation  

The BCR is composed of an IgM or IgD associated with Ig-/Ig- complex. Both Ig- 

and Ig- contain a single immunoreceptor tyrosine-based activation motif (ITAM) in 

their intracellular domains that mediates BCR signalling. Antigen binding to the 

complementarity-determining regions of the IgM or IgD causes cross-linking, and 

subsequent phosphorylation of the Ig- and Ig- ITAM tyrosine residues by the 

tyrosine kinase of the Src family, Lyn. This phosphorylation generates docking sites 

necessary for the association and activation of Src homology 2 (SH2)-domain 

containing proteins with the BCR complex (Niiro and Clark, 2002). The Spleen tyrosine 

kinase (Syk) recruitment and activation plays a key role in this signalling cascade, as 

deficiency in Syk has been shown to compromise BCR signalling (Saijo et al., 2003). 

Proximal events involve the formation of a signalling complex that involve the B cell 

linker protein (BLNK), PI3K, Btk, Vav and PLCγ2. Increase of intracellular Ca2+ and 

production of DAG downstream of PLCγ2 activate the protein kinase C (PKC), which 

in turn stimulates various pathways including the mitogen-activated protein kinase 

(MAPK)-family kinases (extracellular regulated kinase (ERK), p38 and JNK) and several 

transcription factors including nuclear factor-κB  (NF-κB), which all contribute to B 

cell proliferation (Niiro and Clark, 2002; Rickert, 2013).  Moreover, Ca2+ induces 

activation of Ca2+ -dependent molecules such as the serine-threonine phosphatase 

calcineurin that activates the transcription factor NFAT (nuclear factor of activated T-

cells) by dephosphorylating it (Crabtree and Schreiber, 2009).  

PI3K mediates BCR-signalling by phosphorylating phosphoinositides and thus 

generating the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3). 

PIP3 in turn can bind and regulate downstream effectors, including the 

serine/threonine kinase Akt and several GEFs (Cain and Ridley, 2009).  

RhoA is also involved in the BCR signalling cascade. Inhibition of RhoA in B cell lines 

reduced the BCR-induced release of Ca2+ from intracellular stores and impaired cell 



Chapter 1  Introduction 

 

 41 

proliferation by regulating production of the PLCγ substrate PIP2 (Saci and Carpenter, 

2005). RhoA might mediate this function by regulating the localisation or either 

directly activating phosphatidylinositol 4-kinase (PI4K) and phosphatidylinositol-4-

phosphate 5-kinase (PIP5K), required for the synthesis of PIP2 
 (Mele et al., 2014).  

Vav proteins, well characterized GEFs for several Rho GTPases, including Cdc42 and 

Rac, play an important role in the proliferative signalling triggered by the BCR. 

(Tybulewicz and Henderson, 2009) Vav1-deficient B cells show reduced activation 

and proliferation upon BCR stimulation (Fujikawa et al., 2003), and combined Vav1 

and Vav2 depletion strongly inhibits BCR-induced proliferation (Tedford et al., 2001). 

A similar phenotype to Vav depletion is observed after Rac1 and Rac2 depletion, 

indicating the requirement of these GTPases in BCR responses. Vav proteins, Rac and 

Cdc42 could affect BCR signalling by promoting BCR endocytosis together with the B-

lymphocyte adaptor molecule of 32 kDa (Bam32) (Malhotra et al., 2009; Niiro et al., 

2004).   

BCR signalling can be reinforced through co-receptor-mediated signalling. Co-

receptor molecules in mature B cells are expressed as a complex consisting of CD19, 

CD21 and CD81 (Kurosaki, 2002). CD21 is a receptor for the C3d fragment of 

complement, which after activation is able to induce phosphorylation of the 

cytoplasmic domain of CD19 with the consequent recruitment of PI3K.  

Furthermore, several molecules act as negative regulators of BCR signalling. For 

example, CD22, CD5, CD72 and the Fc receptor FcγRIIB are receptors that contain 

distinct motifs called immunoreceptor tyrosine-based inhibition motifs (ITIMs) 

(Kurosaki, 2002). ITIMs are phosphorylated by the tyrosine kinase Lyn upon BCR 

stimulation, leading to the recruitment of one or other of the SH2 domain-containing 

inhibitory phosphatases, the tyrosine phosphatases SHP-1 and the inositol-5'-

phosphatase SHIP (Brauweiler et al., 2000; Doody et al., 1995). Activation of SHP-1 

induces the dephosphorylation of Syk, Btk, Lyn and BLNK, whereas SHIP activity 

directly counteracts the activity of lipid kinases (e.g. PI3K) downstream of the BCR 

(Kurosaki, 2002). Mechanisms of negative regulation and co-signalling are essential 

for the modulation of the BCR response and allow differential biological outcomes 

during B cell development such as proliferation, apoptosis or anergy (Gauld et al., 

2006). 
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1.5.2 B cell receptor signalling to the cytoskeleton 

It has been shown that early events in the BCR activation include cytoskeletal 

rearrangements and inside-out integrin activation, both of which are required for the 

antigen-recognition process (Arana et al., 2008a). B cells and APCs form an 

immunological synapse in which the BCR and adhesion molecules are clustered. Upon 

contact with APCs, B cells undergo a rapid response by spreading and contracting 

along the antigen-containing surface, activating their integrins in order to adhere to 

the APCs followed by spatial segregation of antigen-bound BCR into a central 

supramolecular activation cluster (cSMAC) surrounded by a peripheral SMAC 

(pSMAC) of active LFA-1 (Arana et al., 2008a; Mele et al., 2014).  

Several GTPases have been linked to this process. Rap1 and Rap2 GTPases are 

activated upon BCR engagement and have been reported to play a key role in the 

spreading of the B cells after BCR stimulation. Rap activation is also essential to the 

formation of a functional immune synapse (Lin et al., 2008). This probably reflects 

the ability of Rap to activate LFA-1 integrin through inside-out signalling leading to 

integrin clustering as well as increased affinity for their ligands. The RapGEF involved 

in the Rap activation in response to BCR engagement has not yet been identified. As 

mentioned above, both Rac1 and Rac2 are involved in the BCR-mediated signalling. 

However, only Rac2, and not Rac1, is required for the immunological synapse 

formation between B and APC cells (Arana et al., 2008b). Rac2 appears to act 

upstream of Rap1 to induce LFA-1-mediated adhesion, although the links between 

Rac2 and Rap1 are not known.  

In addition to Rac2, Btk and PLCγ2 have been implicated upstream of Rap activation. 

Btk activation is necessary for the inside-out activation of the integrin VLA-4/α4β1 

upon BCR stimulation (Spaargaren et al., 2003). PLCγ2 acts downstream of Btk to 

mediate VLA-4 activation, and Rap1 activation following BCR stimulation requires 

PLCγ2 (McLeod et al., 1998; Mele et al., 2014).  
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Figure 1.10 B cell receptor signalling. 
Upon antigen binding, Igα and Igβ are phosphorylated by the Src family kinases Lyn 
and Lck, leading to the formation of a signalling complex that involves PI3K, Btk, Vav 
and PLCγ2. Activation of Rac, mediated by its GEF Vav or downstream of PI3K 
signalling, is necessary for the B cell cytoskeletal reorganisation. Downstream of PI3K, 
Btk and PLCγ2, Rap is activated through an unknown GEF and contributes to integrin 
activation and cytoskeletal rearrangement. The BCR signalling cascade also leads to 
PI3K-mediated activation of RhoA, which contributes to the Ca2+ release from 
intracellular stores. This mechanism is implicated in the regulation of transcription 
factors mediated by activation of several signalling pathways including ERK1/2, NF-
κB and NFAT.  
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1.6 B cell malignancies: Chronic Lymphocytic Leukaemia 

Chronic lymphocytic leukaemia (CLL) is one of the most common forms of leukaemia 

in adults. It is characterized by the progressive accumulation of neoplastic 

monoclonal B-lymphocytes in the blood, bone marrow, lymph nodes and other 

lymphoid organs. Malignant CLL cells are characterized by the expression of CD5, 

CD19 and CD23. Typically, CLL cells express IgM and IgD surface antibodies with a 

variable density. However, class switch recombination has been reported in CLL cells 

and a minor subset of CLL cells express IgG and IgA (Efremov et al., 1996; Malisan et 

al., 1996).  

Symptomatic disease can include lymph node enlargement, hepatosplenomegaly, 

bone marrow failure and recurrent infections because of the reduced production of 

functional immune cells (Chiorazzi et al., 1995). Initially, CLL was considered a tumour 

of lymphocytes with a minimal proliferation index, which accumulate because of a 

faulty apoptotic process. However, findings in recent years have challenged this 

model. Although CLL cells in the peripheral blood are mainly resting, structures found 

in the bone marrow and lymph nodes known as proliferation centres contain a small 

fraction of actively proliferating CLL cells. The CLL proliferation centres are 

characterised by a pseudofollicular structure, vaguely nodular regions observed by 

histopathological analysis and representing a hallmark of CLL. Aggregates of 

proliferating leukaemic cells, characterised by the expression of the proliferation 

marker Ki67, can be found In these structures and they differ from the healthy 

proliferating B cells by lacking the expression of reactive GC B cells markers, such as 

CD10 and Bcl-6, and expressing the anti-apoptotic factor Bcl-2 (Stevenson and 

Caligaris-Cappio, 2004).  

Heavy-water experiments have demonstrated a definable turnover of CLL cells in 

each patient, with a proportion of new cells generated per day up to 1% of the entire 

clone (Messmer et al., 2005). It has also been proposed that the small fraction of CLL 

cells in the peripheral blood with a proliferative phenotype represents the proportion 

of CLL cells that have recently divided and exited the lymphoid compartments 

(Calissano et al., 2011).   
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1.6.1 Prognostic factors in CLL  

CLL is characterized by a marked degree of heterogeneity.  Patients suffering from 

CLL can be affected by an indolent form of the disease without requiring any 

treatment or instead they can present with a rapidly progressive disease and fatal 

clinical course. The variable course of CLL progression reflects heterogeneity in the 

disease biology. Because of this heterogeneity, staging systems like Rai (Rai et al., 

1975) and Binet (Binet et al., 1981) have been developed to help clinicians assess 

patient prognosis and plan therapeutic intervention. Nevertheless, there are still 

many difficulties in the prediction of the clinical outcome if the disease is diagnosed 

at early stages. In the past decade many genetic, molecular and cellular features have 

been identified as good markers that can be linked to the tumour aggressiveness, 

some of which are described here. 

1.6.1.1 IGHV mutational status 

CLL cases are classified into 2 main subsets, based on the degree of somatic 

hypermutation of the IGHVs. Unmutated CLL cases (U-CLL) have >98% IGHV sequence 

homology with the germline sequence, whereas mutated CLL cases (M-CLL) have 

<98% sequence homology (Burger and Chiorazzi, 2013). U-CLL is associated with a 

more aggressive clinical course and shorter survival, conversely M-CLL cases typically 

show longer survival and slow disease progression (Damle et al., 1999). It has been 

proposed that the 2 subsets could arise from different B cell lineages and therefore 

they should be considered as 2 different diseases, at least from a developmental 

point of view (Stevenson et al., 2011). It has been hypothesised that U-CLL could be 

generated from a B cell before initiation of IGHV hypermutation, whereas M-CLL 

would derive from a B cell that transited through the GC (Section 1.2). Initially, gene 

expression profile studies reported that CLL cells were more related to memory B 

cells compared to CD5+ B cells isolated from neonatal cord blood (Klein et al., 2001), 

leading to the hypothesis that both U-CLL and M-CLL cells can be considered antigen-

experienced 'memory-like' B cells that arose from a typical GC reaction (M-CLL) or 

that failed to rearrange their antigen-combining site (U-CLL) (Chiorazzi and Ferrarini, 

2011). However, in a more recent study, comparison of CLL cells with normal naive B 

cells, IgM+ memory B cells, adult CD5+ B cells and class-switched B cells showed that 
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both U-CLL and M-CLL cells are very similar to normal CD5+ B cells found in the 

peripheral blood (Seifert et al., 2012). IGHV mutation analysis showed that this subset 

of normal B cells, although mostly IGHV unmutated (Brezinschek et al., 1997) include 

a small distinct subset of CD27+ (generally considered as marker for memory B cells 

(Agematsu et al., 2000)) CD5+ B cells with mutated IGHVs (Seifert et al., 2012). Based 

on this findings, the current hypothesis id that CLL could be a malignancy derived 

from CD5+ B cells. U-CLL would originate from CD5+ CD27- B cells with unmutated 

IGHV, whereas M-CLL would derive from CD5+ CD27+ B cells with mutated IGHV 

(Zhang and Kipps, 2014) (Fig 1.11).  

 

 

Figure 1.11 Proposed origin of CLL cells during B cell differentiation. 
Generation of the two subtypes of CLL has been associated with different stages of B 
cell development. The unmutated type of CLL (U-CLL) could derive from mature CD5+ 
B cells, which have not undergone the IGHV hypermutation. The mutated CLL type 
might be generated from CD5+ CD27+ B cells.  

 

1.6.1.2 Cytogenetic abnormalities 

The low mitotic activity of CLL cells has held back the analysis of genomic 

abnormalities achievable with standard chromosome banding studies.  However, 
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stimulation of CLL cell proliferation and techniques able to detect chromosomal 

abnormalities irrespective of the cell mitotic phase, such as fluorescence in situ 

hybridisation (FISH) with specific probe sets, allowed genomic aberration to be 

identified in approximately 80% of CLL cases (Zenz et al., 2011).  The most recurrent 

mutations identified include the deletion of chromosomal regions on 13q, 11q, 17p 

and the trisomy of chromosome 12. The presence of these aberrations has been 

shown to be associated with different rates of disease progression and clinical 

outcome. Deletion of 13q14.3 is considered the most common genetic abnormality 

in CLL. It has been reported to be present in a total of 55% CLL patients, including CLL 

cases where multiple aberrations are observed.  CLL cases with the sole loss of 

13q14.3 as genetic aberration (36% of CLL patients, based on FISH data) have a 

favourable prognosis and show a slow disease progression (Dohner et al., 2000). The 

13q14.3 region contains the deleted in leukemia-1/2 genes (DLEU1 and DLEU2), 

which are long non-protein coding RNAs. The DLEU1 gene contains the microRNAs 

miR-15a and miR-16-1, which have been implicated in CLL pathogenesis (Calin et al., 

2002). Experiments performed in mouse models have shown that deletion of the 

miR-15a/16-1 is sufficient to induce the development of lymphoproliferative 

disorders mimicking features of CLL (Klein et al., 2010). The effect observed is likely 

to be due to the tumour suppression function linked to miR-15a/16-1, which appear 

to inhibit the expression of multiple genes involved in the regulation of cell growth 

and apoptosis, including BCL2. 

Approximately 15% of CLL patients exhibit trisomy 12 (Dohner et al., 2000). Whereas 

initial studies associated trisomy 12 with intermediate progression, more recent data 

suggest that this genomic lesion predicts shortening of the time to the first treatment 

but overall favourable survival (Hallek et al., 2010). The candidate genes involved in 

the pathogenesis of CLL with trisomy 12 have not been identified. Interestingly, a 

recent study has shown that expression of the RAP1B gene, located in the 12q15 

region of chromosome 12, is up-regulated in CLL cases with trisomy 12 compared to 

other CLL subgroups and normal B cells (Riches et al., 2014). Moreover, CLL cases 

with trisomy 12 show increased expression of CD49d, RasGRP2 and RAPL compared 

to other CLL cases (Riches et al., 2014; Zucchetto et al., 2013). These genes are not 

on chromosome 12 and the mechanisms involved in their up-regulation have not 
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been defined. Trisomy 12 has also been associated with increased incidence of 

NOTCH1 mutation (Balatti et al., 2012). NOTCH1 mutations have been identified in 

approximately 10% of CLL cases at the time of diagnosis and associated with 

shortened survival (Fabbri et al., 2011; Puente et al., 2011). Studies on a cohort of 

CLL patients with trisomy 12 showed that NOTCH1 mutation had a frequency of 24% 

among this subgroup, correlating with a 2.4 fold increase of poor prognosis (Del 

Giudice et al., 2012). The NOTCH1 gene encodes for the Notch1 transmembrane 

protein that is activated by ligands of the Jagged/Delta family. Upon binding to its 

ligands, Notch1 is proteolytically cleaved and its intracellular domain translocates to 

the nucleus, where it regulates the expression of several genes involved in 

lymphocyte development and function (Radtke et al., 2013). Notch1 mutations in CLL 

disrupt the intracellular C-terminal domain involved in regulating the protein 

turnover, resulting in an impaired Notch1 degradation (Gaidano et al., 2012).  

Deletion of 17p13 in CLL patients correlates with the most adverse prognosis and is 

detected in 4-9% CLL cases (Dohner et al., 2000). This region includes the gene for 

the tumour suppressor factor p53. Whereas mutation of p53 has been observed only 

in 5% of CLL cases with no 17p13 deletion, 80% of CLL patients with monoallelic 

17p13 deletion show inactivating mutations of p53 on the remaining allele (Zenz et 

al., 2010). 

CLL patients with deletion of 11q22-q23 show a fast disease progression and 

remarkable lymphadenopathy (Dohner et al., 2000). This cytogenetic abnormality is 

found in approximately 25% of CLL patients with advanced disease and in most of the 

cases it affects the ataxia telangiectasia mutated (ATM) gene (Stilgenbauer et al., 

2002). The product of this gene is a protein kinase involved in cell cycle checkpoint 

and DNA repair after damage. The loss of ATM therefore leads to genomic instability 

(Braggio et al., 2012).  

Notably, intraclonal genetic heterogeneity as a result of clonal evolution (Greaves 

and Maley, 2012) contributes to CLL progression and clinical outcome, representing 

a further level of complexity (Landau et al., 2013; Schuh et al., 2012).   
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1.6.1.3 ZAP-70 

The tyrosine kinase ZAP-70 mainly expressed in T-lymphocytes where it plays a key 

role in the T cell receptor (TCR) signalling response (Kane et al., 2000).  In T cells ZAP-

70 is distributed throughout the cytoplasm, but following TCR engagement and ITAM 

phosphorylation it is recruited to the plasma membrane and becomes active via 

tyrosine phosphorylation (Sloan-Lancaster et al., 1997). Expression of ZAP-70 has 

been reported in activated B-lymphocytes, but not in resting B cells, indicating that 

its expression is associated with the cell stimulation processes (Cutrona et al., 2006; 

Scielzo et al., 2006). Expression of ZAP-70 is also detected in a subset of CLL patients. 

Its expression highly correlates with the unmutated status of IGHV (Wiestner et al., 

2003) and it has been proposed as a surrogate marker for U-CLL (Crespo et al., 2003), 

because of the relatively easy and inexpensive methods of detecting it. However, 

ZAP-70 has been shown to have high prognostic value independently to the IGHV 

mutation status (Rassenti et al., 2008); CLL patients with >20% leukaemic cells 

expressing ZAP-70 show a faster disease progression. ZAP-70 expression in CLL has 

been shown to be associated with enhanced BCR signalling (Chen et al., 2002). 

However, the tyrosine kinase activity of ZAP-70 does not seem to be involved in this 

mechanism, suggesting that it could possible act as an adaptor protein in the BCR 

induced signalling pathway (Chen et al., 2008a). Moreover, it has been shown that 

expression of ZAP-70 in CLL is associated with increased response to CCL19, CCL21 

and CXCL12 chemokines, with a consequent increased migration and survival 

signalling (Calpe et al., 2011; Richardson et al., 2006). 

1.6.1.4 CD38 

CD38 is a transmembrane protein member of the ADP ribosyl cyclase family. CD38 

expression is considered ubiquitous in the lymphoid tissues but it is particularly 

regulated during B cell development. Precursor cells in the bone marrow show a high 

CD38 expression that decreases in circulating mature B-lymphocytes; expression 

levels increase again after their differentiation into plasma cells (Malavasi et al., 

2008) (Fig. 1.12). Expression of CD38 can be detected in a subset of CLL patients and 

it has been shown to predict poor clinical outcome when expressed in >30% CLL cells. 

This expression refers to the presence of the protein on the cell surface only as 
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detected by flow cytometry (Damle et al., 1999; Del Poeta et al., 2001; Hamblin et al., 

2002). However, different cutoff values have been proposed such as 20% (Durig et 

al., 2002; Ibrahim et al., 2001) and 7% (Krober et al., 2002; Thornton et al., 2004). 

CD38 expression in CLL has been associated with shorter overall survival, shorter time 

to the first treatment and high incidence of lymph node involvement. As absence of 

mutations in the IGHV gene often correlates with CD38 expression in CLL patients, 

CD38 was initially proposed to be predictive of U-CLL cases (Damle et al., 1999). 

However, this correlation was not observed in subsequent studies (Hamblin et al., 

2002; Jelinek et al., 2001), suggesting that CD38 can be considered as an independent 

poor prognostic factor in CLL.   

 

 

Figure 1.12 CD38 expression through the stages of human B cell development. 
CD38 expression is tightly regulated during B cell maturation. It is expressed at high 
levels in pro-B, pre-B and immature B cells. It expression decreases in mature 
lymphocytes and then increases again in plasma cells. 
 

1.6.1.5 CD49d  

CD49d, the α4 subunit of the integrin VLA-4, is variably expressed between CLL 

patients. Even though CD49d expression in CLL often correlates with poor prognostic 

markers such as ZAP-70 and CD38, multivariate analysis of large cohorts of CLL 

patients performed by two independent groups suggested that CD49d could be an 

independent predictor of poor prognosis using a surface CD49d expression cut-off of 

30% (Gattei et al., 2008) and 45% (Shanafelt et al., 2008) relative to the percentage 

of CLL cells expressing CD49d detected with flow cytometry. Subsequent studies 
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confirmed the relevance of CD49d expression as a prognostic factor in CLL that 

predicts shorter treatment-free survival and shorter overall survival (Majid et al., 

2011; Nuckel et al., 2009). Moreover, recent meta-analysis studies performed on a 

large cohort of CLL cases (2,972 CLL samples) indicated that CD49d expression (cut-

off of 30%) is the strongest flow-cytometry-based prognostic factor, when compared 

to CD38 and ZAP-70, to predict shorter treatment-free and overall survival (Bulian et 

al., 2014) 

 

1.6.2 Role of the microenvironment in CLL  

Specific interactions of CLL cells with cellular and matrix components within the 

microenvironmental niches in the lymphoid organs are crucial for the leukaemic 

clone survival, proliferation and therefore for the disease progression (Fig 1.13). The 

high apoptotic rates of CLL cells in in vitro cultures have highlighted the importance 

of these interactions. Direct physical contact of CLL cells with bone marrow-isolated 

stromal cells has been shown to significantly reduce CLL cell apoptosis in vitro and 

extend their survival up to several weeks (Lagneaux et al., 1998; Panayiotidis et al., 

1996).  Endothelial cells are also important players of the CLL microenvironment.  Co-

culture with endothelial cells has been shown to prevent both spontaneous and 

chemotherapy-induced apoptosis of CLL cells (Maffei et al., 2012), upregulating the 

expression of antiapoptotic proteins such as Bcl-2, Mcl-1, and Bcl-XL possibly through 

NF-κB activation (Buggins et al., 2010). Interestingly, binding of β1- and β2-integrin 

expressed on CLL cells to their respective ligands VCAM-1 and ICAM-1 on the 

endothelial surface is essential to the pro-survival effect. Soluble factors are also 

involved in CLL cell survival; conditioned media from endothelial cells was partly able 

to reduce the apoptotic rate of CLL cells (Maffei et al., 2012).  

FDCs can also be found associated with CLL cells in lymph nodes, and in vitro co-

culture of CLL cells and a FDC cell line has been shown to protect leukaemic cells from 

spontaneous apoptosis through the up-regulation of the anti-apoptotic protein Mcl-

1 at least partly mediated by stimulation of the cell surface receptor CD44 expressed 

by CLL cells (Fedorchenko et al., 2013; Pedersen et al., 2002).  
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Notably, CD4+ T-lymphocytes are present in the pseudofollicles and particularly in 

close proximity to proliferating Ki67+ CLL cells (Ghia et al., 2002). Several CD4+ T-

lymphocytes in pseudofollicles express CD40L, suggesting that they are in an active 

state and leading to the hypothesis that they can have a role in supporting the 

proliferation of the leukaemic clone (Ghia et al., 2008). CD40 stimulation with CD40L 

was able to induce a gene expression signature in CLL cells in vitro resembling that 

found in lymph node CLL samples. Moreover, combined stimulation of CLL cells with 

CD40L and IL-21 was shown to induce CLL cell proliferation in vitro (Pascutti et al., 

2013).  

Monocyte-derived adherent cells have been observed in ex vivo cultures of 

peripheral blood derived from CLL patients (Burger et al., 2000) as well as healthy 

donors (Tsukada et al., 2002). These cells have been named 'nurselike-cells' (NLCs), 

because of their similarities with thymic nurse cells that nurture developing 

thymocytes (Wekerle et al., 1980). Co-culture of NLCs with CLL cells is able to protect 

CLL cells from spontaneous and drug-induced apoptosis. NLCs, characterised by the 

expression of CD45, CD14 and CD68, can also be found in the secondary lymphoid 

organs of patients with CLL (Tsukada et al., 2002), and they resemble the CD68+ 

tumour-associated macrophages found in solid tumours and other B cell lymphomas 

(Burger, 2011; Giannoni et al., 2014). Several molecular mechanisms involved in the 

NLC-CLL cell cross-talk have been identified. One is mediated by the two ligands of 

the TNF family expressed by NLCs, BAFF (B cell activating factor) and APRIL (a 

proliferation-inducing ligand). Binding of these ligands to their receptors BAFFR (BAFF 

receptor), TACI (transmembrane activator and calcium modulator and cyclophilin 

ligand interactor) and BCMA (B cell maturation antigen) expressed by CLL cells has 

been shown to protect CLL cells from apoptosis through activation of the NF-κB 

pathway (Endo et al., 2007; Nishio et al., 2005).  

Notably, chemokines and chemokine-receptor signalling have been shown to support 

CLL cell survival, beside their role in the trafficking of CLL cells. CXCL12 and CXCL13 

are both expressed by NLCs and they were shown to be able to reduce the apoptosis 

rate of isolated CLL cells expressing their receptors CXCR4 and CXCR5, possibly 

through a prolonged activation of ERK 1/2 (Burger et al., 2000; Burkle et al., 2007). 
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Another molecular mechanism involved in the support of CLL cell survival is 

represented by CD100 (semaphorin-4D), expressed on the membrane of CLL cells, 

and its receptor Plexin-B1. In vitro stimulation of CLL cells with Plexin-B1 increases 

CLL cell survival and proliferation (Granziero et al., 2003). Notably, Plexin-B1 is 

expressed by several components of the CLL microenvironment, including NLCs 

(Deaglio et al., 2005) BM stromal cells, activated T-lymphocytes and FDCs (Granziero 

et al., 2003). 

 

 

 

Figure 1.13 Molecular cross-talk in the CLL microenvironment. 
Pro-survival signalling provided from the non-malignant component of the CLL 
microenvironment can be mediated by the binding of adhesion molecules such as 
VCAM-1 and ICAM-1, expressed by stromal and endothelial cells, to integrins 
expressed by CLL cells. Activated T cells support the proliferation of CLL cells by 
binding through CD40L. The binding of BAFF and APRIL expressed by NLCs to their 
receptors BCMA, TACI and BAFF-R activates the NF-κB pathway and protect CLL cells 
from apoptosis. Chemokine produced from NLCs and stromal cells are further anti-
apoptotic factors. Moreover, self- or antigen-mediated BCR stimulation can induce 
the proliferation of the leukaemic cells.   
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1.6.3 BCR signalling in CLL 

BCR signalling is a key player in the pathogenesis of several B cell malignancies, 

including CLL. Somatic mutations leading to constitutive activation of components of 

the BCR pathway have been observed in B cell lymphomas, such as mutations of the 

signalling adaptor CARD11 (caspase recruitment domain 11) and the ITAMs in the 

activated B cell-like subtype of diffuse large B cell lymphoma (ABC DLBCL) (Davis et 

al., 2010). However, no activating mutation appears to be involved in the BCR 

pathway activation in CLL. Gene expression profiling data have shown that BCR-

associated signalling pathways are enhanced in CLL cells isolated from lymph nodes 

compared to peripheral blood and bone marrow (Herishanu et al., 2011). Activation 

of the BCR pathway can be antigen-dependent or antigen-independent (also known 

as 'tonic'); both mechanisms have been reported in CLL.  

Several antigens have been shown to be recognised by CLL cells. Igs produced by CLL 

cells can bind to apoptotic T and B cell lines in vitro, recognising epitopes belonging 

to native intracellular molecules relocated to the cell surface during apoptosis or neo-

epitopes produced by oxidative mechanisms linked to the apoptosis (Catera et al., 

2008; Lanemo Myhrinder et al., 2008). Recognition of antigens from bacterial origin 

was also reported in CLL cases (Lanemo Myhrinder et al., 2008). The immunoglobulin 

repertoire within CLL cases is biased. Several studies reported the presence of 

subsets of CLL cases sharing closely homologous, or even identical (stereotyped) 

CDR3 sequences on IGH and light (L) chains (Ghiotto et al., 2004; Messmer et al., 

2004; Stamatopoulos et al., 2007; Widhopf et al., 2004) (Fig. 1.2). As previously 

mentioned (Section 1.2), the CDR3 sequence is unique for each B cell and confers the 

specificity of the BCR towards an antigen, and the statistical probability that different 

CLL clones share the same sequence by chance is very low. These observations 

suggest that an antigen-mediated selection could be involved in CLL pathogenesis.  

The antigen-independent BCR activation in CLL cells has been proposed to be 

mediated by the binding to an intrinsic IGHV motif. In vitro studies have shown that 

transferring CLL BCRs into mouse cells, lacking endogenous components of the BCR, 

leads to an increase of intracellular Ca2+ levels mediated by the binding of the heavy 

chain CDR3 region to an internal epitope of the BCR (Duhren-von Minden et al., 2012). 
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CLL cells generally co-express surface IgM and IgD at a lower level compared to naive 

B cells (Section 1.5). Moreover, a further reversible downregulation of surface IgM 

expression, but not IgD, has been reported (Mockridge et al., 2007). Consistent with 

the expression levels, most CLL cases show responsiveness to IgD stimulation in vitro. 

In contrast, response to IgM stimulation has been shown to be variable between CLL 

patients. A subset of CLL samples stimulated in vitro, with anti-IgM as a surrogate 

antigen, appear to be unresponsive to surface IgM stimulation. This is most common 

in M-CLL cases (Lanham et al., 2003). Moreover, among the subset responsive to IgM 

engagement, variability has been observed in the activation of the downstream 

signalling pathways. A low surface level of IgM correlates with a lack of IgM response 

and it has been proposed that this could reflect a repeated antigen stimulation and 

down-regulation of surface IgM in vivo (Mockridge et al., 2007). Moreover, IgM 

unresponsiveness in CLL is also associated with a constitutive activation of ERK and 

NF-kB, thus resembling features of B cell anergy (Muzio et al., 2008).  Notably, it has 

been shown that in vitro incubation of CLL cells is able to increase sIgM expression 

level and signalling capacity both in responsive and unresponsive CLL cases, providing 

evidence for the presence of a signal operating in vivo able to maintain CLL cells in an 

anergic state (Mockridge et al., 2007). 

Differences in the BCR response observed between U-CLL and M-CLL cases could 

reflect the differences observed in their clinical behaviour. It has been proposed that 

M-CLL cells could derive from a B cell clone able to bind with high affinity to restricted 

and rare types of antigens, such as the Fc-tail of IgG (rheumatoid factors) and the β-

(1,6)-glucan found in yeast, leading to a slower rate of clonal expansion. Conversely, 

U-CLL clones have been shown to be polyreactive and bind with low affinity to several 

exogenous and autoantigens, such as myosin and vimentin found in the CLL 

microenvironement (Burger and Chiorazzi, 2013). That could therefore imply a more 

frequent BCR engagement in U-CLL clones and increased signalling ability.  

Heterogeneity in sIgM expression level and responsiveness can also been found 

within each CLL sample. By grouping CLL cells into sub-groups with different levels of 

IgM expression, it has been shown that within individual CLL samples the sub-group 

with low sIgM expression also had reduced expression level of CXCR4 and contains 

the Ki67+ positive cells (Coelho et al., 2013). This sub-group could therefore identify 
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the fraction of cells that have recently left the tissue microenvironment where 

exposure to the antigen down-modulated their IgM surface level. In contrast, the 

sub-group with relatively high sIgM expression have a higher level of CXCR4 and could 

represent the fraction of cells which left the microenvironment earlier in time and 

are possibly ready for homing back to the lymphoid tissues. The mechanisms 

regulating CLL cells trafficking have not bee fully elucidated, but their homing into 

secondary lymphoid organs has been proposed to be mediated by the same 

mechanisms used by normal B cells (Davids and Burger, 2012) and described earlier 

in this Chapter (Section 1.3).  

1.6.4 Targeted therapy in CLL 

Treatment with alkylating agents such as chlorambucil, which mediates anti-tumour 

activity mainly by crosslinking the DNA and inhibiting its replication (Begleiter et al., 

1996), was considered the 'gold standard' therapy for CLL for several decades and 

this agent is still a good option in some CLL cases because of its low toxicity. The 

introduction of purine analogues led to improved results in the treatment of CLL, 

particularly the compound fludarabine, which inhibits several enzymes involved in 

DNA synthesis by competing with the physiological substrate deoxyadenosine 5'-

triphosphate (dATP) (Ricci et al., 2009). Fludarabine was shown to produce a better 

response compared to treatment with alkylating agents, inducing a complete 

remission in 7-40% patients, even when used as a sole agent (Hallek, 2005). 

Humanised monoclonal antibodies, such as anti-CD20 (rituximab and ofatumumab) 

and anti-CD52 (alemtuzumab) also show efficacy in the treatment of CLL. A 

combination of chemotherapeutic compound with monoclonal antibodies has been 

shown to have a synergistic cytotoxic effect. The addition of rituximab to the 

combined chemotherapy fludarabine and cyclophosphamide (FCR) led to an overall 

response rate of 95%, with a complete remission in 72% of cases when tested in 

previously untreated CLL patients (Tam et al., 2008). Nevertheless, these treatments 

are not suitable for all CLL patients and they are less effective in cases of disease 

relapse. Approximately 20% of patients fail to achieve complete disease control with 

these therapies, mainly because of resistance mechanisms to cytotoxic agents such 

as loss of p53 function (Pleyer et al., 2009).  
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The identification of the critical role of BCR signalling in CLL pathology led clinical 

research to focus on inhibitors of the BCR pathway. In the past 6-8 years, new 

inhibitors of key components of the BCR signalosome such as ibrutinib (Btk inhibitor), 

idelalisib (PI3Kδ inhibitor) and fostamatinib (Syk inhibitor) have been showing 

promising clinical responses (Wiestner, 2012) (Fig 1.14). These kinase inhibitors cause 

rapid shrinkage of the lymph nodes and a transient increase in the number of 

lymphocytes in the blood in most patients (lymphocytosis), probably due to the 

egress of the malignant cells from the lymphatic tissues. 

Ibrutinib (PCI-32765, also known as Imbruvica) irreversibly inhibits the Btk active site 

by forming a covalent bond with cysteine 481 (C481). Experiments performed in vitro 

and in vivo in mouse models have shown that treatment with ibrutinib inhibits not 

only CLL cell survival, but also their signalling, adhesion and chemotaxis in response 

to CXCL12, CXCL13 and CCL19 chemokines (de Rooij et al., 2012; Ponader et al., 2012). 

These data, in agreement with the clinical effects observed in CLL patients, indicates 

that these inhibitors affect not only BCR-mediated pro-survival signalling but also the 

chemotactic and motility properties of CLL cells. 

Similar results were obtained with SYK and PI3Kδ inhibitors. Studies in vitro show that 

fosfamatinib and Idelalisib are not only able to stop the pro-survival signal from BCR 

stimulation in CLL cells but also reduce their chemotaxis toward CXCL12 and CXCL13 

and impair their integrin-mediated adhesion and their transmigration beneath 

stromal cells (Buchner et al., 2010; Herman et al., 2010; Hoellenriegel et al., 2011; 

Quiroga et al., 2009). 

Notably, extremely positive results obtained using Ibrutinib in recent clinical trials led 

to the accelerated approval of this compound by the US Food and Drug 

Administration for the treatment of CLL patients who received at least one previous 

treatment (approved on February 2014), with a further extension to CLL patients with 

deletions on 17q (approved on July 2014), which normally exhibit poor responses to 

standard treatments.  

However, treatment with ibrutinib does not completely eliminate the leukaemic 

clone and mechanisms of resistance in CLL patients have been reported. Single point 

mutation of C481 in Btk and gain of function mutations in PLCγ2, a downstream 

target of Btk (Fig 1.14), have been identified in a subset of CLL patients who showed 



Chapter 1  Introduction 

 

 58 

progressive disease during ibrutinib treatment (Furman et al., 2014a; Woyach et al., 

2014). Moreover, although the surge in blood lymphocyte count is transient in most 

of the CLL patients, approximately 20% of cases show persistent lymphocytosis, 

increasing the opportunity for the development of resistant leukaemic clones (Young 

and Staudt, 2014).  The marked clinical and biological heterogeneity of CLL cases and 

their therapeutic outcome indicate the need for patient-specific treatments, able to 

address the differences in the molecular pathways active in leukemic cells. 

 

 

Figure 1.14 Inhibitors of BCR signalling as therapies for CLL. 
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Kinase inhibitors able to interfere with the BCR signalling pathway have shown 
promising results for the treatment of CLL in clinical trials. Targets of these inhibitors 
are proximal components of the BCR signalling pathway such as Syk, PI3K and Btk. 

 

 

 

1.7 CD38 and its role in CLL  

1.7.1 CD38 structure and enzymatic function 

CD38 is a 45 kDa type II transmembrane protein containing a large extracellular C-

terminal domain of 256 amino acid residues, a hydrophobic transmembrane domain 

and a short intracellular 21 amino acid residue N-terminal tail (Jackson and Bell, 

1990). CD38 was firstly identified by immune typing of lymphocytes (Reinherz et al., 

1980). Sequence comparison of CD38 to the ADP-ribosyl cyclase family member 

Aplysia cyclase showed that these proteins share 30% sequence homology, 

suggesting a possible enzymatic role for CD38 (States et al., 1992). Subsequent 

studies confirmed that the extracellular domain of CD38 is an ectoenzyme that can 

synthesize cyclic ADP-ribose (cADPR) from the substrate nicotinamide adenine 

dinucleotide (NAD) (Howard et al., 1993). However, only a fraction of the substrate 

is converted in cADPR, with the remaining being hydrolysed to ADP-ribose, due to the 

ability of CD38 to catalyse the hydrolysis of its own product cADPR to ADP-ribose. 

Moreover, it was shown that NAD phosphate (NADP) is a substrate of CD38. In the 

presence of nicotinic acid (NA), CD38 can catalyse the exchange of the nicotinamide 

group of NADP with NA to generate nicotinic acid adenine dinucleotide phosphate 

(NAADP)(Aarhus et al., 1995). This reaction seems to be predominant under acidic 

conditions (Lee, 2006)(Fig. 1.15). It has been suggested that CD38 molecules 

associate to form homodimers and tetramers (Umar et al., 1996). The 

crystallographic structure of the extracellular domain of CD38 indicated that a CD38 

tetrameric complex is formed via dimer-of-dimers assembly (Hara-Yokoyama et al., 

2012; Liu et al., 2005). This conformation seems to be necessary for CD38 catalytic 
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activity and facilitates its localisation into specialised membrane microdomains 

enriched in cholesterol and sphingolipids (lipid rafts) (Hara-Yokoyama et al., 2012).  

 

Figure 1.15 Enzymatic reactions catalysed by CD38 at neutral or acidic pH. 
At neutral pH, CD38 mainly produces cADPR (as intermediate product) and ADPR 
from NAD. At acidic pH (found for example in lysosomes and late endosomes), CD38 
produces NAADP from NA and NADP. Abbreviations: nicotinamide adenine 
dinucleotide, NAD; cyclic ADP-ribose, cADPR; ADP-ribose, ADPR; NAD phosphate, 
NADP; nicotinic acid, NA; nicotinic acid adenine dinucleotide phosphate, NAADP. 
 

 

The enzymatic products of CD38 (cADPR, NAADP and ADPR) are all involved in Ca2+ 

mobilisation (Galione, 2002) (Fig 1.16). Pharmacological studies have shown that 

NAD, through the enzymatic conversion into cADPR, induce Ca2+ mobilisation from 

the endoplasmic reticulum (ER). This mechanism is independent from IP3, as 

inhibiting IP3 has been shown to have no effect on the Ca2+ release induced by cADPR 
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(Dargie et al., 1990). It has been proposed that the intracellular calcium channels 

ryanodine receptors (RyRs) are involved in the cADPR-mediated Ca2+- mobilisation 

(Galione et al., 1991). It still needs to be defined whether cADPR can directly bind to 

RyRs or if other molecules are involved in this mechanism (Copello et al., 2001; Guse, 

2004). NAADP has also been linked to Ca2+ release from the ER as well as from acidic 

organelles like lysosomes (Churchill et al., 2002). The dependence on an acidic pH 

condition for NAADP metabolism and its activity on acidic cell compartments could 

therefore suggest a specific role for NAADP as a Ca2+ messenger related to cellular 

endocytic pathways (Malavasi et al., 2008). A role for NAADP in the Ca2+ influx 

mediated by the two-pore channels (TPCs), voltage-gated ion channels expressed on 

endosomal and lysosomal membranes, has also been reported (Brailoiu et al., 2009; 

Calcraft et al., 2009). Moreover, the further CD38 enzymatic product, ADPR, has been 

shown to have a role in Ca2+ influx by activating the melastatin-related transient 

receptor potential cation channel (TRPM2) in U937, Jurkat and EOL1 immune cell 

lines (Sano et al., 2001). 

The localisation of the CD38 catalytic domain in the extracellular space presents a 

paradox because its main substrate (NAD) is located intracellularly.  In order for the 

catalytic reaction to happen, NAD should therefore be transported outside of the cell 

to allow it to be cyclised into cADPR, which in turn must be transported back into the 

intracellular compartments to mediate Ca2+ mobilisation from the endoplasmic 

reticulum (ER). Two mechanisms have been proposed that could explain this paradox. 

Transmembrane transporters could be involved in the passage of NAD to the 

extracellular space. In agreement with this hypothesis, connexin 43 hemichannels 

have been proposed to mediate the transport of NAD from the cytosol to the active 

site of CD38 (both extracellular and intravesicular) (De Flora et al., 2004) and to 

import cADPR from the extracellular compartment into the cell (Song et al., 2011). 

Nucleoside transporters could also transfer cADPR back into the cytosol (Guida et al., 

2002). It has been proposed that CD38 itself could act as a unidirectional transporter 

of cADPR (Zocchi et al., 1999).  

An alternative hypothesis has been suggested based on the observation that a 

portion of the total CD38 expressed in the cell membrane seems to have an opposite 

orientation, with the catalytic domain situated in the cytosol (Zhao et al., 2012). The 
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co-existence of these two different orientations could represent a further mechanism 

of regulation of CD38 activity. 

 

 

 

 

Figure 1.16 Postulated mechanisms of Ca2+ mobilisation mediated by CD38 
enzymatic products. 
The CD38 enzymatic products, NAADP, cADPR and ADPR are involved in Ca2+ 
mobilisation from intracellular stores and extracellular compartment. NAADP induces 
Ca2+ release mainly from acidic cellular compartments, such as lysosomes. The Ca2+ 
release induced by cADPR is mainly mediated by the ryanodine receptors (RyRs) 
found in the ER and in endosomes. ADPR mediates Ca2+ influx by binding to the cation 
channel TRPM2. The mechanisms mediating the intracellular and subcellular 
localisation of these molecules have not been fully elucidated. CD38 homodimers and 
homotetramers could act as a unidirectional transporter. The connexin 43 
hemichannels might transport the CD38 substrate NAD to the active site of CD38 as 
well as transferring cADPR from the extracellular compartment into the cell.  
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1.7.2 Non-enzymatic functions of CD38  

Several studies, mainly performed using monoclonal antibodies (mAb) anti-CD38, 

have supported the hypothesis that CD38 could also act as a receptor. Firstly, 

stimulation with anti-CD38 mAb was shown to have proliferative effects in human 

peripheral blood mononuclear cells (PBMC) (Funaro et al., 1990) and to induce an 

increase in intracellular Ca2+ levels in murine B-lymphocytes (Santos-Argumedo et al., 

1993).  

Interestingly, studies in human B-lymphocytes showed that in vitro ligation of CD38 

can induce different cellular responses based on the developmental stage of the cells. 

Whereas CD38 ligation prevents apoptosis of germinal centre (GC) B cells (Zupo et 

al., 1994), it inhibits B-lymphopoiesis and induces apoptosis in B cell progenitors 

(Kumagai et al., 1995).  

It was reported that CD38 antibody ligation induced tyrosine phosphorylation of and 

activation of several signalling molecules such as Syk and PLCγ (Silvennoinen et al., 

1996). 

The identification of CD31 (PECAM-1) as a potential physiological ligand of CD38 

supported the hypothesis that CD38 could also have a function as a receptor. The 

binding of CD38 with CD31 was reported to recapitulate the signalling events 

observed after ligation with anti-CD38 mAb (Deaglio et al., 1998). It was also 

proposed that CD38 could directly mediate a weak adhesion of T- and B-lymphocytes 

to the endothelial cells (Dianzani et al., 1994). This adhesion would be mediated by 

CD38 binding to CD31, as using blocking CD31 mAb was able to inhibit the adhesion 

of several CD38-expressing cell lines. 

However, the mechanism by which CD38 could mediate its function as a receptor has 

not been elucidated. Based on the observation that CD38 ligation on B cell 

progenitors did not induce any detectable difference in the levels of NAD, cADPR and 

ADPR, and addition of these molecules was not able to induce the same inhibitory 

effects in B cell progenitors, it was proposed that CD38 enzymatic functions are not 

involved in this mechanism (Kumagai et al., 1995). Hower, as interactions with 

putative ligands could interfere with CD38 catalytic activity and deletion of the 

catalytic domain of CD38 impairs the binding with these agonistic antibodies, the 

involvement of CD38 enzymatic activity in these signalling events cannot be 
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completely excluded (Deaglio et al., 2008; Hoshino et al., 1997; Munshi et al., 2000). 

Notably, the signalling cascade observed after CD38 mAb stimulation of murine pro-

B cells transfected with human CD38 lacking its cytoplasmic domain was comparable 

to that obtained with the wild-type protein (Kitanaka et al., 1999), indicating that 

CD38 does not act as a direct mediator of intracellular signalling but its effect 

probably requires accessory molecules. Supporting this hypothesis, lateral 

association of CD38 with several key signalling molecules organised in membrane 

lipid rafts have been reported in different cellular systems. In particular, CD38 has 

been shown to interact with the TCR/CD3 complex in T-lymphocytes and with the 

BCR/CD19 complex in B-lymphocytes (Malavasi et al., 2008). 

1.7.3 CD38 in CLL biology 

1.7.3.1 CD38 in CLL cell proliferation 

The relevance of CD38 as a prognostic factor in CLL (Section 1.5.1.4) led to 

investigations on its potential functional role in the disease. Several studies aimed to 

investigate whether CD38 expression in CLL cells has a role in the pathophysiological 

features of the leukaemic clones, as opposed to being considered merely a prognostic 

marker. It was shown that CD38 positive subpopulations of CLL clones are enriched 

in Ki-67+ cells (Damle et al., 2007). Moreover, analysis of CLL cell turnover in the 

peripheral blood of CLL patients identified CD38-expressing cells within individual CLL 

clones as the recently proliferated ones (Messmer et al., 2005). Consistently with 

these data, co-expression of CD38 and Ki-67 has been observed in the proliferation 

centres of CLL patient lymph nodes, where CD38 expression is up-regulated by CLL 

cell cross-talk with the tumour microenvironment, as suggested by the induction of 

CD38 expression observed in CLL cells cocultured in vitro with autologous activated 

CD40L-expressing T cells (Patten et al., 2008). Taken together, these observations 

suggest that CD38 expression within individual CLL clones can be modulated by 

microenvironmental stimuli and it is associated with CLL cell proliferation, despite 

not providing evidence for a direct role of CD38 in CLL cell proliferation. An active 

role of CD38 in CLL cell proliferation was suggested by experiments performed using 

anti-CD38 mAb. CD38 ligation in the presence of IL-2 induced an increase in 

intracellular Ca2+ and CLL cell proliferation (Deaglio et al., 2003). However, analysis of 
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this mechanism using CD31, the putative physiological ligand of CD38, showed 

discordant results. Co-culture of CD31-overexpressing fibroblasts or CD31-expressing 

NLCs was reported to induce an increased survival and proliferation of CD38-

expressing CLL cells. The specificity of this mechanism was shown by the use of an 

antagonist anti-CD31 mAb, which abrogated this effect (Deaglio et al., 2005). 

However, studies performed by another group showed no effect on CLL cell survival 

and proliferation using co-cultures of CD31-transfected fibroblasts or endothelial 

cells in the presence or absence of either anti-CD31 or anti-CD38 blocking mAbs 

(Tonino et al., 2008). Therefore, whether CD38 expression is directly involved in CLL 

cell proliferation still needs to be defined. 

1.7.3.2 CD38 in CLL cell motility 

Several lines of evidence have shown that CD38 expression correlates with increased 

motility properties in CLL cells. Firstly, it was shown that CD38-positive CLL samples 

(with a cut-off of 20% CD38-expressing CLL cells) had increased ability to migrate 

towards the chemokine CXCL12. However, the same study reported a correlation 

between CD38 and ZAP-70 expression in the CLL patient samples analysed and it was 

proposed that the CD38-mediated effect on chemotaxis required ZAP-70 expression, 

as discordant cases (CD38+/ZAP-70-) did not show the same migratory ability 

compared to CD38+/ ZAP-70+ cases (Deaglio et al., 2007a). Subsequent studies 

confirmed the enhanced CXCL12-mediated chemotactic properties of CD38-

expressing CLL cells, which was inhibited by antagonist anti-CD38 mAb and enhanced 

by stimulation with agonistic anti-CD38 mAb. Moreover, ectopic expression of CD38 

in CLL cells was able to increase their CXCL12-mediated chemotaxis (Vaisitti et al., 

2010).  

These results suggested that CD38 plays an important role in CLL cell chemokine 

responses, therefore suggesting that it could be involved in leukocyte trafficking. 

However, the role of CD38 in CLL cell trafficking is still controversial. Whereas some 

studies showed that blocking anti-CD38 antibodies could reduce CLL cell homing to 

the spleen and bone marrow in an in vivo xenograft mouse model (Vaisitti et al., 

2010), other research performed using the same model showed that CD38 expression 

was dispensable for CLL cell homing to the bone marrow and the use of a different 
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blocking anti-CD38 antibody did not confirm the previous results (Brachtl et al., 2011). 

Notably, enhanced engraftment of CD38-expressing CLL samples in murine spleen 

has been linked to the CD38-dependent proliferation occurring in the lymphoid 

tissues (Aydin et al., 2011), thus adding complexity to the identification of the 

potential role of CD38 in homing.  

CD38 expression in CLL cells has been shown to correlate with the expression of other 

molecules involved in cell migration, including the α4- and β2-integrin subunits 

(Herens et al., 2006; Pittner et al., 2005; Zucchetto et al., 2012), making it difficult to 

ascribe the enhanced migratory properties exclusively to CD38. Furthermore, a 

lateral association of CD38 with molecules which are involved in cell migration such 

as CD44, the matrix metallopeptidase 9 (MMP-9) and α4-integrin (Buggins et al., 

2011; Vaisitti et al., 2013; Zucchetto et al., 2012) has been described, together with 

the association with BCR-related components such as CD19 observed also in normal 

B-lymphocytes (Deaglio et al., 2007b).  

Recent studies have reported that MMP-9 expression and activity is variable between 

CLL patients and correlates with CD38 expression (20% CD38-expressing cells used as 

cut-off value) (Vaisitti et al., 2013). Moreover, analysis of CLL samples with bimodal 

CD38 expression showed the CD38-positive subclones displayed enhanced MMP-9 

mRNA levels compared to the CD38-negative subpopulations within individual CLL 

patients (Vaisitti et al., 2013). Notably, MMP-9 enzymatic activity has been shown to 

be involved in CLL cell TEM and invasion through matrix components and its 

expression can be up-regulated in CLL cells following α4β1-integrin or CXCR4 

stimulation (Redondo-Muñoz et al., 2006). Moreover, MMP-9 has been shown to 

induce pro-survival signalling in CLL cells through a mechanism that does not involve 

its catalytic activity, but it is mediated by its binding to a docking structure containing 

α4β1-integrin and a 190kD CD44 variant (Redondo-Muñoz et al., 2010). 

Finally, it has been proposed that CD38 could have a role in CLL cell adhesion. In this 

context, the correlation between CD38 and CD49d expression in CLL cells causes 

difficulties in the analysis of the role of each single component. However, studies 

performed using discordant CLL cases (cut-off of 30% positive cells for both antigens) 

showed that discordant CLL cases (CD38-/CD49d+) have reduced adhesion to VCAM-

1 compared to CD38+/CD49d+. This result was confirmed by experiments performed 
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ectopically expressing CD38 in the CLL-derived MEC1 cell line, which increased their 

adhesion to VCAM-1 and the induction of filopodium-like protrusions (Zucchetto et 

al., 2012).  

Whether the effects of CD38 in CLL cell motility is linked to its enzymatic function or 

to its proposed role as a receptor is currently being investigated. A recent study 

showed that ectopic expression of wild-type CD38 in MEC1 cells induces an increase 

in their adhesion to VCAM-1 and their chemotaxis towards CXCL12, CCL19 and 

CXCL10. However, ectopic expression of the enzymatic deficient version of CD38, 

with a single amino-acid mutation, failed to induce the same effects (Vaisitti et al., 

2014). This suggests that the catalytic function of CD38 is probably involved in the 

role of CD38 in modulating CLL cell adhesion and motility. 

In conclusion, although it seems obvious that CD38 is not just a marker of an 

aggressive form of CLL, its contribution to CLL progression is still unclear. 

 

 

Figure 1.17 Postulated roles of CD38. 
CD38 signalling, induced by ligation with agonistic anti-CD38 antibodies or following 
binding to its postulated physiological counter-receptor CD31, leads to an increased 
protein tyrosine phosphorylation. This supports the hypothesis that CD38 could act 
as a receptor involved in cell proliferation, survival, adhesion and chemotaxis. 
However, the molecular mechanisms regulating these events still need to be 
determined. Of note, in CLL cells, CD38 laterally associated with key receptor 
molecules such as the integrin VLA-4, CD44, CXCR4 and the BCR/CD19 complex.  
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1.8 Aims of the project 

CLL cell trafficking between blood and lymphoid organs is crucial to the 

pathophysiology of CLL, as leukaemic cell survival and proliferation is remarkably 

dependent on the interactions with the lymphoid microenvironment. CD38 

expression in CLL cells is a marker of unfavourable prognosis and correlates with 

enhanced CLL cell motility properties, possibly affecting CLL cell trafficking dynamics. 

However, the molecular mechanism involved in the CD38-mediated effect on CLL cell 

migration has not been elucidated. This project had three main aims: 

1) To investigate the role of CD38 expression in the different steps involved in CLL cell 

motility. Ectopic expression of CD38 in a CLL-derived cell line, MEC1, was the strategy 

adopted in order to evaluate the role of CD38 expression in the adhesion, 

transendothelial migration and chemotaxis of CLL cells.  

2) To investigate the signalling pathways involved in the different migration 

properties of the CD38-expressing cells. Particularly, because of their critical roles in 

cell motility, the activity of GTPases and their regulators was investigated.  

3) The final aim was to analyse the distinctive signalling mechanisms identified in the 

CD38-expressing CLL-derived MEC1 cell line in a cohort of primary CLL samples with 

differential CD38 expression levels. 
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2. Materials and methods  

2.1 Materials  

Chemicals for solutions were purchased from Sigma-Aldrich unless otherwise stated.  

2.1.1 Reagents and kits  

Table 2.1 Reagents and kits 

 

Reagent/kit 

 

 

Supplier 

0.4% Trypan Blue solution Sigma-Aldrich 

1kb-Ladder Life Technologies 

7-AAD Viable Staining Solution BioLegend 

AlexaFluor®-conjugated phalloidin Life Technologies 

Alkaline Phosphatase, Calf Intestinal (CIP) New England Biolabs 

Amersham Protran 0.45 Nitrocellulose membrane GE Healthcare Life Science 

Bovine Serum Albumin (BSA) Fraction V, pH 7.0 PAA Laboratories 

4',6-diamidino-2-phenylindole (DAPI) - Nucleic Acid 

Stain 

Life Technologies 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich 

DNA-free Kit Life Technologies 

DNA sample buffer (6x)  Life Technologies 

Dried skimmed milk Marvel 

Enhanced chemiluminescence (ECL) detection kit GE Healthcare Life Science 

EDTA-free Protease Inhibitor Cocktail Tablets Roche Applied Science 

EndoFree Plasmid Maxi Kit  Qiagen 

Endothelial basal medium-2  Lonza 

Endothelial cell growth supplements Lonza 

Ethidium Bromide Solution Life Technologies 

Fibronectin from human plasma Sigma-Aldrich 

Fluorescence mounting medium Dako Cytomation 

FuGENE® 6  Transfection Reagent Roche Applied Science 
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GIBCO® Dulbecco's modified Eagle's medium 

(DMEM) 

 Life Technologies 

GIBCO® Iscove's modified Dulbecco's medium 

(IMDM) 

 Life Technologis 

GIBCO® Dulbecco's Phosphate-Buffered Saline 

(DPBS) 

(-) CaCl2 (-) MgCl2 

 Life Technologies 

GIBCO® Dulbecco's Phosphate-Buffered Saline 

(DPBS) 

(+) CaCl2 (+) MgCl2 

 Life Technologies 

GIBCO® Foetal Bovine Serum Life Technologies 

GIBCO® Penicillin-Streptomycin Life Technologies 

GIBCO® RPMI 1640  Life Technologies 

GIBCO® trypsin/EDTA 0.05% Life Technologies 

Glass bottom culture dishes Corning Life Science 

Glutathione SepharoseTM 4 Fast Flow GE Healthcare Life Science 

Human B Cell Nucleofector® Kit Lonza 

Human recombinant CCL21  R&D systems 

Human recombinant CXCL12/SDF1  R&D systems 

Human recombinant CXCL13  R&D systems 

HUVEC Nucleofector® Kit Lonza 

Ibrutinib (PCI-32765) Selleckchem 

Indo1-AM Life Technologies 

Ionomycin, calcium salt  Cambridge Bioscience 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich 

Restriction Endonuclease New England Biolabs 

Luria Broth (LB) Tablet microbial growth medium Sigma-Aldrich 

Lysozyme from chicken egg white Sigma-Aldrich 

NEB buffers New England Biolabs 

NuPAGE® 4 - 12% Bis-Tris Gel  Life Technologies 

NuPAGE® LDS sample buffer (4×)  Life Technologies 

NuPAGE® MES SDS running buffer (20×)  Life Technologies 

Precision PlusProtein™ standards Bio-Rad 
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2.1.2 Buffers and solutions  

Table 2.2 Buffers and solutions 
 

Buffer 

 

Composition 

Flow cytometry (FC) buffer 3% Bovine Serum Albumin in DPBS (+) CaCl2 (+) MgCl2 

Lysis buffer 20 mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1% NP-

40, 0.1% SDS - supplemented with 25mM NaF, 100 μM 

Na3VO4 

Transfer Buffer 25 mM Tris HCl pH 8.3, 192 mM Glycine, 20% MeOH  

Tris-buffered saline – Tween 

(TBS-T) 

5 mM Tris HCl pH 7.6, 50 mM NaCl, 2.5 mM KCl, 0.1% 

Tween-20  

Stripping buffer 100 mM Glycine, 1% SDS, 0,1% NP-40, pH 2.2 

Bacterial lysis buffer 50 mM Tris HCl pH 7.6, 50 mM NaCl, 5 mM MgCl2 

supplemented with 1 mM DTT, 1 mg/ml lysozyme, 

Protease Inhibitor Cocktail Tablets 

Beads washing buffer Tris HCl 50 mM pH 7.6, NaCl 50 mM, MgCl2 5 mM 

Pull-down lysis buffer Tris HCl 50 mM pH 7.4, NaCl 500 mM, MgCl2 10 mM, 

Triton X-100 1%, Deoxycholic acid 0.5%, SDS 0.1%, EGTA 

2.5 mM supplemented with Protease Inhibitor Cocktail 

Tablets, NaF 50 mM, Na3VO4 1 mM, PMSF 1 mM 

QIAprep Miniprep Kit Qiagen 

QIAquick gel extraction kit Qiagen 

Super RX medical X-ray film Fuji 

SuperScript® VILO Kit Life Technologies 

T4 DNA ligase New England Biolabs 

T4 DNA ligase reaction buffer New England Biolabs 

TNF-α/TNFSF1A R&D systems 

Transwell™ Permeable Supports, 5 μm pore size, 6.5 

mm 

Costar 

Trypan Blue Stain 0.4%  VWR International 

VCAM-1 human recombinant R&D systems 

Whatman 3MM chromatography paper  Whatman 

http://www.sci-ware.com/sword/catalogueItem.do?key=4042447&context=PR4546258
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TAE buffer Tris 40mM, acetic acid 20 mM, EDTA 1 mM, pH  8.4 

 

2.1.3 Antibodies  

Table 2.3 Primary antibodies for Western Blot (WB) and Immunofluorescence (IF) 

 
 
 
 

 

Antigen 

 

Species 

 

Dilution 

 

Supplier 

Cdc42 rabbit (WB) 1:1000 Cell Signalling 

Rac1  

(clone 23A8) 

mouse (WB) 1:1000 Upstate Millipore 

Rap1A/Rap1B 

(clone 26B4) 

rabbit (WB) 1:1000 Cell Signalling 

Rap1A goat (WB) 1:250 Santa Cruz Biotechnology 

Rap1B 

(clone 36E1) 

rabbit (WB) 1:1000 Cell Signalling 

Phospho-p44/42 

MAPK (Erk1/2) 

rabbit (WB) 1:2000 Cell Signalling 

p44/42 MAPK 

(ERK1/2)  

rabbit (WB) 1:2000 Cell Signalling 

IQGAP1 

(clone AF1)  

mouse (WB) 1:1000 Life Technologies 

CD38 rabbit (WB) 1:500 Santa Cruz Biotechnology 

CD38 rabbit (IF) 1:100 Abcam 

RasGRP2 rabbit (WB) 1:1000 

(IF) 1:200 

Thermo Scientific 

RasGRP3 rabbit (WB) 1:1000 Cell Signalling 

α-tubulin (clone 

DM1A) 

mouse (WB) 1:10000 Sigma-Aldrich 

GAPDH mouse (WB) 1:10000 Upstate Millipore 
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Table 2.4 Primary antibodies for FC and IgM stimulation 

 

Antigen 

 

Species 

Conjugate 

(if applicable) 

 

Dilution 

 

Supplier 

CD38 (clone HB7) mouse APC/PE 2.5 µg/106cells BD Biosciences 

CCR7  

(clone 150503) 

mouse n.a. 2.5 µg/106cells R&D systems 

CD49d  

(integrin α4) 

mouse n.a. 2.5 µg/106cells AbD Serotec 

CD29  

(integrin β1) 

mouse PE-Cy5 2.5 µg/106cells BD Biosciences 

Integrin β1  (12G10) mouse n.a. 2.5 µg/106cells Abcam 

IgM goat n.a. 20 µg/ml AbD Serotec 

 

Table 2.5: Secondary antibodies 
 

Antigen 

 

Species 

 

Conjugate 

 

Diluition 

 

Supplier 

Mouse IgG Sheep HRP 1:2000-1:10000 GE Healthcare 

Rabbit IgG Goat HRP 1:2000-1:5000 GE Healthcare 

Goat IgG Rabbit HRP 1:2000 GE Healthcare 

Rabbit IgG (H+L) Goat AlexaFluor® 546 1:200 Life Technologies 

Rabbit IgG (H+L) Goat AlexaFluor® 647 1:200 Life Technologies 

Mouse IgG (H+L) Goat AlexaFluor® 546 1:200 Life Technologies 

 

2.1.4 Oligonucleotides 

Table 2.6: siRNA Oligonucleotides 
Gene 

Symbol 

 

Sense strand sequence 

 

Supplier 

 

Serial Number 

Oligo 

number 

RasGRP2 GUGCAAGGAUCGCCUGUCA Dharmacon D-009365-04 #1 

RasGRP2 CCAAUUCCCUGCAGGUGAA Dharmacon D-009365-05 #2 

RasGRP3 GGAGAAAGCUGCAAUGAAU Dharmacon D-008517-01 #1 

RasGRP3 GAAUGCCUCUCACCACUUA Dharmacon D-008517-03 #2 
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Rap1A GAUAGAAGAUUCCUACAGA Dharmacon D-003623-01 #1 

Rap1A CAAUAAAUGUGACCUGGAA Dharmacon D-003623-01 #2 

Rap1B GAACAACUGUGCAUUCUUA Dharmacon D-010364-01 #1 

Rap1B CAAUGAUUCUUGUUGGUAA Dharmacon D-010364-03 #2 

IQGAP1 GGAAAGCUCUGGCAAUUUA Dharmacon D-004694-01 #1 

IQGAP1 GAACGUGGCUUAUGAGUAC Dharmacon D-004694-03 #2 

 
Table 2.7: Primers 

 

Primer 

 

Sequence 

XhoI-pEGFP-FOR 5’- AATAGACCTCGAGGACACCATGGTGAGCAAGGGCGAGG -3’ 

XhoI-pEGFP-REV 5’ - AAGCTTGAGCTCGAGATCTGAGTCCGGACTTG -3’ 

RasGRF1-FOR 5’- GACGTGGCTCAAAGTCTCT -3’ 

RasGRF1-REV 5’- CGGAGAGAAGACTCGTAGAG -3’ 

RasGRF2-FOR 5’- TGGAGATCACCTCGGCCTTA -3’ 

RasGRF2-REV 5’- TACTGTGCGACCTTTGGCTG -3’ 

RasGRP1-FOR 5’- CCTGTGTCGAAGTAACCAACTG -3’ 

RasGRP1-REV 5’- GTCACGGGCATTGATTTGAG -3’ 

RasGRP2-FOR 5’- CACCCTGGACCTGGACAA -3’ 

RasGRP2-REV 5’- TGAGAGGAGGGGATGTACCA -3’ 

RasGRP3-FOR 5’- CACTAACATCGCTGACTTGC -3’ 

RasGRP3-REV 5’- TGGCATTTCGATACATGCAGAG -3’ 

 

Table 2.8: Sequencing primers 
Vector 

Sequenced 

 

Primer 

 

Sequence 

 

Supplier 

pEGFP-C1-FOR pEGFP-C1-for 5’- GATCACTCTCGGCATGGAC -3’ Eurofins 

pEGFP-C1-REV pEGFP-C1-rev 5’- CATTTTATGTTTCAGGTTCAGGG -3’ Eurofins 

mCherry-N1 CMV-for 5’- CGCAAATGGGCGGTAGGCCTG -3’ Eurofins 

pLentiSEW CD38-for 5’-GAGATGAGACATGTAGACTGCC -3’ Eurogentec 

pLentiSEW CD38-rev 5’- ATGTGCAAGATGAATCCTCAG -3’ Eurogentec 

pLentiSEW pEGFPN1-rev 

 

5’- GTCCAGCTCGACCAGGATG -3’ Eurofins 
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2.2 Methods: cell biology  

2.2.1 B-lymphocyte cell lines.  

The human B-lymphocyte MEC1 cell line was a kind gift of Prof. John Gribben (Queen 

Mary University of London, UK). The MEC1 cell line was established from the 

peripheral blood of a patient diagnosed with chronic B cell leukaemia (B-CLL in 

prolymphocytoid transformation to B-PLL) (Stacchini et al., 1999). Cells were 

maintained in IMDM containing 2 mM glutamine and supplemented with 10% heat 

inactivated foetal calf serum (FCS), penicillin (100 U/ml), and streptomycin (100 

μg/ml). Cell density was maintained between 5 X 105 and 2 X 106 cells/ml. The Burkitt 

lymphoma B cell line Ramos (kind gift of Prof. Hannah Gould, King’s College London, 

UK) was maintained in ATCC-formulated RPMI-1640 and supplemented with 10% 

heat inactivated FCS, penicillin (100 U/ml), and streptomycin (100 μg/ml). Cell density 

was maintained between 2 X 105 and 1 X 106 cells/ml. 

2.2.2 Primary CLL cells. 

PBMCs collected from patients with a confirmed diagnosis of CLL were isolated by 

Ficoll density gradient centrifugation and cryopreserved in aliquots. Cryopreserved 

aliquots and clinical data, including CD38 expression, were provided from the 

Haematology tissue bank, King’s College Hospital. Cells were cultured in RPMI-1640 

supplemented with 10% heat inactivated FCS, 1% bovine serum albumin, penicillin 

(100 U/ml) and streptomycin (100 μg/ml). Cell viability was determined by adding 10 

μl of a 0.4% Trypan Blue solution to 10 μl of the cell suspension at the desired dilution. 

Cells were then loaded into a haemocytometer and examined immediately under a 

microscope, the ratio of blue staining cells (non-viable) and the total cells was then 

calculated.  

2.2.3 Endothelial cells.  

Human umbilical vein endothelial cells (HUVECs) (PromoCell, UK) were cultured in 

flasks coated with 10 μg/ml fibronectin in endothelial basal medium-2 supplemented 

with 2% FCS and endothelial cell growth supplements. Cells were used between 

passages 1 and 5.  
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2.2.4 HEK 293T cells  

Due to its high transfectability, the HEK 293T cell line was used for virus packaging. 

Cells were cultured in DMEM with 10% FCS, penicillin (100 U/ml), and streptomycin 

(100 μg/ml). 

2.2.5 Cell treatments  

2.2.5.1 TNF-α treatment 

HUVECs were stimulated over night with 10 ng/ml TNF-α for 16 h, medium was 

replaced with fresh warm medium (without TNF-α) before cells were used for 

experiments. 

2.2.5.2 BTK inhibitor 

MEC1 and primary CLL cells were treated with 1 M Ibrutinib (PCI-32765 - Selleck 

Chemicals) for 1 h before being used for experiments. As a control, cells were treated 

in parallel with the same volume of DMSO as a vehicle control. 

2.2.5.3 Calcium depletion 

To decrease the intracellular calcium concentration, 1 x 107 MEC1 and primary CLL 

cells were resuspended in (DPBS) (-) CaCl2 (-) MgCl2 for 10 min before the addition of 

the calcium ionophore ionomycin (0.5 M) and a further incubation of 5 min. As a 

control, cells were resuspended in DPBS (+) CaCl2 (+) MgCl2 and treated in parallel 

with the same volume of DMSO. 

2.2.6 Lentivirus generation and infection of MEC1 cells  

Lentiviral vectors expressing CD38 and GFP (pLentiS38W or pLentiSEW respectively 

(Pearce et al., 2010); a kind gift of Dr Paul Brennan, Cardiff University, Cardiff, UK) or 

the fusion protein EGFP-CD38 (pLentiSEGFP-CD38W) were amplified in DH10β 

Escherichia coli (E.coli) strain. The gag-pol plasmid (pΔ8.91) and the VSVG-encoding 

plasmid (pMD2-G) were amplified in DH5α E. coli strain. All plasmids were purified 

using the EndoFree Plasmid Maxi Kit For lentivirus production, 30 μl of Fugene 6 

reagent and 300 μl of Optimem medium were mixed and incubated at room 

temperature for 5 min. Plasmid DNA was added to the mix (vector plasmids: 5 μg; 

pMDG: 1.75 μg; pΔ8.91: 3.25 μg) and then added to a T25 flask of 293T cells (70% 
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confluent) containing 2 ml of complete medium. Supernatant containing viral 

particles was collected after 24 and 48 h, filtered through a 0.45 μm filter and stored 

at -80°C. MEC1 cells (2 x 106) were resuspended in 1 ml of complete medium in a 15 

ml falcon tube and 1 ml of viral supernatant was added. The cells and the viruses 

were then centrifuged for 1 h at 200 g. Medium was then removed and replaced with 

2 ml of fresh complete IMDM medium. After 7 days, cell cultures were tested for the 

presence of infectious viral particles in the supernatant. 1x107 pLentiS38W-

transduced MEC1 cells were labelled under sterile conditions using a PE-conjugated 

anti-CD38 antibody (HB7). All cell populations were collected (1x107) and 

resuspended in 1 ml of sterile PBS supplemented with 2% bovine serum albumin 

(BSA), 100 U/ml penicillin, and 100 μg/ml streptomycin and subsequently sorted 

using a FACScan (Beckman-Coulter EPICS Elite flow cytometer) under sterile 

conditions. Cells were sorted based on the PE (pLentiS38W-transfected) or GFP 

(pLentiSEW and pLentiSEGFP-CD38-tranfected) fluorescence intensity. Sorted cells 

were grown in complete IMDM medium for one week before being used for 

experiments. 

2.2.7 siRNA transfection of MEC1 cells 

MEC1 cells (5 x 106) were mixed with 1.2 μM siRNA (see TABLE 2.6) in 100 μl Human 

B Cell Nucleofector® Kit and transferred to an electroporation cuvette. Cells were 

nucleofected using an Amaxa Nucleofector apparatus (programme C-016), according 

to the manufacturer’s instructions. After nucleofection, cells were immediately 

transferred to 3 ml of complete medium. After 48 h cells were pelleted and 

resuspended in 3 ml of fresh complete medium. Experiments were performed 72 h 

after nucleofection. 

2.2.8 DNA transfection of HUVECs 

HUVECs were detached using trypsin/EDTA, counted and 1 x 106 cells were 

resuspended in 100 μl HUVEC Nucleofector® Kit. Plasmid DNA (5 µg) was added to 

the solution and cells were nucleofected using an Amaxa Nucleofector apparatus 

(programme A-034), according to the manufacturer’s instructions. After 

nucleofection, cells were resuspended in 1 ml of complete medium and 5 x 105 cells 

were added per well on coverslips pre-coated with 10 μg/ml fibronectin. After 24 h 
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medium was replaced with complete fresh medium supplemented with 10 ng/ml 

TNF-α. After 16 h MEC1 cells (3 x 105 /well) were seeded on top of the HUVEC 

monolayer and allowed to adhere and transmigrate for 30 minutes before being fixed 

with 4% paraformaldehyde in PBS for 15 minutes. Coverslips were then mounted 

onto slides using fluorescent mounting medium, and visualised using a LSM 510 laser 

scanning confocal microscope (Zeiss). 

2.2.9 Chemotaxis assays 

MEC1 (3 x 105 cells in 100 µl) and primary CLL cells (5 x 105 cells in 100 µl) were added 

to VCAM-1-coated (5 µg/ml) TranswellTM filters (6.5 mm diameter; 5 μm and 3μm 

pore size for MEC1 and primary CLL cells respectively). Lower chambers were filled 

with 600 µl of fresh medium containing the desired concentration of chemokine 

(CCL21, CXCL13 and CXCL12) (Figure 2.1A). After 2 or 4 h (for MEC1 and primary CLL 

cells respectively), transmigrated cells were collected and counted using a Casy® cell 

counter (Schärfe System GmbH). Medium without chemokine was added in the 

bottom chamber to test basal migration. 

2.2.10 Transendothelial migration Transwell™-based assay  

HUVECs were grown to confluency on Transwell™ filters (6.5 mm diameter, 5 μm 

pore size) and stimulated with 10 ng/ml TNF-α prior experiments. 3 x 106 MEC1 cells 

were pelleted and resuspended in 1 ml of fresh medium, and then 100 µl of the cell 

suspension were added per filter. Lower chambers were filled with 600 µl of medium 

containing 500 ng/ml of CCL21 and cells were allowed to transmigrate for 4 h at 37°C 

and 5% CO2 (Figure 2.1B). Cells from the lower chamber were counted using a CASY® 

cell counter (Schärfe System GmbH).  
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Figure 2.1 Schematic representation of transwell based assays. 
Leukocytes were seeded on a permeable support (top chamber) coated with VCAM-
1 (A) or on top of an endothelial monolayer (B). Medium containing chemoattractant 
was added in the bottom chamber; transmigrated cells were collected and counted 
after 2 h (in the absence of endothelial monolayer) or 4 h (transendothelial migration 
assay). 
 

2.2.11 Time-lapse microscopy 

MEC1 or primary CLL cells (1 x 105) were seeded on a HUVEC monolayer or a VCAM-

1 coated (5 µg/ml) well and filmed for 2 h in a conditioned atmosphere (37°C, 5% 

CO2). HUVECs (1.5 x 105) were previously grown to confluency on FN-coated wells 

and treated for 16 h with 10 ng/ml TNF-α. Images were acquired every minute using 

Metamorph software (Molecular Devices) on a Nikon Eclipse TE2000 microscope with 

10x or 20× objectives. Time-lapse images from the duration of the experiment were 

then displayed as a movie, and cells from each frame tracked using Manual Tracking 

plugin of ImageJ software (http://rsb.info.nih.gov/ij/). Mean cell speed was 

obtained in each experiment by measuring the mean speed of n ≥ 30 cells for each 

condition using the Chemotaxis Tool plugin of ImageJ software. 

 

http://rsb.info.nih.gov/ij/
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2.2.12 Cell spreading  

For cell spreading quantification, 2 x 105 cells were seeded on 5 μg/ml VCAM-1-

coated glass plates. After 15 min, fresh medium with or without 100 ng/ml of CCL21 

was added to the well and cells were allowed to spread for 5 min before being fixed 

with 4% paraformaldehyde in PBS for 15 min at room temperature and washed 

carefully three times with PBS before being imaged. Interference reflection 

microscopy (IRM) technique was used to produce an image containing only the 

regions of close contact between the cell and the adhesive surface (0–200 nm from 

the surface) (Figure 2.2 A and B). Images of at least 100 cells from three independent 

experiments were acquired using a LSM 510 laser scanning confocal microscope 

(Zeiss) and analysed using ImageJ software. The attachment area of each cell was 

drawn using the Polygon selection tool and quantified as μm2 using the tool Analyse 

- Measure (Figure 2.2 C).  
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Figure 2.2 Interference reflection image acquisition and analysis. 
3D projection of z-stacks of a GFP-expressing MEC1 cell seeded on VCAM-1-coated 
glass imaged with IRM technique (A) or fluorescence microscopy (B). IRM imaging is 
restricted to the region of close contact between the cell and the surface (0–200 nm). 
(C) Representative attachment area measurement of one MEC1-CD38H cell. 
Perimeter of the area was drawn on the IRM image using the Poligon selection tool 
(Freehand selection - C, i and ii) and quantified as Area, expressed as μm2, using the 
tool Analyse - Measure (C, iii). Scale bar (C, ii), 10 μm. 
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2.2.13 Flow cytometry  

To assess surface antigen expression in lymphocytes, cells were analysed by flow 

cytometry. 1 x 106 cells were harvested, pelleted by centrifugation at 200 g for 5 min 

and washed in PBS before being incubated with unconjugated primary antibodies 

(see TABLE 2.4) or fluorochrome-conjugated antibodies or with the appropriate 

isotype control in 100 μl FC buffer on ice in the dark for 30 min. Cells were then 

washed 3 times in PBS and fixed with 1% paraformaldehyde in PBS for 30 minutes. 

When unconjugated primary antibodies were used, a 1/200 dilution of fluorochrome-

conjugated secondary antibody was added to the cells in 100 μl FC buffer, incubated 

on ice for 20 min and then washed 3 times in PBS before fixation. Cells were 

resuspended in FC buffer prior to analysis.  Flow cytometry analysis was performed 

with either a BD LSRFortessa™, or BD FACSCantoTM II flow cytometer (BD Biosciences). 

To assess levels of surface antigen expression, 10,000 events were recorded per 

sample and analysis was performed on data obtained after gating cells on forward 

scatter/side scatter (FSC/SSC) using FlowJo (Tree Star, Inc.) software. 

2.2.14 Calcium detection assay  

To measure intracellular Ca2+ concentration and changes in intracellular Ca2+ after 

chemokine or IgM stimulus, the ratiometric Ca2+ detector Indo1-AM was used. Indo1-

AM is a cell permeant dye, which can passively diffuse across the cell membrane, but 

it becomes impermeant once intracellular esterases cleave its acetyl group 

(MacFarlane et al., 2010). Indo1 is UV-excitable (peak excitation ≈345 nm) with a 

maximum emission that can shift between two different wavelengths depending on 

whether it is bound to Ca2+ (≈410 nm) or unbound (≈485 nm). The ratio of these two 

wavelengths therefore reflects the intracellular Ca2+ concentration. For the assay, 5 

x 106 cells/ml cells were incubated in growth medium supplemented with 1 μM 

Indo1-AM for 1 h at 37°C and 5% CO2. Cells were washed, resuspended in fresh 

medium and incubated at 37°C and 5% CO2 for 30 min then stored on ice before 

being used for experiments. For each acquisition, 3 x 106 cells resuspended in 1 ml of 

medium were used. For dead cell exclusion 5 µl of the 7-AAD Viability Staining 

Solution was added to each sample and incubate for 10 min in the dark before data 

acquisition; cells were warmed to 37°C for 5 min before performing the analysis. Flow 
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cytometric data were acquired using FACS Diva software; a bivariate plot of the ratio 

between the two fluorescence intensities at the desired emission wavelengths 

(420/510) against time was created. After recording basal calcium fluorescence for 1 

min, the tube was removed and CCL21 (100 ng/ml) or anti-human IgM (20 μg/ml) was 

added to the cells Samples were then mixed and replaced on the platform, events 

were recorded up to 300 sec. Ionomycin at a concentration of 1 μM was used to 

induce calcium influx as a positive control. The stimulation protocol was optimised 

using the Ramos B-cell line; a representative recording obtained with primary CLL 

cells is shown in Figure 2.3. Flow cytometric data obtained were analysed using the 

kinetic application of the FlowJo software (Tree Star, Inc.). Viable cells were gated 

and a new parameter (Ratio Indo1) was derived as the ratio between the two Indo1 

emission wavelengths (420 nm/510 nm), then a bivariate plot of the median of the 

fluorescence intensity ratio against time was produced. In order to provide a 

quantitative measure for the cellular response after the stimulus and subsequent 

comparison between experiments, the background fluorescence threshold intensity 

was established at the 85th percentile of basal fluorescence ratio of unstimulated cells 

(Mockridge et al., 2007). The percentage of cells that exhibited an increase in the 

fluorescence intensity ratio above the threshold following treatment with CCL21 and 

anti-IgM was then calculated by applying the statistic tool (FloJo) to the defined time 

lines. In order to compare the basal fluorescence ratio of samples acquired within the 

same experiment, graph overlays of flow cytometry data were generated and the 

median of the fluorescence intensity ratio was calculated. 
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Figure 2.3 Representative plots obtained by calcium detection assay in primary CLL 
cells. 
Cells were loaded with 1 μM Indo1 and analysed by flow cytometry. Basal 
fluorescence ratio of Indo1 (Ratio Indo1) bound and unbound to calcium (420/510 
nm) was recorded for 1 min, followed by the addition of the stimulus (arrows) and a 
total recording of minimum 150 sec. Representative dot plots (a, c) and kinetic plot 
(b, d) show the calcium influx upon addition of IgM (a, b) or Ionomycin (c, d).  
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2.2.15 Immunofluorescence microscopy 

For immunofluorescence labelling, 2-5 x 105 cells were seeded and allowed to adhere 

for 15 min on coverslips previously coated overnight with 5 μg/ml VCAM-1 in PBS or 

30 min with 0.01% poly-L-lysine solution. Cells were then fixed with 4% 

paraformaldehyde in PBS for 15 min at room temperature and washed carefully three 

times with PBS to remove the non-adherent cells before being permeabilised with 

0.1% Triton X-100 in PBS (5 min, 4°C). A blocking step was performed by incubating 

the samples with 3% BSA in PBS (45-60 min). Coverslips were then incubated with 

primary antibodies at the appropriate dilution (see TABLE 2.3) for 2 h at room 

temperature or at 4°C overnight. Coverslips were washed a minimum of three times 

with PBS before being incubated with fluorophore-conjugated IgG secondary 

antibodies (see TABLE 2.5) in 3% BSA in PBS. To visualise F-actin, cells were 

counterstained with AlexaFluor 488-, 546- or 633-conjugated phalloidin. Coverslips 

were mounted onto slides using fluorescent mounting medium, and visualised using 

a LSM 510 laser scanning confocal microscope (Zeiss).  

2.2.16 Analysis of subcellular protein localisation 

Images were analysed using ImageJ software. To quantify the polarised distribution 

of the fluorescence intensity obtained by immunofluorescence analysis of primary 

CLL cells, the Oval Profile plug-in was used. A circular selection around the cell was 

drawn and a Radial Sum profile plot was generated for each cell (minimum 30 cells 

per sample analysed) representing the interpolated pixel intensities along 360 radii 

from the circle centre to the periphery. Values obtained were then sorted from the 

lowest to the highest and the slope of the curve obtained was then derived. A slope 

score equal to 0 (straight horizontal line) represents an absence of variation within 

the 360 radii, hence a uniformly distributed fluorescence signal (low polarisation), 

and a highly positive slope score represents a high variation of the fluorescence 

localisation along the radii (high polarisation) (Fig 2.4). 
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Figure 2.4 Representative quantification of fluorescence intensity distribution. 
(A) Immunofluorescence analysis was performed using ImageJ software (Oval Profile 
plug-in).  Radial sum profile plot obtained for the 2 representative CLL cells is shown. 
Curves represent the pixel intensities along 360 radii calculated for each cell. The 360 
values obtained were then sorted from the smallest to the highest to obtain a new 
curve (B). The slope of the curve was then calculated and correlates with the variation 
of the fluorescence intensity along the radii.  

 

 

2.3 Methods: biochemistry  

2.3.1 Preparation of cell lysates 

Cells (5-10 x 106) were washed in PBS and pelleted by centrifugation (250 g for 5 min) 

before being lysed on ice in an appropriate volume of lysis buffer (100 μl per 2.5 x 106 

cells). Lysates were then sonicated on ice for 10 sec with a 30% amplitude using a 

Vibra-Cell™ VCX130 (Sonics and Materials, Inc.), and clarified by centrifugation at 

17,000 g at 4°C for 30 min. The supernatant was transferred to a fresh tube, an 

appropriate volume of 4x sample buffer with 5% β-mercaptoethanol was added and 

the lysate boiled at 100°C for 5 min. Samples were either used immediately or stored 

at –20°C.  
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2.3.2 Western blotting  

Proteins extracted from cell lysates were separated on NuPAGE® 4 – 12% Bis-Tris gels 

at a constant voltage of 150 V in NuPAGE® MES running buffer. After electrophoresis 

proteins were transferred to a nitrocellulose membrane for western blotting. Protein 

transfer was carried out for 120 min at a constant voltage of 100 V in transfer buffer. 

Membranes were then blocked in TBS-T and either 5% non-fat dried milk or 5% BSA 

for 1 h at RT, incubated with primary antibody either for 2 h at RT or for 16 h at 4°C. 

Membranes were then washed with TBS-T before being incubated with HRP-

conjugated anti-mouse, anti-rabbit or anti-goat secondary antibodies for 1 h at RT. 

After three washes with TBS-T (10 min each), immunodetection was performed using 

an ECL detection kit according to the manufacturer’s instruction and signal detected 

by membrane exposure to Super RX medical X-ray film. Western blots were 

quantified by densitometry using ImajeJ software (Tree Star, Inc.). 

2.3.3 Stripping of nitrocellulose membranes 

To remove primary and secondary antibodies from nitrocellulose membranes and 

allow subsequent rounds of western blot detection, membranes were incubated with 

stripping buffer (TABLE 2.2) for 20 min at 56°C with agitation. After three washes with 

TBS-T (10 min each), membranes were blocked in 5% non-fat dried milk or 5% BSA 

for 1 h at room temperature and then blotted with the appropriate primary antibody 

according to the described western blot procedure. 

2.3.4 GTPase activity assay 

To detect GTPase activity in treated and untreated MEC1 and primary CLL cells, GST-

fusion proteins of the p21-binding domain (PBD) of PAK was used for Rac1 and Cdc42 

pull-down assays whereas the GST-fusion protein of the Rap binding domain (RBD) of 

Ral guanine nucleotide dissociation stimulator (RalGDS) was used for the pull-down 

of active Rap1.  

 

2.3.4.1 GST-fusion protein extraction and bead-conjugation  

E. coli transformed with plasmids encoding the GST-fusion proteins were inoculated 

in 10 ml of LB medium containing 100 μg/ml ampicillin and grown for 16 h at 37°C 
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with agitation. The overnight culture was diluted 1/20 into fresh LB medium with 

ampicillin and grown at 37°C to an optical density of 0.7 (OD600). IPTG was then 

added at a concentration of 0.3 mM for 2 h at 37°C with agitation to induce protein 

expression. Bacterial cultures were then centrifuged at 600 g for 30 min at 4°C and 

pellets were either stored at -40°C for future use or used the same day. Bacterial 

pellets derived from 250 ml of culture were resuspended in 10 ml of ice-cold bacterial 

lysis buffer supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml 

lysozyme, 1 mM dithiothreitol (DTT) and complete EDTA-free protease inhibitors. The 

lysate was then clarified by centrifugation at 6000 g for 30 min at 4°C. Sepharose 

beads were washed three times with ice-cold pull-down bead washing buffer before 

being added to the clarified lysate and incubated at 4°C for 1 h with rotation. The 

supernatant was removed and the beads washed three times with pull-down bead 

washing buffer and resuspended in pull-down lysis buffer. Protein-conjugated 

sepharose beads were either used the same day or stored at -80°C after the addition 

of 10% glycerol. 

2.3.4.2 Pull-down assay 

MEC1 or primary CLL cells (1 x 107 cells per condition) were either untreated or 

treated with 100 nM CCL21 for 1 and 5 min, pelleted and lysed with pull-down lysis 

buffer for 5 min on ice. Lysates were centrifuged for 10 min at 18,500 g and 40 μl 

were kept as total cell lysate to determine levels of total GTPases. The remaining 

lysate was incubated with the protein-conjugated sepharose beads for 30 min at 4°C 

in rotation. The supernatant was removed and beads were washed 3 times with pull-

down washing buffer. After washing, 30 μl of 2X sample buffer with 5% β-

mercaptoethanol was added to the beads and samples were boiled for 5 min. Both 

pull-down and total lysate samples were separated by gel electrophoresis and 

protein levels were detected by western blotting. 
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2.4 Methods: molecular biology 

2.4.1 Generation of mCherry-PECAM1 vector 

PECAM-1-encoding cDNA was subcloned from the pAcGFP1-N1 construct (kind gift of 

Dr Jaime Millán, Universidad Autònoma de Madrid, Spain) to a pmCherry-N1 vector. 

Both vectors were digested using KpnI. After purification and extraction of the DNA 

from an agarose gel, the PECAM-1-coding DNA fragment was ligated into the 

pmCherry-N1 vector. Competent DH5α strain of E. coli was transformed with 10 μl of 

the ligation reaction and transformed clones in which PECAM-1 cDNA was inserted 

in the correct direction were selected by the difference in the plasmid digestion 

pattern with EcoRI (Figure 2.5). The correct construction of PECAM-1-mCherry was 

further confirmed by DNA sequencing. 

 



Chapter 2  Materials and methods 

 

 90 

 

Figure 2.5 Schematic diagram of PECAM-1 subcloning into pmCherry-N1. 
(A) All vectors were digested with KpnI. PECAM-1 was ligated into pmCherry-N1 using 
T4 ligase. The two different directions of insertion are shown (B). Clones in which 
PECAM-1 fragment was inserted in the desired direction were identified through the 
difference in the plasmid digestion pattern with EcoRI (C). 
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2.4.2 Generation of pEGFP-CD38 vector  

CD38 cDNA was subcloned from the pLentiS38W vector to a pEGFP-C1 vector. Both 

vectors were digested using XhoI and KpnI. After purification and extraction of the 

DNA from an agarose gel, the CD38-coding DNA fragment was ligated into the pEGFP-

C1 vector. Competent DH5α strain of E. coli was transformed with 10 μl product of 

ligation reaction, and clones were verified by plasmid digestion using XhoI and KpnI 

followed by DNA sequencing. 

2.4.3 Generation of lentiviral pLENTISEGFP-38W vector  

EGFP cDNA was cloned into pLENTIS38W to obtain pLENTISEGFP-38W. Nucleotide 

sequence recognised from XhoI (CTCGAG) was added to the 5’ end of the forward 

and reverse primer used to amplify the EGFP-encoding cDNA from the pEGFP-C1 

construct. EGFP cDNA and pLENTIS38W vector were digested using XhoI. After 

purification and extraction of the DNA from an agarose gel, the EGFP-coding 

fragment was ligated into pLENTIS38W vector (Figure 2.6). Competent DH10ß strain 

of E. coli was transformed with 10 μl of ligation reaction, and clones were verified by 

plasmid digestion with XhoI followed by DNA sequencing. 
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Figure 2.6 Schematic diagram of EGFP cloning into pLentiS38W. 
(A) Schematic representation of the lentiviral vectors pLentiS38W and pLentiSGFPW. 
(B) An XhoI restriction enzyme recognition site (CTCGAG) was added to the 5’ end of 
the primer designed to amplify the EGFP-coding fragment. The pLentiSGFPW vector 
and the amplified fragment were digested with XhoI and ligated using the ligase T4.  
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2.4.4 Primer design and PCR  

Primers were designed using PerlPrimer software 

(http://perlprimer.sourceforge.net/). Standard DNA amplification was obtained via 

PCR reactions using the DNA Taq Polymerase Kit. A 50 μl PCR reaction contained 50 

ng of DNA template, 5 μl of 10 x buffer, 0.75 μl of 50 mM MgCl2, 0.5 μl of 10 μM of 

each primer, 0.25 μl of Taq polymerase in dH2O. 

Standard PCR reactions were carried out with an initial 1 min denaturation at 94°C 

followed by 35 cycles of 45 sec at 94°C (denaturation), 30 sec of oligo annealing (50-

60°C depending on the cDNA sequence) and 72°C for 2 min of extension.  The Pfu 

DNA Polymerase was used to generate PCR products for cloning. The reaction 

mixture was heated to 94°C for 1 min before the addition of 1.25 U (0.5 μl) of Pfu 

DNA Polymerase. 

2.4.5 Enzymatic digestion of DNA 

DNA (1 μg) was digested with 10 units of the appropriate restriction enzyme (EcoRI, 

XhoI and/or KpnI) in the NEB buffer as recommended by the manufacturer for up to 

1 h at 37°C. To prevent self-ligation destination vectors were incubated with 10 units 

of calf intestinal alkaline phosphatase (CIP) for 30 min at 37°C. 

2.4.6 DNA separation and purification 

To separate DNA fragments and vectors, electrophoresis of the samples was carried 

out in 1% (w/v) agarose gels. Agarose was dissolved in TAE buffer and 0.5 μg/μl 

ethidium bromide was added to visualize DNA fragments using a UV- transilluminator 

(wavelength ≈312 nm). After complete polymerization, DNA samples were loaded on 

the gel and separated by electrophoresis at 100 V in TAE buffer. The DNA fragments 

of interest were excised under a UV-transilluminator and purified using the QIAquick 

gel extraction kit according to the manufacturer’s instructions.  

2.4.7 DNA ligation and bacterial transformation 

Ligation of the DNA fragments to the appropriate destination vector was carried out 

by using 200 units of T4 DNA ligase in the supplied ligation buffer at 16°C for 16 h. A 

molar ratio of 3:1 of insert to destination vector was used for the reaction. Following 

the ligation, 10 μl of the reaction product were mixed with 100 μl of competent 
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bacterial cells and incubated on ice for 30 min. The bacterial suspension was heat-

shocked for 45 sec at 42°C and placed again on ice for 2 min. Pre-warmed LB (900 μl) 

was then added to the bacteria and incubated at 37°C for 1 h with agitation. Finally, 

100 μl of the cells were plated onto an LB agar plate supplemented with the 

appropriate antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamycin) and incubated 

for 16 h at 37°C. Colonies obtained were then cultured and plasmid DNA content was 

verified by plasmid DNA purification.  

2.4.8 Purification of plasmid DNA from bacteria 

For plasmid DNA purification from a small-scale bacterial culture (2-5 ml), a Qiagen 

QIAprep Miniprep Kit was used. LB supplemented with the appropriate antibiotic 

(100 μg/ml ampicillin or 50 μg/ml kanamycin) was inoculated with a single colony 

from an agar plate and incubated overnight at 37°C. The plasmid DNA was purified 

following the Miniprep kit manufacturer’s instructions and the DNA eluted in 50 μl 

ddH20. For plasmid DNA purification from a large-scale bacterial culture (100-200 ml), 

an EndoFree Maxiprep Kit was used following manufacturer’s instructions, plasmid 

DNA was resuspended in an appropriate volume of ddH20 to obtain a minimum DNA 

concentration of 2 μg/μl. 

2.4.9 DNA sequencing 

Purified plasmid DNA (100 ng) and 2 pmol/μl of sequencing primers (see TABLE 2.8) 

were resuspended in a minimum volume of 15 μl H2O and sent to MWG 

(www.eurofinsdna.com) for DNA sequencing. 

2.5 Statistical analysis 

Statistical analysis was carried out, where three or more independent experiments 

were performed, using IBM SPSS Statistic or GraphPad Prism software. Two-tailed 

Student’s t-test was performed to compare two sets of data and analysis of variants 

(ANOVA) with Tukey post-hoc test was performed to compare three or more 

independent sets of data. 
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3. Role of CD38 in MEC1 cell motility 

3.1 Introduction 

Understanding the migration properties characterizing different CLL cases is of crucial 

importance in order to understand the mechanism behind the high heterogeneity 

that marks CLL clinical course. In CLL, disease progression involves the accumulation 

of leukaemic cells in lymph nodes and other lymphoid tissues, where 

microenvironmental stimuli induce CLL cell proliferation (Gaidano et al., 2012) 

(Chapter 1.5.2). Homing and trafficking of leukocytes is a fine orchestrated process 

that involves many steps controlled by various signalling pathways (Millán and Ridley, 

2005). The complex biology that controls CLL cells recruitment, retention and release 

from the lymphoid stroma is far from been elucidated (Davids and Burger, 2012).  

CD38 is considered a negative prognostic marker in CLL and its expression on 

leukaemic cells has been associated with enhanced cell migration. Increased 

chemotactic response to the chemokine CXCL12 has been shown in patients with high 

CD38 expression (Deaglio et al., 2007a; Vaisitti et al., 2010) and in CLL cells with 

ectopic CD38 expression (Vaisitti et al., 2010) but the molecular mechanism involved 

in this process has not been clarified. CD38 expression in CLL cells correlates with the 

expression of other molecules involved in cell motility, such as α4- and β2- integrin 

subunits (Herens et al., 2006; Pittner et al., 2005; Zucchetto et al., 2012). Moreover, 

in CLL cells CD38 is part of a multimeric complex that includes key molecules of the 

migration process such as VLA-4 integrin, CD44 and MMP-9 (Buggins et al., 2011; 

Zucchetto et al., 2012). Because of this interrelationship, it is difficult to ascribe the 

enhanced cell migratory properties exclusively to CD38. 

The adhesion molecule PECAM-1 has been reported as a non-substrate CD38 ligand 

and it has been suggested that these two molecules are involved in the adhesion 

process between lymphocytes and endothelium (Deaglio et al., 1998). Previous work 

has shown that PECAM-1 is required for leukocyte TEM (Mamdouh et al., 2009; 

Muller et al., 1993) but the role of its interaction with CD38 during this process has 

not been investigated.  
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Studying the individual role of differentially expressed molecules in primary CLL cells 

is problematic because of the high heterogeneity between CLL samples and the 

strong association between several different markers, which makes it difficult to 

identify molecule-specific functions. To overcome this problem, genetic modulation 

of selected components represents a helpful approach. However, this strategy is 

particularly challenging in primary CLL cells, partly because of their high spontaneous 

in vitro apoptosis rate, and also because of their resistance to most transfection 

techniques (Buggins et al., 2010; Lagneaux et al., 1998; Seiffert et al., 2007). Stable 

cell lines, although they may differ from their primary counterparts because of their 

growth in culture, are an indispensable tool to study molecule-specific functions. 

Conversely to other hematopoietic malignancies, only a few number of CLL-derived 

cell line are available, mainly because of the resistance of primary CLL cells to viral 

transformation by Epstein-Barr virus (Takada et al., 1980). The human CLL-derived 

MEC1 cell line, generated in 1993 from a 58-year-old Epstain-Barr virus positive 

patient with refractory CLL (Stacchini et al., 1999), is the most well characterised CLL 

cell line and it has previously been used as a tool to investigate CLL biology (Buchner 

et al., 2009; Capitani et al., 2012; Scielzo et al., 2010).  

Here, to study the effect of CD38 on CLL cell migration, CD38 was ectopically 

expressed in MEC1 cells and several steps of the adhesion cascade were investigated. 

Differential properties of CD38-expressing cells interacting with endothelial cells 

were analysed by time-lapse and immunofluorescence microscopy during 

lymphocyte crawling and TEM. Chemokine-directed and random migration of CD38-

expressing MEC1 cells was analysed using transwell assays. The localisation of ectopic 

CD38 during cell migration was also investigated using live imaging.  
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3.2 Generation of stable CD38-expressing MEC1 cell populations 

It has been reported that MEC1 cells do not express CD38 (Zucchetto et al., 2012). 

Here, to assess CD38 expression, flow cytometry analysis was performed. In 

agreement with the previous studies, MEC1 cells showed a barely detectable 

endogenous CD38 expression level (Fig. 3.1, A). This data was then confirmed by 

Western blot analysis (Fig. 3.1, B). The T-cell acute lymphoblastic leukaemia (T-ALL) 

Jurkat cell line was used as a positive control because of its reported CD38 expression 

(Morra et al., 1998; Zubiaur et al., 1999), and here it showed high CD38 expression in 

both flow cytometry and Western blot analysis (Fig. 3.1, A and B).  

 

 

Figure 3.1 Analysis of endogenous CD38 expression in MEC1 cells. 
(A) Surface levels of CD38 were investigated by flow cytometry analysis on MEC1 and 
Jurkat cells (positive control). 1x106 cells were stained with a PE-conjugated anti-
CD38 antibody and analysed by flow cytometry. (B) Total CD38 expression in both cell 
lines was analysed by western blot.  
 

Stable CD38-expressing MEC1 cell populations were generated using a lentiviral-

based transduction system. Two different vectors were used to generate lentiviral 

particles; the CD38-expressing pLenti-S38W and the GFP-expressing pLenti-SEW 

vector as a control (Pearce et al., 2010). Lentiviral particles were generated in 293T 

cells and transfection was monitored by GFP fluorescence in 293T cells for the GFP-

expressing vector. The supernatant of 293T cells, containing the lentiviral particles, 

was then used to infect MEC1 cells before cell sorting was performed by FACS 
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(fluorescence-activated cell sorting) based on CD38 and GFP expression. The CD38-

expressing pLenti-S38W and the GFP-expressing pLenti-SEW vectors showed a similar 

efficiency of infection: 40.5% and 43% of MEC1 cells were infected respectively (data 

not shown). One population of GFP-expressing MEC1, called MEC1-GFP, was 

obtained by sorting cells with a mean fluorescence intensity (MFI) between 103 and 

104 in the FITC channel (Fig.3.2, A). Two distinct populations of CD38-expressing 

MEC1 cells were sorted based on the fluorescence intensity detected with a PE-

conjugated anti-CD38 antibody. One population, called MEC1-CD38L (low-expression 

of CD38), was obtained by sorting cells with a mean fluorescence intensity (MFI) 

between 103 and 104. Another population, called MEC1-CD38H (high expression of 

CD38), was obtained by sorting cells with a MFI between 104 and 105 (Fig.3.2, B). At 

least 5 X 105 cells per population (MEC1-GFP, MEC1-CD38L and MEC1-CD38H) were 

obtained by FACS and expanded in culture. To verify that the expression of CD38 was 

stable over time, post-sorting flow cytometry and western blot analysis were 

performed; representative results are shown (Fig. 3.3). 
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Figure 3.2 FACS sorting of stable GFP- and CD38-expressing MEC1 cell populations. 
MEC1 cells (1x107) were infected with lentiviral vectors pLenti-SEW and pLenti-S38W 
expressing GFP and CD38 respectively. (A) pLenti-SEW transfected MEC1 cells were 
analysed by FACS and GFP-expressing cells with a fluorescence intensity interval 
between 104 and 105 (MEC1-GFP) were sorted. (B) pLenti-S38W-transfected MEC1 
cells stained with a PE-conjugated antibody to CD38 and analysed by FACS. Two 
populations were sorted based on the fluorescence intensity on the PE channel, 
MEC1-CD38L with a fluorescence interval between 103 and 104 and MEC1-CD38H 
with between 104 and 105 based on a mean fluorescence intensity in the PE channel.  
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Figure 3.3 Analysis of post-sorting CD38 expression in MEC1 cells. 
GFP- and CD38-expressing cells obtained by FACS sorting were analysed for their 
CD38 expression. (A) Surface levels of CD38 were investigated by staining MEC1-GFP, 
MEC1-CD38L and MEC1-CD38H with a PE-conjugated anti-CD38 antibody and 
subsequent analysis by flow cytometry. A PE-conjugated IgG isotype control was used 
to detect background signal in both populations. (B) Total CD38 expression in both 
cell lines was analysed by Western blot. 
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3.3 Role of CD38 in MEC1/endothelial cell interaction 

3.3.1 CD38 expression impairs MEC1 cell crawling on endothelial cells 

In order for leukocytes to exit the blood stream and home to the lymphoid organs, 

they have to cross the endothelial barrier forming the wall of blood vessels. Before 

extravasation, leukocytes crawl inside the blood vessels, which is thought to help 

them to find the optimal site for TEM (Ley et al., 2007; Phillipson et al., 2006). In order 

to investigate the role of CD38 during the crawling process, the interaction of MEC1 

cells with endothelial cells was observed by time-lapse microscope. Primary human 

umbilical vein endothelial cells (HUVECs) were used as a model system. HUVECs were 

grown to confluency and stimulated with TNF-α to induce upregulation of leukocyte 

adhesion molecules such as ICAM-1 and VCAM-1 (Mackay et al., 1993; Osborn et al., 

1989). MEC1-GFP, MEC1-CD38L and MEC1-CD38H cells were added to the 

endothelial monolayer and images of the co-culture were acquired every 60 sec for 

2 h (Supplementary movies 1, 2 and 3). Mean cell speed was calculated from 

migration tracks of each cell analysed. CD38-expressing cells had a significantly lower 

migration speed compared to MEC1-GFP control cells. MEC1-GFP cells crawling on 

the endothelium had a mean migration speed of 7.70 μm/min whereas MEC1-CD38L 

and MEC1-CD38H cells had a mean migration speed of 6.44 μm/min and 6.75 μm/min 

respectively (Fig 3.4).  
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Figure 3.4 CD38 expression reduces MEC1 cell crawling speed on endothelial cells.  
Confluent HUVECs were stimulated with 10ng/ml TNF-α for 16 hours. MEC1-GFP, 
MEC1-CD38L and MEC1-CD38H cells were added to the HUVEC monolayer and 
imaged every 1 min for 2 hours. Time-lapse movies were analysed by tracking cells 
from each frame using ImageJ Manual Tracking plugin. Only cells that did not undergo 
cell division or TEM and stayed in the recorded field for at least half the duration of 
the movie were included in the analysis. (A) Representative images of cells and cell 
tracks at 0 and 1 hour are shown (see Supplementary movies 1, 2 and 3). Scale bar, 
50 μm. (B) Tracks obtained were analysed using ImageJ Chemotaxis Tool plugin; n ≥ 
30 cells per population were tracked each experiment, data shown are mean of three 
independent experiments ± SEM. *** p<0.001 determined by two-way analysis of 
variance (ANOVA) followed by Tukey post-hoc test; ns, not significant. 
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3.3.2 MEC1 cell TEM is reduced by CD38 expression 

To investigate the effect of CD38 expression on MEC1 cell TEM, an in vitro model 

based on the TranswellTM assay was used. HUVECs were grown to confluency on a 

transwell filter and stimulated with TNF-α. MEC1-GFP, MEC1-CD38L and MEC1-

CD38H cells were added to the HUVEC monolayer and the chemokine CCL21 was 

added to the bottom chamber as a chemoattractant. As the filters used in the assay 

were not optically transparent, F-actin staining on HUVECs was performed after the 

assay and analysed by fluorescence microscopy to verify the confluency of the HUVEC 

monolayer (data not sown). Both MEC1-CD38L and MEC1-CD38H cells showed a 

decreased TEM compared to MEC1- GFP cells (Fig 3.5).  

As no significant differences in the properties of the MEC1-CD38L cells compared to 

the MEC1-CD38H population were detected in this study, all subsequent sections of 

this thesis focus on the comparison between MEC1-GFP and MEC1-CD38H cells only.  

 

 

Figure 3.5 CD38 expression impairs MEC1 cell TEM. 
HUVECs were seeded on TranswellTM filters and stimulated with 10ng/ml TNF-α for 
16 hours. MEC1-GFP, MEC1-CD38L and MEC1-CD38H cells were added to the HUVECs 
and CCL21 (500ng/ml) was added to the bottom chamber. After 4 hours, cells that 
had transmigrated through the HUVECs into the lower well were counted using a Casy 
counter. A migration index was obtained by normalising the values obtained to the 
MEC1-GFP control cells. Data shown are mean of three independent experiments ± 
SEM. ** p<0.01; ns = not significant, determined by two-way analysis of variance 
(ANOVA) followed by Tukey post-hoc test. 
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3.4 CD38 expression increases MEC1 cell spreading on VCAM-1  

Adhesion is one of the key events during the trafficking of leukocytes in and out of 

lymphoid organs. Adhesive interactions between leukocytes and endothelial cells 

allow the transendothelial migration process to occur. A transient, dynamic and 

tightly regulated interaction between integrins expressed on the leukocyte surface, 

mainly LFA-1/α4β1 and VLA-4/αLβ2, and their respective ligands ICAM-1 and VCAM-

1 expressed on the endothelial cells allow leukocytes to firmly arrest to the blood 

vessel wall despite the blood flow (Hogg et al., 2011). Before extravasation, 

leukocytes undergo morphological changes by remodelling their actin cytoskeleton 

and spreading on the endothelium (Ley et al., 2007).  

Recent studies have shown that CD38 expression in CLL cells can enhance VLA-4-

mediated adhesion (Zucchetto et al., 2012). Nevertheless, the role of CD38 in cell 

spreading has not been investigated so far. Here the effect of CD38 expression on 

MEC1 cell spreading to a VCAM-1 coated surface was tested. MEC1-GFP and MEC1-

CD38H cells were left adhere for 15 min before the addition of media with or without 

the chemokine CCL21. After 5 min cells were fixed and imaged simultaneously with 

bright field and Interference reflection microscopy (IRM). The IRM technique allowed 

imaging exclusively of the region of close contact between the cell and the surface 

(0–200 nm) thus providing a visualization of the cell attachment area. In IRM images, 

the brightest reflection comes from the cell-free areas of the sample whereas dark 

reflections are generated from the negative interference of the light waves occurring 

at the glass/cell interface (Barr and Bunnell, 2009). The site of close contact between 

the cell and the substratum therefore coincide with the dark, high contrast areas of 

the image (Fig 3.6). Cell attachment area was calculated using ImageJ software as 

described in Chapter 2 (Section 2.2.12). Data obtained showed that MEC1-CD38H 

cells had a larger area of cell attachment compared to MEC1-GFP cell, both with and 

without CCL21 stimulation. MEC1-CD38H cells showed a mean contact area of 53.94 

± 3.97 μm2 whereas MEC1-GFP showed a mean contact area of 31.15 ± 2.50 μm2 

(p<0.001).  The addition of CCL21 did not significantly change the cell attachment 

area in any of the two cell populations (Fig. 3.6).  
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Figure 3.6 CD38 expression increases MEC1 cell spreading on VCAM-1. 
(A) Representative bright field (BF) and Interference reflection microscopy (IRM) 
images of MEC1-GFP and MEC1-CD38H cells seeded on VCAM-1 for 15 min. In IRM, 
images dark areas correspond to cell contact with the surface. Scale bar, 10 μm. (B) 
Quantification of the cell spreading area of MEC1-GFP and MEC1-CD38H cells seeded 
on VCAM-1 coated glass wells with and without CCL21 stimulation (100 ng/ml for 5 
min) was performed using ImageJ on at least 100 cells from three independent 
experiments (≈ 30 cells/experiment). ***p<0.001 determined with two-way analysis 
of variance (ANOVA) followed by Tukey post-hoc test; ns, not significant. 
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3.5 CD38 does not affect α4-β1 integrin expression levels in MEC1 cells 

CD38 expression on CLL cells is known to correlate with the expression of the α4 

subunit of the VLA-4 integrin, CD49d (Herens et al., 2006; Zucchetto et al., 2012), 

which has been recognised as another CLL negative prognostic marker (Majid et al., 

2011; Shanafelt et al., 2008). The two proteins co-localise in the plasma membrane 

of CLL cells within a macromolecular complex (Buggins et al., 2011; Zucchetto et al., 

2012). In order to assess if CD38 expression affected the level of expression of the 

VLA-4 integrin, the total surface levels of the α4 and β1 subunits were analysed by 

flow cytometry in the MEC1-GFP and MEC1-CD38H populations. Moreover, for the 

analysis of the β1 subunit, an antibody able to bind the ligand-induced binding site of 

this subunit was used in order to assess potential differences in the β1 integrin 

activation status in both cell populations. Cells were harvested and fixed in 

suspension in resting condition to keep unaltered the integrin structure before being 

processed for the immunofluorescence staining and performing the flow cytometry 

analysis. No significant differences were observed between MEC1-GFP and MEC1-

CD38H cells in the total surface levels of α4 and β1 integrin subunits (Fig 3.7 A, B). 

The level of the active form of β-1 integrin also did not show significant differences 

between MEC1-GFP and MEC1-CD38H cells (Fig 3.7 C) but a high degree of variability 

between experiments was observed.  
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Figure 3.7 CD38 expression does not affect VLA-4 surface expression. 
Surface levels of (A) α4 and (B) β1 integrin expression were tested in MEC1-GFP and 
MEC1-CD38H cells. Cells were stained with the respective antibody and subsequently 
analysed by flow cytometry. IgG isotype control was used to detect non-specific 
signal in both populations. (C) Surface level of active β1 integrin was tested in MEC1-
GFP and MEC1-CD38H cells. Mean of the fluorescence intensity ratio (MFIR) obtained 
by normalizing intensity values of MEC1-CD38H against MEC1-GFP in three 
independent experiments ± SEM are shown. ns, not significant. 
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3.6 CD38 enhances migration and chemotaxis of MEC1 cells 

The ability of CLL cells to migrate towards a chemokine gradient and thereby reach 

specific microenvironments contributes to the development of CLL (Burger, 2010). 

Several chemokine receptors and respective ligands have been shown to be involved 

in CLL cell migration and recruitment to secondary lymphoid organs, including CCR7 

and its ligands CCL21 and CCL19 (Lopez-Giral et al., 2004; Till et al., 2002), CXCR4 and 

its ligand CXCL12 (Lopez-Giral et al., 2004), CXCR5 and its ligand CXCL13 (Burkle et al., 

2007). Here, the ability of CD38 to affect MEC1 cell migration properties in the 

absence and presence of a gradient of CCL21, CXCL12 and CXCL13 was investigated 

using the TranswellTM assay. Filters were pre-coated with VCAM-1 to allow the 

adhesion of MEC1 cells and the subsequent migration to the bottom chamber to 

increasing concentrations of each chemokine. Both MEC1-CD38H and MEC1-GFP 

cells showed a concentration-dependent chemotactic response when CCL21 was 

used as a chemoattractant. Chemotaxis of MEC1-CD38H cells was significantly 

enhanced compared to MEC1-GFP cells at all the concentrations tested (Fig. 3.8, A). 

Interestingly, MEC1-CD38 cells showed also an increased basal migration, tested by 

allowing the cells to migrate in the absence of the chemoattractant. These data 

indicate that CD38 expression is involved in enhancing intrinsic cell motility as well as 

chemokine responses. The CCL21 concentration that gave the biggest difference 

chemotaxis between MEC1-GFP and MEC1-CD38 cells was 100 ng/ml and it was 

therefore used in subsequent experiments. It appeared that both MEC1-CD38H and 

MEC1-GFP cells are not able to respond to CXCL12 and CXCL13, as both populations 

did not show increased migration to CXCL12 and CXCL13 (Fig. 3.8, B and C). As only 

two independent experiments were performed with these two chemokines, more 

experiments would be needed to draw any conclusion. However, previous studies 

performed in MEC1 have shown similar results when using CXCL12 as 

chemoattractant (Kaucka et al., 2013; Vaisitti et al., 2014).  
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Figure 3.8 CD38 expression affects MEC1 cell migration and CCL21-directed 
chemotaxis. 
MEC1-GFP and MEC1-CD38H cells were added to TranswellTM filters previously 
coated with VCAM-1. Different concentrations of CCL21 (A), CXCL13 (B) or CXCL12 (C) 
were added to the bottom chamber. After 2 hours, cells that had transmigrated 
through the filters into the lower wells were counted using a CasyTM counter. A 
migration index was obtained by normalising the values to the MEC1-GFP control cell. 
Data shown in (A) are mean of three independent experiments ± SEM; data shown in 
(B and C) are mean of two independent experiments ± SEM. *p<0.05, **p<0.01, *** 
p<0.001 determined by two-tailed Student’s t-test. Black asterisks represent 
statistical differences between the two cell populations in each condition. Blue and 
red asterisks represent statistical differences between basal migration and migration 
observed at different CCL21 concentrations within each population. 
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3.7 CCR7 expression levels are not affected by CD38 expression 

Previous studies have demonstrated the importance of the chemokine receptor CCR7 

in the pathology of CLL (Till et al., 2002). CCR7 expression is increased in circulating 

CLL cells when compared to circulating normal B cells (Richardson et al., 2006). CCR7 

expression levels in CLL samples not only correlate with an enhanced in vitro 

response to the chemokines CCL21 and CCL19 but it is also associated to a clinical 

lymphadenopathy (Lopez-Giral et al., 2004; Till et al., 2002). To investigate whether 

CD38 modulates the expression of CCR7 and to assess if the increased chemotaxis 

towards CCL21 observed in CD38-expressing MEC1 cells was mediated by an increase 

in the expression level of the chemokine receptor, the surface level of CCR7 was 

determined. MEC1-GFP and MEC1-CD38H cells were stained in suspension with an 

anti-CCR7 antibody and fixed before being analysed by flow cytometry.  No significant 

difference was observed in the expression of CCR7 between the two populations (Fig 

3.9). It is therefore unlikely that the increased response to CCL21 observed in MEC1-

CD38H cells is due to changes in the expression of its receptor. 

 

 

Figure 3.9 CD38 expression does not affect CCR7 surface expression. 
Surface level of CCR7 was tested in MEC1-GFP and MEC1-CD38H. Cells were stained 
with a anti-CCR7 antibody and subsequently analysed by flow cytometry , IgG isotype 
control was used to detect non specific signal in both populations. Mean of the 
fluorescence intensity ratio (MFIR) obtained by normalizing intensity values of MEC1-
CD38H against MEC1-GFP in three independent experiments ± SEM are shown; ns, 
not significant. 
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3.8 CD38 localisation during MEC1 cell migration 

In order to study the distribution and subcellular localisation of CD38 during MEC1 

cell migration, CD38 was subcloned into the pEGFP-C1 plasmid to generate a vector 

encoding an N-terminal EGFP-tagged CD38 (Chapter 2.4.2). MEC1 cells were 

transiently transfected with this vector and 24 h after transfection live imaging was 

performed on cells seeded on VCAM-1 coated wells. VCAM-1 was chosen as a 

substrate as MEC1 cells showed optimal adhesion properties to VCAM-1, whereas 

very few cells were able to adhere to the other substrates tested (ICAM-1 and 

fibronectin; data not shown). The distribution of EGFP-CD38 during cell crawling on 

VCAM-1 was followed by time-lapse movies microscopy; 5 sec per frame movies were 

acquired (Supplementary movie 4). EGFP-CD38 was enriched at the plasma 

membrane but it also accumulated in vesicle-like structures mainly at the rear of the 

cell (Fig. 3.10).   
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Figure 3.10 EGFP-CD38 localisation during MEC1 cell crawling. 
MEC1 cells were transiently transfected with 30 μg pEGFP-CD38 plasmid. After 24 h 
cells were plated on a VCAM-1-coated plate. Live cell imaging was performed to 
observe the localisation of EGFP-CD38 during MEC1 cell migration. Time is shown as 
min:sec. In the cell outline panel, direction of migration, leading and trailing edge of 
the representative cell are indicated. Scale bar, 10 µm. Images are representative of 
three independent experiments.  
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3.9 Analysis of CD38-PECAM-1 interaction  

The platelet-endothelial-cell adhesion molecule (PECAM-1 or CD31) is a protein 

belonging to the Ig superfamily diffusely expressed on leukocytes and concentrated 

at the cell-cell junctions in endothelial cells (Ley et al., 2007; Newman et al., 1990; 

Wong and Jackson, 2004). PECAM-1 is required for leukocyte TEM (Mamdouh et al., 

2003; Muller et al., 1993). Homophilic interaction between the N-terminal 

extracellular region of the endothelial PECAM-1 and of leukocyte PECAM-1 is 

necessary for transmigration to occur (Mamdouh et al., 2003).  PECAM-1 has been 

reported to be a physiological ligand of CD38 (Deaglio et al., 1998; Tonino et al., 2008). 

It has been hypothesised that CD38 and PECAM-1 interaction could occur and have a 

role during leukocyte TEM.  

In order to visualise the possible interaction between the two proteins during TEM, 

microscopy analysis was performed. To visualise PECAM-1 exclusively on the 

endothelial cells, a C-terminal mCherry-tagged PECAM-1-expressing vector (Chapter 

2.4.1) was transiently transfected into HUVECs. Initial IF experiments performed on 

HUVECs and MEC1-CD38H cell co-cultures using anti-CD38 antibody showed signal in 

both cell types (data not shown). To visualise CD38 localisation specifically on the 

leukaemic cells, EGFP-CD38 fusion protein was expressed in MEC1 cells. Because the 

low efficiency of the transient transfection in MEC1 cells did not allow to perform this 

assay, a stable EGFP-CD38-expressing MEC1 cell population was generated (MEC1-

EGFP-CD38). A vector expressing the fusion protein EGFP-CD38 was generated by 

cloning the EGFP cDNA at the N-terminus of the CD38 cDNA into the pLenti-S38W 

and used to generate lentiviral particles in 293T cells. Supernatant of infected 293T 

cells was then used to infect MEC1 cells and the MEC1-EGFP-CD38 cell population 

was selected by FACS sorting based on EGFP fluorescence intensity. MEC1-EGFP-

CD38 cells were seeded on a TNF-α stimulated PECAM-1-Cherry-expressing HUVEC 

monolayer and fixed after 30 minutes before performing microscopy analysis. 

PECAM-1-mCherry localised mainly at endothelial intercellular borders as the 

endogenous PECAM-1. As reported in previous studies PECAM-1 was weakly 

associated with the cuplike structures surrounding transmigrating leukocytes 

(Carman and Springer, 2004) (Fig. 3.11). No enrichment of EGFP-CD38 was observed 
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in these regions. EGFP-CD38 showed a diffuse membrane distribution during MEC1-

EGFP-CD38 cell transmigration across the endothelial monolayer. Localisation of 

EGFP-CD38 was also investigated in MEC1-EGFP-CD38 cells adhered on top of the 

HUVEC monolayer but not performing TEM, no co-localisation between EGFP-CD38 

and PECAM-1-cherry was observed (Fig. 3.12). 

 

 

Figure 3.11 EGFP-CD38 and PECAM-1-mCherry localisation during MEC1 cell TEM. 
HUVECs were transiently transfected with a PECAM-1-Cherry expressing vector, 
seeded on a FN-coated coverslip and TNF-α-activated. MEC1-EGFP-CD38 cells were 
seeded on the HUVEC monolayer, fixed and observed by confocal microscopy. (A) 
Top view projection of all z-series sections of a representative MEC1-EGFPCD38 cell 
partly transmigrated underneath an endothelial cell through the endothelial borders. 
Dotted and dashed lines shown in the cell outline panel indicates the TEM passage 
and the edges of the sub-endothelial leukocyte membrane respectively. (B) Top view 
of one confocal section showing EGFP-CD38 (B, i) and PECAM-1-cherry (B, ii) 
localisation in the TEM passage. The merged of the two channels is shown (B, iii). (B, 
iv and v) Side view projection of cross sections in (B, iii) depicting MEC1-EGFP-CD38 
cell body partly transmigrated underneath the endothelial cell. Scale bar, 10 μm. 
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Figure 3.12 EGFP-CD38 and PECAM-1-mCherry localisation during MEC1 cell 
adhesion on HUVECs. 
Top view projection of all z-series sections acquired of a MEC1-EGFP-CD38 cell 
adhering onto HUVECs transiently transfected with a PECAM-1-Cherry expressing 
vector, seeded on a FN-coated coverslip and TNF-α-activated. Arrows indicate HUVEC 
cell-cell junctions. Image is representative of three independent experiments. Scale 
bar, 10 µm. 
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3.10 Discussion 

The clinical course of CLL is very heterogeneous and CD38 is a surface marker strongly 

associated with poor prognosis (Damle et al., 1999; Del Poeta et al., 2001; Hamblin 

et al., 2002). Distinct features of primary CLL cells expressing high levels of CD38, 

particularly their co-expression of other prognostic factors that can alter cell motility 

properties, has made it particularly challenging to define its role in the migration of 

CLL cells. The aim of the research described in this chapter was to clarify whether 

expression of CD38 directly affected CLL cell motility. In order to do that, different 

populations of stable CD38-expressing MEC1 cells were generated, providing a tool 

to compare the migratory behaviour of the same system in which the only variable 

was CD38 expression. Several steps of the leukocyte adhesion cascade involved in 

the cell trafficking into lymphoid organs were analysed.   

Previous studies attempted to identify a role of CD38 in CLL cell trafficking but the 

results are controversial (Brachtl et al., 2011; Vaisitti et al., 2010). Here, CD38 

expression in MEC1 cells decreased their migration speed on HUVECs and decreased 

their ability to cross the endothelial monolayer. In vivo studies, performed with real-

time and time-lapse intravital video-microscopy of neutrophils within microvessels, 

have shown that when crawling is disabled the transmigration process is delayed, 

probably due to migration across suboptimal transmigration sites (Phillipson et al., 

2006). It is therefore possible that the decrease in the crawling speed of CD38-

expressing cells and their decreased TEM are interrelated effects. Time-course 

experiments should be performed in order to better understand if the decreased 

TEM could be due to a delay in the process rather than an actual impairment of the 

transmigratory ability of cells. One possible explanation of the CD38-mediated 

migratory phenotype is that the increased spreading properties led to the reduced 

speed crawling and TEM. A balance between strength of adhesive contacts and 

cytoskeletal rearrangements mediate adhesion disassembly and turnover that 

controls cell migration speed (Friedl et al., 2001; Kuijpers et al., 1993; Svensson et al., 

2010). Notably, the experiments were performed under static conditions, thus 

lacking the shear stress continuously applied from the blood stream on migrating 

lymphocytes in physiological conditions. In vitro studies have shown that shear forces 
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promote leukocyte transmigration across the endothelium (Cinamon et al., 2001). 

Further experiments should be performed under flow conditions to determine if the 

expression of CD38 affects TEM of MEC1 cells in this context.  

When tested for chemotaxis in the absence of endothelial cells, MEC1-CD38H cells 

showed an enhanced CCL21-directed migration compared to MEC1-GFP cells. These 

data are in agreement with previous studies that showed increased chemotactic 

properties toward CXCL12 in primary CLL cells that ectopically expressed CD38 

(Vaisitti et al., 2010). The enhanced chemotaxis observed in the MEC1-CD38H 

population was not due to an enhanced surface level of the CCL21 receptor, as no 

differences was observed in CCR7 expression between MEC1-GFP and the MEC1-

CD38H cells. This data suggest that the increased chemotactic response observed in 

CD38-expressing cells is due to molecular events that act downstream of the 

chemokine-chemokine receptor interaction. 

Interestingly, CD38-expressing cells showed an increased migration through 

transwells even in the absence of a chemokine gradient. Whereas previous studies 

had already linked the enhanced chemotactic ability of CLL cells to CD38 expression 

(Vaisitti et al., 2014; Vaisitti et al., 2010), its effect on intrinsic cell motility has not 

been observed so far. Notably, B-lymphocytes within lymphoid organs are highly 

motile and their crawling shows a 'random-walk' pattern along scaffolding elements, 

such as follicular dendritic cells, promoted only partly by chemokines (Cahalan and 

Parker, 2006; Cyster, 2010). At present, no studies have been performed on the 

motility of CLL cells within lymphoid organs and the role of intrinsic motility in CLL 

has not been elucidated. The enhanced basal motility observed in the CD38-

expressing cells suggests that the migration of CLL cells inside the lymphoid organs 

could be increased by CD38 expression, therefore affecting CLL cell localisation and 

trafficking.  

Analysis of cell spreading revealed that MEC1-CD38H cells had an increased contact 

area on VCAM-1 coated surfaces compared to MEC1-GFP cells. Cell spreading 

requires a cytoskeletal rearrangement that allows cell flattening and mediates an 

increase in the cell/surface contact (Gauthier et al., 2011). The data indicate that 
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CD38 is directly involved not only in cell adhesion, as previously shown by other 

groups (Zucchetto et al., 2012), but also in the cytoskeletal rearrangement involved 

in the generation of sustained interactions between cells or  with the ECM. 

Interestingly, a close correlation between CD38 expression in CLL cells and the 

enrichment of VCAM-1-expressing stromal and endothelial cells has been reported in 

bone marrow biopsies of CLL patients, which is linked to the survival of the malignant 

cells (Zucchetto et al., 2009). The enhanced interaction between VCAM-1 and the 

CD38-expressing MEC1 cells observed here suggests that CD38 could play a role in 

the enhanced retention of CLL cells in the lymphoid tissues.  

The expression of CD38 has been found to correlate with the expression of the α4 

subunit of VLA-4, CD49d (Herens et al., 2006; Zucchetto et al., 2012) in CLL patients. 

Here, no significant differences in the surface levels of either α4 or β1 integrins 

between MEC1-GFP and MEC1-CD38H populations were observed, and thus the 

enhanced spreading was probably not due to an increased level of VLA-4. Integrins 

are cell surface receptors that in resting conditions are in an inactive conformation 

but several signals can rapidly change their affinity status for their ligands (Hogg et 

al., 2011). Levels of active β-1 integrin detected in MEC1-CD38H cells did not show 

significant difference to the ones detected in MEC1-GFP cells, however, the assay 

showed a high intrinsic variability. Notably, experiments were performed only in cells 

in resting conditions and therefore it cannot be excluded that CD38 could have a role 

in the transient integrin activation induced by signals such as chemokines.  

At present, PECAM-1 is the only physiological non-enzymatic CD38 ligand identified 

(Deaglio et al., 1998). PECAM-1 is known to be involved in leukocyte TEM (Muller et 

al., 1993). It was therefore hypothesised that the interaction of CD38 with PECAM-1 

could be relevant during CLL cell TEM. Endothelial ectopic PECAM-1 showed a modest 

localisation in the region surrounding the transmigrating MEC1 cells, in agreement 

with other studies, which have shown a minor enrichment of PECAM-1 compared to 

other adhesion molecules, such as VCAM-1 and ICAM-1, that have been shown to 

cluster in the docking site of transmigrating leukocytes (Carman and Springer, 2004; 

Millan et al., 2006). The localisation of ectopic CD38 during MEC1 TEM was diffuse 

and not enriched in these regions, suggesting that any interaction between the two 
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proteins is unlikely to have any role during TEM. No co-localisation of CD38 and 

PECAM-1 was observed during MEC1-EGFP-CD38 cell adhesion on HUVECs. 

Nevertheless, it is still possible that CD38 and PECAM-1 interaction could occur in 

other steps of the adhesion cascade, for example during leukocyte rolling as 

hypothesised previously (Malavasi et al., 2008).  

Taken together, data presented in this chapter indicate that CD38 affects the 

migratory behaviour of CLL cells by increasing cell spreading and enhancing intrinsic 

and directed cell motility. CD38 expression also decreased MEC1 cell crawling speed 

on HUVECs and their TEM, possibly as a result of enhanced adhesive interactions. The 

molecular mechanisms that link CD38 expression with cell migration have not been 

defined to date and will be the subject of the following chapters.  
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4. CD38-mediated signalling in MEC1 cells 

4.1 Introduction 

CD38 is a multi-functional enzyme involved in the production of multiple Ca2+-

mobilising compounds (Malavasi et al., 2008) (Chapter 1.6.1). Studies performed in 

neutrophils and dendritic cells have shown that these compounds are involved in 

several functions in immune cells, including cell motility (Partida-Sánchez et al., 2001; 

Shi et al., 2007). Despite the evidence of CD38 involvement in cell migration, the 

signalling pathways associated to this process have not being elucidated so far. 

Particularly in CLL, the effects of CD38 on the signalling machinery involved in cell 

migration remain obscure.  

Small GTPases have a key role in the regulation of cytoskeletal dynamics and are 

therefore involved in several cellular processes such as cell adhesion, polarity 

establishment and cell migration (Heasman and Ridley, 2008; Tybulewicz and 

Henderson, 2009). Most GTPases are able to switch between an inactive GDP-bound 

form to an active GTP-bound form which interacts with downstream effectors. This 

mechanism is finely regulated by GEFs (guanine nucleotide exchange factors), which 

activate GTPases, and GAPs (GTPase-activating proteins), which stimulate the 

hydrolysis of bound GTP to GDP. In vitro and in vivo experiments have shown that 

several small GTPases, together with their regulatory and effector molecules, are 

involved in B-lymphocyte trafficking and homing to the lymphoid organs as well as B-

cell development and B-cell receptor-mediated signalling (Henderson et al., 2010; 

Tybulewicz and Henderson, 2009) (Chapter 1.4).  

For example, Rac1 and Rac2 have been shown to have a role in the B-lymphocyte 

chemokine-directed migration and lymph node trafficking (Henderson et al., 2010). 

Cdc42, another member of the Rho GTPase family, has been shown to have a critical 

role in B-cell development and function, but its role in B cell trafficking has not been 

analysed (Guo et al., 2009).  
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The GTPase Rap1 is known for its role in stimulating integrin activation and 

cytoskeletal rearrangement in lymphocytes. Several studies have reported that Rap1 

is involved in different processes in B cell signalling, including not only B cell 

development and antigen responses (Ishida et al., 2006; Lin et al., 2008) but also 

migration and trafficking (Chen et al., 2008b; Dustin et al., 2004; Ebisuno et al., 2010; 

McLeod and Gold, 2001). Notably, Rap1 has been linked to invasiveness in B-cell 

malignancies and is involved in chemokine-induced adhesion, migration and 

transendothelial migration of malignant B cells (Kometani et al., 2004; Lin et al., 2010).  

Results obtained in the previous chapter showed that CD38 expression can affect the 

migratory behaviour of CLL cells, increasing both intrinsic and chemokine-directed 

cell motility. In this chapter, the effect of CD38 expression on the activity of key 

members of the Rho and Ras GTPase families and their regulators was investigated. 

Motility-related signalling pathways were compared between MEC1-GFP and MEC1-

CD38H cells. In order to identify the molecules involved in the CD38-mediated 

enhanced migratory phenotype, protein down-regulation was performed using 

siRNA-mediated knockdown and migration properties were tested.  
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4.2 Investigating the role of Rho and Rap GTPases in MEC1-GFP and 

MEC1-CD38H cells 

4.2.1 CD38 expression does not affect basal and CCL21-induced Rac1 and Cdc42 

activity 

It has been reported that Rac1 and Cdc42 may have a role in the chemokine-induced 

activation of integrin LFA-1 (αLβ2) in CLL cells (Montresor et al., 2009). However, Rac1 

and Cdc42 seem to regulate integrin activity only in a subset of CLL cases. In the 

remaining cases, chemokine-induced activation of LFA-1 appears to be insensitive to 

Rac1 or Cdc42 inhibition. These data indicate a possible alteration of Rac1 and Cdc42 

signalling in a subset of CLL patients and suggest there is variability in the GTPase 

signalling among different CLL clones. 

In order to investigate if CD38 expression may modify Rac1 and Cdc42 activity, GST 

pull-down assays were performed. Active forms of the two Rho GTPases were 

isolated using a GST-fusion protein of the p21-binding domain (PBD) of PAK, common 

downstream effector of both Rac1 and Cdc42 (Burbelo et al., 1995). Pull-down assays 

were performed on lysates obtained from MEC1-GFP and MEC1-CD38H cells in 

suspension, untreated or treated for 1 and 5 minutes with CCL21.  

No differences in the basal level of Rac1-GTP were observed between MEC1-GFP and 

MEC1-CD38H cells. Stimulation with CCL21 did not show any significant change in the 

level of active Rac1 at any of the time points tested in any of the two populations (Fig 

4.1).  

Similarly, it was not detected a substantial up-regulation of active Cdc42 upon 

treatment with CCL21 for 1 and 5 minutes in any of the two populations (Fig. 4.2). A 

small difference was observed in the basal Cdc42 level, which in MEC1-CD38H cells 

appeared to be enhanced. However, as this experiment was performed only twice, 

these results need to be repeated to draw definitive conclusions on the effect of CD38 

on Cdc42 activity. 

To determine whether CCL21 could induce signalling in MEC1 cells, phosphorylation 

of ERK was monitored (Otero et al., 2006). A small increase in ERK phosphorylation 
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was observed after 1 minute, and stronger after 5 minutes of treatment with CCL21, 

indicating that CCL21 can signal in MEC1 cells (Fig. 4.3). 

 

 

 

Figure 4.1 CD38 expression does not affect Rac1 activity. 
Cell lysates obtained from MEC1-GFP and MEC1-CD38H, untreated or treated with 
CCL21 (100 ng/ml) for 1 or 5 minutes, were incubated with GST-PBD fusion protein 
and then analysed by western blotting with anti-Rac1 antibody. (A) Representative 
western blot is shown. (B) Levels of active Rac1 were quantified by densitometry 
using ImageJ and normalised to total Rac1. Relative Rac1 levels shown were obtained 
by normalising to the untreated MEC1-GFP control cells. Data shown are the mean 
of three independent experiments ± SEM. 
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Figure 4.2 Cdc42 activity in MEC1-GFP and MEC1-CD38H cells. 
Cell lysates obtained from MEC1-GFP and MEC1-CD38H, untreated or treated with 
CCL21 for 1 or 5 minutes, were incubated with GST-PBD fusion protein and then 
analysed by western blotting with anti Cdc42 antibody. (A) Representative western 
blot is shown. (B) Levels of active Cdc42 were quantified by densitometry using 
ImageJ and normalised to total protein. Relative Cdc42 levels shown were obtained 
by normalising to the untreated MEC1-GFP control cells. Data shown are the mean 
of two independent experiments. 
 

 

Figure 4.3 Detection of ERK phosphorylation upon CCL21 treatment. 
Cell lysates obtained from MEC1-GFP and MEC1-CD38H, untreated or treated with 
100 ng/ml of CCL21 for 1 or 5 minutes, were analysed by western blotting with 
antibody against pERK (Thr202/Tyr204) and ERK1/2. Image shown is representative 
of three independent experiments. 
 



Chapter 4  CD38-mediated signalling in MEC1 cells 

 

 125 

4.2.2 CD38 expression enhances basal and chemokine-induced Rap1 activity 

Very little is known about the role of Rap1 in CLL. Its involvement in chemokine-

mediated integrin activation in CLL has been investigated in vitro (Till et al., 2008). It 

was shown that CXCL12-, CXCL13- and CCL21-mediated Rap1 activation is variable 

between patients.  In most of the CLL patient samples Rap1-GTP level fail to increase 

upon chemokine stimulation and cells showed a defective polar clustering of the 

integrin LFA-1 (αLβ2). In contrast, in normal B-cells and a small percentage of CLL 

samples Rap1-GTP increases after chemokine treatment and lead to LFA-1 clustering. 

It has been proposed that the lack of response to chemokine could be due to a 

defective endosomal recycling reported in some CLL cases (Pye et al., 2013). 

In order to assess if CD38 expression could affect Rap1 activity, levels of active Rap1 

were investigated in MEC1-GFP and MEC1-CD38H cells, untreated or treated with 

CCL21. Active Rap1 (Rap1-GTP) was isolated using a GST-fusion protein of the Rap 

binding domain (RBD) of Ral guanine nucleotide dissociation stimulator (RalGDS) 

(Chapter 2.3.4).  

Treatment with CCL21 for 1 minute induced a transient increase of Rap1 activity, 

which then decreased at 5 minutes. This activation pattern was observed in both 

MEC1-GFP and MEC1-CD38H cells. However, MEC1-CD38H cells showed a 

significantly enhanced level of active Rap1 both in unstimulated conditions and after 

CCL21 stimulation (1 min) compared to MEC1-GFP (Fig 4.4). No difference was 

observed in the total level of Rap1 expression between the two populations (Fig 4.4) 
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Figure 4.4 CD38 expression enhances basal and CCL21-induced Rap1 activity. 
Cell lysates obtained from MEC1-GFP and MEC1-CD38H cells, untreated or treated 
with CCL21 (100 ng/ml) for 1 or 5 minutes, were incubated with GST-RalGDS fusion 
protein and then analysed by western blotting with anti-Rap1 antibody. (A) 
Representative western blot. (B) Levels of active Rap1 were quantified by 
densitometry using ImageJ and normalised to total protein. Relative Rap1 levels 
shown were obtained by normalising each value to the untreated MEC1-GFP control 
cells. Data shown are the mean of three independent experiments ± SEM. *p<0.05, 
**p<0.01 determined by two-tailed Student's t-test. 
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4.2.3 Basal migration and chemotaxis of MEC1 cells is impaired by Rap1a and Rap1b 

knockdown 

Mammalian have two closely related Rap1 genes encoding for the two proteins 

Rap1a and Rap1b, which are 95% identical at the amino acid level (Bokoch, 1993). It 

has been reported that Rap1b could be the most prominent Rap1 protein expressed 

in B cells (Chen et al., 2008b; Chu et al., 2008). Nevertheless, both Rap1a and Rap1b 

have been shown to be involved in B-lymphocyte adhesion and migration (Chen et 

al., 2008b; Duchniewicz et al., 2006). 

To investigate if the enhanced Rap1 activity was linked to the increased migratory 

properties of MEC1-CD38H cells (Chapter 3.6), the effect of Rap1a and Rap1b 

depletion on MEC1 migration and chemotaxis was tested. Knockdown of Rap1a and 

Rap1b were performed using two independent siRNAs for each gene. The efficiency 

of protein depletion was assessed by western blotting, using antibodies specific for 

each Rap1a and Rap1b (Fig. 4.5).  

The migration of MEC1-CD38H and MEC1-GFP cells depleted of Rap1a or Rap1b was 

investigated using TranswellTM assays in the absence and in the presence of a gradient 

of CCL21.  

Both Rap1a and Rap1b knockdown induced a significant decrease in basal migration 

and CCL21-directed chemotaxis in both MEC1-GFP and MEC1-CD38H populations (Fig 

4.6 and Fig 4.7). Interestingly, the decrease in MEC1-CD38H cells was more 

pronounced compared to MEC1-GFP cells, indicating that the higher basal and CCL21-

directed migration of MEC1-CD38H cells described in Chapter 3 could be linked to 

their enhanced level of active Rap1.  



Chapter 4  CD38-mediated signalling in MEC1 cells 

 

 128 

 

Figure 4.5 Efficiency of siRNA-mediated Rap1a and Rap1b down-regulation. 
MEC1-GFP and MEC1-CD38H cells were transfected with two individual siRNAs 
targeting Rap1a (siRAP1a#1 and siRAP1a#2), RAP1b (siRAP1b#1 and siRAP1b#2), or 
with siRNA control. Cell lysates were obtained 72 h after transfection and protein 
levels were analysed by western blotting with antibodies against (A) Rap1a and (B) 
Rap1b. Representative images are shown. Levels of Rap1a and Rap1b were quantified 
by densitometry using ImageJ and normalised to GAPDH. Relative Rap1 levels shown 
were obtained by normalising each value to the MEC1-GFP control cells. Graphs show 
the mean of three independent experiments ± SEM. *p<0.05, determined by two-
tailed Student's t-test. 
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Figure 4.6 Rap1a down-regulation reduces basal cell migration and chemotaxis. 
MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs targeting Rap1a 
(siRap1a#1 and siRap1a#2) or siRNA control. After 72 hours, cells were added to 
TranswellTM filters previously coated with VCAM-1. After 2 hours cells that had 
transmigrated through the filters into the lower wells in the absence of 
chemoattractant (A) or in the presence of CCL21 (100 ng/ml) added to the bottom 
chamber (B) were counted using a CasyTM counter. A migration index was obtained 
by normalising all the values to the MEC1-GFP cell transfected with siRNA control. 
Data shown are mean of four independent experiments ± SEM. *p<0.05, **p<0.01, 
determined by two-tailed Student’s t-test. 
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Figure 4.7 Rap1b down-regulation reduces basal cell migration and chemotaxis. 
MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs targeting Rap1b 
(siRap1b#1 and siRap1b#2) or siRNA control. After 72 hours, cells were added to 
TranswellTM filters previously coated with VCAM-1. After 2 hours cells that had 
transmigrated through the filters into the lower wells in the absence of 
chemoattractant (A) or in the presence of CCL21 (100 ng/ml) added to the bottom 
chamber (B) were counted using a CasyTM counter. A migration index was obtained 
by normalising all the values to the MEC1-GFP cell transfected with siRNA control. 
Data shown are mean of four independent experiments ± SEM. *p<0.05, **p<0.01, 
***p<0.001, determined by two-tailed Student’s t-test. 
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4.3 CD38 and Ca2+ signalling 

4.3.1 Intracellular basal [Ca2+] is increased in MEC1-CD38H cells 

CD38 has been established as a multi-functional enzyme involved in the production 

of cADPR, NAADP and ADPR. These molecules are ligand for receptor/channel 

involved in the Ca2+ mobilisation from different stores (Malavasi et al., 2008) (Chapter 

1.6.1). Studies performed on CD38-deficient mice have shown that CD38-dependent 

cADPR production is necessary for the Ca2+ mobilisation and chemotaxis toward 

bacterial chemoattractants in neutrophils (Partida-Sánchez et al., 2001), as well as 

chemokine response in dendritic cells (Partida-Sánchez et al., 2004). At present, 

information on the role of CD38 on chemokine-mediated calcium signalling in B cells, 

and particularly in CLL, is limited (Chapter 1.6).  

Here, the effect of CD38 expression on the intracellular [Ca2+] was investigated. The 

ratiometric fluorescent calcium indicator Indo-1 was used to measure calcium levels 

in MEC1-GFP and MEC1-CD38H cells (Chapter 2.2.14). Both basal calcium levels and 

inducible [Ca2+] increase upon stimulation with CCL21 were investigated. The basal 

calcium level in MEC1-CD38H cells was reproducibly higher compared to the MEC1-

GFP population (Fig. 4.8, A), in agreement with data recently published (Vaisitti et al., 

2014). In order to compare the CCL21-induced Ca2+ response between the two 

populations, the difference observed in the basal [Ca2+] was eliminated by 

establishing a fluorescence threshold intensity at the 85th percentile of basal 

fluorescence ratio of unstimulated cells (Fig. 4.8, B). The CCL21 response was then 

calculated as the percentage of cells that exhibited an increase of fluorescence above 

the threshold following treatment with CCL21. The increase of intracellular [Ca2+] 

generated in both populations upon CCL21 stimulation was minimal. The average 

percentage of responding cells in the MEC1-CD38H population was slightly higher 

compared to the MEC1-GFP cells, although this difference was not statistically 

significant (Fig. 4.8, B).  
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Figure 4.8 Analysis of intracellular [Ca2+] in MEC1-GFP and MEC1-CD38H cells. 
MEC1-GFP and MEC-1-CD38H cells were incubated with the ratiometric Ca2+ detector 
Indo-1 and analysed by flow cytometry. The basal fluorescence level was recorded 
for 1 minute before stimulation with CCL21 (100 ng/ml) and for a further 2 minutes. 
(A, i) Representative bivariate plot of the median of fluorescent intensity ratio (Indo-
1 emission wavelengths - 420/510 nm) against time. Red box indicates the basal 
fluorescence level. (A, ii) The median of the basal fluorescence intensity was obtained 
in each of the 5 independent experiments for each cell population using FlowJo 
Kinetic statistic tool. P value was determined by Student's t-test. (A, iii) Graph shows 
the mean of the basal fluorescence intensity ratio of 5 independent experiments 
normalised to MEC1-GFP cells. *p<0.05, determined with two-tailed Student's t-test. 
(B, i) Representative bivariate plot obtained by establishing the 85th percentile of 
basal fluorescence ratio intensity as a threshold. The % of cells with a fluorescence 
intensity ratio above the threshold (% responding cells) after stimulation with CCL21 
was obtained with FlowJo Kinetic statistic tool. Data shown in (B, ii) are mean of 5 
independent experiments ± SEM. ns = not significant, determined by Student's t-test. 
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4.3.2 CD38 does not affect B-cell receptor-mediated response in MEC1 cells 

BCR signalling has a key role in the survival and proliferation of CLL cells (Woyach et 

al., 2012). Two main subsets of CLL patients have been identified, based on the in 

vitro response to BCR, with one-half of CLL cases lacking the ability to initiate a 

phosphorylation cascade upon surface IgM stimulation (Apollonio et al., 2013). This 

unresponsiveness was shown to be associated with a constitutive activation of 

ERK1/2 and MAPK/ERK kinases 1/2 (MEK1/2). In addition, failure to mobilise 

intracellular Ca2+ upon BCR triggering has been shown in unresponsive CLL clones and 

is associated with a low surface level of IgM and the clone mutational status, with 

mutated CLL (M-CLL) showing the highest percentage of unresponsive cases 

(Mockridge et al., 2007) (Chapter 1.5.3).  

The direct involvement of CD38 in the BCR response has not been fully elucidated 

and conflicting results have been reported. Studies on BCR-mediated signalling in CLL 

cases with bimodal expression of CD38, in which two discrete CD38neg and CD38pos 

populations could be identified within the same CLL patient sample, reported that 

CD38pos populations show constitutively higher basal protein tyrosin phosphorylation 

and an increased ability to signal when stimulated with anti-IgM compared to their 

CD38neg counterparts (Pepper et al., 2007). These data were not confirmed in later 

studies when comparing BCR responsiveness in CLL case with bimodal CD38 

expression (Mockridge et al., 2007). Moreover, despite an overall association of CD38 

with BCR responsiveness mainly due to the fact that responsive unmutated CLL 

samples (U-CLL) are generally CD38 positive, CD38 expression did not appear to have 

a significant impact in the BCR response in M-CLL samples (Mockridge et al., 2007). 

Here, in order to assess if CD38 expression could lead to an increase in the BCR-

mediated signalling response, stimulation with anti-IgM was performed in MEC1-GFP 

and MEC1-CD38H cells and the responsiveness, both in terms of Ca2+ mobilisation 

and ERK1/2 phosphorylation, was assessed.  

Intracellular [Ca2+] was measured in MEC1-GFP and MEC-1-CD38H cells before and 

after IgM stimulation using Indo-1. The Human B-lymphocyte Ramos cell line was 

used as a positive control, because it is able to respond to IgM stimulation (Calpe et 



Chapter 4  CD38-mediated signalling in MEC1 cells 

 

 134 

al., 2011). As observed above, the basal [Ca2+] of the MEC1-CD38H cells was higher 

compared to the MEC1-GFP population (Fig. 4.9, A). MEC1-GFP and MEC1-CD38H 

cells showed only a partial response to IgM stimulation, compared to Ramos cells (Fig. 

4.9, B). No difference was observed in the intracellular [Ca2+] in response to IgM 

between MEC1-GFP and MEC1-CD38 cells (Fig. Gig. 4.9, C), supporting the hypothesis 

that CD38 might not be directly involved in the BCR-mediated calcium response. 

In order to investigate if CD38 could be involved in the phosphorylation of ERK upon 

BCR stimulation, ERK phosphorylation levels were analysed in MEC1-GFP and MEC1-

CD38H cells treated with anti-IgM for 10 or 30 minutes. It has been previously 

reported that MEC1 cells show a constitutive ERK phosphorylation, with features 

resembling those of unresponsive CLL clones (Apollonio et al., 2013). Here, in 

agreement with these data, a minimal response to IgM stimulation was detected in 

MEC1-GFP and MEC1-CD38H cells at the time points tested (Fig. 4.10), particularly if 

compared to the clear induction of ERK phosphorylation observed upon stimulation 

with CCL21 (Fig 4.3). No difference was observed in ERK1/2 phosphorylation levels 

between MEC1-GFP and MEC1-CD38H cells, both in resting conditions and after IgM 

stimulation, in two independent experiments performed (Fig. 4.10).  
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Figure 4.9 CD38 expression does not affect the BCR-induced Ca2+ signalling. 
MEC1-GFP and MEC-1-CD38H cells were incubated with the ratiometric Ca2+ detector 
Indo-1 and analysed by flow cytometry. The basal fluorescence level was recorded 
for 1 minute before stimulation with IgM (20 μg/ml) and then for a further 2 minutes. 
(A) Representative bivariate plot of the median of fluorescent intensity ratio (Indo-1 
emission wavelengths - 420/510 nm) against time. (B) Representative bivariate plot 
obtained by establishing the 85th percentile of basal fluorescence ratio intensity as a 
threshold. Ramos cells were used as a positive control. (C) The % of cells with a 
fluorescence intensity ratio above the threshold (% responding cells) after 
stimulation with IgM was obtained with FlowJo Kinetic statistic tool. Graph shows the 
mean of 3 independent experiments ± SEM.  
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Figure 4.10 Analysis of ERK phosphorylation in response to IgM stimulation 
Cell lysates obtained from MEC1-GFP and MEC1-CD38H, untreated or treated with 
20 μg/ml of human anti-IgM antibody for 10 or 30 minutes, were analysed by western 
blotting with antibody against pERK and ERK1/2. Levels of pERK were quantified by 
densitometry using ImageJ and normalised to the corresponding ERK1/2 levels. 
Graph shows the mean of two independent experiments ± SEM. Representative 
image is shown. 
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4.3.3 Calcium depletion reduces Rap1 activity in MEC1-CD38H cells 

In order to investigate if the enhanced Rap1 activity in MEC1-CD38H cells was related 

to the higher basal calcium level, depletion of intracellular calcium was performed 

(Chapter 2.2.5.3) in MEC1-GFP and MEC1-CD38H cells and the level of Rap1-GTP was 

investigated. Calcium depletion decreased the amount of active Rap1 in MEC1-

CD38H cells, whereas no effect was observed in MEC1-GFP cells (Fig. 4.11). This 

suggests that the enhanced basal calcium level may be responsible for the enhanced 

Rap1 activity detected in CD38-expressing cells. 

 

Figure 4.11 Calcium depletion reduces Rap1 basal activity in MEC1-CD38H cells. 
MEC1-GFP and MEC1-CD38H cells were resuspended in CaCl2- and MgCl2- free PBS 

and treated with the calcium ionophore ionomycin (0.5 M) for 5 minutes. Control 
cells were resuspended in PBS supplemented with CaCl2 and MgCl2 and treated in 
parallel with the same amount of DMSO as vehicle control. Cells were lysed and 
lysates were incubated with GST-RalGDS fusion protein and then analysed by western 
blotting with anti-Rap1 antibody. Levels of active Rap1 were quantified by 
densitometry using ImageJ and normalised to total Rap1. Representative image is 
shown. Graph shows the mean of four independent experiments ± SEM. **p<0.01; 
ns, not significant, determined by two-tailed Student’s t-test applied on data 
normalised to the respective control population. 
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4.4 RasGRP GEFs in MEC1 cell motility  

4.4.1 RasGRP2, and not RasGRP3, affects MEC1-CD38H cell motility 

The Ras guanine nucleotide releasing protein (RasGRP) family is composed of four 

GEFs that possess a DAG-binding domain and two Ca2+-binding domains. Two 

members of this family, RasGRP2 and RasGRP3, have been shown to activate Rap1, 

whereas the other two members appear to be selective Ras GEFs (Stone, 2006). The 

structured domains of RasGRPs have led to the hypothesis that these proteins could 

integrate the cellular response to Ca2+ and DAG. How these second messengers 

activate RasGRPs has not been elucidated so far (Stone, 2011).  

Given that MEC1-CD38H cells showed higher basal Intracellular [Ca2+], which 

correlated with enhanced Rap1 activity and cell migration properties, the role of the 

calcium-activated Rap1 GEFs was investigated. RasGRP2 and RasGRP3 were depleted 

in MEC1-GFP and MEC1-CD38H cells using two independent siRNAs (Fig. 4.12, A and 

B) and their ability to migrate in the absence or in the presence of a CCL21 gradient 

was investigated.  

RasGRP2 depletion in MEC1-CD38H cells significantly decreased both basal migration 

and CCL21-directed chemotaxis (Fig. 4.13, A and B). Conversely, no effect was 

observed in MEC1-GFP cells after RasGRP2 depletion, both in basal migration and 

chemotaxis (Fig. 4.13, A and B). When RasGRP3 was down-regulated, no significant 

effect was observed in the basal migration and chemotaxis of either cell population 

(Fig 4.14, A and B).  
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Figure 4.12 Efficiency of siRNA-mediated RasGRP2 and RasGRP3 down-regulation. 
MEC1-GFP and MEC1-CD38H cells were transfected with two individual siRNAs 
targeting RasGRP2 (siRasGRP2#1 and siRasGRP2#2), RasGRP3 (siRasGRP3#1 and 
siRasGRP3#2) or with siRNA control. Cell lysates were obtained 72 h after transfection 
and protein levels were analysed by western blotting with antibodies against (A) 
RasGRP2 and (B) RasGRP3. GAPDH was used as a loading control. Representative 
images are shown. Graphs show the mean of three independent experiments ± SEM. 
*p<0.05, **p<0.01, determined by two-tailed Student’s t-test. 
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Figure 4.13 RasGRP2 down-regulation reduces cell migration in a CD38-dependent 
fashion. 
MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs targeting RasGRP2 
(siRasGRP2#1 and siRasGRP2#2) or siRNA control. After 72 h, cells were added to 
TranswellTM filters previously coated with VCAM-1. After 2 hours cells that had 
transmigrated through the filters into the lower wells in the absence of 
chemoattractant (A) or in the presence of CCL21 (100 ng/ml) added to the bottom 
chamber (B) were counted using a CasyTM counter. A migration index was obtained 
by normalising the values against the MEC1-GFP siRNA control cells. Data shown are 
mean of three independent experiments ± SEM. *p<0.05, ns = not significant, 
determined by two-tailed Student’s t-test. 
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Figure 4.14 RasGRP3 down-regulation does not affect MEC1 cell migration. 
MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs targeting RasGRP3 
(siRasGRP3#1 and siRasGRP3#2) or siRNA control and then added to TranswellTM 
filters previously coated with VCAM-1. After 2 hours cells that had transmigrated 
through the filters into the lower wells in the absence of chemoattractant (A) or in 
the presence of CCL21 (100ng/ml) added to the bottom chamber (B) were counted 
using a CasyTM counter. A migration index was obtained by normalising transmigrated 
MEC1-CD38H cells against the MEC1-GFP control cell. Data shown are mean of three 
independent experiments ± SEM. ns = not significant, determined by two-tailed 
Student's t-test. 
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4.4.2 RasGRP2 knockdown affects Rap1 activity in both MEC1-CD38H and MEC1-

GFP cells. 

As RasGRP2 depletion was observed to inhibit migration and chemotaxis specifically 

in MEC1-CD38H cells, the role of RasGRP2 in the basal Rap1 activity in both MEC1-

GFP and MEC1-CD38H cells was investigated. RasGRP2 down-regulation induced a 

decrease in Rap1 activity in both MEC1-GFP and MEC1-CD38H populations (Fig 4.15). 

This suggests that the RasGRP2-Rap1 signalling axis is active in MEC1 cells either in 

the presence or in the absence of CD38, but its role in cell motility is limited to MEC1-

CD38H cells. 
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Figure 4.15 RasGRP2 down-regulation affects Rap1 activity. 
MEC1-GFP and MEC1-CD38H cells were transfected with two individual siRNAs 
targeting RasGRP2 (siRasGRP2#1 and siRasGRP2#2) or with a siRNA control. Cell 
lysates were obtained 72 h after transfection and incubated with GST-RalGDS fusion 
protein and then analysed by western blotting with anti Rap1 antibody. Levels of 
active Rap1 were quantified by densitometry using ImageJ and normalised to total 
Rap1. Representative image is shown. Graphs show the mean of three independent 
experiments ± SEM. *p<0.5; **p<0.01; determined by two-tailed Student’s t-test 
applied on data normalised to each respective siRNA control. 
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4.4.3 RasGRP2 shows a polarised localisation in MEC1-CD38H cells 

To further investigate the role of RasGRP2, its subcellular localisation was analysed 

in MEC1-GFP and MEC1-CD38H cells by immunostaining performed on cells seeded 

on VCAM-1. RasGRP2 localisation was different between MEC1-GFP and MEC1-

CD38H cells. Whereas in MEC1-GFP cells RasGRP2 showed a generally diffuse and 

only partly polarised localisation, in MEC1-CD38H cells RasGRP2 localisation was 

strongly polarised, and it mainly accumulated in the actin-rich subcellular regions (Fig. 

4.16). The same localisation patterns were observed when cells were seeded on poly-

L-lysin (data not shown) suggesting that VCAM-1 was not involved in the induction of 

RasGRP2 polarised localisation. Co-localisation of CD38 and RasGRP2 was also 

observed in the MEC1-CD38H cells (Fig. 4.17). 
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Figure 4.16 RasGRP2 shows a polarised localisation in MEC1-CD38H cells. 
MEC1-GFP and MEC1-CD38H cells were seeded on VCAM-1 coated coverslips and 
allow to adhere for 15 min. Cells were then fixed and stained for RasGRP2. Nuclei 
were counterstained with DAPI and actin filaments (F-actin) was visualised by 
phalloidin staining. (A) Representative images of three independent experiments are 
shown. Stars indicate cells with polarised RasGRP2 localisation. Scale bar, 20 µm. (B) 
Fluorescence intensity profile of RasGRP2 obtained along the longitudinal axis of the 
representative MEC1-GFP and MEC1-CD38H cells shown; scale bar, 5 µm. (C) The 
percentage of cells with polarised RasGRP2 localisation was quantified by scoring n ≥ 
100 cells in each of the 3 independent experiments. **p<0.01, determined by two-
tailed Student’s t-test. (D and E) Fluorescence intensity profile of RasGRP2 (red) and 
F-actin (green) obtained along the longitudinal axis of the representative MEC1-
CD38H cell (D) and MEC1-GFP cell (E). Scale bar, 5 µm. 
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Figure 4.17 RasGRP2 and CD38 co-localise in MEC1-CD38H cells. 
MEC1-CD38H cells were seeded on VCAM-1 coated coverslips and allow to adhere 
for 15 min. Cells were then fixed and stained for RasGRP2 and CD38. Nuclei were 
counterstained with DAPI. Scale bar, 10 µm. Two representative images from two 
independent experiments are shown. Plots show the fluorescence intensity profile of 
RasGRP2 (red) and CD38 (green) obtained along the longitudinal axis of the 
representative cells.  
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4.5 IQGAP1 knockdown affects the basal migration of MEC1-CD38H 

cells 

IQGAP1 is a scaffolding protein that possesses several interaction motifs through 

which it associates with a wide range of proteins including F-actin, E-cadherin, ERK1/2, 

Cdc42, Rac1 and Rap1 (Jeong et al., 2007; Mataraza et al., 2003; Ren et al., 2008). 

These multiple interactions involve IQGAP1 in several cellular activities including 

actin polymerisation, microtubule organising centre formation, cell polarisation and 

regulation of calcium/calmodulin signalling.   

In order to investigate if IQGAP1 was involved in the enhanced motility observed in 

MEC1-CD38H cells, the effect of IQGAP1 depletion on MEC1-GFP and MEC1-CD38H 

cell basal migration and chemotaxis was tested. The efficiency of IQGAP1 depletion 

was assessed by western blotting (Fig. 4.18). IQGAP1 down-regulation did not induce 

any change in the migration of MEC1-GFP cells, either in the presence or in the 

absence of CCL21 (Fig 4.19, A and B). Conversely, in MEC1-CD38H cells, IQGAP1 

depletion induced a significant decrease in the cell basal migration (Fig. 4.19, A). A 

slight but not significant decrease in the chemotaxis towards CCL21 was observed in 

MEC1-CD38H cells when IQGAP1 was depleted (Fig 4.19, B), suggesting that IQGAP1 

may have a role in the enhanced basal motility properties linked to CD38 expression 

but its role could be minimal in the CCL21-directed migration.  
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Figure 4.18 Efficiency of siRNA-mediated IQGAP1 knockdown. 
MEC1-GFP and MEC1-CD38H cells were transfected with two individual siRNAs 
targeting IQGAP1 (IQGAP1#1 and IQGAP1#2) or with siRNA control. Cell lysates were 
obtained 72 h after transfection and protein levels were analysed by western blotting 
with antibodies against IQGAP1. GAPDH was used as a loading control. 
Representative image is shown. Graph shows the mean of three independent 
experiments ±SEM. *p<0.05, **p<0.01, ***p<0.001 determined by two-tailed 
Student’s t-test. 
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Figure 4.19 IQGAP1 knockdown affects MEC1-CD38H cell basal migration. 
MEC1-GFP and MEC1-CD38H cells were transfected with siRNAs targeting IQGAP1 
(IQGAP1#1 and IQGAP1#2) or siRNA control. After 72 hours cells were added to 
TranswellTM filters previously coated with VCAM-1. After 2 hours cells that had 
transmigrated through the filters into the lower wells in the absence of 
chemoattractant (A) or in the presence of CCL21 (100 ng/ml) added to the bottom 
chamber (B) were counted using a CasyTM counter. A migration index was obtained 
by normalising the values obtained to the MEC1-GFP cell transfected with siRNA 
control. Data shown are mean of three independent experiments ± SEM. *p<0.05, 
**p<0.01; ns, not significant; determined by two-tailed Student's t-test.  
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4.6 Effect of ibrutinib on MEC1 cell migration and Rap1 activity  

Targeted therapy with kinase inhibitors is transforming the treatment of CLL. The 

properties of B-cell receptor (BCR) signalling in CLL have lead to target kinases of the 

BCR pathway, including Lyn, Syk, PI3K, and Btk (Wiestner, 2012). Treatment with 

these kinase inhibitors have been shown to cause, in the majority of patients, a rapid 

shrinkage of the lymph nodes and a transient increase in the number of lymphocytes 

in the blood, probably due to the egress of the malignant cells from the lymphatic 

tissues (Byrd et al., 2013; de Rooij et al., 2012; Friedberg et al., 2010; Furman et al., 

2014b) (Chapter 1.5.4). These clinical results indicate that these inhibitors affect not 

only BCR-mediated pro-survival signalling but also the chemotactic and motility 

properties of CLL cells. Notably, studies performed in vitro on primary CLL cells have 

shown that ibrutinib, a Btk inhibitor, is able to impair integrin-mediated adhesion and 

chemotaxis (de Rooij et al., 2012).  

Here, the effect of ibrutinib  (PCI-32765) on the basal migration and chemotaxis of 

MEC1-GFP and MEC1-CD38H was tested. Cells were treated with ibrutinib (or with 

DMSO as a vehicle control) for 1 hour before performing a Transwell assay, both in 

the presence and absence of CCL21. Btk inhibition induced a small, but significant, 

decrease in the chemotaxis of both MEC1-GFP and MEC1-CD38H cells (Fig. 4.20). No 

statistical significance was observed in the basal migration of either MEC1-GFP or 

MEC1-CD38H after ibrutinib treatment (Fig 4.20). 

The effect of Ibrutinib on the basal and chemokine-induced Rap1 activity was also 

investigated. MEC1-GFP and MEC1-CD38H were treated with Ibrutinib, or with DMSO 

as a control, for 1 hour before being stimulated for 1 minute with CCL21. Whereas 

the basal activity of Rap1 was not affected by the Btk inhibition, the Rap1 activation 

following CCL21 stimulation was inhibited by ibrutinib in both MEC1-GFP and MEC1-

CD38H cells (fig 4.21). Hoewever, active Rap1 was still above each respective basal 

level in MEC1-GFP and MEC1-CD38H cells treated with Ibrutinib and a big variability 

was observed in the assay. To verify the activation of the CCL21-dependent pathway, 

ERK phosphorylation was tested, which was induced after 1 minute stimulation with 
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CCL21. As expected, ERK phosphorylation upon CCL21 stimulation was partly 

inhibited by Ibrutinib treatment (Fig. 4.21). 

 

 

 

Figure 4.20 Effect of Ibrutinib on MEC1 cell migration. 
MEC1-GFP and MEC1-CD38H cells treated with 1μM Ibrutinib (or with DMSO as a 
vehicle control) for 1 hour were added to TranswellTM filters previously coated with 
VCAM-1 and allowed to transmigrate for 2 hours. Cells that had transmigrated 
through the filters into the lower wells in the absence or in the presence of 100 ng/ml 
CCL21 were counted using a CasyTM counter. A migration index was obtained by 
normalising transmigrated cells for each condition to the MEC1-GFP control cells. 
Data shown are mean of three independent experiments ± SEM. *p<0.05 determined 
by two-tailed Student's t-test. 
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Figure 4.21 Effect of Ibrutinib on Rap1 activity. 
MEC1-GFP and MEC1-CD38H cells were treated with 1μM Ibrutinib (or with DMSO as 
a vehicle control) for 1 hour before being stimulated with CCL21 (100 ng/ml) for 1 
min. Cell lysates were obtained, incubated with GST-RalGDS fusion protein and then 
analysed by western blotting with anti Rap1 and anti-pERK antibodies. (A) 
Representative image of four independent experiments. (B) Levels of active Rap1 
were quantified by densitometry using ImageJ and normalised to total Rap1. Relative 
Rap1 levels shown were obtained by normalisation against the untreated MEC1-GFP 
cell control. Data shown are the mean of four independent experiments ± SEM. 
*p<0.05; ns, not significant, determined by two-tailed Student's t-test. 
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4.7 Discussion 

Despite the evidence that expression of CD38 in CLL correlates with increased 

migration of leukaemic cells (Deaglio et al., 2007a; Vaisitti et al., 2010; Zucchetto et 

al., 2012), the motility-related signalling pathways involved in this process have not 

being elucidated so far. The aim of the research described in this chapter was to 

investigate the motility-related signalling that could explain the difference in 

migration between MEC1-GFP and MEC1-CD38H cells described in Chapter 3. In order 

to do that, the role of selected small GTPases, well known key players of cell motility, 

together with some of their regulators was investigated.  

Rap1 is well known for its role in stimulating integrin activation and mediating 

migration and trafficking of lymphocytes (Chen et al., 2008b; Dustin et al., 2004; 

Ebisuno et al., 2010; McLeod and Gold, 2001). Analysis of Rap1 activity in MEC1-GFP 

and MEC1-CD38H cells suggested that CD38 expression increases the basal level of 

active Rap1, with a consequently higher Rap1-GTP level in MEC1-CD38H cells 

compared to MEC1-GFP cells after CCL21-mediated activation. The CD38-associated 

increase in Rap1 activity could therefore explain the increased spreading observed in 

MEC1-CD38H cells described in the previous chapter. The higher Rap1 activity might 

also explain the increased migration and chemotaxis of MEC1-CD38H cells compared 

to MEC1-GFP cells, as Rap1a and Rap1b depletion experiments showed that both 

Rap1 proteins are involved in the basal migration and CCL21-directed chemotaxis of 

MEC1 cells. Interestingly, the decrease in migration observed in Rap1-depleted 

MEC1-CD38H cells was more pronounced compared to MEC1-GFP cells. CD38 

expression could therefore lead to a stronger dependency on Rap1 in cell migration. 

Notably, up-regulation of Rap1 activity obtained in mice deficient for SPA-1, a Rap1 

GTPase-activating protein, has been shown to lead to the development a B1-cell 

leukaemia resembling CLL (Ishida et al., 2006), suggesting that Rap1 could have a 

central role in the development of the disease. 

Conversely, no difference between MEC1-GFP and MEC1-CD38H was detected in the 

activity of Rac1 and Cdc42. The activity of these two GTPases appeared to be the 

same in the two cell populations and stimulation with CCL21 did not show any 
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detectable difference at the time point tested. These data are in agreement with a 

recent report, which suggests that Rac1 is dispensable for CXCL12-mediated CLL cell 

migration, whereas it is required for CLL cell proliferation (Hofbauer et al., 2014). 

CXCL12 stimulation in fact does not appear to induce activation of Rac1 in CLL cells, 

in contrast with the CXCL12-induced Rac1 activation described in normal T and B cells 

(Fukui et al., 2001; Garcia-Bernal et al., 2005). It would be interesting to test the role 

of Rac2 in the migration of MEC1 cells. Rac1 and Rac2 were shown to have distinct 

roles in the motility of different immune cell types (Gu et al., 2003; Wheeler et al., 

2006; Zhang et al., 2009). Although both Rac1 and Rac2 are required for B cell 

development and signalling upon BCR stimulation, only Rac2 appears to be involved 

in the BCR-induced B cell adhesion, with a mechanism that could involve Rap1 (Arana 

et al., 2008b).  

CD38 is a multi-functional enzyme involved in the production of multiple Ca2+-

mobilising compounds (Malavasi et al., 2008). Here, the effect of CD38 expression on 

[Ca2+] in resting and CCL21-/IgM-stimulated MEC1 cells was analysed. Whereas no 

significant difference between MEC1-GFP and MEC1-CD38H in the Ca2+-mediated 

response to both stimuli was detected, a significantly higher basal [Ca2+] was 

observed in the CD38-expressing cells. This is in agreement with recently published 

data, where expression of wild type CD38, and not the enzymatically inactive form, 

was shown to increase the basal [Ca2+] of MEC1 cells (Vaisitti et al., 2014). Transient 

increases in intracellular [Ca2+] have been linked to enhanced adhesive properties in 

different types of cells, including leukocytes (Schaff et al., 2010; Tsai et al., 2014). 

Moreover, it has long been known that chemokine-induced increase of intracellular 

[Ca2+] is indispensable for the establishment of cell polarity and locomotion of 

leukocytes (Brundage et al., 1991; Evans and Falke, 2007; Gilbert et al., 1994).  

However, limited information is available about the role of basal intracellular [Ca2+] 

in cell motility. In B-lymphocytes, elevated basal [Ca2+] together with an impaired 

ability to respond to BCR stimulation is considered a typical feature of anergy (Yarkoni 

et al., 2010), but the molecular mechanism of this phenomenon has not been 

elucidated. Here, the increased basal [Ca2+] observed in MEC1-CD38H compared to 

MEC1-GFP cells was not associated with a decrease in the cell responsiveness to BCR. 
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The intracellular Ca2+ rise detected upon IgM stimulation was the same in MEC1-

CD38H and MEC1-GFP cells. This suggests that the enhanced basal [Ca2+] in MEC1-

CD38H cells does not reduce the BCR-mediated Ca2+ signalling, possibly because 

CD38-mediated Ca2+-mobilisation involves different mechanisms to the PLC/IP3 

pathway activated upon BCR stimulation (Chapter 1.4.5 and 1.6.1). Data obtained by 

decreasing the intracellular Ca2+ level in MEC1 cells suggests that the CD38-

associated elevated intracellular basal [Ca2+] could be responsible for enhanced basal 

Rap1 activity. Calcium depletion in fact induced a decrease in the amount of Rap1-

GTP in MEC1-CD38H cells, whereas no effect was observed in the MEC1-GFP 

population. 

Two members of the RasGRP family, RasGRP2 and RasGRP3, have been characterised 

as Rap1 GEFs that could have the potential to integrate Ca2+ and DAG signalling with 

Rap1 activation (Stone, 2011). In support of this hypothesis, it has been shown that 

RasGRP2 is required for the CXCL12-induced Rap1 activation and LFA1-mediated 

adhesion in T-lymphocytes (Ghandour et al., 2007). The involvement of RasGRP3 in 

the BCR-mediated Ras activation in B-lymphocytes has been reported (Zheng et al., 

2005). Here, RasGRP3 depletion did not significantly affect migration in MEC1-GFP or 

MEC1-CD38H cells. In contrast, RasGRP2 down-regulation specifically affected MEC1-

CD38H cells. A significant decrease in both basal migration and CCL21-directed 

chemotaxis was observed in MEC1-CD38H cells upon RasGRP2 depletion, whereas no 

effect was detected in the migration and chemotaxis of MEC1-GFP cells. However, a 

decrease in the basal Rap1 activity was observed in both MEC1-GFP and MEC1-CD38H 

cells upon RasGRP2 depletion. A possible explanation for these results could be that 

RasGRP2 is targeting different pools of Rap1 in the two cell populations and could 

involve differential localisation of RasGRP2 and/or Rap1. In agreement with this 

hypothesis, RasGRP2 showed a different pattern of subcellular localisation in MEC1-

CD38H compared to MEC1-GFP cells. Whereas in MEC1-GFP cells RasGRP2 showed 

mostly a diffuse localisation, in MEC1-CD38H cells its localisation was more polarised. 

Further studies would be necessary to investigate if RasGRP2 polarised localisation 

coincides with functional subcellular structures such as the lamellipodium or uropod.  
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Co-localisation studies suggested that CD38 and RasGRP2 co-localise in MEC1-CD38H 

cells. In primary CLL cells, CD38 has been shown to co-localise with the α4-integrin 

subunit (CD49d) (Buggins et al., 2011; Zucchetto et al., 2012). Experiments should be 

performed to assess the localisation of integrins and the potential co-localisation 

with CD38 in MEC1-CD38H cells. It would be tempting to speculate that CD38-

mediated localised Ca2+ signalling could be involved in RasGRP2 subcellular 

compartmentalisation, which could in turn mediate differential Rap1 activation and 

consequent integrin activation.  

IQGAP1 is a scaffolding protein with multiple recognition motifs, including a sequence 

homology to the Ras GTPase-activating protein (that led to the protein name); 

however this domain is non functional and IQGAP1 is not able to stimulate Ras-GTP 

or Rap-GTP hydrolysis (Malarkannan et al., 2012; Weissbach et al., 1994). IQGAP1 

was shown to be involved in the establishment of cell polarity and cell motility, by co-

localising with actin filaments at the leading edge of polarised fibroblasts in complex 

with activated Cdc42 and Rac (Mataraza et al., 2003; Watanabe et al., 2004). It has 

been reported that B-lymphocytes express IQGAP1 but its function has not been 

investigated (Malarkannan et al., 2012). Here, migration studies suggest that the 

enhanced basal migration of MEC1-CD38H cells could partly depend on IQGAP1, as 

its depletion significantly decreased the migration only in MEC1-CD38H cells whereas 

no effect was observed in MEC1-GFP cells. Interestingly, this dependency appeared 

to be overcome in the presence of CCL21, as no decrease in chemotaxis was observed 

in MEC1-CD38H cells when IQGAP1 was down-regulated. 

Signalling pathways involved in CLL cell motility and trafficking in vivo have only partly 

been elucidated. In vitro experiments performed on primary human CLL cells have 

shown that treatment with inhibitors of protein kinases involved in BCR signalling, 

such as Syk, PI3K and Btk, impairs cell chemotaxis and integrin-mediated cell 

adhesion (de Rooij et al., 2012; Hoellenriegel et al., 2012; Hoellenriegel et al., 2011). 

These data are in agreement with the clinical observations of a transient and rapid 

increase of CLL cells in the blood and a concurrent shrinkage of the lymph nodes in 

patients treated with these inhibitors, suggesting that they are able to affect not only 

BCR-mediated pro-survival signalling but also the motility properties of CLL cells 
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(Wiestner, 2012) (Chapter 1.5.4). Here, data obtained indicate that inhibition of Btk 

with ibrutinib inhibits the CCL21-mediated Rap1 activation in MEC1-GFP and MEC1-

CD38H cells and partly reduces the CCL21-directed chemotaxis of MEC1 cells.  

Taken together, data presented in this chapter suggest that the enhanced migratory 

properties of CD38-expressing MEC1 cells could be linked to higher activity of the 

GTPase Rap1. Interestingly, a role of RasGRP2 in cell migration was observed.  This 

Ca2+ regulated Rap1 GEF was involved in migration and chemotaxis exclusively in the 

MEC1-CD38H cells, where it showed a polarised localisation. The differences in the 

signalling between MEC1-GFP and MEC1-CD38H cells could be linked, at least partly, 

to the higher basal intracellular Ca2+ level observed in the CD38-expressing cells. 
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5. CD38-associated signalling in primary CLL cells 

5.1 Introduction 

A high degree of variability in the motility of CLL cells between patients has been 

reported, linked to differential expression of several molecules involved in cell 

migration such as CCR7 (Till, 2002), VLA-4 integrin (α4β1) (Till, 2002; Till et al., 2005) 

ZAP-70 (Calpe et al., 2011) and CD38 (Deaglio et al., 2007a). 

Despite the fact that Rho and Ras GTPases, together with their regulators, play a 

central role in lymphocyte motility (Chapter 1.4), their role in CLL is largely unknown. 

As previously discussed (Chapter 4.2.2), CXCL12-mediated Rap1 activation in CLL cells 

has been reported to be variable between patients (Till et al., 2008), possibly due to 

defective Rap1 endosomal recycling (Pye et al., 2013).  

Data described in Chapters 3 and 4 suggested that CD38 could enhance adhesion and 

motility of MEC1 cells by up-regulating Rap1 activity, which in turn could be mediated 

by intracellular Ca2+ content and the Ca2+-regulated Rap1 GEF, RasGRP2. Interestingly, 

recent studies have shown that CLL cases with a cytogenetic trisomy 12 abnormality 

(described in Chapter 1.5.1.2) have increased gene expression of RasGRP2, Rap1B 

and its effector RAPL compared to other CLL cases (Riches et al., 2014). This 

correlated with an enhanced random motility and spreading mediated by the integrin 

VLA-4. Notably, surface expression levels of CD38 are also up-regulated in trisomy 12 

CLL cases (D'Arena et al., 2001; Riches et al., 2014).  

The molecular mechanism underlying the role of CD38 in the motility of CLL cells has 

not been elucidated so far.  In this chapter, the effect of CD38 expression on the 

signalling pathway involving Rap1 and RasGRP2 in primary CLL cells is investigated for 

the first time. Intracellular Ca2+ levels, migration properties and Rap1 activation were 

investigated in a cohort of primary CLL samples expressing different CD38 surface 

levels. The intracellular distribution of RasGRP2 and its link with CD38 expression and 

localisation was also tested. 
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5.2 Analysis of Ca2+ signalling in CLL 

5.2.1 Analysis and comparison of intracellular [Ca2+] in primary CLL cells expressing 

different levels of CD38  

Data obtained with the MEC1 cell line and described in Chapter 4 showed that MEC1-

CD38H cells have a higher basal Ca2+ level compared to the control MEC1-GFP cells 

(Chapter 4.3.1). This suggested that CD38 expression could modify Ca2+ signalling in 

CLL cells by enhancing the intracellular [Ca2+] in cells in resting conditions. In order to 

analyse if CD38 expression was linked to increased [Ca2+] in primary CLL cells, CLL 

patient samples with different levels of CD38 expression were compared. Clinical 

details of samples used in this study are listed in Table 1. Based on a cut-off value set 

at 30% of CD38-expressing cells within each sample, CLL samples were categorised 

into CD38low and CD38high. This cut-off was chosen as it was shown in previous studies 

to reflect CD38 prognostic impact (Damle et al., 2007; Malavasi et al., 2011) (Chapter 

1.5.1.4). Cells loaded with Indo-1 were analysed by flow cytometry to determine 

basal intracellular [Ca2+] and after stimulation with CCL21. A total of 18 CLL samples 

were analysed in three experiments. Each experiment was independently performed 

using 6 CLL samples. Because of the inherent inter-experimental variability and 

consequent difference in the range of Indo-1 fluorescence ratio values between the 

different experiments, intracellular Ca2+ levels were compared between the samples 

in the same experiment. Data obtained indicated that high CD38 expression was 

associated with an increased basal [Ca2+]. With one exception (CLL 11, of the 18 CLL 

samples tested), CD38low samples showed a significantly lower level of basal 

intracellular [Ca2+] compared to the CD38high samples (Fig. 5.1). No detectable 

changes in the intracellular [Ca2+] after stimulation with CCL21 were observed in the 

samples analysed. However, CCR7 expression levels should be analysed to draw any 

conclusion regarding the effect of CCL21 stimulation on the intracellular [Ca2+]. 
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Table 5. 1 Clinical data of CLL samples used in this study 
NA = not available 

PATIENT 
ID 

IGVH 
STATUS 

CD38 
EXPRESSION 

Cytogenetics 
(FISH) 

GENDER (M/F)/ 
AGE (YEAR) 

CLL 1 UNMUTATED 97% Normal 
karyotype 

M/65 

CLL 2 UNMUTATED 94% 13q14.3 del; 
11q22.3 del; 
17p13.1 del; 

Trisomy 12 

F/75 

CLL 3 UNMUTATED 84% NA M/73 

CLL 4 UNMUTATED 18% NA NA/45 

CLL 5 MUTATED 0% Normal 
karyotype 

F/74 

CLL 6 MUTATED 3% 13q14.3 del M/52 

CLL 7 UNMUTATED 99% Trisomy 12 F/51 

CLL 8 MUTATED 91% 13q14.3 del M/68 

CLL 9 UNMUTATED 83% Trisomy 12 M/74 

CLL 10 MUTATED 4% Normal 
karyotype 

F/35 

CLL 11 MUTATED 1% NA M/62 

CLL 12 MUTATED 3% NA NA 

CLL 13 MUTATED 65% 13q14.3 del M/61 

CLL 14 UNMUTATED 61% 13q14.3 del; 
11q22.3 del 

M/67 

CLL 15 UNMUTATED 55% NA M/74 

CLL 16 UNMUTATED 27% 13q14.3 del M/46 

CLL 17 UNMUTATED 23% 13q14.3 del; 
17p13.1 del 

M/52 

CLL 18 NA 12% Normal 
karyotype 

M/55 

CLL 19 MUTATED 98% 17p13.1 del F/38 

CLL 20 NA 0% NA M/51 

CLL 21 NA 0% NA F/76 

CLL 22 NA 92% 13q14.3 del; 
11q22.3 del 

M/72 
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Figure 5.1 Analysis of the intracellular [Ca2+] in CD38low and CD38high CLL samples. 
Primary CLL samples (n=18, 6 samples analysed in each independent experiment) 
with varying CD38 expression levels were incubated with the ratiometric Ca2+ 
detector Indo-1 (1 μM) and analysed by flow cytometry. The basal fluorescence level 
was recorded for 1 minute before stimulation with CCL21 (100 ng/ml) and then for a 
further 2 minutes. (A i, ii and iii) Bivariate plots of the median of fluorescent intensity 
ratio (Indo-1 emission wavelengths - 420/510 nm) against time obtained in each 
independent experiment. Red box indicates the basal fluorescence levels. (B) The 
peak of the fluorescence intensity of the basal fluorescence level was obtained for 
each CLL sample using FlowJo Kinetic statistic tool. Horizontal bars indicate mean 
values of the fluorescence intensity peak calculated in each experiment by grouping 
CD38low (green) and CD38high (red) samples. Significance of difference between 
CD38low and CD38high samples was obtained using two-tailed paired Student's t-test. 

 

 

5.2.2 Ca2+ mobilisation in response to surface IgM stimulation 

As previously discussed (Chapter 4.3.2), an overall association between CD38 

expression and BCR responsiveness has been described in CLL, possibly linked to the 

fact that CD38 expression in CLL samples generally correlates with their unmutated 

IGVH status (Cutrona et al., 2008; Damle et al., 1999; Mockridge et al., 2007). Here, 

the ability of CLL cells to increase the intracellular free [Ca2+] following IgM 

stimulation was analysed in 16 CLL patient samples. CLL cells were loaded with Indo-

1 and analysed by flow cytometry; the percentage of responding cells was obtained 

as previously described (Chapter 2.2.14). In agreement with previous studies 

(Cutrona et al., 2008; Mockridge et al., 2007), the response to IgM stimulation was 

variable between CLL patient samples. A representative plot showing two CLL 

samples with different degrees of Ca2+ response upon IgM stimulation is shown (Fig. 

5.2, A). Plotting CD38 expression (as a continuous variable) against the percentage of 

responding cells showed a modest positive correlation (Pearson's correlation 

coefficient = 0.57) (Fig. 5.2, B). However, as most of the CLL cases with a high CD38 

expression were U-CLL (depicted in red), the responsiveness of these CLL samples is 

likely to depend on their IGHV mutational status. Importantly, as shown by previous 

studies (Coelho et al., 2013; Mockridge et al., 2007), CLL cell ability to respond to IgM 

stimulation is dependent on the surface levels of IgM. The expression levels of sIgM 
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should therefore be tested in order to provide a deeper understanding of the IgM 

responsiveness within the CLL samples here analysed. 

 

 

 

Figure 5.2 BCR-induced Ca2+ response in primary CLL cells. 
Primary CLL cell samples, with different levels of CD38 expression and IGHV 
mutational status, were incubated with the ratiometric Ca2+ detector Indo-1 (1 μM) 
and analysed by flow cytometry. The basal fluorescence level was recorded for 1 
minute before stimulation with anti-IgM (20 μg/ml) and then for a further 2 minutes. 
(A) Representative bivariate plot obtained by establishing the 85th percentile of basal 
fluorescence ratio intensity as a threshold. Overlay of flow cytometric data obtained 
from two CLL clones and respective % of responding cells are shown. (B) The % of 
cells with a fluorescence intensity ratio above the threshold (% responding cells) after 
stimulation with IgM was obtained with FlowJo Kinetic statistic tool. Values obtained 
for each CLL sample analysed (n=16) were plotted against the respective % CD38 
expression. U-CLL and M-CLL samples are depicted in red and blue respectively. 
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5.3 Analysis of basal and CCL21-directed migration of primary CLL cells 

As described in Chapter 3, CD38-expressing MEC1 showed an increased ability to 

migrate both in the absence and in the presence of a gradient of CCL21 compared to 

control cells. To investigate the migratory ability of primary CLL samples with 

differential expression levels of CD38, the TranswellTM assay was used. A total of 6 

CLL patient samples were tested that had available cell numbers for both motility and 

Rap1 activity assays (described in Section 5.4): 3 CD38high and 3 CD38low CLL samples 

(patient ID and CD38 expression are listed in Table 5.2).  

 

Table 5.2 Patient IDs and relative CD38 expression levels of CLL samples used for 
cell migration / Rap1 activity assay 

PATIENT ID CD38 EXPRESSION 

CLL 1 97% 

CLL 2 94% 

CLL 8 91% 

CLL 5 0% 

CLL 6 3% 

CLL 21 0% 

 

In agreement with previous studies (Deaglio et al., 2007a; Vaisitti et al., 2010), 

CD38high CLL samples showed an enhanced migration towards CCL21 compared to 

CD38low CLL samples. Notably, an increased basal migration was also observed in the 

CD38high CLL samples  (Fig. 5.3) compared to the CD38low ones.  

The expression of the CCL21 receptor, CCR7, was analysed by flow cytometry analysis 

in 4 out of the 6 (2 CD38high and 2 CD38low) CLL samples. All the 4 samples expressed 

CCR7, with a variable mean of fluorescence intensity (MFI) (Fig. 5.4).  No correlation 

between CCR7 and CD38 expression was observed, in agreement with data obtained 

in the MEC1 cell line (Chapter 3.7), suggesting that the increased chemotaxis 

observed in the CD38high CLL samples is not likely to be due to an enhanced expression 

of CCR7.  
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Expression levels of the α4-integrin subunit (CD49d) were also investigated in the 2 

CD38high and 2 CD38low CLL samples. The 4 samples showed a high variability in the 

level of α4 integrin expression  (Fig. 5.5). A strong correlation between CD38 and α4 

integrin expression in CLL cells has been previously reported (Buggins et al., 2011; 

Herens et al., 2006). Here, in agreement with this data, the 2 CD38high CLL samples 

(CLL 1 and CLL 8) showed a higher expression of α4-integrin compared to the 2 

CD38low samples (CLL 6 and CLL 21). Therefore it can not be excluded that the 

increased α4 integrin expression could have a role in the increased migration 

observed in the CD38high primary CLL sample tested.  

 

 

 

Figure 5.3 CD38 expression is linked to enhanced CLL cell migration and chemotaxis. 
Primary CLL cells were added to TranswellTM filters previously coated with VCAM-1 
(n=6). After 4 hours cells that had transmigrated through the filters into the lower 
wells (A) in the absence of added chemoattractant or (B) in the presence of CCL21 
(100 ng/ml) added to the bottom chamber were counted using a CasyTM counter. 
The % of migrating cells was obtained by dividing the number of transmigrated cells 
by the total number of cells added to the Transwell TM filters. Horizontal bars indicate 
mean values of migrating cells by grouping CD38low and CD38high samples. Data shown 
are from one experiment; *p<0.05, **p<0.01, determined by two-tailed Student’s t-
test.  
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Figure 5.4 CCR7 surface expression in CD38low and CD38high CLL samples. 
Surface levels of CCR7 were tested in 2 CD38low and 2 CD38high CLL samples. Cells were 
stained with a anti-CCR7 antibody and subsequently analysed by flow cytometry. IgG 
isotype control was used to detect non specific signal. (A) Overlay of flow cytometric 
data and (B) mean of the fluorescence intensity (MFI) obtained from the analysis of 
the 4 samples in one single experiment are shown. 
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Figure 5.5 α4-integrin surface expression in CD38low and CD38high CLL samples. 
Surface levels of α4 integrin were tested in CLL patient samples with differential CD38 
expression, 2 CD38high (upper panels) and 2 CD38low (lower panels). Cells were stained 
with a anti-α4-integrin antibody and subsequently analysed by flow cytometry. IgG 
isotype control was used to detect non-specific signal. Flow cytometric data obtained 
for each of the 4 CLL samples and percentage of cells expressing α4-integrin are 
shown. Data are from one single experiment. 
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5.4 Analysis of Rap1 activity in primary CLL cells 

Data described in Chapter 4 indicated that CD38-expressing MEC1 cells have an 

enhanced basal level of active Rap1 (Chapter 4.2.2). MEC1-CD38H cells showed a 

stronger dependency on Rap1, both for random migration and chemotaxis, 

compared to MEC1-GFP cells (Chapter 4.2.3). Moreover, Ca2+ depletion reduced the 

enhanced basal Rap1 activity in MEC1-CD38H cells whereas no effect was observed 

in the MEC1-GFP population. To investigate if CD38 expression in primary CLL cells 

was associated with increased Rap1 activity, the basal level of active Rap1 was 

investigated and compared among the 6 primary CLL samples previously tested for 

migration.  The Rap1-GTP was isolated in in the 6 CLL samples both in the presence 

of Ca2+ and after Ca2+ depletion (Chapter 2.2.5.3). Total and active Rap1 levels were 

assessed by western blotting, protein quantification was performed by densitometry 

analysis and comparison was performed between samples run on the same blot. 

Whereas a small level of variability was observed in the total Rap1 expression 

between the samples (Fig. 5.6, C), active Rap1 levels observed in the 3 CD38high 

samples in the presence of Ca2+ were highly enhanced when compared to the CD38low 

samples, with the latter showing barely detectable Rap1-GTP levels (Fig. 5.6, A and 

B). Of note, one of the 3 CD38high CLL patient samples was Trisomy 12 (CLL 2 - Table 

5.1). Calcium depletion decreased the basal Rap1 activity in all the 3 CD38high samples 

analysed, suggesting that the basal calcium levels in the CD38high samples could be 

involved in the up-regulation of basal Rap1 activity. Due to the extremely low levels 

of Rap1-GTP detected in the CD38low samples, it was no possible to draw any 

conclusion regarding the effect of Ca2+ depletion in these samples.  
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Figure 5.6 Calcium depletion reduces the enhanced basal Rap1 activity in CD38high 
CLL cells. 
CD38low and CD38high primary CLL samples were resuspended in calcium-free PBS and 

treated with the Ca2+ ionophore ionomycin (0.5 M) for 5 minutes (Ca2+ -) or in PBS 
containing calcium and treated in parallel with the same amount of DMSO as a vehicle 
control (Ca2+ +). (A) Cells were lysed and lysates obtained were incubated with GST-
RalGDS fusion protein and then analysed by western blotting with anti-Rap1 antibody. 
GAPDH was used as a loading control. (B) Levels of active Rap1 were quantified by 
densitometry using ImageJ and normalised on the respective total Rap1. (C) Levels of 
total Rap1 were quantified on samples in control condition (Ca2+ +) and normalised 
to the respective GAPDH level. Data shown are from one single experiment. 
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5.5 CD38 expression is linked to an increased RasGRP2 polarised 

localisation in primary CLL cells. 

CD38 was originally identified as a cell surface protein in T-lymphocytes (Bhan et al., 

1980). Whereas it has been reported that CD38 exclusively localises at the cell 

membrane of murine B-lymphocytes (Moreno-Garcia et al., 2005b), other studies 

have suggested that CD38 can localise in other intracellular compartments such as 

endosomes and on the nuclear membrane in human B and T cell line models (Muñoz 

et al., 2008; Orciani et al., 2008). Previous studies performed in primary CLL cells have 

shown that CD38 subcellular localisation patterns are variable between different CLL 

patient samples (Buggins et al., 2011).  

Data described in Chapter 4 indicated that ectopic CD38 and endogenous RasGRP2 

co-localise in MEC1-CD38H cells (Chapter 4.6.3). The subcellular localisation of CD38 

and RasGRP2 was investigated in CLL cells from 3 CD38high patients. CD38 showed 

different patterns of localisation among cells of the same CLL sample, varying from a 

polarised localisation to a more diffuse one. Co-localisation of CD38 and RasGRP2 was 

observed in all the samples. However, due to the variability of the subcellular 

distribution of CD38, different levels of co-localisation were detected (Fig. 5.7, B and 

C).   

Notably, RasGRP2 subcellular distribution was polarised in the 3 CD38high samples 

analysed (Fig. 5.7). As previously described (Chapter 4.6.3), RasGRP2 subcellular 

localisation was more polarised in the CD38-expressing MEC1 cells compared to 

MEC1-GFP cells. In order to investigate if CD38 expression was linked to a differential 

RasGRP2 subcellular localisation in primary CLL cells, CLL cells from 14 patients with 

different levels of CD38 expression were analysed. Immunofluorescence studies 

showed that RasGRP2 localisation was variable between the samples (Fig. 5.8). A 

RasGRP2 polarisation index was obtained for each individual cell analysed in the 14 

CLL samples and the average polarisation index was then calculated per each CLL 

sample (strategy used for polarisation analysis is described in Chapter 2.2.16). 

Average RasGRP2 polarisation indexes obtained varied between ≈0.5 and ≈3.5. When 

treating CD38 expression as a continuous variable, a statistically significant positive 
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correlation between RasGRP2 polarisation and CD38 expression was observed 

(Pearson's correlation coefficient = 0.7307) (Fig. 5.9).  

F-actin staining showed that primary CLL cells generally have a rounded cell 

morphology (Fig. 5.8). In order to understand if CD38 expression was linked to 

differential F-actin subcellular distribution, a F-actin polarisation index was calculated. 

The degree of variability observed between the CLL samples analysed was lower 

compared to the one of RasGRP2, as values obtained varied between ≈0.5 and ≈1.5. 

No correlation was observed between CD38 expression and F-actin polarisation 

(Pearson's correlation coefficient = 0.497) (Fig. 5.10).  
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Figure 5.7 CD38 and RasGRP2 localisation in CLL cells. 
CLL cells from CD38high patients (n=3) were seeded on poly-L-lysine- coated coverslips 
and allow to adhere for 15 min. Cells were then fixed and stained for RasGRP2 and 
CD38. (A) Representative images from two patients are shown. Scale bar, 20 µm. (B 
and C) Representative fluorescence intensity profile of CD38 (green) and RasGRP2 
(red) obtained along the axis indicated of one cell with a polarised CD38 localisation 
(B) and one cell with a more diffuse CD38 localisation (C). Scale bar, 5 µm. Images are 
representative of one single experiment. 
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Figure 5.8 RasGRP2 localisation in CD38high and CD38low CLL samples. 
Primary CLL cells were seeded on poly-L-lysin coated coverslips and allow to adhere 
for 15 min. Cells were then fixed and stained for RasGRP2. Actin filaments (F-actin) 
were visualised by phalloidin staining. Scale bar, 10 µm. Representative images of 
one CD38high (CLL 2) and one CD38low (CLL 5) CLL sample are shown. 
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Figure 5.9 RasGRP2 polarisation correlates with CD38 expression in primary CLL 
cells. 
CLL cells from 14 patients with different CD38 expression levels were seeded on poly-
L-lysin coated coverslips and allow to adhere for 15 min. Cells were then fixed and 
stained for RasGRP2. The RasGRP2 polarisation index, indicating distribution of the 
fluorescence intensity, was obtained using ImageJ Oval Profile plug-in (method 
described in Chapter 2.2.16). (A) Graph shows the values obtained for each individual 
cell analysed (n ≥ 30 cells were analysed per sample). Horizontal red bars indicate 
mean values (A). (B) Mean values obtained per each patient sample were plotted 
against each respective CD38 expression. 
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Figure 5.10 F-actin polarisation in primary CLL cells. 
CLL cells from 14 patients with different CD38 expression levels were seeded on poly-
L-lysin coated coverslips and allow to adhere for 15 min. Cells were then fixed and 
actin filaments (F-actin) were visualised by phalloidin staining. The F-actin 
polarisation index, indicating distribution of the fluorescence intensity, was obtained 
using ImageJ Oval Profile plug-in. At least 30 cells were analysed per sample and 
results are shown. Horizontal red bars indicate mean values (A). (B) Mean values 
obtained per each patient were plotted against each respective CD38 expression 
level. 
 
 



Chapter 5                                                         CD38-associated signalling in primary CLL cells 

 

 176 

5.6 Effect of Ibrutinib on Rap1 activity in primary CLL cells 

Previous studies have shown that treatment with the BTK inhibitor Ibrutinib can 

reduce CLL cell migration and adhesion (de Rooij et al., 2012). Moreover, Ibrutinib 

inhibited the CCL21-induced activation of Rap1 in MEC1 cells (Chapter 4.8). In order 

to investigate if Ibrutinib could inhibit Rap1 activation in primary CLL cells, the effect 

of Ibrutinib on the basal and CCL21-induced Rap1 activity was tested in CLL cells from 

3 patients. One CD38high (CLL 8) and two CD38low (CLL 18 and CLL 21) (Table 5.1) CLL 

samples were tested independently. Previous studies have shown that Rap1 

activation upon CXCL12 stimulation is variable between patients (Pye et al., 2013; Till 

et al., 2008).  In agreement with this data, only 2 of the 3 patients tested (1 CD38high 

and 1 CD38low) showed Rap1 activation in response to CCL21 stimulation in the 

absence of Ibrutinib (Fig. 5.11). The effect of Ibrutinib treatment was also variable 

between the samples analysed. Of the 2 CCL21 responders, only the CD38high CLL 

sample was affected by Ibrutinb: Rap1 activation following CCL21 stimulation was 

completely abolished after treatment with the inhibitor in this sample. No effect was 

observed on CCL21-induced Rap1 activation in the CD38low CCL21 responder CLL 

sample (CLL 21). Ibrutinib treatment on the CD38low CCL21-unresponsive sample 

induced an overall decrease of Rap1-GTP levels. To test whether the cells were 

responding to CCL21 pathway, ERK phosphorylation (pERK) was assessed. In contrast 

with what was observed in MEC1 cells, no clear increase of ERK phosphorylation was 

detectable after 1 minute of CCL21 stimulation (Fig 5.11). Consequently, the effect of 

Ibrutinib on pERK could not be investigated. Due to the high cell number required to 

perform the assay, the number of patients analysed was limited by the sample 

availability. Screening more CLL samples would be required to draw any conclusion 

on the effect of Ibrutinib on Rap1 activity. 
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Figure 5.11 Effect of Ibrutinib on Rap1 activity in primary CLL cells. 
CLL cells from 3 patients (one CD38high and 2 CD38low) were treated with 1μM 
Ibrutinib (or with DMSO as a vehicle control) for 1 hour before being stimulated with 
CCL21 (100 ng/ml) for 1 min. Cell lysates were obtained, incubated with GST-RalGDS 
fusion protein and then analysed by western blotting with anti-Rap1 and anti-pERK 
antibodies. Each sample was analysed independently. Relative levels of active Rap1 
were quantified by densitometry using ImageJ and normalised to total Rap1. Data 
shown are from one single experiment. 
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5.7 Discussion 

In Chapter 4 it was shown that MEC1-CD38H cells have an increased Rap1 activity 

compared to MEC1-GFP control cells, possibly induced by an enhanced intracellular 

Ca2+ level that could modulate RasGRP2 activity. This mechanism could explain the 

increased motility observed in the MEC1-CD38H cells compared to control cells 

(Chapter 3). The aim of the present chapter was to investigate this signalling pathway 

in primary CLL cells expressing differential levels of CD38.  

Whereas a role for CD38 in the Ca2+ response to different stimuli was previously 

shown in formyl-methionyl-leucyl-phenylalanine (fMLP)-stimulated neutrophils 

(Partida-Sánchez et al., 2001) and dendritic cells stimulated with a subset of 

chemokines (Partida-Sánchez et al., 2004), the involvement of CD38 in regulating the 

basal intracellular [Ca2+] is still undefined. A recent study performed using the MEC1 

cell line showed that wild-type CD38-expressing MEC1 have increased intracellular 

[Ca2+] (Vaisitti et al., 2014). In the same study, expression of the enzymatically 

inactive form of CD38 was not able to modulate the intracellular [Ca2+], suggesting 

that the CD38 enzymatic products (cADPR, NAADP and ADPR) are involved in this 

effect. Here, data obtained by comparison of intracellular basal free [Ca2+] levels 

between CD38high and CD38low CLL samples suggested that CD38 expression could be 

linked to an enhanced intracellular basal [Ca2+] in primary CLL cells. However, 

whether the increased basal [Ca2+] observed here can be directly ascribed to CD38 

expression still needs to be determined. Moreover, it would be important to repeat 

this experiment with the same set of CLL samples, and screen a bigger cohort of CLL 

cases, in order to verify the results obtained. Antibodies or small inhibitor molecules 

able to block the enzymatic activity of CD38 (Ausiello et al., 2000) could be used in 

order to define the role of CD38 in regulating the basal intracellular [Ca2+] in CLL. 

Notably, an association between the basal intracellular [Ca2+] in CLL cells and their 

IGHV mutational status has recently been proposed (Muggen et al., 2014). Basal 

intracellular [Ca2+] was reported to be enhanced in all the CLL patient samples 

examined compared to healthy B-cells with a further increase reported in mutated 

compared to unmutated CLL samples. Due to the known association between CD38 

expression and IGVH unmutated status in CLL, an analysis based on discordant cases 
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(CD38high/mutated IGVH and CD38low /unmutated IGVH) would be required in order 

to understand the influence of both factors on CLL Ca2+ signalling. Moreover, it was 

postulated that increased basal [Ca2+] observed in mutated CLL patient samples could 

reflect a distinct CLL anergic state. Data obtained here suggested that the enhanced 

intracellular basal [Ca2+] observed in the CD38high samples analysed was not linked 

with an anergic state, as Ca2+ response to IgM stimulation was associated with CD38 

expression, and hence with IGHV unmutated status, in agreement with previous 

studies (Damle et al., 2007; Mockridge et al., 2007). 

Analysis of primary CLL cell chemotaxis indicated that CD38high CLL samples have an 

enhanced capacity to migrate towards CCL21, confirming previously published results 

(Deaglio et al., 2007a; Vaisitti et al., 2010). Interestingly, the migration observed in 

the CD38high CLL samples tested in the absence of chemokine was also higher than 

the CD38low samples, in agreement with what was observed in the MEC1-CD38H cells 

when compared to the MEC1-GFP cells (Chapter 3.6). The differences observed in 

chemotaxis in the CLL samples analysed did not correlate with their expression levels 

of CCR7. In contrast, the level of surface α4-integrin detected appeared to be linked 

to the enhanced migration observed in the CD38high CLL cases. Several studies have 

shown that expression of CD38 and α4-integrin are highly correlated in CLL cells 

(Buggins et al., 2011; Herens et al., 2006; Zucchetto et al., 2012) and this needs to be 

taken into consideration when analysing the direct role of each single molecule. 

However, experiments performed in MEC1-CD38H cells suggested that their 

enhanced migration was not associated with an increase in α4-integrin expression 

level (Chapter 3.5), suggesting that high CD38 expression alone could be sufficient to 

enhance cell motility and that CD38 expression does not drive an increase in α4-

integrin levels. 

Analysis of Rap1 activity in the MEC1 cell line indicated that MEC1-CD38H cells have 

a significantly higher active Rap1 when compared to MEC1-GFP cells (Chapter 4.2.2).  

In this chapter, Rap1 activation was investigated in primary CLL cells. The amount of 

active Rap1 detected in the CD38high CLL samples was dramatically higher than in the 

CD38high cases in all the samples analysed. Despite the low number of CLL samples 

analysed, due to the lack of samples with the required number of cells to perform 
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this assay, data obtained indicate that CD38 expression in primary CLL cells could be 

linked to an increased basal level of Rap1-GTP. Screening a larger cohort of CLL 

patients would be useful to verify the hypothesis that elevated CD38 expression is 

linked to an increased Rap1 activity. Constitutive activation of Rap1 in the murine 

lymphoma B-cell line A20 has been shown to increase their in vivo dissemination (Lin 

et al., 2010). Moreover, deregulated Rap1 activity in mice was shown to induce the 

development of a leukaemia of B1-cell origin with characteristics similar to CLL (Ishida 

et al., 2006). An association between CD38 and Rap1 activity therefore could play an 

important role in the disease pathophysiology and trafficking of CD38high CLL cases. 

Gene expression studies recently published have reported that Rap1b, RasGRP2 and 

RAPL have variable expression between CLL patients and their expression levels are 

increased in cases with trisomy 12 cytogenic abnormality (Riches et al., 2014), which 

correlated with enhanced cell motility and adhesion. Here, total Rap1 protein levels 

(including both Rap1a and Rap1b) did not vary much between the CLL samples tested 

and did not correlate with the high differential levels of Rap1-GTP detected between 

the CD38high and CD38low subgroups. Remarkably, in agreement with the previous 

observation in MEC1-CD38H cells (Chapter 4.3.3), Ca2+ depletion reduced Rap1 

activity to an undetectable level in all the CD38high CLL samples analysed. The low 

level of active Rap1 detected in the CD38low CLL samples did not allow any conclusion 

to be drawn on the effect of calcium depletion in these samples. Screening more CLL 

samples would be required to clarify the effect of Ca2+ depletion on the basal Rap1 

activity in CD38low CLL cases. 

The involvement of Rap1 in the intrinsic MEC1 cell migration was suggested by 

knockdown experiments (Chapter 4.2.3). The enhanced basal migration properties 

observed in the CD38high primary CLL samples analysed compared to the CD38low 

could therefore depend at least partly on their increased basal level of Rap1-GTP. 

Data described in Chapter 4 led to the hypothesis that CD38-mediated Ca2+ signalling 

could regulate RasGRP2 subcellular distribution in MEC1 cells. Analysis of RasGRP2 

subcellular localisation indicated that CD38 expression levels also positively 

correlated with RasGRP2 polarised distribution in primary CLL samples, indicating 

that CD38 expression could regulate the localisation of RasGRP2. The nature of this 
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distribution still needs to be defined. Particularly, it should be clarified if the polarised 

RasGRP2 accumulation observed is linked to any cellular compartment (e.g. plasma 

membrane, endocytic or exocytic vesicular compartments). The polarised 

distribution of RasGRP2 leads to the speculation that active Rap1 is also oriented in 

a cell pole of CLL cells with high CD38 expression. Notably, the polarisation observed 

was detected in cells under resting conditions, indicating that CD38 expression is 

linked to an enhanced basal activation status that could facilitate cell migration 

persistency during random migration as well as enhancing chemokine-directed cell 

chemotaxis. Detection of the subcellular spatial regulation of Rap1 activation, for 

example by using fluorescent resonance energy transfer (FRET)-based sensors 

(Mochizuki et al., 2001), would be one approach in order to verify this hypothesis. 

However, difficulties in transfecting expression vectors into primary CLL cells makes 

this strategy challenging. 

It still needs to be investigated if CD38 and RasGRP2 co-localisation is required for 

the induction of a polarised RasGRP2 distribution. CD38 subcellular localisation 

observed in CLL cells varied between cells from the same CLL sample from a diffuse 

pattern to a more polarised one. Comparison of RasGRP2 polarisation levels among 

CLL cells with a different pattern of CD38 localisation could help to understand better 

if CD38 intracellular spatial localisation is involved in RasGRP2 redistribution. 

Interestingly, it was reported that ligation of CD38 with agonistic and non-agonistic 

anti-CD38 antibodies can induce the internalisation of a fraction of the surface CD38 

pool in lymphoid cell lines (Funaro et al., 1998). Moreover, experiments performed 

in the human Namalwa B-cell line showed that incubation with the CD38 substrate, 

NAD+, can induce CD38 internalisation and that internalised CD38 is enzymatically 

active (Zocchi et al., 1996). The dynamics of CD38 distribution and internalisation in 

CLL cells have not been elucidated, but these observations lead to the hypothesis that 

CD38 catalytic activity could be regulated by its internalisation and possibly recycling 

in CLL cells. Moreover, the intracellular and extracellular availability of CD38 

substrates and their modulation in the lymphatic CLL microenvironment could be 

particularly relevant in defining the role of CD38 enzymatic activity in CLL. 



Chapter 5                                                         CD38-associated signalling in primary CLL cells 

 

 182 

Taken together, data presented in this chapter suggest that CD38 expression in 

primary CLL cells is linked to an increased intracellular basal Ca2+ level and possibly 

correlates with enhanced constitutive Rap1 activation. This hypothesis is supported 

by the increased polarised subcellular distribution of RasGRP2 observed in the 

CD38high CLL samples, which could be involved in the differential migratory properties 

associated with CD38 expression.   
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6. Concluding remarks  

High CD38 expression in CLL cells is a marker of poor prognosis that correlates with 

enhanced cell motility. However, the molecular mechanisms underlying this link have 

not been elucidated. The aim of this study was to investigate the effect of CD38 

expression on the motility of CLL cells, focusing on the signalling pathways involved. 

Comparative analysis of the CLL-derived cell line MEC1 expressing CD38 or GFP (as a 

control) suggested that ectopic expression of CD38 alters cell motility by enhancing 

cell spreading and increasing CCL21-directed chemotaxis, in line with recently 

reported observations (Vaisitti et al., 2014; Vaisitti et al., 2010). Moreover, increased 

migration was also observed in the MEC1-CD38H cells compared to the MEC1-GFP 

cells in the absence of a chemokine gradient, suggesting that CD38 expression 

modifies the intrinsic cell motility properties. In agreement with this hypothesis, 

MEC1-CD38H cells showed a marked higher basal activity of Rap1, with a consequent 

increased CCL21-induced Rap1 activity, compared to control cells. These data 

indicate for the first time a possible link between CD38 and the activity of the GTPase 

Rap1 in CLL. Rap proteins have been shown to have a key role in several aspects of B-

lymphocyte physiology and pathology (Kometani et al., 2004; McLeod and Gold, 

2001; Minato and Hattori, 2009). Here, it was demonstrated that Rap1a and Rap1b 

depletion decreases MEC1 cell migration both in the presence and in the absence of 

a chemokine gradient. Moreover, knockdown of either Rap1 protein had a stronger 

effect on the migration of MEC1-CD38H cells compared to control cells. This leads to 

the assumption that the enhanced Rap1 activity observed in MEC1-CD38H is likely to 

be at least partly responsible for their enhanced basal migration and chemotaxis.  

CD38 is an ectoenzyme that catalyses the synthesis of three different products 

(NAADP, cADPR and ADPR) involved in Ca2+-mobilisation from intracellular stores and 

Ca2+ influx through the plasma membrane (Aarhus et al., 1995; Churchill et al., 2002; 

Liu et al., 2005). Analysis of the intracellular Ca2+ levels showed that MEC1-CD38H 

cells have a higher basal [Ca2+] compared to the MEC1-GFP cells. The same 

observation was recently reported in another study performed in MEC1 cells (Vaisitti 

et al., 2014), where it was suggested that CD38 enzymatic activity, possibly through 
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the production of cADPR and ADPR, might mediate this effect. Here, analysis of the 

basal [Ca2+] in a cohort of CLL samples suggests that CD38 expression also enhances 

the basal intracellular Ca2+ levels in primary CLL cells. However, as each CLL sample 

was tested only once and no normalisation method has been applied here to 

standardise the ratiometric values obtained, further studies are required to verify this 

results. The relevance of basal intracellular [Ca2+] on CLL biology still needs to be 

determined. Considering the key role of Ca2+ as a second messenger, enhanced basal 

intracellular [Ca2+] is likely to affect several cellular functions. It would be interesting 

to test if it could lead to an increase in the basal activity of Ca2+-regulated signalling 

molecules such as calmodulin and calcineurin, which through NFAT and NFκB 

mediate the transcription of specific gene sets (Rickert, 2013). Elevated intracellular 

basal [Ca2+] has been shown to characterise CLL cells when compared to other B cell 

malignancies (e.g. follicular lymphoma, multiple myeloma)(Duhren-von Minden et al., 

2012) or normal B cells (Muggen et al., 2014). This effect is thought to be linked to 

constitutive BCR signalling, consistent with observations of features of anergy in CLL. 

Intracellular basal [Ca2+] was reported to be particularly increased in CLL cases with 

mutated IGHV (Muggen et al., 2014), correlating with their reduced capability of a 

BCR response compared to unmutated CLL cases. If confirmed, data presented here 

would suggest that CD38 expression represents a further factor linked to increased 

basal Ca2+ level in CLL. It would be necessary to expand the analyses to a larger cohort 

of CLL cases to understand the relative contribution of CD38 levels and IGHV 

mutational status to this mechanism and its relevance to the CLL cell signalling and 

the disease physiology.  

The enzymatic products of CD38 are known to act on molecular targets that differ 

from the IP3-sensitive receptors (Malavasi et al., 2008), and thus CD38 could 

cooperate with the IP3-mediated Ca2+-signalling pathway and offer a further level of 

complexity to Ca2+ signalling. For example, studies performed in secretory cells, such 

as pancreatic acinar cells, have shown that polarised localisation of intracellular Ca2+ 

stores (IP3-sensitive stores found in the luminal region of the cytoplasm and cAPDR- 

and NAADP-responsive stores restricted to the basolateral region) coordinate the 

Ca2+ signalling waves in response to several agonists and cooperate to establish cell 
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polarity (Kasai et al., 1993; Krause et al., 2002). It has been speculated that a similar 

mechanism could fine-tune T cell receptor-mediated signalling in Jurkat T cells, where 

IP3, cADPR and NAADP have all been shown to be involved in the generation of Ca2+ 

signalling (da Silva and Guse, 2000).  

CD38 has been reported to be enzymatically active in primary CLL cells and the ADPR-

responsive Ca2+-permeable TRPM2 channel was shown to be involved in the 

enhanced Ca2+ level observed in CD38-expressing MEC1 cells (Vaisitti et al., 2014). 

These observations together with the data presented here suggest that CD38 is likely 

to be involved in the regulation of Ca2+ signalling in primary CLL cells. Understanding 

the role of each CD38 enzymatic product will therefore be extremely useful in order 

to characterise their contribution to the Ca2+ signalling in CLL cells.  

Data presented in Chapter 4 suggest that the intracellular basal [Ca2+] in MEC1-CD38H 

cells is involved in maintaining the basal Rap1 activity. Studies performed in 

eosinophils have reported that basal Rap1 activity is independent of the homeostatic 

intracellular [Ca2+] (Ulfman et al., 2008). This hypothesis is supported from the data 

obtained here in MEC1-GFP cells, in which Ca2+ depletion did not affect the basal level 

of active Rap1. However, Ca2+ depletion in MEC1-CD38H cells induced a decrease of 

Rap1-GTP, suggesting that the additional intracellular pool of Ca2+ in MEC1-CD38H 

cells could be specifically involved in the regulation of basal Rap1 activity. One 

hypothesis could be that the Ca2+ signalling mediated by CD38 enzymatic products 

could act in different subcellular regions and might act on discrete Rap1 pools. 

Results presented in Chapter 5 showed that basal Rap1 activity was enhanced in the 

CD38high compared to CD38low primary CLL samples analysed, and Ca2+ depletion was 

able to reduce basal Rap1 activity in the former. These results are in keeping with the 

motility properties observed in the same cohort of CLL samples, where CD38 

expression correlated with enhanced CCL21-directed migration, in agreement with 

other studies in which the chemokine CXCL12 was used as a chemoattractant 

(Deaglio et al., 2007a; Vaisitti et al., 2010). Moreover, the basal cell migration 

observed in the absence of CCL21 was also increased in the CD38high CLL samples 

analysed here compared to the CD38low CLL samples. These data, together with the 
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data obtained in the MEC1 cell line, suggest that the increased amount of basal active 

Rap1, possibly induced by CD38 expression and the consequent increase in basal 

[Ca2+], is functionally active in contributing to CLL cell basal and chemokine-directed 

motility. Future studies will aim to screen a bigger cohort of CLL samples to further 

investigate this mechanism. 

It was next investigated if the Ca2+- and DAG-regulated Rap GEFs, RasGRP2 and 

RasGRP3, were involved in regulating Rap1 activity in MEC1 cells. RasGRP3 has been 

proposed to activate Rap and Ras proteins (Yamashita et al., 2000), and its role in B 

cells has been linked to the activation of Ras downstream of the BCR (Aiba et al., 

2004). RasGRP2 was shown to act preferentially on Rap proteins and it is best 

characterised in platelets and T cells for its role in cell adhesion through Rap1 

regulation (Bergmeier et al., 2007; Canault et al., 2014; Cifuni et al., 2008; Ghandour 

et al., 2007), whereas its function in B cells has not been investigated. Here, RasGRP3 

depletion did not show any effect in the migration of MEC1-CD38H or MEC1-GFP cells. 

In contrast, RasGRP2 was demonstrated to be specifically involved in the migration 

of MEC1-CD38H cells, both basal and CCL21-directed, whereas it was dispensable for 

the migration of the MEC1-GFP cells. Surprisingly, pull-down experiments showed 

that RasGRP2 regulates Rap1 activity in both cell populations. The more polarised 

subcellular distribution of RasGRP2 in MEC1-CD38H cells compared to the MEC1-GFP 

cells could be the explanation for this discrepancy.  

To date, the mechanisms regulating RasGRP2 subcellular localisation have not been 

elucidated. It has been reported that RasGRP2 expressed in COS7 cells localises in the 

cytoplasm, while co-expression of Vav proteins was shown to induce its translocation 

to the plasma membrane where it would mediate integrin activation through Rap1 

(Caloca et al., 2004). Notably, RasGRP2 expression was shown to induce Rap1 

activation in the same extent irrespective of RasGRP2 localisation when measured at 

the whole cell level, although localisation of RasGRP2 to the plasma membrane was 

shown to affect the compartmentalised activity of Rap1 (Caloca et al., 2004). This 

supports a hypothesis that here, in addition to an overall enhanced Rap1 activity, 

GTP-Rap1 subcellular localisation could also be different in MEC1-CD38H cells 

compared to the control MEC1-GFP cells. Interestingly, Vav1 phosphorylation was 
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reported to be increased in CD38-expressing MEC1 cells (Vaisitti et al., 2014), 

suggesting that this protein could have a role in the regulation of RasGRP2 

localisation in MEC1 cells.  

Data presented in Chapter 5 showed a correlation between CD38 expression and 

RasGRP2 polarised localisation in the cohort of primary CLL cells analysed. Based on 

the data obtained in the MEC1 cell line, this observation leads to the hypothesis that 

CD38 expression in primary CLL cells could up-regulate Rap1 activity through 

RasGRP2, in a spatially regulated fashion. Local accumulation of active GTPases (e.g. 

Rac and Cdc42) via positive feedback is known to be involved in the mechanism of 

symmetry-breaking during spontaneous cell polarisation. This mechanism, well 

characterised in fungal and plant cell models (Wu and Lew, 2013), has also been 

observed in neutrophils, which polarise in response to a uniform concentration of 

chemoattractants (Xu et al., 2003). Notably, constitutively active Rap1 expression 

also induces spontaneous cell polarisation in B cells (Shimonaka et al., 2003). 

Whether this mechanism occurs in CLL cells still needs to be defined. It would be 

interesting to investigate if localised enrichment of RasGRP2 in CD38high CLL samples 

is linked with PIP3 accumulation, which is known to be involved in the spontaneous 

formation of the cell leading edge through the maintenance of a positive feedback 

loop involving Rac1 (Xu et al., 2003). 

It could be speculated that the enhanced intracellular basal [Ca2+] linked to CD38 

expression could upregulate the basal Rap1 activity through RasGRP2. Further 

analyses are required to verify this hypothesis. RasGRP2 has shown weak binding 

affinity to DAG (Irie et al., 2004), and experiments performed in murine platelets have 

suggested that Ca2+ signalling could be the main regulator of RasGRP2 downstream 

of PLC (Stefanini et al., 2009). However, stimulation with DAG analogues was shown 

to induce RasGRP2-mediated Rap1 activation in T cells, suggesting that, even if not 

by direct binding, DAG could still have a role in RasGRP2 activation (Ghandour et al., 

2007). B cell proliferation induced by CD38 cross-linking was shown to be PLCγ2 

independent and to involve phosphatidylcholine-specific PLC and phospholipase D 

(Moreno-Garcia et al., 2005a), which are able to produce DAG without concomitant 

generation of IP3 (Schutze et al., 1991). It is therefore possible that 
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alternative/additional signalling pathways apart from Ca2+, such as DAG, could be 

involved in regulating activity of RasGRP2 in MEC1-CD38H cells.  

Further mechanisms involved in the CD38-mediated signalling could involve the 

protein Gαq. It has been shown that CD38 and its product cADPR are required for the 

CXCL12- and CCL19-mediated signalling and chemotaxis of murine dendritic cells (and 

not lymphocytes) via a mechanism involving the Gαq
 -subunit of the G-protein 

coupled to the chemokine receptors (Shi et al., 2007). This mechanism was proposed 

to be restricted to specific chemokine receptors as an alternative to the classical Gαi 

-mediated pathway that conversely appears to be CD38-independent. However, later 

studies suggest that both Gαq and Gαi proteins might be required for the CXCL12-

directed chemotaxis of human T cells (Svensson et al., 2012). Interestingly, whereas 

Gαi depletion was shown to exclusively impair chemokine-directed migration, Gαq 

depletion reduced both basal migration and CXCL12-directed chemotaxis of T cells. 

Gαq was proposed to be involved in the basal cell motility by modulating LFA-1/αLβ2-

integrin recycling. The hypothesis that CD38 signalling is mediated by Gαq would 

therefore be particularly relevant in light of the findings presented here. Given the 

increased spreading on VCAM-1 observed in the MEC1-CD38H cells compared to the 

MEC1-GFP cells, it would be interesting to analyse the role of Gαq in the modulation 

of α4β1-integrin. Investigating the role of Gαq proteins in CLL and the potential link 

with CD38-mediated signalling could reveal additional details of the molecular 

mechanisms involved. It was proposed that defective Rap1 recycling could be 

responsible for the impaired CXCL12-mediated Rap1 activation observed in a subset 

of CLL cases (Pye et al., 2013; Till et al., 2008). Future studies could examine if CD38, 

and RasGRP2, are involved in regulating Rap1 recycling, and hence motility, in CLL 

cells. 

It is worth noting that one previous study performed in lymphokine-activated killer 

cells has shown Rap1 involvement in CD38-related signalling. CD38-mediated 

generation of cADPR upon stimulation with interleukin-8 was shown to induce Rap1 

activation, and Rap1 activity was in turn required for the consequent CD38-mediated 

production of NAADP (Rah et al., 2010). These observations suggest that CD38 could 
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mediate Rap1 activation in different cell types and be involved in several cellular 

responses.  

In summary, the data presented in this thesis suggest that high CD38 expression in 

CLL cells increases basal [Ca2+], which then mediates an increase in Rap1 activity 

through RasGRP2 (Fig 6.1). The data are in agreement with the view that high CD38 

expression contributes to the aggressiveness of CLL cells (Deaglio et al., 2008), as 

Rap1 is likely to be involved in increasing cell adhesion and migration, which are 

characteristics of CD38high CLL cells.  

CD38 expression is higher in CLL cells resident in lymphoid tissues compared to 

peripheral blood and can be induced by microenvironmental signalling (Ghia et al., 

2003; Jaksic et al., 2004; Patten et al., 2008). Moreover it has been proposed that 

CD38 expression in peripheral blood CLL cells decreases over time, while conversely 

CXCR4 expression increases in cells ready to re-enter the lymphoid tissues (Calissano 

et al., 2009; Calissano et al., 2011; Coelho et al., 2013). This dynamic pattern of 

expression leads to the hypothesis that the main role of CD38 in CLL cells could be 

restricted to the lymphoid compartments. 

 In vivo studies should be performed in the future to investigate the relevance of the 

RasGRP2/Rap1 signalling axis, together with the increase of intracellular basal [Ca2+], 

in the trafficking of CD38high CLL cells. Different genetically modified mice and 

xenograft models of human CLL have been generated to reflect the heterogeneity of 

the disease. In one model, the IgH-Eμ-Tcl-1 transgenic mice, the expression of the 

proto-oncogene T-cell leukaemia-1 (TCL-1) (expressed under the control of a VH 

promoter and an IgH-Eμ enhancer) in immature and mature B cells drives the 

development of a leukaemia resembling the aggressive form of CLL (Bichi et al., 2002). 

This model has proved to be a useful tool to investigate in vivo the role of different 

proteins in CLL progression, including the Rho-family GTPase member RhoH, the 

expression of which is upregulated in CLL (Hofbauer et al., 2014; Sanchez-Aguilera et 

al., 2010), and the hematopoietic lineage cell-specific 1 (HS1) (Scielzo et al., 2010), an 

actin-binding protein involved in the BCR-mediated signalling cascade as a substrate 

of Lyn and Syk (Hao et al., 2004). Depletion of HS1 in a IgH-Eμ-Tcl-1 background was 
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shown to affect the trafficking dynamics of the murine leukaemic cells (Scielzo et al., 

2010). A similar approach could be adopted to investigate the role of CD38, RasGRP2 

and Rap1 in CLL cell trafficking in vivo. Alternatively, the recently developed 

humanised mouse model, in which primary CLL cells co-transferred with autologous 

T cells proliferate in NOD/SCID/IL2Rγ-/- mice (Bagnara et al., 2011), could be used to 

investigate the migration properties in vivo of CD38high CLL samples with high basal 

[Ca2+] and RasGRP2/Rap1 activity.  

The data presented here also represent an interesting basis to investigate the role of 

CD38 and its associated signalling in the motility properties of non-malignant B cells. 

Impaired neutrophil cell migration was reported in CD38-depleted mice (Partida-

Sánchez et al., 2004), as well as RasGRP2-depleted mice (Bergmeier et al., 2007; 

Carbo et al., 2010). However, the motility properties of B cells in these models still 

needs to be characterised, and it could help to better understand the role of these 

proteins in CLL pathophysiology. 

It can be speculated that the upregulation of the RasGRP2/Rap1 pathway could 

increase the retention of CLL cells in the lymphoid organs, thus favouring proliferative 

signalling. This effect might be mediated through several mechanisms. First, the role 

of Rap1 in controlling the lymphocyte interstitial migration (Ebisuno et al., 2010) 

might privilege high CD38-expressing cells to compartmentalise in close proximity to 

supporting cells. This hypothesis is in keeping with the observation that, within the 

lymphoid tissues of CLL patients, high CD38-expressing cells are more abundant in 

the tissue compartments containing pseudofollicles (Patten et al., 2008). Moreover, 

as Rap1 has been shown to be required for an optimal BCR signalling and 

cytoskeleton reorganisation during antigen-mediated B cell activation (Lin et al., 

2010), its higher activity in CD38high CLL cells could strengthen antigen-triggered BCR 

signalling. Rap1 is best known for its role in integrin activation and its activity is 

necessary for the activation of α4β1- and αLβ2-integrin in lymphocytes (Shimonaka 

et al., 2003). Rap1 might therefore promote integrin binding to VCAM-1 and ICAM-1, 

which was shown to provide pro-survival signalling to CLL cells (Maffei et al., 2012) 

(Fig 6.2). The increased spreading on VCAM-1 observed in MEC1-C38H cells would 

support this hypothesis.  
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Understanding the signalling pathways mediated by CD38 is not only helpful in order 

to unravel the heterogeneity of CLL behaviour, but it could also be translationally 

beneficial. CD38 has recently gained attention as a potential therapeutic target in 

different types of blood cancers, and monoclonal antibodies against CD38 have been 

developed to target cancer cells through their Fc-dependent cytotoxic effect (Hersher, 

2012). Delineating the signalling downstream of CD38 could help to identify 

alternative, and possibly more specific, therapeutic options for the treatment of CLL 

patients, such as small molecule inhibitors that can block CD38 enzymatic activity. 
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Figure 6.1 Hypothetical model of CD38 signalling in CLL cells. 
CD38 expression in CLL cells is linked to an enhanced intracellular basal [Ca2+], 
possibly mediated by the CD38 enzymatic products (such as cADPR, NAADP and 
ADPR) which mobilise Ca2+ from intracellular stores induce Ca2+ influx through the 
plasma membrane. The enhanced intracellular basal [Ca2+] might increase RasGRP2 
activity and polarise its subcellular localisation. RasGRP2 could regulate Rap1 activity 
both in resting conditions and after chemokine stimulation. Activation of 
RasGRP2/Rap1 signalling could explain the enhanced cell spreading, migration and 
chemotaxis linked to the expression of CD38 in CLL cells. 
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Figure 6.2 Hypothetical role of CD38-mediated signalling in the CLL 
microenvironment. 
The proposed CD38-mediated Rap1 activation in CLL cells could enhance the integrin-
mediated adhesive interactions between CLL cells and stromal cells (including NLCs, 
endothelial cells, MSCs). These interactions are involved in the pro-survival signalling 
that CLL cells receive in the microenvironment and could be involved in the retention 
of CLL cells in the lymphoid compartments. Higher Rap1 activity might also be 
involved in the antigen-driven BCR signalling and in the enhanced proliferation of 
high CD38-expressing CLL cells. 
 



   
 

 194 

References 

Aarhus, R., Graeff, R.M., Dickey, D.M., Walseth, T.F., and Lee, H.C. (1995). ADP-
ribosyl cyclase and CD38 catalyze the synthesis of a calcium-mobilizing 
metabolite from NADP. The Journal of biological chemistry 270, 30327-30333. 

Agematsu, K., Hokibara, S., Nagumo, H., and Komiyama, A. (2000). CD27: a 
memory B-cell marker. Immunol Today 21, 204-206. 

Aiba, Y., Oh-hora, M., Kiyonaka, S., Kimura, Y., Hijikata, A., Mori, Y., and Kurosaki, 
T. (2004). Activation of RasGRP3 by phosphorylation of Thr-133 is required for 
B cell receptor-mediated Ras activation. Proceedings of the National Academy of 
Sciences of the United States of America 101, 16612-16617. 

Allen, C.D., Okada, T., and Cyster, J.G. (2007). Germinal-center organization and 
cellular dynamics. Immunity 27, 190-202. 

Alon, R., and Dustin, M.L. (2007). Force as a facilitator of integrin conformational 
changes during leukocyte arrest on blood vessels and antigen-presenting cells. 
Immunity 26, 17-27. 

Alon, R., Kassner, P.D., Carr, M.W., Finger, E.B., Hemler, M.E., and Springer, T.A. 
(1995). The integrin VLA-4 supports tethering and rolling in flow on VCAM-1. The 
Journal of cell biology 128, 1243-1253. 

Ansel, K.M., Ngo, V.N., Hyman, P.L., Luther, S.A., Forster, R., Sedgwick, J.D., 
Browning, J.L., Lipp, M., and Cyster, J.G. (2000). A chemokine-driven positive 
feedback loop organizes lymphoid follicles. Nature 406, 309-314. 

Apollonio, B., Scielzo, C., Bertilaccio, M.T., Ten Hacken, E., Scarfo, L., Ranghetti, P., 
Stevenson, F., Packham, G., Ghia, P., Muzio, M., et al. (2013). Targeting B-cell 
anergy in chronic lymphocytic leukemia. Blood 121, 3879-3888, S3871-3878. 

Arana, E., Harwood, N.E., and Batista, F.D. (2008a). Regulation of integrin 
activation through the B-cell receptor. J Cell Sci 121, 2279-2286. 

Arana, E., Vehlow, A., Harwood, N.E., Vigorito, E., Henderson, R., Turner, M., 
Tybulewicz, V.L., and Batista, F.D. (2008b). Activation of the small GTPase Rac2 
via the B cell receptor regulates B cell adhesion and immunological-synapse 
formation. Immunity 28, 88-99. 

Ausiello, C.M., Urbani, F., Lande, R., la Sala, A., Di Carlo, B., Baj, G., Surico, N., Hilgers, 
J., Deaglio, S., Funaro, A., et al. (2000). Functional topography of discrete domains 
of human CD38. Tissue Antigens 56, 539-547. 

Aydin, S., Grabellus, F., Eisele, L., Mollmann, M., Hanoun, M., Ebeling, P., Moritz, T., 
Carpinteiro, A., Nuckel, H., Sak, A., et al. (2011). Investigating the role of CD38 and 
functionally related molecular risk factors in the CLL NOD/SCID xenograft model. 
Eur J Haematol 87, 10-19. 



   
 

 195 

Bagnara, D., Kaufman, M.S., Calissano, C., Marsilio, S., Patten, P.E., Simone, R., 
Chum, P., Yan, X.J., Allen, S.L., Kolitz, J.E., et al. (2011). A novel adoptive transfer 
model of chronic lymphocytic leukemia suggests a key role for T lymphocytes in 
the disease. Blood 117, 5463-5472. 

Bajenoff, M., Egen, J.G., Koo, L.Y., Laugier, J.P., Brau, F., Glaichenhaus, N., and 
Germain, R.N. (2006). Stromal cell networks regulate lymphocyte entry, 
migration, and territoriality in lymph nodes. Immunity 25, 989-1001. 

Balatti, V., Bottoni, A., Palamarchuk, A., Alder, H., Rassenti, L.Z., Kipps, T.J., 
Pekarsky, Y., and Croce, C.M. (2012). NOTCH1 mutations in CLL associated with 
trisomy 12. Blood 119, 329-331. 

Bargatze, R.F., and Butcher, E.C. (1993). Rapid G protein-regulated activation 
event involved in lymphocyte binding to high endothelial venules. The Journal of 
experimental medicine 178, 367-372. 

Barr, V.A., and Bunnell, S.C. (2009). Interference reflection microscopy. Curr 
Protoc Cell Biol Chapter 4, Unit 4 23. 

Barreiro, O., Yanez-Mo, M., Serrador, J.M., Montoya, M.C., Vicente-Manzanares, M., 
Tejedor, R., Furthmayr, H., and Sanchez-Madrid, F. (2002). Dynamic interaction 
of VCAM-1 and ICAM-1 with moesin and ezrin in a novel endothelial docking 
structure for adherent leukocytes. The Journal of cell biology 157, 1233-1245. 

Begleiter, A., Mowat, M., Israels, L.G., and Johnston, J.B. (1996). Chlorambucil in 
chronic lymphocytic leukemia: mechanism of action. Leukemia & lymphoma 23, 
187-201. 

Bergmeier, W., Goerge, T., Wang, H.W., Crittenden, J.R., Baldwin, A.C., Cifuni, S.M., 
Housman, D.E., Graybiel, A.M., and Wagner, D.D. (2007). Mice lacking the signaling 
molecule CalDAG-GEFI represent a model for leukocyte adhesion deficiency type 
III. J Clin Invest 117, 1699-1707. 

Berlin-Rufenach, C., Otto, F., Mathies, M., Westermann, J., Owen, M.J., Hamann, A., 
and Hogg, N. (1999). Lymphocyte migration in lymphocyte function-associated 
antigen (LFA)-1-deficient mice. The Journal of experimental medicine 189, 1467-
1478. 

Bhan, A.K., Reinherz, E.L., Poppema, S., McCluskey, R.T., and Schlossman, S.F. 
(1980). Location of T cell and major histocompatibility complex antigens in the 
human thymus. The Journal of experimental medicine 152, 771-782. 

Bichi, R., Shinton, S.A., Martin, E.S., Koval, A., Calin, G.A., Cesari, R., Russo, G., Hardy, 
R.R., and Croce, C.M. (2002). Human chronic lymphocytic leukemia modeled in 
mouse by targeted TCL1 expression. Proceedings of the National Academy of 
Sciences of the United States of America 99, 6955-6960. 

Bokoch, G.M. (1993). Biology of the Rap proteins, members of the ras superfamily 
of GTP-binding proteins. The Biochemical journal 289 ( Pt 1), 17-24. 



   
 

 196 

Bos, J.L., de Rooij, J., and Reedquist, K.A. (2001). Rap1 signalling: adhering to new 
models. Nature reviews Molecular cell biology 2, 369-377. 

Boscacci, R.T., Pfeiffer, F., Gollmer, K., Sevilla, A.I., Martin, A.M., Soriano, S.F., 
Natale, D., Henrickson, S., von Andrian, U.H., Fukui, Y., et al. (2010). 
Comprehensive analysis of lymph node stroma-expressed Ig superfamily 
members reveals redundant and nonredundant roles for ICAM-1, ICAM-2, and 
VCAM-1 in lymphocyte homing. Blood 116, 915-925. 

Brachtl, G., Sahakyan, K., Denk, U., Girbl, T., Alinger, B., Hofbauer, S.W., Neureiter, 
D., Hofbauer, J.P., Egle, A., Greil, R., et al. (2011). Differential bone marrow homing 
capacity of VLA-4 and CD38 high expressing chronic lymphocytic leukemia cells. 
PloS one 6, e23758. 

Braggio, E., Kay, N.E., VanWier, S., Tschumper, R.C., Smoley, S., Eckel-Passow, J.E., 
Sassoon, T., Barrett, M., Van Dyke, D.L., Byrd, J.C., et al. (2012). Longitudinal 
genome-wide analysis of patients with chronic lymphocytic leukemia reveals 
complex evolution of clonal architecture at disease progression and at the time 
of relapse. Leukemia 26, 1698-1701. 

Brailoiu, E., Churamani, D., Cai, X., Schrlau, M.G., Brailoiu, G.C., Gao, X., Hooper, R., 
Boulware, M.J., Dun, N.J., Marchant, J.S., et al. (2009). Essential requirement for 
two-pore channel 1 in NAADP-mediated calcium signaling. The Journal of cell 
biology 186, 201-209. 

Braun, A., Worbs, T., Moschovakis, G.L., Halle, S., Hoffmann, K., Bolter, J., Munk, A., 
and Forster, R. (2011). Afferent lymph-derived T cells and DCs use different 
chemokine receptor CCR7-dependent routes for entry into the lymph node and 
intranodal migration. Nature immunology 12, 879-887. 

Brauweiler, A.M., Tamir, I., and Cambier, J.C. (2000). Bilevel control of B-cell 
activation by the inositol 5-phosphatase SHIP. Immunological reviews 176, 69-74. 

Brezinschek, H.P., Foster, S.J., Brezinschek, R.I., Dorner, T., Domiati-Saad, R., and 
Lipsky, P.E. (1997). Analysis of the human VH gene repertoire. Differential effects 
of selection and somatic hypermutation on human peripheral CD5(+)/IgM+ and 
CD5(-)/IgM+ B cells. J Clin Invest 99, 2488-2501. 

Brundage, R.A., Fogarty, K.E., Tuft, R.A., and Fay, F.S. (1991). Calcium gradients 
underlying polarization and chemotaxis of eosinophils. Science 254, 703-706. 

Buchner, M., Baer, C., Prinz, G., Dierks, C., Burger, M., Zenz, T., Stilgenbauer, S., 
Jumaa, H., Veelken, H., and Zirlik, K. (2010). Spleen tyrosine kinase inhibition 
prevents chemokine- and integrin-mediated stromal protective effects in chronic 
lymphocytic leukemia. Blood 115, 4497-4506. 

Buchner, M., Fuchs, S., Prinz, G., Pfeifer, D., Bartholome, K., Burger, M., Chevalier, 
N., Vallat, L., Timmer, J., Gribben, J.G., et al. (2009). Spleen tyrosine kinase is 
overexpressed and represents a potential therapeutic target in chronic 
lymphocytic leukemia. Cancer research 69, 5424-5432. 



   
 

 197 

Buggins, A.G.S., Levi, A., Gohil, S., Fishlock, K., Patten, P.E.M., Calle, Y., Yallop, D., 
and Devereux, S. (2011). Evidence for a macromolecular complex in poor 
prognosis CLL that contains CD38, CD49d, CD44 and MMP-9. British journal of 
haematology 154, 216-222. 

Buggins, A.G.S., Pepper, C., Patten, P.E.M., Hewamana, S., Gohil, S., Moorhead, J., 
Folarin, N.d., Yallop, D., Thomas, N.S.B., Mufti, G.J., et al. (2010). Interaction with 
vascular endothelium enhances survival in primary chronic lymphocytic 
leukemia cells via NF-kappaB activation and de novo gene transcription. Cancer 
research 70, 7523-7533. 

Bulian, P., Shanafelt, T.D., Fegan, C., Zucchetto, A., Cro, L., Nuckel, H., Baldini, L., 
Kurtova, A.V., Ferrajoli, A., Burger, J.A., et al. (2014). CD49d is the strongest flow 
cytometry-based predictor of overall survival in chronic lymphocytic leukemia. J 
Clin Oncol 32, 897-904. 

Burbelo, P.D., Drechsel, D., and Hall, A. (1995). A conserved binding motif defines 
numerous candidate target proteins for both Cdc42 and Rac GTPases. The Journal 
of biological chemistry 270, 29071-29074. 

Burger, J.a. (2010). Chemokines and chemokine receptors in chronic lymphocytic 
leukemia (CLL): from understanding the basics towards therapeutic targeting. 
Seminars in cancer biology 20, 424-430. 

Burger, J.a. (2011). Nurture versus nature: the microenvironment in chronic 
lymphocytic leukemia. Hematology / the Education Program of the American 
Society of Hematology American Society of Hematology Education Program 2011, 
96-103. 

Burger, J.A., and Chiorazzi, N. (2013). B cell receptor signaling in chronic 
lymphocytic leukemia. Trends in Immunology 34, 592-601. 

Burger, J.A., Tsukada, N., Burger, M., Zvaifler, N.J., Dell'Aquila, M., and Kipps, T.J. 
(2000). Blood-derived nurse-like cells protect chronic lymphocytic leukemia B 
cells from spontaneous apoptosis through stromal cell-derived factor-1. Blood 96, 
2655-2663. 

Burkle, A., Niedermeier, M., Schmitt-Graff, A., Wierda, W.G., Keating, M.J., and 
Burger, J.A. (2007). Overexpression of the CXCR5 chemokine receptor, and its 
ligand, CXCL13 in B-cell chronic lymphocytic leukemia. Blood 110, 3316-3325. 

Byrd, J.C., Furman, R.R., Coutre, S.E., Flinn, I.W., Burger, J.A., Blum, K.A., Grant, B., 
Sharman, J.P., Coleman, M., Wierda, W.G., et al. (2013). Targeting BTK with 
ibrutinib in relapsed chronic lymphocytic leukemia. The New England journal of 
medicine 369, 32-42. 

Cahalan, M.D., and Parker, I. (2006). Imaging the choreography of lymphocyte 
trafficking and the immune response. Curr Opin Immunol 18, 476-482. 



   
 

 198 

Cain, R.J., and Ridley, A.J. (2009). Phosphoinositide 3-kinases in cell migration. 
Biology of the cell / under the auspices of the European Cell Biology Organization 
101, 13-29. 

Calcraft, P.J., Ruas, M., Pan, Z., Cheng, X., Arredouani, A., Hao, X., Tang, J., Rietdorf, 
K., Teboul, L., Chuang, K.T., et al. (2009). NAADP mobilizes calcium from acidic 
organelles through two-pore channels. Nature 459, 596-600. 

Calin, G.A., Dumitru, C.D., Shimizu, M., Bichi, R., Zupo, S., Noch, E., Aldler, H., Rattan, 
S., Keating, M., Rai, K., et al. (2002). Frequent deletions and down-regulation of 
micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. 
Proceedings of the National Academy of Sciences of the United States of America 
99, 15524-15529. 

Calissano, C., Damle, R.N., Hayes, G., Murphy, E.J., Hellerstein, M.K., Moreno, C., 
Sison, C., Kaufman, M.S., Kolitz, J.E., Allen, S.L., et al. (2009). In vivo intraclonal and 
interclonal kinetic heterogeneity in B-cell chronic lymphocytic leukemia. Blood 
114, 4832-4842. 

Calissano, C., Damle, R.N., Marsilio, S., Yan, X.J., Yancopoulos, S., Hayes, G., Emson, 
C., Murphy, E.J., Hellerstein, M.K., Sison, C., et al. (2011). Intraclonal complexity in 
chronic lymphocytic leukemia: fractions enriched in recently born/divided and 
older/quiescent cells. Molecular Medicine 17, 1374-1382. 

Caloca, M.J., Zugaza, J.L., Vicente-Manzanares, M., Sanchez-Madrid, F., and Bustelo, 
X.R. (2004). F-actin-dependent translocation of the Rap1 GDP/GTP exchange 
factor RasGRP2. The Journal of biological chemistry 279, 20435-20446. 

Calpe, E., Codony, C., Baptista, M.J., Abrisqueta, P., Carpio, C., Purroy, N., Bosch, F., 
and Crespo, M. (2011). ZAP-70 enhances migration of malignant B lymphocytes 
toward CCL21 by inducing CCR7 expression via IgM-ERK1/2 activation. Blood 
118, 4401-4410. 

Cambier, J.C., Gauld, S.B., Merrell, K.T., and Vilen, B.J. (2007). B-cell anergy: from 
transgenic models to naturally occurring anergic B cells? Nature reviews 
Immunology 7, 633-643. 

Campellone, K.G., and Welch, M.D. (2010). A nucleator arms race: cellular control 
of actin assembly. Nature reviews Molecular cell biology 11, 237-251. 

Canault, M., Ghalloussi, D., Grosdidier, C., Guinier, M., Perret, C., Chelghoum, N., 
Germain, M., Raslova, H., Peiretti, F., Morange, P.E., et al. (2014). Human CalDAG-
GEFI gene (RASGRP2) mutation affects platelet function and causes severe 
bleeding. The Journal of experimental medicine 211, 1349-1362. 

Capitani, N., Patrussi, L., Trentin, L., Lucherini, O.M., Cannizzaro, E., Migliaccio, E., 
Frezzato, F., Gattazzo, C., Forconi, F., Pelicci, P., et al. (2012). S1P1 expression is 
controlled by the pro-oxidant activity of p66Shc and is impaired in B-CLL patients 
with unfavorable prognosis. Blood 120, 4391-4399. 



   
 

 199 

Carbo, C., Duerschmied, D., Goerge, T., Hattori, H., Sakai, J., Cifuni, S.M., White, G.C., 
2nd, Chrzanowska-Wodnicka, M., Luo, H.R., and Wagner, D.D. (2010). Integrin-
independent role of CalDAG-GEFI in neutrophil chemotaxis. Journal of leukocyte 
biology 88, 313-319. 

Carman, C.V., Sage, P.T., Sciuto, T.E., de la Fuente, M.A., Geha, R.S., Ochs, H.D., 
Dvorak, H.F., Dvorak, A.M., and Springer, T.A. (2007). Transcellular diapedesis is 
initiated by invasive podosomes. Immunity 26, 784-797. 

Carman, C.V., and Springer, T.A. (2004). A transmigratory cup in leukocyte 
diapedesis both through individual vascular endothelial cells and between them. 
The Journal of cell biology 167, 377-388. 

Carrasco, Y.R., and Batista, F.D. (2006). B-cell activation by membrane-bound 
antigens is facilitated by the interaction of VLA-4 with VCAM-1. Embo J 25, 889-
899. 

Carrasco, Y.R., and Batista, F.D. (2007). B cells acquire particulate antigen in a 
macrophage-rich area at the boundary between the follicle and the subcapsular 
sinus of the lymph node. Immunity 27, 160-171. 

Carrasco, Y.R., Fleire, S.J., Cameron, T., Dustin, M.L., and Batista, F.D. (2004). LFA-
1/ICAM-1 interaction lowers the threshold of B cell activation by facilitating B 
cell adhesion and synapse formation. Immunity 20, 589-599. 

Catera, R., Silverman, G.J., Hatzi, K., Seiler, T., Didier, S., Zhang, L., Herve, M., Meffre, 
E., Oscier, D.G., Vlassara, H., et al. (2008). Chronic lymphocytic leukemia cells 
recognize conserved epitopes associated with apoptosis and oxidation. Molecular 
Medicine 14, 665-674. 

Chaplin, D.D. (2010). Overview of the immune response. J Allergy Clin Immunol 
125, S3-23. 

Chen, L., Huynh, L., Apgar, J., Tang, L., Rassenti, L., Weiss, A., and Kipps, T.J. (2008a). 
ZAP-70 enhances IgM signaling independent of its kinase activity in chronic 
lymphocytic leukemia. Blood 111, 2685-2692. 

Chen, L., Widhopf, G., Huynh, L., Rassenti, L., Rai, K.R., Weiss, A., and Kipps, T.J. 
(2002). Expression of ZAP-70 is associated with increased B-cell receptor 
signaling in chronic lymphocytic leukemia. Blood 100, 4609-4614. 

Chen, Y., Yu, M., Podd, A., Wen, R., Chrzanowska-Wodnicka, M., White, G.C., and 
Wang, D. (2008b). A critical role of Rap1b in B-cell trafficking and marginal zone 
B-cell development. Blood 111, 4627-4636. 

Chiorazzi, N., and Ferrarini, M. (2011). Cellular origin(s) of chronic lymphocytic 
leukemia: cautionary notes and additional considerations and possibilities. Blood 
117, 1781-1791. 

Chiorazzi, N., Rai, K.R., and Ferrarini, M. (1995). Chronic lymphocytic leukemia. 
New England Journal of Medicine, 804-815. 



   
 

 200 

Chu, H., Awasthi, A., White, G.C., 2nd, Chrzanowska-Wodnicka, M., and 
Malarkannan, S. (2008). Rap1b regulates B cell development, homing, and T cell-
dependent humoral immunity. Journal of immunology 181, 3373-3383. 

Churchill, G.C., Okada, Y., Thomas, J.M., Genazzani, A.a., Patel, S., and Galione, A. 
(2002). NAADP mobilizes Ca(2+) from reserve granules, lysosome-related 
organelles, in sea urchin eggs. Cell 111, 703-708. 

Cifuni, S.M., Wagner, D.D., and Bergmeier, W. (2008). CalDAG-GEFI and protein 
kinase C represent alternative pathways leading to activation of integrin 
alphaIIbbeta3 in platelets. Blood 112, 1696-1703. 

Cinamon, G., Shinder, V., and Alon, R. (2001). Shear forces promote lymphocyte 
migration across vascular endothelium bearing apical chemokines. Nature 
immunology 2, 515-522. 

Coelho, V., Krysov, S., Steele, A., Sanchez Hidalgo, M., Johnson, P.W., Chana, P.S., 
Packham, G., Stevenson, F.K., and Forconi, F. (2013). Identification in CLL of 
circulating intraclonal subgroups with varying B-cell receptor expression and 
function. Blood 122, 2664-2672. 

Coleman, M.L., Marshall, C.J., and Olson, M.F. (2004). RAS and RHO GTPases in G1-
phase cell-cycle regulation. Nat Rev Mol Cell Biol 5, 355-366. 

Copello, J.A., Qi, Y., Jeyakumar, L.H., Ogunbunmi, E., and Fleischer, S. (2001). Lack 
of effect of cADP-ribose and NAADP on the activity of skeletal muscle and heart 
ryanodine receptors. Cell Calcium 30, 269-284. 

Crabtree, G.R., and Schreiber, S.L. (2009). SnapShot: Ca2+-calcineurin-NFAT 
signaling. Cell 138, 210, 210 e211. 

Crespo, M., Bosch, F., Villamor, N., Bellosillo, B., Colomer, D., Rozman, M., Marce, 
S., Lopez-Guillermo, A., Campo, E., and Montserrat, E. (2003). ZAP-70 expression 
as a surrogate for immunoglobulin-variable-region mutations in chronic 
lymphocytic leukemia. The New England journal of medicine 348, 1764-1775. 

Croker, B.A., Tarlinton, D.M., Cluse, L.A., Tuxen, A.J., Light, A., Yang, F.C., Williams, 
D.A., and Roberts, A.W. (2002). The Rac2 guanosine triphosphatase regulates B 
lymphocyte antigen receptor responses and chemotaxis and is required for 
establishment of B-1a and marginal zone B lymphocytes. Journal of immunology 
168, 3376-3386. 

Cutrona, G., Colombo, M., Matis, S., Fabbi, M., Spriano, M., Callea, V., Vigna, E., 
Gentile, M., Zupo, S., Chiorazzi, N., et al. (2008). Clonal heterogeneity in chronic 
lymphocytic leukemia cells: superior response to surface IgM cross-linking in 
CD38, ZAP-70-positive cells. Haematologica 93, 413-422. 

Cutrona, G., Colombo, M., Matis, S., Reverberi, D., Dono, M., Tarantino, V., Chiorazzi, 
N., and Ferrarini, M. (2006). B lymphocytes in humans express ZAP-70 when 
activated in vivo. European journal of immunology 36, 558-569. 



   
 

 201 

Cyster, J.G. (2010). B cell follicles and antigen encounters of the third kind. Nature 
immunology 11, 989-996. 

Cyster, J.G., and Goodnow, C.C. (1995). Pertussis toxin inhibits migration of B and 
T lymphocytes into splenic white pulp cords. The Journal of experimental 
medicine 182, 581-586. 

D'Arena, G., Musto, P., Cascavilla, N., Dell'Olio, M., Di Renzo, N., Perla, G., Savino, L., 
and Carotenuto, M. (2001). CD38 expression correlates with adverse biological 
features and predicts poor clinical outcome in B-cell chronic lymphocytic 
leukemia. Leukemia & lymphoma 42, 109-114. 

da Silva, C.P., and Guse, A.H. (2000). Intracellular Ca(2+) release mechanisms: 
multiple pathways having multiple functions within the same cell type? Biochim 
Biophys Acta 1498, 122-133. 

Damle, R.N., Temburni, S., Calissano, C., Yancopoulos, S., Banapour, T., Sison, C., 
Allen, S.L., Rai, K.R., and Chiorazzi, N. (2007). CD38 expression labels an activated 
subset within chronic lymphocytic leukemia clones enriched in proliferating B 
cells. Blood 110, 3352-3359. 

Damle, R.N., Wasil, T., Fais, F., Ghiotto, F., Valetto, A., Allen, S.L., Buchbinder, A., 
Budman, D., Dittmar, K., Kolitz, J., et al. (1999). Ig V gene mutation status and CD38 
expression as novel prognostic indicators in chronic lymphocytic leukemia. Blood 
94, 1840-1847. 

Dargie, P.J., Agre, M.C., and Lee, H.C. (1990). Comparison of Ca2+ mobilizing 
activities of cyclic ADP-ribose and inositol trisphosphate. Cell Regul 1, 279-290. 

Davids, M.S., and Burger, J.a. (2012). Cell Trafficking in Chronic Lymphocytic 
Leukemia. Open journal of hematology 3, 1-4. 

Davis, R.E., Ngo, V.N., Lenz, G., Tolar, P., Young, R.M., Romesser, P.B., Kohlhammer, 
H., Lamy, L., Zhao, H., Yang, Y., et al. (2010). Chronic active B-cell-receptor 
signalling in diffuse large B-cell lymphoma. Nature 463, 88-92. 

De Flora, A., Zocchi, E., Guida, L., Franco, L., and Bruzzone, S. (2004). Autocrine 
and paracrine calcium signaling by the CD38/NAD+/cyclic ADP-ribose system. 
Ann N Y Acad Sci 1028, 176-191. 

de Gorter, D.J.J., Beuling, E.a., Kersseboom, R., Middendorp, S., van Gils, J.M., 
Hendriks, R.W., Pals, S.T., and Spaargaren, M. (2007). Bruton's tyrosine kinase 
and phospholipase Cgamma2 mediate chemokine-controlled B cell migration and 
homing. Immunity 26, 93-104. 

de Rooij, M.F., Kuil, A., Geest, C.R., Eldering, E., Chang, B.Y., Buggy, J.J., Pals, S.T., 
and Spaargaren, M. (2012). The clinically active BTK inhibitor PCI-32765 targets 
B-cell receptor- and chemokine-controlled adhesion and migration in chronic 
lymphocytic leukemia. Blood 119, 2590-2594. 



   
 

 202 

Deaglio, S., Aydin, S., Vaisitti, T., Bergui, L., and Malavasi, F. (2008). CD38 at the 
junction between prognostic marker and therapeutic target. Trends in molecular 
medicine 14, 210-218. 

Deaglio, S., Capobianco, A., Bergui, L., Du, J., Morabito, F., Du, U., and Malavasi, F. 
(2003). CD38 is a signaling molecule in B-cell chronic lymphocytic leukemia cells. 
Blood 102, 2146-2155. 

Deaglio, S., Morra, M., Mallone, R., Ausiello, C.M., Prager, E., Garbarino, G., Dianzani, 
U., Stockinger, H., and Malavasi, F. (1998). Human CD38 (ADP-ribosyl cyclase) is 
a counter-receptor of CD31, an Ig superfamily member. Journal of immunology 
160, 395-402. 

Deaglio, S., Vaisitti, T., Aydin, S., Bergui, L., D'Arena, G., Bonello, L., Omedé, P., 
Scatolini, M., Jaksic, O., Chiorino, G., et al. (2007a). CD38 and ZAP-70 are 
functionally linked and mark CLL cells with high migratory potential. Blood 110, 
4012-4021. 

Deaglio, S., Vaisitti, T., Bergui, L., Bonello, L., Horenstein, A.L., Tamagnone, L., 
Boumsell, L., and Malavasi, F. (2005). CD38 and CD100 lead a network of surface 
receptors relaying positive signals for B-CLL growth and survival. Blood 105, 
3042-3050. 

Deaglio, S., Vaisitti, T., Billington, R., Bergui, L., Omede, P., Genazzani, A.A., and 
Malavasi, F. (2007b). CD38/CD19: a lipid raft-dependent signaling complex in 
human B cells. Blood 109, 5390-5398. 

Del Giudice, I., Rossi, D., Chiaretti, S., Marinelli, M., Tavolaro, S., Gabrielli, S., 
Laurenti, L., Marasca, R., Rasi, S., Fangazio, M., et al. (2012). NOTCH1 mutations in 
+12 chronic lymphocytic leukemia (CLL) confer an unfavorable prognosis, induce 
a distinctive transcriptional profiling and refine the intermediate prognosis of 
+12 CLL. Haematologica 97, 437-441. 

Del Poeta, G., Maurillo, L., Venditti, A., Buccisano, F., Epiceno, A.M., Capelli, G., 
Tamburini, A., Suppo, G., Battaglia, A., Del Principe, M.I., et al. (2001). Clinical 
significance of CD38 expression in chronic lymphocytic leukemia. Blood 98, 
2633-2639. 

Delves, P.J., and Roitt, I.M. (2000). The immune system. First of two parts. The 
New England journal of medicine 343, 37-49. 

Dianzani, U., Funaro, A., DiFranco, D., Garbarino, G., Bragardo, M., Redoglia, V., 
Buonfiglio, D., De Monte, L.B., Pileri, A., and Malavasi, F. (1994). Interaction 
between endothelium and CD4+CD45RA+ lymphocytes. Role of the human CD38 
molecule. Journal of immunology 153, 952-959. 

Dixit, N., and Simon, S.I. (2012). Chemokines, selectins and intracellular calcium 
flux: temporal and spatial cues for leukocyte arrest. Front Immunol 3, 188. 

Dohner, H., Stilgenbauer, S., Benner, A., Leupolt, E., Krober, A., Bullinger, L., 
Dohner, K., Bentz, M., and Lichter, P. (2000). Genomic aberrations and survival in 



   
 

 203 

chronic lymphocytic leukemia. The New England journal of medicine 343, 1910-
1916. 

Doody, G.M., Justement, L.B., Delibrias, C.C., Matthews, R.J., Lin, J., Thomas, M.L., 
and Fearon, D.T. (1995). A role in B cell activation for CD22 and the protein 
tyrosine phosphatase SHP. Science 269, 242-244. 

Dovas, A., and Couchman, J.R. (2005). RhoGDI: multiple functions in the 
regulation of Rho family GTPase activities. The Biochemical journal 390, 1-9. 

Duchniewicz, M., Zemojtel, T., Kolanczyk, M., Grossmann, S., Scheele, J.S., and 
Zwartkruis, F.J. (2006). Rap1A-deficient T and B cells show impaired integrin-
mediated cell adhesion. Mol Cell Biol 26, 643-653. 

Duhren-von Minden, M., Ubelhart, R., Schneider, D., Wossning, T., Bach, M.P., 
Buchner, M., Hofmann, D., Surova, E., Follo, M., Kohler, F., et al. (2012). Chronic 
lymphocytic leukaemia is driven by antigen-independent cell-autonomous 
signalling. Nature 489, 309-312. 

Durig, J., Naschar, M., Schmucker, U., Renzing-Kohler, K., Holter, T., Huttmann, A., 
and Duhrsen, U. (2002). CD38 expression is an important prognostic marker in 
chronic lymphocytic leukaemia. Leukemia 16, 30-35. 

Dustin, M.L., Bivona, T.G., and Philips, M.R. (2004). Membranes as messengers in 
T cell adhesion signaling. Nat Immunol 5, 363-372. 

Duty, J.A., Szodoray, P., Zheng, N.Y., Koelsch, K.A., Zhang, Q., Swiatkowski, M., 
Mathias, M., Garman, L., Helms, C., Nakken, B., et al. (2009). Functional anergy in 
a subpopulation of naive B cells from healthy humans that express autoreactive 
immunoglobulin receptors. The Journal of experimental medicine 206, 139-151. 

Ebisuno, Y., Katagiri, K., Katakai, T., Ueda, Y., Nemoto, T., Inada, H., Nabekura, J., 
Okada, T., Kannagi, R., Tanaka, T., et al. (2010). Rap1 controls lymphocyte 
adhesion cascade and interstitial migration within lymph nodes in RAPL-
dependent and -independent manners. Blood 115, 804-814. 

Efremov, D.G., Ivanovski, M., Batista, F.D., Pozzato, G., and Burrone, O.R. (1996). 
IgM-producing chronic lymphocytic leukemia cells undergo immunoglobulin 
isotype-switching without acquiring somatic mutations. J Clin Invest 98, 290-298. 

Ekland, E.H., Forster, R., Lipp, M., and Cyster, J.G. (2004). Requirements for 
follicular exclusion and competitive elimination of autoantigen-binding B cells. 
Journal of immunology 172, 4700-4708. 

Endo, T., Nishio, M., Enzler, T., Cottam, H.B., Fukuda, T., James, D.F., Karin, M., and 
Kipps, T.J. (2007). BAFF and APRIL support chronic lymphocytic leukemia B-cell 
survival through activation of the canonical NF-kappaB pathway. Blood 109, 703-
710. 

Evans, J.H., and Falke, J.J. (2007). Ca2+ influx is an essential component of the 
positive-feedback loop that maintains leading-edge structure and activity in 



   
 

 204 

macrophages. Proceedings of the National Academy of Sciences of the United 
States of America 104, 16176-16181. 

Evans, R., Lellouch, A.C., Svensson, L., McDowall, A., and Hogg, N. (2011). The 
integrin LFA-1 signals through ZAP-70 to regulate expression of high-affinity 
LFA-1 on T lymphocytes. Blood 117, 3331-3342. 

Fabbri, G., Rasi, S., Rossi, D., Trifonov, V., Khiabanian, H., Ma, J., Grunn, A., Fangazio, 
M., Capello, D., Monti, S., et al. (2011). Analysis of the chronic lymphocytic 
leukemia coding genome: role of NOTCH1 mutational activation. The Journal of 
experimental medicine 208, 1389-1401. 

Fedorchenko, O., Stiefelhagen, M., Peer-Zada, A.A., Barthel, R., Mayer, P., Eckei, L., 
Breuer, A., Crispatzu, G., Rosen, N., Landwehr, T., et al. (2013). CD44 regulates the 
apoptotic response and promotes disease development in chronic lymphocytic 
leukemia. Blood 121, 4126-4136. 

Forster, R., Mattis, A.E., Kremmer, E., Wolf, E., Brem, G., and Lipp, M. (1996). A 
putative chemokine receptor, BLR1, directs B cell migration to defined lymphoid 
organs and specific anatomic compartments of the spleen. Cell 87, 1037-1047. 

Freedman, A.S., Munro, J.M., Rice, G.E., Bevilacqua, M.P., Morimoto, C., McIntyre, 
B.W., Rhynhart, K., Pober, J.S., and Nadler, L.M. (1990). Adhesion of human B cells 
to germinal centers in vitro involves VLA-4 and INCAM-110. Science 249, 1030-
1033. 

Friedberg, J.W., Sharman, J., Sweetenham, J., Johnston, P.B., Vose, J.M., Lacasce, A., 
Schaefer-Cutillo, J., De Vos, S., Sinha, R., Leonard, J.P., et al. (2010). Inhibition of 
Syk with fostamatinib disodium has significant clinical activity in non-Hodgkin 
lymphoma and chronic lymphocytic leukemia. Blood 115, 2578-2585. 

Friedl, P., Borgmann, S., and Brocker, E.B. (2001). Amoeboid leukocyte crawling 
through extracellular matrix: lessons from the Dictyostelium paradigm of cell 
movement. Journal of leukocyte biology 70, 491-509. 

Friedl, P., and Weigelin, B. (2008). Interstitial leukocyte migration and immune 
function. Nature immunology 9, 960-969. 

Fujikawa, K., Miletic, A.V., Alt, F.W., Faccio, R., Brown, T., Hoog, J., Fredericks, J., 
Nishi, S., Mildiner, S., Moores, S.L., et al. (2003). Vav1/2/3-null mice define an 
essential role for Vav family proteins in lymphocyte development and activation 
but a differential requirement in MAPK signaling in T and B cells. J Exp Med 198, 
1595-1608. 

Fukui, Y., Hashimoto, O., Sanui, T., Oono, T., Koga, H., Abe, M., Inayoshi, A., Noda, 
M., Oike, M., Shirai, T., et al. (2001). Haematopoietic cell-specific CDM family 
protein DOCK2 is essential for lymphocyte migration. Nature 412, 826-831. 

Funaro, A., Reinis, M., Trubiani, O., Santi, S., Di Primio, R., and Malavasi, F. (1998). 
CD38 functions are regulated through an internalization step. Journal of 
immunology 160, 2238-2247. 



   
 

 205 

Funaro, A., Spagnoli, G.C., Ausiello, C.M., Alessio, M., Roggero, S., Delia, D., Zaccolo, 
M., and Malavasi, F. (1990). Involvement of the multilineage CD38 molecule in a 
unique pathway of cell activation and proliferation. Journal of immunology 145, 
2390-2396. 

Furman, R.R., Cheng, S., Lu, P., Setty, M., Perez, A.R., Guo, A., Racchumi, J., Xu, G., 
Wu, H., Ma, J., et al. (2014a). Ibrutinib resistance in chronic lymphocytic leukemia. 
The New England journal of medicine 370, 2352-2354. 

Furman, R.R., Sharman, J.P., Coutre, S.E., Cheson, B.D., Pagel, J.M., Hillmen, P., 
Barrientos, J.C., Zelenetz, A.D., Kipps, T.J., Flinn, I., et al. (2014b). Idelalisib and 
rituximab in relapsed chronic lymphocytic leukemia. The New England journal of 
medicine 370, 997-1007. 

Gaidano, G., Foa, R., and Dalla-Favera, R. (2012). Molecular pathogenesis of 
chronic lymphocytic leukemia. J Clin Invest 122, 3432-3438. 

Galione, A. (2002). Interactions between calcium release pathways: multiple 
messengers and multiple stores. Cell Calcium 32, 343-354. 

Galione, A., Lee, H.C., and Busa, W.B. (1991). Ca(2+)-induced Ca2+ release in sea 
urchin egg homogenates: modulation by cyclic ADP-ribose. Science 253, 1143-
1146. 

Garcia-Bernal, D., Wright, N., Sotillo-Mallo, E., Nombela-Arrieta, C., Stein, J.V., 
Bustelo, X.R., and Teixido, J. (2005). Vav1 and Rac control chemokine-promoted 
T lymphocyte adhesion mediated by the integrin alpha4beta1. Mol Biol Cell 16, 
3223-3235. 

Gattei, V., Bulian, P., Del Principe, M.I., Zucchetto, A., Maurillo, L., Buccisano, F., 
Bomben, R., Dal-Bo, M., Luciano, F., Rossi, F.M., et al. (2008). Relevance of CD49d 
protein expression as overall survival and progressive disease prognosticator in 
chronic lymphocytic leukemia. Blood 111, 865-873. 

Gatto, D., and Brink, R. (2010). The germinal center reaction. J Allergy Clin 
Immunol 126, 898-907; quiz 908-899. 

Gauld, S.B., Merrell, K.T., and Cambier, J.C. (2006). Silencing of autoreactive B cells 
by anergy: a fresh perspective. Curr Opin Immunol 18, 292-297. 

Gauthier, N.C., Fardin, M.A., Roca-Cusachs, P., and Sheetz, M.P. (2011). Temporary 
increase in plasma membrane tension coordinates the activation of exocytosis 
and contraction during cell spreading. Proceedings of the National Academy of 
Sciences of the United States of America 108, 14467-14472. 

Ghandour, H., Cullere, X., Alvarez, A., Luscinskas, F.W., and Mayadas, T.N. (2007). 
Essential role for Rap1 GTPase and its guanine exchange factor CalDAG-GEFI in 
LFA-1 but not VLA-4 integrin mediated human T-cell adhesion. Blood 110, 3682-
3690. 



   
 

 206 

Ghia, P., Chiorazzi, N., and Stamatopoulos, K. (2008). Microenvironmental 
influences in chronic lymphocytic leukaemia: the role of antigen stimulation. J 
Intern Med 264, 549-562. 

Ghia, P., Guida, G., Stella, S., Gottardi, D., Geuna, M., Strola, G., Scielzo, C., and 
Caligaris-Cappio, F. (2003). The pattern of CD38 expression defines a distinct 
subset of chronic lymphocytic leukemia (CLL) patients at risk of disease 
progression. Blood 101, 1262-1269. 

Ghia, P., Strola, G., Granziero, L., Geuna, M., Guida, G., Sallusto, F., Ruffing, N., 
Montagna, L., Piccoli, P., Chilosi, M., et al. (2002). Chronic lymphocytic leukemia B 
cells are endowed with the capacity to attract CD4+, CD40L+ T cells by producing 
CCL22. European journal of immunology 32, 1403-1413. 

Ghiotto, F., Fais, F., Valetto, A., Albesiano, E., Hashimoto, S., Dono, M., Ikematsu, H., 
Allen, S.L., Kolitz, J., Rai, K.R., et al. (2004). Remarkably similar antigen receptors 
among a subset of patients with chronic lymphocytic leukemia. J Clin Invest 113, 
1008-1016. 

Giannoni, P., Pietra, G., Travaini, G., Quarto, R., Shyti, G., Benelli, R., Ottaggio, L., 
Mingari, M.C., Zupo, S., Cutrona, G., et al. (2014). Chronic lymphocytic leukemia 
nurse-like cells express hepatocyte growth factor receptor (c-MET) and 
indoleamine 2,3-dioxygenase and display features of immunosuppressive type 2 
skewed macrophages. Haematologica 99, 1078-1087. 

Gilbert, S.H., Perry, K., and Fay, F.S. (1994). Mediation of chemoattractant-induced 
changes in [Ca2+]i and cell shape, polarity, and locomotion by InsP3, DAG, and 
protein kinase C in newt eosinophils. The Journal of cell biology 127, 489-503. 

Girard, J.-P., Moussion, C., and Förster, R. (2012). HEVs, lymphatics and 
homeostatic immune cell trafficking in lymph nodes. Nature reviews 
Immunology 12, 762-773. 

Girkontaite, I., Missy, K., Sakk, V., Harenberg, a., Tedford, K., Pötzel, T., Pfeffer, K., 
and Fischer, K.D. (2001). Lsc is required for marginal zone B cells, regulation of 
lymphocyte motility and immune responses. Nature immunology 2, 855-862. 

Gloerich, M., and Bos, J.L. (2011). Regulating Rap small G-proteins in time and 
space. Trends in cell biology 21, 615-623. 

Goley, E.D., and Welch, M.D. (2006). The ARP2/3 complex: an actin nucleator 
comes of age. Nature reviews Molecular cell biology 7, 713-726. 

Granziero, L., Circosta, P., Scielzo, C., Frisaldi, E., Stella, S., Geuna, M., Giordano, S., 
Ghia, P., and Caligaris-Cappio, F. (2003). CD100/Plexin-B1 interactions sustain 
proliferation and survival of normal and leukemic CD5+ B lymphocytes. Blood 
101, 1962-1969. 

Greaves, M., and Maley, C.C. (2012). Clonal evolution in cancer. Nature 481, 306-
313. 



   
 

 207 

Green, J.a., Suzuki, K., Cho, B., Willison, L.D., Palmer, D., Allen, C.D.C., Schmidt, T.H., 
Xu, Y., Proia, R.L., Coughlin, S.R., et al. (2011). The sphingosine 1-phosphate 
receptor S1P₂ maintains the homeostasis of germinal center B cells and promotes 
niche confinement. Nature immunology 12, 672-680. 

Gu, Y., Filippi, M.D., Cancelas, J.A., Siefring, J.E., Williams, E.P., Jasti, A.C., Harris, C.E., 
Lee, A.W., Prabhakar, R., Atkinson, S.J., et al. (2003). Hematopoietic cell regulation 
by Rac1 and Rac2 guanosine triphosphatases. Science 302, 445-449. 

Guida, L., Bruzzone, S., Sturla, L., Franco, L., Zocchi, E., and De Flora, A. (2002). 
Equilibrative and concentrative nucleoside transporters mediate influx of 
extracellular cyclic ADP-ribose into 3T3 murine fibroblasts. The Journal of 
biological chemistry 277, 47097-47105. 

Guo, F., Velu, C.S., Grimes, H.L., and Zheng, Y. (2009). Rho GTPase Cdc42 is 
essential for B-lymphocyte development and activation. Blood 114, 2909-2916. 

Guse, A.H. (2004). Biochemistry, biology, and pharmacology of cyclic adenosine 
diphosphoribose (cADPR). Curr Med Chem 11, 847-855. 

Hallek, M. (2005). Chronic lymphocytic leukemia (CLL): first-line treatment. 
Hematology / the Education Program of the American Society of Hematology 
American Society of Hematology Education Program, 285-291. 

Hallek, M., Fischer, K., Fingerle-Rowson, G., Fink, A.M., Busch, R., Mayer, J., Hensel, 
M., Hopfinger, G., Hess, G., von Grunhagen, U., et al. (2010). Addition of rituximab 
to fludarabine and cyclophosphamide in patients with chronic lymphocytic 
leukaemia: a randomised, open-label, phase 3 trial. Lancet 376, 1164-1174. 

Hamblin, T.J., Orchard, J.A., Ibbotson, R.E., Davis, Z., Thomas, P.W., Stevenson, F.K., 
and Oscier, D.G. (2002). CD38 expression and immunoglobulin variable region 
mutations are independent prognostic variables in chronic lymphocytic leukemia, 
but CD38 expression may vary during the course of the disease. Blood 99, 1023-
1029. 

Han, S.B., Moratz, C., Huang, N.N., Kelsall, B., Cho, H., Shi, C.S., Schwartz, O., and 
Kehrl, J.H. (2005). Rgs1 and Gnai2 regulate the entrance of B lymphocytes into 
lymph nodes and B cell motility within lymph node follicles. Immunity 22, 343-
354. 

Hao, J.J., Carey, G.B., and Zhan, X. (2004). Syk-mediated tyrosine phosphorylation 
is required for the association of hematopoietic lineage cell-specific protein 1 
with lipid rafts and B cell antigen receptor signalosome complex. J Biol Chem 279, 
33413-33420. 

Hara-Yokoyama, M., Kukimoto-Niino, M., Terasawa, K., Harumiya, S., Podyma-
Inoue, K.A., Hino, N., Sakamoto, K., Itoh, S., Hashii, N., Hiruta, Y., et al. (2012). 
Tetrameric interaction of the ectoenzyme CD38 on the cell surface enables its 
catalytic and raft-association activities. Structure 20, 1585-1595. 



   
 

 208 

Harwood, N.E., and Batista, F.D. (2010). Early events in B cell activation. Annual 
review of immunology 28, 185-210. 

Heasman, S.J., Carlin, L.M., Cox, S., Ng, T., and Ridley, A.J. (2010). Coordinated 
RhoA signaling at the leading edge and uropod is required for T cell 
transendothelial migration. The Journal of cell biology 190, 553-563. 

Heasman, S.J., and Ridley, A.J. (2008). Mammalian Rho GTPases: new insights into 
their functions from in vivo studies. Nature reviews Molecular cell biology 9, 690-
701. 

Henderson, R.B., Grys, K., Vehlow, A., de Bettignies, C., Zachacz, A., Henley, T., 
Turner, M., Batista, F., and Tybulewicz, V.L.J. (2010). A novel Rac-dependent 
checkpoint in B cell development controls entry into the splenic white pulp and 
cell survival. The Journal of experimental medicine 207, 837-853. 

Herens, C., Ketelslegers, O., Tassin, F., Hansen, S., and Bours, V. (2006). CD49d in 
B-cell chronic lymphocytic leukemia: correlated expression with CD38 and 
prognostic relevance. Leukemia 20, 523-523. 

Herishanu, Y., Perez-Galan, P., Liu, D., Biancotto, A., Pittaluga, S., Vire, B., Gibellini, 
F., Njuguna, N., Lee, E., Stennett, L., et al. (2011). The lymph node 
microenvironment promotes B-cell receptor signaling, NF-kappaB activation, 
and tumor proliferation in chronic lymphocytic leukemia. Blood 117, 563-574. 

Herman, S.E.M., Gordon, A.L., Wagner, A.J., Heerema, N.A., Zhao, W., Flynn, J.M., 
Jones, J., Andritsos, L., Puri, K.D., Lannutti, B.J., et al. (2010). Phosphatidylinositol 
3-kinase- ␦  inhibitor CAL-101 shows promising preclinical activity in chronic 
lymphocytic leukemia by antagonizing intrinsic and extrinsic cellular survival 
signals. Blood 116, 2078-2088. 

Hersher, R. (2012). Companies wager high on CD38-targeting drugs for blood 
cancer. Nature medicine 18, 1446. 

Hoellenriegel, J., Coffey, G.P., Sinha, U., Pandey, A., Sivina, M., Ferrajoli, A., Ravandi, 
F., Wierda, W.G., O'Brien, S., Keating, M.J., et al. (2012). Selective, novel spleen 
tyrosine kinase (Syk) inhibitors suppress chronic lymphocytic leukemia B-cell 
activation and migration. Leukemia 26, 1576-1583. 

Hoellenriegel, J., Meadows, S.a., Sivina, M., Wierda, W.G., Kantarjian, H., Keating, 
M.J., Giese, N., O'Brien, S., Yu, A., Miller, L.L., et al. (2011). The phosphoinositide 
3'-kinase delta inhibitor, CAL-101, inhibits B-cell receptor signaling and 
chemokine networks in chronic lymphocytic leukemia. Blood 118, 3603-3612. 

Hofbauer, S.W., Krenn, P.W., Ganghammer, S., Asslaber, D., Pichler, U., Oberascher, 
K., Henschler, R., Wallner, M., Kerschbaum, H., Greil, R., et al. (2014). Tiam1/Rac1 
signals contribute to the proliferation and chemoresistance, but not motility, of 
chronic lymphocytic leukemia cells. Blood 123, 2181-2188. 

Hogg, N., Patzak, I., and Willenbrock, F. (2011). The insider's guide to leukocyte 
integrin signalling and function. Nature reviews Immunology 11, 416-426. 



   
 

 209 

Hoshino, S., Kukimoto, I., Kontani, K., Inoue, S., Kanda, Y., Malavasi, F., and Katada, 
T. (1997). Mapping of the catalytic and epitopic sites of human CD38/NAD+ 
glycohydrolase to a functional domain in the carboxyl terminus. Journal of 
immunology 158, 741-747. 

Howard, M., Grimaldi, J.C., Bazan, J.F., Lund, F.E., Santos-Argumedo, L., Parkhouse, 
R.M., Walseth, T.F., and Lee, H.C. (1993). Formation and hydrolysis of cyclic ADP-
ribose catalyzed by lymphocyte antigen CD38. Science 262, 1056-1059. 

Ibrahim, S., Keating, M., Do, K.A., O'Brien, S., Huh, Y.O., Jilani, I., Lerner, S., 
Kantarjian, H.M., and Albitar, M. (2001). CD38 expression as an important 
prognostic factor in B-cell chronic lymphocytic leukemia. Blood 98, 181-186. 

Irie, K., Masuda, A., Shindo, M., Nakagawa, Y., and Ohigashi, H. (2004). Tumor 
promoter binding of the protein kinase C C1 homology domain peptides of 
RasGRPs, chimaerins, and Unc13s. Bioorg Med Chem 12, 4575-4583. 

Ishida, D., Su, L., Tamura, A., Katayama, Y., Kawai, Y., Wang, S.-F., Taniwaki, M., 
Hamazaki, Y., Hattori, M., and Minato, N. (2006). Rap1 signal controls B cell 
receptor repertoire and generation of self-reactive B1a cells. Immunity 24, 417-
427. 

Jackson, D.G., and Bell, J.I. (1990). Isolation of a cDNA encoding the human CD38 
(T10) molecule, a cell surface glycoprotein with an unusual discontinuous 
pattern of expression during lymphocyte differentiation. Journal of immunology 
144, 2811-2815. 

Jaksic, O., Paro, M.M., Kardum Skelin, I., Kusec, R., Pejsa, V., and Jaksic, B. (2004). 
CD38 on B-cell chronic lymphocytic leukemia cells has higher expression in 
lymph nodes than in peripheral blood or bone marrow. Blood 103, 1968-1969. 

Janeway, C.A., Travers, P., Walport, M., and Shlomchik, M.J. (2001). 
Immunobiology: The Immune System in Health and Disease, 5th edition edn 
(New York, Garland Science). 

Jelinek, D.F., Tschumper, R.C., Geyer, S.M., Bone, N.D., Dewald, G.W., Hanson, C.A., 
Stenson, M.J., Witzig, T.E., Tefferi, A., and Kay, N.E. (2001). Analysis of clonal B-
cell CD38 and immunoglobulin variable region sequence status in relation to 
clinical outcome for B-chronic lymphocytic leukaemia. British journal of 
haematology 115, 854-861. 

Jeong, H.-W., Li, Z., Brown, M.D., and Sacks, D.B. (2007). IQGAP1 binds Rap1 and 
modulates its activity. The Journal of biological chemistry 282, 20752-20762. 

Kane, L.P., Lin, J., and Weiss, A. (2000). Signal transduction by the TCR for antigen. 
Curr Opin Immunol 12, 242-249. 

Kasai, H., Li, Y.X., and Miyashita, Y. (1993). Subcellular distribution of Ca2+ 
release channels underlying Ca2+ waves and oscillations in exocrine pancreas. 
Cell 74, 669-677. 



   
 

 210 

Katagiri, K., Imamura, M., and Kinashi, T. (2006). Spatiotemporal regulation of the 
kinase Mst1 by binding protein RAPL is critical for lymphocyte polarity and 
adhesion. Nature immunology 7, 919-928. 

Katagiri, K., Ohnishi, N., Kabashima, K., Iyoda, T., Takeda, N., Shinkai, Y., Inaba, K., 
and Kinashi, T. (2004). Crucial functions of the Rap1 effector molecule RAPL in 
lymphocyte and dendritic cell trafficking. Nature immunology 5, 1045-1051. 

Kaucka, M., Plevova, K., Pavlova, S., Janovska, P., Mishra, A., Verner, J., Prochazkova, 
J., Krejci, P., Kotaskova, J., Ovesna, P., et al. (2013). The planar cell polarity 
pathway drives pathogenesis of chronic lymphocytic leukemia by the regulation 
of B-lymphocyte migration. Cancer research 73, 1491-1501. 

Kehrl, J.H. (2006). Chemoattractant receptor signaling and the control of 
lymphocyte migration. Immunol Res 34, 211-227. 

Kinashi, T. (2005). Intracellular signalling controlling integrin activation in 
lymphocytes. Nature reviews Immunology 5, 546-559. 

Kitanaka, A., Suzuki, T., Ito, C., Nishigaki, H., Coustan-Smith, E., Tanaka, T., Kubota, 
Y., and Campana, D. (1999). CD38-mediated signaling events in murine pro-B 
cells expressing human CD38 with or without its cytoplasmic domain. Journal of 
immunology 162, 1952-1958. 

Klein, U., Lia, M., Crespo, M., Siegel, R., Shen, Q., Mo, T., Ambesi-Impiombato, A., 
Califano, A., Migliazza, A., Bhagat, G., et al. (2010). The DLEU2/miR-15a/16-1 
cluster controls B cell proliferation and its deletion leads to chronic lymphocytic 
leukemia. Cancer cell 17, 28-40. 

Klein, U., Tu, Y., Stolovitzky, G.A., Mattioli, M., Cattoretti, G., Husson, H., Freedman, 
A., Inghirami, G., Cro, L., Baldini, L., et al. (2001). Gene expression profiling of B 
cell chronic lymphocytic leukemia reveals a homogeneous phenotype related to 
memory B cells. The Journal of experimental medicine 194, 1625-1638. 

Kometani, K., Ishida, D., Hattori, M., and Minato, N. (2004). Rap1 and SPA-1 in 
hematologic malignancy. Trends in molecular medicine 10, 401-408. 

Koopman, G., Parmentier, H.K., Schuurman, H.J., Newman, W., Meijer, C.J., and Pals, 
S.T. (1991). Adhesion of human B cells to follicular dendritic cells involves both 
the lymphocyte function-associated antigen 1/intercellular adhesion molecule 1 
and very late antigen 4/vascular cell adhesion molecule 1 pathways. The Journal 
of experimental medicine 173, 1297-1304. 

Krause, E., Gobel, A., and Schulz, I. (2002). Cell side-specific sensitivities of 
intracellular Ca2+ stores for inositol 1,4,5-trisphosphate, cyclic ADP-ribose, and 
nicotinic acid adenine dinucleotide phosphate in permeabilized pancreatic acinar 
cells from mouse. The Journal of biological chemistry 277, 11696-11702. 

Krober, A., Seiler, T., Benner, A., Bullinger, L., Bruckle, E., Lichter, P., Dohner, H., 
and Stilgenbauer, S. (2002). V(H) mutation status, CD38 expression level, 



   
 

 211 

genomic aberrations, and survival in chronic lymphocytic leukemia. Blood 100, 
1410-1416. 

Kuijpers, T.W., Mul, E.P., Blom, M., Kovach, N.L., Gaeta, F.C., Tollefson, V., Elices, 
M.J., and Harlan, J.M. (1993). Freezing adhesion molecules in a state of high-
avidity binding blocks eosinophil migration. The Journal of experimental 
medicine 178, 279-284. 

Kumagai, M., Coustan-Smith, E., Murray, D.J., Silvennoinen, O., Murti, K.G., Evans, 
W.E., Malavasi, F., and Campana, D. (1995). Ligation of CD38 suppresses human 
B lymphopoiesis. The Journal of experimental medicine 181, 1101-1110. 

Kurosaki, T. (2002). Regulation of B-cell signal transduction by adaptor proteins. 
Nature reviews Immunology 2, 354-363. 

Lafuente, E.M., van Puijenbroek, A.A., Krause, M., Carman, C.V., Freeman, G.J., 
Berezovskaya, A., Constantine, E., Springer, T.A., Gertler, F.B., and Boussiotis, V.A. 
(2004). RIAM, an Ena/VASP and Profilin ligand, interacts with Rap1-GTP and 
mediates Rap1-induced adhesion. Dev Cell 7, 585-595. 

Lagneaux, L., Delforge, a., Bron, D., De Bruyn, C., and Stryckmans, P. (1998). 
Chronic lymphocytic leukemic B cells but not normal B cells are rescued from 
apoptosis by contact with normal bone marrow stromal cells. Blood 91, 2387-
2396. 

Lämmermann, T., Bader, B.L., Monkley, S.J., Worbs, T., Wedlich-Söldner, R., Hirsch, 
K., Keller, M., Förster, R., Critchley, D.R., Fässler, R., et al. (2008). Rapid leukocyte 
migration by integrin-independent flowing and squeezing. Nature 453, 51-55. 

Landau, D.A., Carter, S.L., Stojanov, P., McKenna, A., Stevenson, K., Lawrence, M.S., 
Sougnez, C., Stewart, C., Sivachenko, A., Wang, L., et al. (2013). Evolution and 
impact of subclonal mutations in chronic lymphocytic leukemia. Cell 152, 714-
726. 

Lanemo Myhrinder, A., Hellqvist, E., Sidorova, E., Soderberg, A., Baxendale, H., 
Dahle, C., Willander, K., Tobin, G., Backman, E., Soderberg, O., et al. (2008). A new 
perspective: molecular motifs on oxidized LDL, apoptotic cells, and bacteria are 
targets for chronic lymphocytic leukemia antibodies. Blood 111, 3838-3848. 

Lanham, S., Hamblin, T., Oscier, D., Ibbotson, R., Stevenson, F., and Packham, G. 
(2003). Differential signaling via surface IgM is associated with VH gene 
mutational status and CD38 expression in chronic lymphocytic leukemia. Blood 
101, 1087-1093. 

Lauffenburger, D.A., and Horwitz, A.F. (1996). Cell migration: a physically 
integrated molecular process. Cell 84, 359-369. 

Lee, H.C. (2006). Structure and Enzymatic Functions of Human CD38. Molecular 
medicine (Cambridge, Mass) 12, 317-323. 



   
 

 212 

Lee, J.H., Katakai, T., Hara, T., Gonda, H., Sugai, M., and Shimizu, A. (2004). Roles of 
p-ERM and Rho-ROCK signaling in lymphocyte polarity and uropod formation. 
The Journal of cell biology 167, 327-337. 

Ley, K., Laudanna, C., Cybulsky, M.I., and Nourshargh, S. (2007). Getting to the site 
of inflammation: the leukocyte adhesion cascade updated. Nature reviews 
Immunology 7, 678-689. 

Lin, K.B., Freeman, S.A., Zabetian, S., Brugger, H., Weber, M., Lei, V., Dang-Lawson, 
M., Tse, K.W., Santamaria, R., Batista, F.D., et al. (2008). The rap GTPases regulate 
B cell morphology, immune-synapse formation, and signaling by particulate B cell 
receptor ligands. Immunity 28, 75-87. 

Lin, K.B.L., Tan, P., Freeman, S.a., Lam, M., McNagny, K.M., and Gold, M.R. (2010). 
The Rap GTPases regulate the migration, invasiveness and in vivo dissemination 
of B-cell lymphomas. Oncogene 29, 608-615. 

Liu, Q., Kriksunov, I.A., Graeff, R., Munshi, C., Lee, H.C., and Hao, Q. (2005). Crystal 
structure of human CD38 extracellular domain. Structure 13, 1331-1339. 

Lo, C.G., Lu, T.T., and Cyster, J.G. (2003). Integrin-dependence of lymphocyte entry 
into the splenic white pulp. The Journal of experimental medicine 197, 353-361. 

Lopez-Giral, S., Quintana, N.E., Cabrerizo, M., Alfonso-Perez, M., Sala-Valdes, M., 
De Soria, V.G., Fernandez-Ranada, J.M., Fernandez-Ruiz, E., and Munoz, C. (2004). 
Chemokine receptors that mediate B cell homing to secondary lymphoid tissues 
are highly expressed in B cell chronic lymphocytic leukemia and non-Hodgkin 
lymphomas with widespread nodular dissemination. Journal of leukocyte biology 
76, 462-471. 

Lu, T.T., and Cyster, J.G. (2002). Integrin-mediated long-term B cell retention in 
the splenic marginal zone. Science 297, 409-412. 

MacFarlane, A.W.t., Oesterling, J.F., and Campbell, K.S. (2010). Measuring 
intracellular calcium signaling in murine NK cells by flow cytometry. Methods 
Mol Biol 612, 149-157. 

Machacek, M., Hodgson, L., Welch, C., Elliott, H., Pertz, O., Nalbant, P., Abell, A., 
Johnson, G.L., Hahn, K.M., and Danuser, G. (2009). Coordination of Rho GTPase 
activities during cell protrusion. Nature 461, 99-103. 

Mackay, F., Loetscher, H., Stueber, D., Gehr, G., and Lesslauer, W. (1993). Tumor 
necrosis factor alpha (TNF-alpha)-induced cell adhesion to human endothelial 
cells is under dominant control of one TNF receptor type, TNF-R55. The Journal 
of experimental medicine 177, 1277-1286. 

Maffei, R., Fiorcari, S., Bulgarelli, J., Martinelli, S., Castelli, I., Deaglio, S., Debbia, G., 
Fontana, M., Coluccio, V., Bonacorsi, G., et al. (2012). Physical contact with 
endothelial cells through beta1- and beta2- integrins rescues chronic 
lymphocytic leukemia cells from spontaneous and drug-induced apoptosis and 



   
 

 213 

induces a peculiar gene expression profile in leukemic cells. Haematologica 97, 
952-960. 

Majid, A., Lin, T.T., Best, G., Fishlock, K., Hewamana, S., Pratt, G., Yallop, D., Buggins, 
A.G.S., Wagner, S., Kennedy, B.J., et al. (2011). CD49d is an independent prognostic 
marker that is associated with CXCR4 expression in CLL. Leukemia research 35, 
750-756. 

Malarkannan, S., Awasthi, A., Rajasekaran, K., Kumar, P., Schuldt, K.M., Bartoszek, 
A., Manoharan, N., Goldner, N.K., Umhoefer, C.M., and Thakar, M.S. (2012). 
IQGAP1: a regulator of intracellular spacetime relativity. Journal of immunology 
188, 2057-2063. 

Malavasi, F., Deaglio, S., Damle, R., Cutrona, G., Ferrarini, M., and Chiorazzi, N. 
(2011). CD38 and chronic lymphocytic leukemia: a decade later. Blood 118, 3470-
3478. 

Malavasi, F., Deaglio, S., Funaro, A., Ferrero, E., Horenstein, A.L., Ortolan, E., 
Vaisitti, T., and Aydin, S. (2008). Evolution and function of the ADP ribosyl 
cyclase/CD38 gene family in physiology and pathology. Physiol Rev 88, 841-886. 

Malhotra, S., Kovats, S., Zhang, W., and Coggeshall, K.M. (2009). Vav and Rac 
activation in B cell antigen receptor endocytosis involves Vav recruitment to the 
adapter protein LAB. J Biol Chem 284, 36202-36212. 

Malisan, F., Fluckiger, A.C., Ho, S., Guret, C., Banchereau, J., and Martinez-Valdez, 
H. (1996). B-chronic lymphocytic leukemias can undergo isotype switching in 
vivo and can be induced to differentiate and switch in vitro. Blood 87, 717-724. 

Mamdouh, Z., Chen, X., Pierini, L.M., Maxfield, F.R., and Muller, W.A. (2003). 
Targeted recycling of PECAM from endothelial surface-connected compartments 
during diapedesis. Nature 421, 748-753. 

Mamdouh, Z., Mikhailov, A., and Muller, W.A. (2009). Transcellular migration of 
leukocytes is mediated by the endothelial lateral border recycling compartment. 
The Journal of experimental medicine 206, 2795-2808. 

Mataraza, J.M., Briggs, M.W., Li, Z., Entwistle, A., Ridley, A.J., and Sacks, D.B. (2003). 
IQGAP1 promotes cell motility and invasion. The Journal of biological chemistry 
278, 41237-41245. 

Matloubian, M., Lo, C.G., Cinamon, G., Lesneski, M.J., Xu, Y., Brinkmann, V., Allende, 
M.L., Proia, R.L., and Cyster, J.G. (2004). Lymphocyte egress from thymus and 
peripheral lymphoid organs is dependent on S1P receptor 1. Nature 427, 355-360. 

McLeod, S.J., and Gold, M.R. (2001). Activation and function of the Rap1 GTPase 
in B lymphocytes. Int Rev Immunol 20, 763-789. 

McLeod, S.J., Ingham, R.J., Bos, J.L., Kurosaki, T., and Gold, M.R. (1998). Activation 
of the Rap1 GTPase by the B cell antigen receptor. The Journal of biological 
chemistry 273, 29218-29223. 



   
 

 214 

McLeod, S.J., Li, A.H., Lee, R.L., Burgess, A.E., and Gold, M.R. (2002). The Rap 
GTPases regulate B cell migration toward the chemokine stromal cell-derived 
factor-1 (CXCL12): potential role for Rap2 in promoting B cell migration. Journal 
of immunology 169, 1365-1371. 

Mele, S., Devereux, S., and Ridley, A.J. (2014). Rho and Rap guanosine 
triphosphatase signaling in B cells and chronic lymphocytic leukemia. Leukemia 
& lymphoma 55, 1993-2001. 

Merrell, K.T., Benschop, R.J., Gauld, S.B., Aviszus, K., Decote-Ricardo, D., Wysocki, 
L.J., and Cambier, J.C. (2006). Identification of anergic B cells within a wild-type 
repertoire. Immunity 25, 953-962. 

Messmer, B.T., Albesiano, E., Efremov, D.G., Ghiotto, F., Allen, S.L., Kolitz, J., Foa, R., 
Damle, R.N., Fais, F., Messmer, D., et al. (2004). Multiple distinct sets of 
stereotyped antigen receptors indicate a role for antigen in promoting chronic 
lymphocytic leukemia. The Journal of experimental medicine 200, 519-525. 

Messmer, B.T., Messmer, D., Allen, S.L., Kolitz, J.E., Kudalkar, P., Cesar, D., Murphy, 
E.J., Koduru, P., Ferrarini, M., Zupo, S., et al. (2005). In vivo measurements 
document the dynamic cellular kinetics of chronic lymphocytic leukemia B cells. 
J Clin Invest 115, 755-764. 

Millan, J., Hewlett, L., Glyn, M., Toomre, D., Clark, P., and Ridley, A.J. (2006). 
Lymphocyte transcellular migration occurs through recruitment of endothelial 
ICAM-1 to caveola- and F-actin-rich domains. Nature cell biology 8, 113-123. 

Millán, J., and Ridley, A.J. (2005). Rho GTPases and leucocyte-induced endothelial 
remodelling. The Biochemical journal 385, 329-337. 

Miller, M.J., Wei, S.H., Parker, I., and Cahalan, M.D. (2002). Two-photon imaging of 
lymphocyte motility and antigen response in intact lymph node. Science 296, 
1869-1873. 

Minato, N., and Hattori, M. (2009). Spa-1 (Sipa1) and Rap signaling in leukemia 
and cancer metastasis. Cancer Sci 100, 17-23. 

Mochizuki, N., Yamashita, S., Kurokawa, K., Ohba, Y., Nagai, T., Miyawaki, A., and 
Matsuda, M. (2001). Spatio-temporal images of growth-factor-induced activation 
of Ras and Rap1. Nature 411, 1065-1068. 

Mockridge, C.I., Potter, K.N., Wheatley, I., Neville, L.a., Packham, G., and Stevenson, 
F.K. (2007). Reversible anergy of sIgM-mediated signaling in the two subsets of 
CLL defined by VH-gene mutational status. Blood 109, 4424-4431. 

Mocsai, A., Abram, C.L., Jakus, Z., Hu, Y., Lanier, L.L., and Lowell, C.A. (2006). 
Integrin signaling in neutrophils and macrophages uses adaptors containing 
immunoreceptor tyrosine-based activation motifs. Nature immunology 7, 1326-
1333. 



   
 

 215 

Montresor, A., Bolomini-Vittori, M., Simon, S.I., Rigo, A., Vinante, F., and Laudanna, 
C. (2009). Comparative analysis of normal versus CLL B-lymphocytes reveals 
patient-specific variability in signaling mechanisms controlling LFA-1 activation 
by chemokines. Cancer research 69, 9281-9290. 

Moreno-Garcia, M.E., Lopez-Bojorques, L.N., Zentella, A., Humphries, L.A., 
Rawlings, D.J., and Santos-Argumedo, L. (2005a). CD38 signaling regulates B 
lymphocyte activation via a phospholipase C (PLC)-gamma 2-independent, 
protein kinase C, phosphatidylcholine-PLC, and phospholipase D-dependent 
signaling cascade. Journal of immunology 174, 2687-2695. 

Moreno-Garcia, M.E., Sumoza-Toledo, A., Lund, F.E., and Santos-Argumedo, L. 
(2005b). Localization of CD38 in murine B lymphocytes to plasma but not 
intracellular membranes. Mol Immunol 42, 703-711. 

Morra, M., Zubiaur, M., Terhorst, C., Sancho, J., and Malavasi, F. (1998). CD38 is 
functionally dependent on the TCR/CD3 complex in human T cells. Faseb J 12, 
581-592. 

Mueller, S.N., and Germain, R.N. (2009). Stromal cell contributions to the 
homeostasis and functionality of the immune system. Nature reviews 
Immunology 9, 618-629. 

Muggen, A.F., Pillai, S.Y., Kil, L.P., van Zelm, M.C., van Dongen, J.J., Hendriks, R.W., 
and Langerak, A.W. (2014). Basal Ca signaling is particularly increased in 
mutated chronic lymphocytic leukemia. Leukemia. 

Muller, W.A. (2009). Mechanisms of transendothelial migration of leukocytes. 
Circ Res 105, 223-230. 

Muller, W.A., Weigl, S.A., Deng, X., and Phillips, D.M. (1993). PECAM-1 is required 
for transendothelial migration of leukocytes. The Journal of experimental 
medicine 178, 449-460. 

Muñoz, P., Mittelbrunn, M., de la Fuente, H., Pérez-Martínez, M., García-Pérez, A., 
Ariza-Veguillas, A., Malavasi, F., Zubiaur, M., Sánchez-Madrid, F., and Sancho, J. 
(2008). Antigen-induced clustering of surface CD38 and recruitment of 
intracellular CD38 to the immunologic synapse. Blood 111, 3653-3664. 

Munshi, C., Aarhus, R., Graeff, R., Walseth, T.F., Levitt, D., and Lee, H.C. (2000). 
Identification of the enzymatic active site of CD38 by site-directed mutagenesis. 
The Journal of biological chemistry 275, 21566-21571. 

Muzio, M., Apollonio, B., Scielzo, C., Frenquelli, M., Vandoni, I., Boussiotis, V., 
Caligaris-Cappio, F., and Ghia, P. (2008). Constitutive activation of distinct BCR-
signaling pathways in a subset of CLL patients: a molecular signature of anergy. 
Blood 112, 188-195. 

Newman, P., Berndt, M., Gorski, J., White, G., Lyman, S., Paddock, C., and Muller, W. 
(1990). PECAM-1 (CD31) cloning and relation to adhesion molecules of the 
immunoglobulin gene superfamily. Science 247, 1219-1222. 



   
 

 216 

Niiro, H., Allam, A., Stoddart, A., Brodsky, F.M., Marshall, A.J., and Clark, E.A. (2004). 
The B lymphocyte adaptor molecule of 32 kilodaltons (Bam32) regulates B cell 
antigen receptor internalization. J Immunol 173, 5601-5609. 

Niiro, H., and Clark, E.A. (2002). Regulation of B-cell fate by antigen-receptor 
signals. Nat Rev Immunol 2, 945-956. 

Nimmerjahn, F., and Ravetch, J.V. (2008). Fcgamma receptors as regulators of 
immune responses. Nature reviews Immunology 8, 34-47. 

Nishio, M., Endo, T., Tsukada, N., Ohata, J., Kitada, S., Reed, J.C., Zvaifler, N.J., and 
Kipps, T.J. (2005). Nurselike cells express BAFF and APRIL, which can promote 
survival of chronic lymphocytic leukemia cells via a paracrine pathway distinct 
from that of SDF-1alpha. Blood 106, 1012-1020. 

Nombela-Arrieta, C., Lacalle, R.A., Montoya, M.C., Kunisaki, Y., Megias, D., Marques, 
M., Carrera, A.C., Manes, S., Fukui, Y., Martinez, A.C., et al. (2004). Differential 
requirements for DOCK2 and phosphoinositide-3-kinase gamma during T and B 
lymphocyte homing. Immunity 21, 429-441. 

Nombela-Arrieta, C., Mempel, T.R., Soriano, S.F., Mazo, I., Wymann, M.P., Hirsch, E., 
Martinez, A.C., Fukui, Y., von Andrian, U.H., and Stein, J.V. (2007). A central role 
for DOCK2 during interstitial lymphocyte motility and sphingosine-1-phosphate-
mediated egress. J Exp Med 204, 497-510. 

Nuckel, H., Switala, M., Collins, C.H., Sellmann, L., Grosse-Wilde, H., Duhrsen, U., 
and Rebmann, V. (2009). High CD49d protein and mRNA expression predicts 
poor outcome in chronic lymphocytic leukemia. Clin Immunol 131, 472-480. 

Okada, T., Miller, M.J., Parker, I., Krummel, M.F., Neighbors, M., Hartley, S.B., 
O'Garra, A., Cahalan, M.D., and Cyster, J.G. (2005). Antigen-engaged B cells 
undergo chemotaxis toward the T zone and form motile conjugates with helper T 
cells. PLoS Biol 3, e150. 

Orciani, M., Trubiani, O., Guarnieri, S., Ferrero, E., and Di Primio, R. (2008). CD38 
is constitutively expressed in the nucleus of human hematopoietic cells. J Cell 
Biochem 105, 905-912. 

Osborn, L., Hession, C., Tizard, R., Vassallo, C., Luhowskyj, S., Chi-Rosso, G., and 
Lobb, R. (1989). Direct expression cloning of vascular cell adhesion molecule 1, a 
cytokine-induced endothelial protein that binds to lymphocytes. Cell 59, 1203-
1211. 

Otero, C., Groettrup, M., and Legler, D.F. (2006). Opposite fate of endocytosed 
CCR7 and its ligands: recycling versus degradation. Journal of immunology 177, 
2314-2323. 

Panayiotidis, P., Jones, D., Ganeshaguru, K., Foroni, L., and Hoffbrand, A.V. (1996). 
Human bone marrow stromal cells prevent apoptosis and support the survival of 
chronic lymphocytic leukaemia cells in vitro. British journal of haematology 92, 
97-103. 



   
 

 217 

Park, C., Hwang, I.Y., Sinha, R.K., Kamenyeva, O., Davis, M.D., and Kehrl, J.H. (2012). 
Lymph node B lymphocyte trafficking is constrained by anatomy and highly 
dependent upon chemoattractant desensitization. Blood 119, 978-989. 

Partida-Sánchez, S., Cockayne, D.a., Monard, S., Jacobson, E.L., Oppenheimer, N., 
Garvy, B., Kusser, K., Goodrich, S., Howard, M., Harmsen, a., et al. (2001). Cyclic 
ADP-ribose production by CD38 regulates intracellular calcium release, 
extracellular calcium influx and chemotaxis in neutrophils and is required for 
bacterial clearance in vivo. Nature medicine 7, 1209-1216. 

Partida-Sánchez, S., Goodrich, S., Kusser, K., Oppenheimer, N., Randall, T.D., and 
Lund, F.E. (2004). Regulation of dendritic cell trafficking by the ADP-ribosyl 
cyclase CD38: impact on the development of humoral immunity. Immunity 20, 
279-291. 

Pascutti, M.F., Jak, M., Tromp, J.M., Derks, I.A., Remmerswaal, E.B., Thijssen, R., van 
Attekum, M.H., van Bochove, G.G., Luijks, D.M., Pals, S.T., et al. (2013). IL-21 and 
CD40L signals from autologous T cells can induce antigen-independent 
proliferation of CLL cells. Blood 122, 3010-3019. 

Patten, P.E.M., Buggins, A.G.S., Richards, J., Wotherspoon, A., Salisbury, J., Mufti, 
G.J., Hamblin, T.J., and Devereux, S. (2008). CD38 expression in chronic 
lymphocytic leukemia is regulated by the tumor microenvironment. Blood 111, 
5173-5181. 

Pearce, L., Morgan, L., Lin, T.T., Hewamana, S., Matthews, R.J., Deaglio, S., 
Rowntree, C., Fegan, C., Pepper, C., and Brennan, P. (2010). Genetic modification 
of primary chronic lymphocytic leukemia cells with a lentivirus expressing CD38. 
Haematologica 95, 514-517. 

Pedersen, I.M., Kitada, S., Leoni, L.M., Zapata, J.M., Karras, J.G., Tsukada, N., Kipps, 
T.J., Choi, Y.S., Bennett, F., and Reed, J.C. (2002). Protection of CLL B cells by a 
follicular dendritic cell line is dependent on induction of Mcl-1. Blood 100, 1795-
1801. 

Pepper, C., Ward, R., Lin, T.T., Brennan, P., Starczynski, J., Musson, M., Rowntree, 
C., Bentley, P., Mills, K., Pratt, G., et al. (2007). Highly purified CD38+ and CD38- 
sub-clones derived from the same chronic lymphocytic leukemia patient have 
distinct gene expression signatures despite their monoclonal origin. Leukemia : 
official journal of the Leukemia Society of America, Leukemia Research Fund, UK 
21, 687-696. 

Pereira, J.P., Kelly, L.M., and Cyster, J.G. (2010). Finding the right niche: B-cell 
migration in the early phases of T-dependent antibody responses. Int Immunol 
22, 413-419. 

Pereira, J.P., Kelly, L.M., Xu, Y., and Cyster, J.G. (2009). EBI2 mediates B cell 
segregation between the outer and centre follicle. Nature 460, 1122-1126. 

Phillipson, M., Heit, B., Colarusso, P., Liu, L., Ballantyne, C.M., and Kubes, P. (2006). 
Intraluminal crawling of neutrophils to emigration sites: a molecularly distinct 



   
 

 218 

process from adhesion in the recruitment cascade. The Journal of experimental 
medicine 203, 2569-2575. 

Pieper, K., Grimbacher, B., and Eibel, H. (2013). B-cell biology and development. J 
Allergy Clin Immunol 131, 959-971. 

Pittner, B.T., Shanafelt, T.D., Kay, N.E., and Jelinek, D.F. (2005). CD38 expression 
levels in chronic lymphocytic leukemia B cells are associated with activation 
marker expression and differential responses to interferon stimulation. 
Leukemia 19, 2264-2272. 

Pleyer, L., Egle, A., Hartmann, T.N., and Greil, R. (2009). Molecular and cellular 
mechanisms of CLL: novel therapeutic approaches. Nat Rev Clin Oncol 6, 405-418. 

Ponader, S., Chen, S.S., Buggy, J.J., Balakrishnan, K., Gandhi, V., Wierda, W.G., 
Keating, M.J., O'Brien, S., Chiorazzi, N., and Burger, J.A. (2012). The Bruton 
tyrosine kinase inhibitor PCI-32765 thwarts chronic lymphocytic leukemia cell 
survival and tissue homing in vitro and in vivo. Blood 119, 1182-1189. 

Puente, X.S., Pinyol, M., Quesada, V., Conde, L., Ordonez, G.R., Villamor, N., 
Escaramis, G., Jares, P., Bea, S., Gonzalez-Diaz, M., et al. (2011). Whole-genome 
sequencing identifies recurrent mutations in chronic lymphocytic leukaemia. 
Nature 475, 101-105. 

Pye, D.S., Rubio, I., Pusch, R., Lin, K., Pettitt, A.R., and Till, K.J. (2013). Chemokine 
unresponsiveness of chronic lymphocytic leukemia cells results from impaired 
endosomal recycling of rap1 and is associated with a distinctive type of 
immunological anergy. Journal of immunology (Baltimore, Md : 1950) 191, 1496-
1504. 

Quiroga, M.P., Balakrishnan, K., Kurtova, A.V., Sivina, M., Keating, M.J., Wierda, 
W.G., Gandhi, V., and Burger, J.a. (2009). B-cell antigen receptor signaling 
enhances chronic lymphocytic leukemia cell migration and survival: specific 
targeting with a novel spleen tyrosine kinase inhibitor, R406. Blood 114, 1029-
1037. 

Radtke, F., MacDonald, H.R., and Tacchini-Cottier, F. (2013). Regulation of innate 
and adaptive immunity by Notch. Nature reviews Immunology 13, 427-437. 

Rah, S.Y., Mushtaq, M., Nam, T.S., Kim, S.H., and Kim, U.H. (2010). Generation of 
cyclic ADP-ribose and nicotinic acid adenine dinucleotide phosphate by CD38 for 
Ca2+ signaling in interleukin-8-treated lymphokine-activated killer cells. The 
Journal of biological chemistry 285, 21877-21887. 

Rassenti, L.Z., Jain, S., Keating, M.J., Wierda, W.G., Grever, M.R., Byrd, J.C., Kay, N.E., 
Brown, J.R., Gribben, J.G., Neuberg, D.S., et al. (2008). Relative value of ZAP-70, 
CD38, and immunoglobulin mutation status in predicting aggressive disease in 
chronic lymphocytic leukemia. Blood 112, 1923-1930. 



   
 

 219 

Real, E., Faure, S., Donnadieu, E., and Delon, J. (2007). Cutting edge: Atypical PKCs 
regulate T lymphocyte polarity and scanning behavior. Journal of immunology 
179, 5649-5652. 

Redondo-Muñoz, J., Escobar-Díaz, E., Samaniego, R., Terol, M.J., García-Marco, J.a., 
and García-Pardo, A. (2006). MMP-9 in B-cell chronic lymphocytic leukemia is up-
regulated by alpha4beta1 integrin or CXCR4 engagement via distinct signaling 
pathways, localizes to podosomes, and is involved in cell invasion and migration. 
Blood 108, 3143-3151. 

Redondo-Muñoz, J., Ugarte-Berzal, E., Terol, M.J., Van den Steen, P.E., Hernández 
del Cerro, M., Roderfeld, M., Roeb, E., Opdenakker, G., García-Marco, J.a., and 
García-Pardo, A. (2010). Matrix metalloproteinase-9 promotes chronic 
lymphocytic leukemia b cell survival through its hemopexin domain. Cancer cell 
17, 160-172. 

Reif, K., Okkenhaug, K., Sasaki, T., Penninger, J.M., Vanhaesebroeck, B., and Cyster, 
J.G. (2004). Cutting edge: differential roles for phosphoinositide 3-kinases, 
p110gamma and p110delta, in lymphocyte chemotaxis and homing. Journal of 
immunology 173, 2236-2240. 

Reinherz, E.L., Kung, P.C., Goldstein, G., Levey, R.H., and Schlossman, S.F. (1980). 
Discrete stages of human intrathymic differentiation: analysis of normal 
thymocytes and leukemic lymphoblasts of T-cell lineage. Proceedings of the 
National Academy of Sciences of the United States of America 77, 1588-1592. 

Ren, J.-G., Li, Z., and Sacks, D.B. (2008). IQGAP1 integrates Ca2+/calmodulin and 
B-Raf signaling. The Journal of biological chemistry 283, 22972-22982. 

Ricci, F., Tedeschi, A., Morra, E., and Montillo, M. (2009). Fludarabine in the 
treatment of chronic lymphocytic leukemia: a review. Ther Clin Risk Manag 5, 
187-207. 

Richardson, S.J., Matthews, C., Catherwood, M.A., Alexander, H.D., Carey, B.S., 
Farrugia, J., Gardiner, A., Mould, S., Oscier, D., Copplestone, J.A., et al. (2006). ZAP-
70 expression is associated with enhanced ability to respond to migratory and 
survival signals in B-cell chronic lymphocytic leukemia (B-CLL). Blood 107, 3584-
3592. 

Riches, J.C., O'Donovan, C.J., Kingdon, S.J., McClanahan, F., Clear, A.J., Neuberg, D.S., 
Werner, L., Croce, C.M., Ramsay, A.G., Rassenti, L.Z., et al. (2014). Trisomy 12 
chronic lymphocytic leukemia cells exhibit upregulation of integrin signaling that 
is modulated by NOTCH1 mutations. Blood 123, 4101-4110. 

Rickert, R.C. (2013). New insights into pre-BCR and BCR signalling with relevance 
to B cell malignancies. Nature reviews Immunology 13, 578-591. 

Ridley, A.J. (2011). Life at the leading edge. Cell 145, 1012-1022. 

Roberts, P.J., Mitin, N., Keller, P.J., Chenette, E.J., Madigan, J.P., Currin, R.O., Cox, 
A.D., Wilson, O., Kirschmeier, P., and Der, C.J. (2008). Rho Family GTPase 



   
 

 220 

modification and dependence on CAAX motif-signaled posttranslational 
modification. The Journal of biological chemistry 283, 25150-25163. 

Rubtsov, A., Strauch, P., Digiacomo, A., Hu, J., Pelanda, R., and Torres, R.M. (2005). 
Lsc regulates marginal-zone B cell migration and adhesion and is required for the 
IgM T-dependent antibody response. Immunity 23, 527-538. 

Saci, A., and Carpenter, C.L. (2005). RhoA GTPase regulates B cell receptor 
signaling. Mol Cell 17, 205-214. 

Saijo, K., Schmedt, C., Su, I.H., Karasuyama, H., Lowell, C.A., Reth, M., Adachi, T., 
Patke, A., Santana, A., and Tarakhovsky, A. (2003). Essential role of Src-family 
protein tyrosine kinases in NF-kappaB activation during B cell development. 
Nature immunology 4, 274-279. 

Sanchez-Aguilera, A., Rattmann, I., Drew, D.Z., Muller, L.U., Summey, V., Lucas, 
D.M., Byrd, J.C., Croce, C.M., Gu, Y., Cancelas, J.A., et al. (2010). Involvement of 
RhoH GTPase in the development of B-cell chronic lymphocytic leukemia. 
Leukemia 24, 97-104. 

Sano, Y., Inamura, K., Miyake, A., Mochizuki, S., Yokoi, H., Matsushime, H., and 
Furuichi, K. (2001). Immunocyte Ca2+ influx system mediated by LTRPC2. 
Science 293, 1327-1330. 

Santos-Argumedo, L., Teixeira, C., Preece, G., Kirkham, P.A., and Parkhouse, R.M. 
(1993). A B lymphocyte surface molecule mediating activation and protection 
from apoptosis via calcium channels. Journal of immunology 151, 3119-3130. 

Schaff, U.Y., Dixit, N., Procyk, E., Yamayoshi, I., Tse, T., and Simon, S.I. (2010). Orai1 
regulates intracellular calcium, arrest, and shape polarization during neutrophil 
recruitment in shear flow. Blood 115, 657-666. 

Schenkel, A.R., Mamdouh, Z., Chen, X., Liebman, R.M., and Muller, W.a. (2002). 
CD99 plays a major role in the migration of monocytes through endothelial 
junctions. Nature immunology 3, 143-150. 

Schuh, A., Becq, J., Humphray, S., Alexa, A., Burns, A., Clifford, R., Feller, S.M., 
Grocock, R., Henderson, S., Khrebtukova, I., et al. (2012). Monitoring chronic 
lymphocytic leukemia progression by whole genome sequencing reveals 
heterogeneous clonal evolution patterns. Blood 120, 4191-4196. 

Schutze, S., Berkovic, D., Tomsing, O., Unger, C., and Kronke, M. (1991). Tumor 
necrosis factor induces rapid production of 1'2'diacylglycerol by a 
phosphatidylcholine-specific phospholipase C. The Journal of experimental 
medicine 174, 975-988. 

Scielzo, C., Bertilaccio, M.T.S., Simonetti, G., Dagklis, A., ten Hacken, E., Fazi, C., 
Muzio, M., Caiolfa, V., Kitamura, D., Restuccia, U., et al. (2010). HS1 has a central 
role in the trafficking and homing of leukemic B cells. Blood 116, 3537-3546. 



   
 

 221 

Scielzo, C., Camporeale, A., Geuna, M., Alessio, M., Poggi, A., Zocchi, M.R., Chilosi, 
M., Caligaris-Cappio, F., and Ghia, P. (2006). ZAP-70 is expressed by normal and 
malignant human B-cell subsets of different maturational stage. Leukemia 20, 
689-695. 

Seifert, M., Sellmann, L., Bloehdorn, J., Wein, F., Stilgenbauer, S., Dürig, J., and 
Küppers, R. (2012). Cellular origin and pathophysiology of chronic lymphocytic 
leukemia. 

Seiffert, M., Stilgenbauer, S., Dohner, H., and Lichter, P. (2007). Efficient 
nucleofection of primary human B cells and B-CLL cells induces apoptosis, which 
depends on the microenvironment and on the structure of transfected nucleic 
acids. Leukemia 21, 1977-1983. 

Shanafelt, T.D., Geyer, S.M., Bone, N.D., Tschumper, R.C., Witzig, T.E., Nowakowski, 
G.S., Zent, C.S., Call, T.G., Laplant, B., Dewald, G.W., et al. (2008). CD49d expression 
is an independent predictor of overall survival in patients with chronic 
lymphocytic leukaemia: a prognostic parameter with therapeutic potential. 
British journal of haematology 140, 537-546. 

Shi, G., Partida-Sánchez, S., Misra, R.S., Tighe, M., Borchers, M.T., Lee, J.J., Simon, 
M.I., and Lund, F.E. (2007). Identification of an alternative G{alpha}q-dependent 
chemokine receptor signal transduction pathway in dendritic cells and 
granulocytes. The Journal of experimental medicine 204, 2705-2718. 

Shimonaka, M., Katagiri, K., Nakayama, T., Fujita, N., Tsuruo, T., Yoshie, O., and 
Kinashi, T. (2003). Rap1 translates chemokine signals to integrin activation, cell 
polarization, and motility across vascular endothelium under flow. The Journal of 
cell biology 161, 417-427. 

Silvennoinen, O., Nishigaki, H., Kitanaka, A., Kumagai, M., Ito, C., Malavasi, F., Lin, 
Q., Conley, M.E., and Campana, D. (1996). CD38 signal transduction in human B 
cell precursors. Rapid induction of tyrosine phosphorylation, activation of syk 
tyrosine kinase, and phosphorylation of phospholipase C-gamma and 
phosphatidylinositol 3-kinase. Journal of immunology 156, 100-107. 

Sloan-Lancaster, J., Zhang, W., Presley, J., Williams, B.L., Abraham, R.T., Lippincott-
Schwartz, J., and Samelson, L.E. (1997). Regulation of ZAP-70 intracellular 
localization: visualization with the green fluorescent protein. The Journal of 
experimental medicine 186, 1713-1724. 

Song, E.K., Rah, S.Y., Lee, Y.R., Yoo, C.H., Kim, Y.R., Yeom, J.H., Park, K.H., Kim, J.S., 
Kim, U.H., and Han, M.K. (2011). Connexin-43 hemichannels mediate cyclic ADP-
ribose generation and its Ca2+-mobilizing activity by NAD+/cyclic ADP-ribose 
transport. The Journal of biological chemistry 286, 44480-44490. 

Spaargaren, M., Beuling, E.A., Rurup, M.L., Meijer, H.P., Klok, M.D., Middendorp, S., 
Hendriks, R.W., and Pals, S.T. (2003). The B cell antigen receptor controls integrin 
activity through Btk and PLCgamma2. J Exp Med 198, 1539-1550. 



   
 

 222 

Stacchini, a., Aragno, M., Vallario, a., Alfarano, a., Circosta, P., Gottardi, D., Faldella, 
a., Rege-Cambrin, G., Thunberg, U., Nilsson, K., et al. (1999). MEC1 and MEC2: two 
new cell lines derived from B-chronic lymphocytic leukaemia in prolymphocytoid 
transformation. Leukemia research 23, 127-136. 

Stamatopoulos, K., Belessi, C., Moreno, C., Boudjograh, M., Guida, G., Smilevska, T., 
Belhoul, L., Stella, S., Stavroyianni, N., Crespo, M., et al. (2007). Over 20% of 
patients with chronic lymphocytic leukemia carry stereotyped receptors: 
Pathogenetic implications and clinical correlations. Blood 109, 259-270. 

States, D.J., Walseth, T.F., and Lee, H.C. (1992). Similarities in amino acid 
sequences of Aplysia ADP-ribosyl cyclase and human lymphocyte antigen CD38. 
Trends Biochem Sci 17, 495. 

Stefanini, L., Roden, R.C., and Bergmeier, W. (2009). CalDAG-GEFI is at the nexus 
of calcium-dependent platelet activation. Blood 114, 2506-2514. 

Stevenson, F.K., and Caligaris-Cappio, F. (2004). Chronic lymphocytic leukemia: 
revelations from the B-cell receptor. Blood 103, 4389-4395. 

Stevenson, F.K., Krysov, S., Davies, A.J., Steele, A.J., and Packham, G. (2011). B-cell 
receptor signaling in chronic lymphocytic leukemia.  118, 4313-4320. 

Stilgenbauer, S., Bullinger, L., Lichter, P., and Dohner, H. (2002). Genetics of 
chronic lymphocytic leukemia: genomic aberrations and V(H) gene mutation 
status in pathogenesis and clinical course. Leukemia 16, 993-1007. 

Stone, J.C. (2006). Regulation of Ras in lymphocytes: get a GRP. Biochem Soc 
Trans 34, 858-861. 

Stone, J.C. (2011). Regulation and Function of the RasGRP Family of Ras 
Activators in Blood Cells. Genes Cancer 2, 320-334. 

Svensson, L., McDowall, A., Giles, K.M., Stanley, P., Feske, S., and Hogg, N. (2010). 
Calpain 2 controls turnover of LFA-1 adhesions on migrating T lymphocytes. PloS 
one 5, e15090. 

Svensson, L., Stanley, P., Willenbrock, F., and Hogg, N. (2012). The Galphaq/11 
proteins contribute to T lymphocyte migration by promoting turnover of integrin 
LFA-1 through recycling. PloS one 7, e38517. 

Takada, K., Yamamoto, K., and Osato, T. (1980). Analysis of the transformation of 
human lymphocytes by Epstein-Barr virus. II. Abortive response of leukemic cells 
to the transforming virus. Intervirology 13, 223-231. 

Takagi, J., Petre, B.M., Walz, T., and Springer, T.A. (2002). Global conformational 
rearrangements in integrin extracellular domains in outside-in and inside-out 
signaling. Cell 110, 599-511. 

Takuwa, Y., Okamoto, Y., Yoshioka, K., and Takuwa, N. (2012). Sphingosine-1-
phosphate signaling in physiology and diseases. Biofactors 38, 329-337. 



   
 

 223 

Tam, C.S., O'Brien, S., Wierda, W., Kantarjian, H., Wen, S., Do, K.A., Thomas, D.A., 
Cortes, J., Lerner, S., and Keating, M.J. (2008). Long-term results of the fludarabine, 
cyclophosphamide, and rituximab regimen as initial therapy of chronic 
lymphocytic leukemia. Blood 112, 975-980. 

Tang, M.L., Steeber, D.A., Zhang, X.Q., and Tedder, T.F. (1998). Intrinsic differences 
in L-selectin expression levels affect T and B lymphocyte subset-specific 
recirculation pathways. Journal of immunology 160, 5113-5121. 

Tedford, K., Nitschke, L., Girkontaite, I., Charlesworth, A., Chan, G., Sakk, V., 
Barbacid, M., and Fischer, K.D. (2001). Compensation between Vav-1 and Vav-2 
in B cell development and antigen receptor signaling. Nat Immunol 2, 548-555. 

Thelen, M., and Stein, J.V. (2008). How chemokines invite leukocytes to dance. Nat 
Immunol 9, 953-959. 

Thornton, P.D., Fernandez, C., Giustolisi, G.M., Morilla, R., Atkinson, S., A'Hern, R.P., 
Matutes, E., and Catovsky, D. (2004). CD38 expression as a prognostic indicator 
in chronic lymphocytic leukaemia. Hematol J 5, 145-151. 

Till, K.J. (2002). The chemokine receptor CCR7 and alpha 4 integrin are important 
for migration of chronic lymphocytic leukemia cells into lymph nodes. Blood 99, 
2977-2984. 

Till, K.J., Harris, R.J., Linford, A., Spiller, D.G., Zuzel, M., and Cawley, J.C. (2008). Cell 
motility in chronic lymphocytic leukemia: defective Rap1 and alphaLbeta2 
activation by chemokine. Cancer Res 68, 8429-8436. 

Till, K.J., Lin, K., Zuzel, M., and Cawley, J.C. (2002). The chemokine receptor CCR7 
and alpha4 integrin are important for migration of chronic lymphocytic leukemia 
cells into lymph nodes. Blood 99, 2977-2984. 

Till, K.J., Spiller, D.G., Harris, R.J., Chen, H., Zuzel, M., and Cawley, J.C. (2005). CLL, 
but not normal, B cells are dependent on autocrine VEGF and alpha4beta1 
integrin for chemokine-induced motility on and through endothelium. Blood 105, 
4813-4819. 

Tomura, M., Yoshida, N., Tanaka, J., Karasawa, S., Miwa, Y., Miyawaki, A., and 
Kanagawa, O. (2008). Monitoring cellular movement in vivo with 
photoconvertible fluorescence protein "Kaede" transgenic mice. Proceedings of 
the National Academy of Sciences of the United States of America 105, 10871-
10876. 

Tonino, S.H., Spijker, R., Luijks, D.M.P., van Oers, M.H.J., and Kater, A.P. (2008). No 
convincing evidence for a role of CD31-CD38 interactions in the pathogenesis of 
chronic lymphocytic leukemia. Blood 112, 840-843. 

Tsai, F.C., Seki, A., Yang, H.W., Hayer, A., Carrasco, S., Malmersjo, S., and Meyer, T. 
(2014). A polarized Ca2+, diacylglycerol and STIM1 signalling system regulates 
directed cell migration. Nature cell biology 16, 133-144. 



   
 

 224 

Tsukada, N., Burger, J.A., Zvaifler, N.J., and Kipps, T.J. (2002). Distinctive features 
of "nurselike" cells that differentiate in the context of chronic lymphocytic 
leukemia. Blood 99, 1030-1037. 

Tybulewicz, V.L., and Henderson, R.B. (2009). Rho family GTPases and their 
regulators in lymphocytes. Nat Rev Immunol 9, 630-644. 

Ulfman, L.H., Kamp, V.M., van Aalst, C.W., Verhagen, L.P., Sanders, M.E., Reedquist, 
K.A., Buitenhuis, M., and Koenderman, L. (2008). Homeostatic intracellular-free 
Ca2+ is permissive for Rap1-mediated constitutive activation of alpha4 integrins 
on eosinophils. Journal of immunology 180, 5512-5519. 

Umar, S., Malavasi, F., and Mehta, K. (1996). Post-translational modification of 
CD38 protein into a high molecular weight form alters its catalytic properties. 
The Journal of biological chemistry 271, 15922-15927. 

Vaisitti, T., Audrito, V., Serra, S., Buonincontri, R., Sociali, G., Mannino, E., Pagnani, 
A., Zucchetto, A., Tissino, E., Vitale, C., et al. (2014). The enzymatic activities of 
CD38 enhance CLL growth and trafficking: implications for therapeutic targeting. 
Leukemia. 

Vaisitti, T., Aydin, S., Rossi, D., Cottino, F., Bergui, L., D'Arena, G., Bonello, L., 
Horenstein, a.L., Brennan, P., Pepper, C., et al. (2010). CD38 increases CXCL12-
mediated signals and homing of chronic lymphocytic leukemia cells. Leukemia 24, 
958-969. 

Vaisitti, T., Serra, S., Pepper, C., Rossi, D., Laurenti, L., Gaidano, G., Malavasi, F., and 
Deaglio, S. (2013). CD38 signals upregulate expression and functions of matrix 
metalloproteinase-9 in chronic lymphocytic leukemia cells. Leukemia 27, 1177-
1181. 

Vega, F.M., and Ridley, A.J. (2008). Rho GTPases in cancer cell biology. FEBS 
letters 582, 2093-2101. 

von Andrian, U.H., and Mempel, T.R. (2003). Homing and cellular traffic in lymph 
nodes. Nat Rev Immunol 3, 867-878. 

Watanabe, T., Wang, S., Noritake, J., Sato, K., Fukata, M., Takefuji, M., Nakagawa, 
M., Izumi, N., Akiyama, T., and Kaibuchi, K. (2004). Interaction with IQGAP1 links 
APC to Rac1, Cdc42, and actin filaments during cell polarization and migration. 
Dev Cell 7, 871-883. 

Weissbach, L., Settleman, J., Kalady, M.F., Snijders, A.J., Murthy, A.E., Yan, Y.X., and 
Bernards, A. (1994). Identification of a human rasGAP-related protein containing 
calmodulin-binding motifs. The Journal of biological chemistry 269, 20517-
20521. 

Wekerle, H., Ketelsen, U.P., and Ernst, M. (1980). Thymic nurse cells. 
Lymphoepithelial cell complexes in murine thymuses: morphological and 
serological characterization. The Journal of experimental medicine 151, 925-944. 



   
 

 225 

Westerberg, L., Larsson, M., Hardy, S.J., Fernandez, C., Thrasher, A.J., and 
Severinson, E. (2005). Wiskott-Aldrich syndrome protein deficiency leads to 
reduced B-cell adhesion, migration, and homing, and a delayed humoral immune 
response. Blood 105, 1144-1152. 

Wheeler, A.P., Wells, C.M., Smith, S.D., Vega, F.M., Henderson, R.B., Tybulewicz, V.L., 
and Ridley, A.J. (2006). Rac1 and Rac2 regulate macrophage morphology but are 
not essential for migration. Journal of Cell Science 119, 2749-2757. 

Widhopf, G.F., 2nd, Rassenti, L.Z., Toy, T.L., Gribben, J.G., Wierda, W.G., and Kipps, 
T.J. (2004). Chronic lymphocytic leukemia B cells of more than 1% of patients 
express virtually identical immunoglobulins. Blood 104, 2499-2504. 

Wiestner, A. (2012). Emerging role of kinase targeted strategies in chronic 
lymphocytic leukemia. Blood, 4684-4691. 

Wiestner, A., Rosenwald, A., Barry, T.S., Wright, G., Davis, R.E., Henrickson, S.E., 
Zhao, H., Ibbotson, R.E., Orchard, J.A., Davis, Z., et al. (2003). ZAP-70 expression 
identifies a chronic lymphocytic leukemia subtype with unmutated 
immunoglobulin genes, inferior clinical outcome, and distinct gene expression 
profile. Blood 101, 4944-4951. 

Wong, M.-X., and Jackson, D.E. (2004). Regulation of B cell activation by PECAM-
1: implications for the development of autoimmune disorders. Current 
pharmaceutical design 10, 155-161. 

Woyach, J.A., Furman, R.R., Liu, T.M., Ozer, H.G., Zapatka, M., Ruppert, A.S., Xue, L., 
Li, D.H., Steggerda, S.M., Versele, M., et al. (2014). Resistance mechanisms for the 
Bruton's tyrosine kinase inhibitor ibrutinib. The New England journal of 
medicine 370, 2286-2294. 

Woyach, J.a., Johnson, A.J., and Byrd, J.C. (2012). The B-cell receptor signaling 
pathway as a therapeutic target in CLL. Blood, 1175-1184. 

Wu, C.F., and Lew, D.J. (2013). Beyond symmetry-breaking: competition and 
negative feedback in GTPase regulation. Trends in cell biology 23, 476-483. 

Xu, J., Wang, F., Van Keymeulen, A., Herzmark, P., Straight, A., Kelly, K., Takuwa, Y., 
Sugimoto, N., Mitchison, T., and Bourne, H.R. (2003). Divergent signals and 
cytoskeletal assemblies regulate self-organizing polarity in neutrophils. Cell 114, 
201-214. 

Yamashita, S., Mochizuki, N., Ohba, Y., Tobiume, M., Okada, Y., Sawa, H., Nagashima, 
K., and Matsuda, M. (2000). CalDAG-GEFIII activation of Ras, R-ras, and Rap1. The 
Journal of biological chemistry 275, 25488-25493. 

Yarkoni, Y., Getahun, A., and Cambier, J.C. (2010). Molecular underpinning of B-
cell anergy. Immunological reviews 237, 249-263. 

Young, R.M., and Staudt, L.M. (2014). Ibrutinib Treatment of CLL: The Cancer 
Fights Back. Cancer cell 26, 11-13. 



   
 

 226 

Zenz, T., Eichhorst, B., Busch, R., Denzel, T., Habe, S., Winkler, D., Buhler, A., 
Edelmann, J., Bergmann, M., Hopfinger, G., et al. (2010). TP53 mutation and 
survival in chronic lymphocytic leukemia. J Clin Oncol 28, 4473-4479. 

Zenz, T., Mertens, D., Döhner, H., and Stilgenbauer, S. (2011). Importance of 
genetics in chronic lymphocytic leukemia. Blood reviews 25, 131-137. 

Zhang, H., Sun, C., Glogauer, M., and Bokoch, G.M. (2009). Human neutrophils 
coordinate chemotaxis by differential activation of Rac1 and Rac2. Journal of 
immunology 183, 2718-2728. 

Zhang, S., and Kipps, T.J. (2014). The pathogenesis of chronic lymphocytic 
leukemia. Annu Rev Pathol 9, 103-118. 

Zhao, Y.J., Lam, C.M., and Lee, H.C. (2012). The membrane-bound enzyme CD38 
exists in two opposing orientations. Science signaling 5, ra67. 

Zheng, Y., Liu, H., Coughlin, J., Zheng, J., Li, L., and Stone, J.C. (2005). 
Phosphorylation of RasGRP3 on threonine 133 provides a mechanistic link 
between PKC and Ras signaling systems in B cells. Blood 105, 3648-3654. 

Zhu, J., Luo, B.H., Xiao, T., Zhang, C., Nishida, N., and Springer, T.A. (2008). 
Structure of a complete integrin ectodomain in a physiologic resting state and 
activation and deactivation by applied forces. Molecular cell 32, 849-861. 

Zocchi, E., Franco, L., Guida, L., Piccini, D., Tacchetti, C., and De Flora, A. (1996). 
NAD+-dependent internalization of the transmembrane glycoprotein CD38 in 
human Namalwa B cells. FEBS letters 396, 327-332. 

Zocchi, E., Usai, C., Guida, L., Franco, L., Bruzzone, S., Passalacqua, M., and De Flora, 
A. (1999). Ligand-induced internalization of CD38 results in intracellular Ca2+ 
mobilization: role of NAD+ transport across cell membranes. Faseb J 13, 273-283. 

Zubiaur, M., Guirado, M., Terhorst, C., Malavasi, F., and Sancho, J. (1999). The CD3-
gamma delta epsilon transducing module mediates CD38-induced protein-
tyrosine kinase and mitogen-activated protein kinase activation in Jurkat T cells. 
The Journal of biological chemistry 274, 20633-20642. 

Zucchetto, A., Benedetti, D., Tripodo, C., Bomben, R., Dal Bo, M., Marconi, D., Bossi, 
F., Lorenzon, D., Degan, M., Rossi, F.M., et al. (2009). CD38/CD31, the CCL3 and 
CCL4 chemokines, and CD49d/vascular cell adhesion molecule-1 are 
interchained by sequential events sustaining chronic lymphocytic leukemia cell 
survival. Cancer research 69, 4001-4009. 

Zucchetto, A., Caldana, C., Benedetti, D., Tissino, E., Rossi, F.M., Hutterer, E., Pozzo, 
F., Bomben, R., Dal Bo, M., D'Arena, G., et al. (2013). CD49d is overexpressed by 
trisomy 12 chronic lymphocytic leukemia cells: evidence for a methylation-
dependent regulation mechanism. Blood 122, 3317-3321. 

Zucchetto, a., Vaisitti, T., Benedetti, D., Tissino, E., Bertagnolo, V., Rossi, D., 
Bomben, R., Dal Bo, M., Del Principe, M.I., Gorgone, a., et al. (2012). The 



   
 

 227 

CD49d/CD29 complex is physically and functionally associated with CD38 in B-
cell chronic lymphocytic leukemia cells. Leukemia : official journal of the 
Leukemia Society of America, Leukemia Research Fund, UK, 1-12. 

Zupo, S., Rugari, E., Dono, M., Taborelli, G., Malavasi, F., and Ferrarini, M. (1994). 
CD38 signaling by agonistic monoclonal antibody prevents apoptosis of human 
germinal center B cells. European journal of immunology 24, 1218-1222. 

 

 

 


