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GENERAL DISCUSSION 

Signaling by the B cell antigen receptor, integrin-mediated adhesion and chemokine-

controlled migration are processes critically involved in early B cell development in the bone 

marrow, recirculation and homing of B cells via the bloodstream, and antigen-specific B cell 

differentiation and function underlying a proper immune response in the secondary lymphoid 

organs. In addition, these processes frequently are required for lymphoma growth and survival 

as well. Therefore, the aim of the studies described in this thesis was to dissect the signaling 

mechanism involved in these processes essential for B cell development and function.  

Btk as a mediator of B cell adhesion and migration 

In men, loss-of-function mutations in BTK cause the inherited X chromosome-linked humoral 

immunodeficiency disease XLA, which is characterized by an almost total absence of 

peripheral B cells and immunoglobulin production due to an nearly complete arrest in B cell 

development at the pre-B cell stage. Since pre-BCR signaling is essential for survival of pre-B 

cells, and Btk is known to be an important mediator of (pre-)BCR signaling [1-3] (Figure 1), 

it is generally believed that the arrest in B cell development at the pre-B cell stage observed in 

XLA is due to impaired pre-BCR signaling as a consequence of btk loss-of-function 

mutations. Previous work from our group showed that Btk and PLC 2 mediate (pre-)BCR-

controlled integrin-mediated adhesion [4] (Figure 1), while we demonstrated that these 

signaling proteins are also involved in chemokine-induced B cell migration and homing in 

chapter 4 (Figure 2). Our findings suggest that impaired adhesion and migration, as a 

consequence of btk loss-of-function mutations, may also contribute to XLA. By performing 

adoptive transfer experiments using primary bone marrow cultures from WT and Btk-

deficient mice, we established that pre-B cells and immature B cells deficient in Btk are 

impaired in their ability to home to the lymph nodes, the spleen and the BM. Notably, 

Halcomb et al. [5] recently also showed impaired migration of B cells derived from Btk- and 

PLC 2-knockout mice, thereby confirming our findings. It would be of great interest to 

explore how these cells behave during the GC reaction, which is critically dependent on the 

chemokine receptors CXCR4 and CXCR5 [6]. To study Btk-mediated homing of B cells at 

later stages of B cell differentiation conditional Btk knock-out mice should be generated. 

However, it was shown that in murine B cells Tec can to a certain extent compensates for the 

Btk defect [7]. Since Tec knock-out mice show no major immunological phenotype [7], the 

conditional Btk knock-out mice should be studied in a Tec
-/-

 background. In these mice loxP 

sites should flank exons encoding essential domains like the Btk PH- or kinase-domain, which 

become excised in cells in which Cre recombinase activity has been induced. By crossing 

these Btk
loxP

/Tec
-/-

 mice with mice expressing Cre recombinase under the control of a 

promoter induced upon B cell maturation, for example the AID promoter, mice with B cells 

deficient in Btk (and Tec) from the mature B cell stage onwards will be generated. In this way 

the block in early B cell development can be circumvented, and the function of Btk in later B 

cell stages, among which its role in migration of mature B cells, can be investigated.  

Btk-deficient B cells displayed impaired chemokine-induced adhesion, which may 

underlie the impaired chemokine-controlled migration of these cells. Chemokine-controlled 

cell migration is a complex process that involves proper coordination of cell polarity, 

cytoskeletal reorganization, and control of integrin localization and activity. Increased 

integrin-mediated adhesion can be the consequence of an increase in integrin affinity and/or 

avidity (clustering). In response to BCR activation, Btk-dependent integrin-mediated adhesion 

of B cells was found to involve cytoskeletal reorganization and integrin clustering [4]. 
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GENERAL DISCUSSION 

Figure 1.   Signal transduction pathways initiated by the B cell receptor.  

A schematic representation of the signaling pathways activated upon stimulation of the BCR is 

shown. See text for more details.  

Therefore it is likely that Btk-mediated chemokine-controlled adhesion also involves integrin 

clustering.

In BCR signaling, the PI3K-product PIP3 has been implicated in membrane recruitment 

of Btk, enabling phosphorylation and activation of Btk by Lyn [8].  Syk has been implicated 

in phosphorylation of the adaptor BLNK (SLP-65/BASH), thereby creating docking sites for 

both Btk and PLC 2, which facilitates phosphorylation and activation of PLC 2 by Btk [8].  
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Figure 2.   Signaling cascades underlying SDF-1-controlled migration.  

A schematic representation of the signaling pathways underlying chemokine-controlled migration is 

shown. See text for more details.  

We found that SDF-1-controlled migration was impaired in B cells deficient in Lyn and Syk, 

which suggests these tyrosine kinases may also mediate activation of Btk (and PLC 2) by 

SDF-1. SDF-1-induced membrane recruitment of a Btk-GFP fusion protein transiently 

expressed in Hela cells was reported to be sensitive to PI3K inhibition [9], suggesting PI3K 

also mediates SDF-1-induced activation of Btk. However, SDF-1-controlled migration is 

more sensitive to Btk-deficiency than to PI3K inhibition and loss of Btk results in impairment 

of migration irrespective of PI3K inhibition. This indicates that PI3K does not mediate 

activation of Btk by SDF-1. Supporting our results, and opposing the general perception that 

activation of Btk is strictly dependent upon its PI3K-mediated membrane recruitment, BCR-

controlled phosphorylation and activation of Btk (and PLC 2) was not affected in B cells 

deficient in the regulatory PI3K subunit p85  or the catalytic subunit p110 , nor in primary B 

cells treated with PI3K inhibitors LY294002 or Wortmannin [10,11]. Likewise, in accordance 
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with the minor effect of PI3K inhibition on SDF-1-induced B cell migration, several studies 

have challenged the general concept that PI3K activation is indispensable for chemokine-

controlled cell migration [12-14]. Nevertheless, the residual migration of Btk-deficient cells 

was largely PI3K-dependent. Most likely, this involves the catalytic p110  and adapter p85

subunits, which, in contrast to the catalytic subunit p110 , have been implicated in 

chemokine-controlled B cell migration [14,15].  

Besides PLC 2, PLC  isoforms also play an important role in migration [16]. This is 

also supported by our observation that whereas PLC 2-deficient DT40 cells display a 

reduction in migratory capacity by ~50%, DT40 cells treated with the PLC inhibitor U73122, 

which blocks all PLC isoforms, show a completely impaired migration. Both PLC  and 

PLC 2 produce the second messengers diacylglycerol and IP3, which poses the question why 

activation of two different PLC isoforms is needed for full chemokine-induced migration. 

Most likely distinct PLC isoforms localize to different plasma membrane micro-domains and 

are as a consequence able to recruit distinct complexes of signaling molecules, which are all 

required for optimal migration. Interestingly, recently Ghandour et al. showed that in human 

T cells, activation of the integrins LFA-1 and 4 1 in response to SDF-1 occurs via different 

signaling molecules, although both require PLC activity [17]. Whereas LFA-1 activation 

depends on the CalDAG-GEF-Rap1 pathway, activation of 4 1 is dependent on PKC. 

Notably, SDF-1-induced Rap1 activation is independent of Btk and PLC 2 (chapter 4 and 

data not shown), although it is inhibited by U73122 treatment (data not shown) [18]. It is 

tempting to speculate that also in B cells SDF-1 induces LFA-1-mediated adhesion via the 

PLC -CalDAG-GEF-Rap1 pathway, and adhesion mediated by 4 1 via the Btk-PLC 2-

PKC pathway.  

Ral in B cell development and function 

This thesis describes for the first time a function for the small GTPase Ral in B cells. In 

chapter 3 it is shown that Ral, as a Ras-effector, mediates BCR-controlled gene expression 

(Figure 1), whereas in chapter 5 it is revealed that Ral, in a Ras-independent manner, is 

activated by the chemokine SDF-1 and is implicated in SDF-1-controlled B cell migration 

(Figure 2). Since BCR signaling and B cell migration are essential during B cell development, 

differentiation and function, Ral is likely to be involved in these processes. How Ral might be 

implicated in controlling these processes from a signaling perspective is described in this 

thesis, but additional studies are required to directly determine the contribution of Ral to B 

cell development, differentiation and function in vivo. Unfortunately, knock-out mice for 

either RalA or RalB are currently lacking, and, since inhibition of Ral in Drosphila or 

Xenopus results in embryonic lethality [19,20], mice deficient for RalA or RalB may not be 

viable either. However, González-García et al. [21] have generated mice in which loxP sites 

flank exons encoding the functional domains of the RalGEF RalGDS. Crossing these 

RalGDS-LoxP mice with CD19-Cre mice [22] would give rise to mice deficient for RalGDS 

specifically in the B cell compartment, which could help to uncover the role of Ral in B cell 

development, differentiation and function in vivo.  The possible embryonic lethality of mice 

deficient in RalA, RalB or both, could also be circumvented by generating CD19-conditional 

Ral knock-out mice, or by conditionally expressing RalN28 or RalBP GAP by means of 

generating retrogenic mice (Csikós et al., submitted). In the latter approach, hematopoietic 

stem cells derived from CD19-Cre mice could be retrovirally transduced with mutant LoxP-

flanked reversed RalN28 or RalBP GAP. In CD19-expressing B cells the transgenes are 

138



GENERAL DISCUSSION 

inversed to the proper orientation, resulting in expression of the mutant proteins specifically 

in B cells. It will be interesting to determine whether the mice described above, i.e., with 

disturbed Ral signaling in the B cells compartment, display a phenotype similar to that of 

transgenic mice with RasN17-expressing B cells, specifically regarding the arrest of B cell 

development at a very early stage [23,24]. Furthermore, it will be of interest to determine the 

effect of introduction of a constitutively active Ral or RalGEF mutant on the block in B cell 

development imposed by RasN17 expression. 

In chapter 3 we show that Ral mediates BCR-controlled activation of AP-1 and NFAT 

transcription factors, but is not involved in NF- B activation. Most signal transduction studies 

in lymphocytes focus on NF B and NFAT signaling, and for the latter pathway almost 

exclusively in T cells [25,26]. Undoubtedly these transcription factors are essential for 

conducting a great number of immunological responses, however, for a proper understanding 

of lymphocyte biology, the role of other signal transduction routes should also be considered. 

For example, although AP-1 family members are activated in B cells by BCR signaling 

[27,28], and the function of AP-1 proteins is well studied in many other cell types, the role of 

these transcription factors in lymphocytes is hardly investigated. This is remarkable 

considering the fact that NFAT proteins, which are required for T cell [26] and possibly also 

for several B cell responses [29-33], bind to the promoter of many of their target genes in 

concert with JUN/FOS AP-1 dimers [34,35].  

Several proteins found to mediate BCR-controlled gene transcription do also function 

downstream of CXCR4 (e.g. Btk, Ral and MAP kinases). However, SDF-1 signaling did not 

result in an increase in transcriptional activity of AP-1 or NFAT transcription factors in B 

cells (our unpublished observations). The mode of activation of the signaling mediators 

differs between SDF-1 vs. antigenic stimulation. For example, upon SDF-1 stimulation Ral 

activation is transient and of higher amplitude than the activation of Ral induced by BCR 

signaling. Conversely, BCR triggering caused a more sustained and more pronounced 

activation of Btk than that observed in response to chemokine signaling. Hence, not only 

activation of signaling molecules per se, but also the duration, amplitude, localization and 

signaling context of this activation determine the outcome of the biological response. Ouwens 

et al. showed that Ras induces phosphorylation of ATF-2 on Thr71 via the Raf-MEK-Erk 

pathway and on Thr69 via the RalGDS-Ral-p38 pathway, phosphorylation of both Thr 

residues being required for full transcriptional activation of ATF-2 [36]. Although both Erk 

and Ral are activated in response to SDF-1 stimulation, this activation is very transient and 

Erk activation is less pronounced than after antigenic or growth factor stimulation. This might 

explain why ATF-2 activation is not observed upon chemokine receptor stimulation in B cells 

(our unpublished observations).

As shown in chapter 5, SDF-1-induced Ral activation in B cells is not mediated by 

Ras, PI3K, Btk, Lyn and Syk or PLC isoforms. Thus, activation of Ral and Ral-mediated 

migration occurs independent of these established migration-regulatory pathways. DOCK2 is 

another important mediator of lymphocyte chemotaxis, which controls activation of the 

migration-regulatory GTPases Rac and Rap1 [14,37]. Activation of these GTPases was not 

affected in Btk-deficient cells (chapter 4), suggesting that DOCK2 does not function 

downstream of Btk. It would be interesting to determine whether chemokine-induced Ral 

activation may occur in a DOCK2-dependent manner. If so, Ral is likely to act in parallel of 

Rap1, because Rap1 activation is also not affected in cells expressing RalN28 (chapter 5). 

Another possibility is that SDF-1-induced Ral activation is mediated by -arrestins. -

arrestins are important mediators of G-protein-coupled receptor signaling [38], and are 

required for CXCR4-mediated lymphocyte chemotaxis [39]. Battacharya et al. showed that 

the RalGDS-Ral pathway is activated by -arrestins in a Ras-independent manner, and 
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mediates fMLP-induced cytoskeletal reorganization [40]. However, thus far, the signaling 

molecules that mediate SDF-1-induced Ral activation remain to be determined.  

Btk and Ral in the pathogenesis of B cell lymphomas 

Besides the genetic transformation events, interactions with the tumor microenvironment play 

a critical role in the pathogenesis of B cell malignancies [41]. In addition, similar to non-

malignant B cells, selection for expression of a functional BCR also occurs in certain B cell 

lymphomas, including CLLs, follicular, Burkitt and MALT lymphomas [41-43]. BCR 

signaling was demonstrated to be essential for survival of these lymphomas [43]. Thus, 

inhibition of Btk and Ral function in B cell lymphomas might disturb proper localization of, 

and BCR signaling in, these lymphoma cells, thereby affecting their growth and survival. This 

has already been demonstrated for the non-receptor tyrosine kinase Syk. When Syk activity 

was blocked by selective inhibitors, growth of several murine and human B lymphomas was 

suppressed [43]. Given our findings that Syk is also involved in B cell migration (chapter 4), 

and that both the microenvironment and BCR signaling play an important role in lymphoma 

survival and proliferation [41,43], inhibition of Syk might even have more pronounced effects 

in vivo. For the same reasons Ral and especially Btk might be potential targets for therapeutic 

intervention. The essential function of Btk in a wide variety of BCR-controlled processes is 

well documented, and moreover, in this thesis a role for Btk in B cell migration and homing is 

described. The importance of Btk for B cell (lymphoma) survival and the fact that Btk protein 

expression is restricted to B cells and macrophages, thereby reducing potential side effects, 

renders this kinase a very attractive target for therapeutic intervention in B cell lymphoma 

treatment. A pharmacological Tec family kinase inhibitor LFM-A13 has been developed, and 

treatment of B cell lymphoma cells with this compound enhanced their sensitivity to 

ceramide- or vincristine-induced apoptosis [44]. However, in addition to targeting Tec family 

kinases, LFM-A13 is also a potent inhibitor of JAK2 [45], a kinase mediating interleukin 

signaling, thereby increasing the risk of unwanted side effects for patients treated with this 

compound. Thus, in order to prevent putative side effects, more specific Btk-inhibitors should 

be designed for treatment of B cell lymphomas. Notably, the BCR and Btk are not expressed 

in plasma cells or MM cells; however, in these cells Ral may be a very attractive target for 

therapeutic intervention.

HGF and Ral in the pathogenesis of Multiple Myeloma 

One of the cytokines produced in the BM is HGF [46], which, as described in chapter 6, is a 

potent growth factor for myeloma cells, stimulating proliferation and protecting from 

apoptosis. Met was found to be expressed by the majority of MM cells, and since BM stromal 

cells produce HGF [46], paracrine stimulation of MM cells within the BM microenvironment 

is likely to occur (Figure 3). However, co-expression of HGF and Met has also been observed, 

suggesting autocrine stimulation [47,48]. HGF production by MM cells was found to be 

increased upon interaction with osteoblasts [49], and inhibits Bone Morphogenetic Protein 

(BMP)-induced osteoblast differentiation, thereby directly contributing to osteolytic bone 

disease (Figure 3) [50]. Furthermore, HGF also stimulates osteoclast proliferation, migration 

and function [51]. Work from our group showed that MM cells can also secrete HGF- 
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Figure 3.   Interactions of MM cells and the BM microenvironment involving HGF and SDF-1.

This figure summarizes the role of HGF/Met and SDF-1 signaling in MM pathogenesis. SDF-1 

induces homing/localization of MM cells to the BM microenvironment. HGF produced by BM 

stromal cells or the MM cells themselves stimulates MM cell proliferation and survival. In addition, 

HGF/Met signaling can possibly increase adhesion, either directly or by upregulating CXCR4 

expression, contributing to cell adhesion-mediated drug resistance (CAM-DR) and BM retention of 

MM cells. HGF secreted by MM cells inhibits bone formation by osteoblasts and stimulates bone 

resorption by osteoclasts, resulting in osteolytic bone disease, and HGF stimulates angiogenesis.  

activator (HGFA), a serine protease which converts specifically HGF into its active form [52]. 

Consistent with a role for HGF/Met in MM progression, high serum levels of HGF are 

associated with unfavorable prognosis in patients with MM [53], and inhibition of HGF or 

depletion of Met inhibits growth of MM cells [54,55].

HGF stimulation of MM cells induces activation of the PI3K/PKB and Ras/Erk 

pathways, which results in MM cell growth and survival. Similarly, various other cytokines, 
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including IL6, IGF and VEGF, have been shown to control MM growth via activation of 

these pathways [56,57]. Furthermore, various cytokines were found to induce phosphorylation 

of PI3K/PKB substrates such as the FOXO transcription factors [56]. Indeed, we found that 

also HGF induces phosphorylation of FOXO1 and FOXO3a in MM cells (our unpublished 

observations). Since expression of a PI3K-insensitive FOXO3a mutant inhibits proliferation 

and IGF-I-controlled rescue of Dexamethasone-induced apoptosis [57], inhibition of FOXO 

activity by PI3K might be important in MM cell survival. The importance of PI3K and Ras 

signaling in the pathogenesis of MM is also reflected by the findings that deletion of PTEN, a 

negative regulator of PI3K signaling, induces MM tumor growth [58,59], and that activating 

mutations in N-Ras and K-Ras have been reported in 40-50% of patients with MM at 

diagnosis [60-62]. Myeloma cell lines harboring oncogenic Ras mutations display constitutive 

activation of the Raf-MEK-Erk, PI3K-PKB and nuclear factor- B (NF- B) pathways [63]. In 

addition to oncogenic Ras mutations, Ras is activated in MM cells by various signals 

provided by the BM microenvironment [64-66]. Inhibition of PI3K or of MEK results in 

apoptosis of MM cells, showing the necessity of activation of the PI3K and Ras pathways for 

survival and proliferation of MM cells.  Therefore, blocking activation of these proteins, 

rather than blocking signaling by a specific cytokine, might be a promising approach for MM 

treatment. This could be achieved by treatment with pharmacological inhibitors directed 

against these proteins. Interestingly, many of the cytokines involved in controlling MM 

growth require binding to co-receptors on MM cells, in particular to the heparan sulfate 

proteoglycan Syndecan-1 (CD138). Indeed, also HGF/Met signaling was found to be 

promoted by Syndecan-1 heparan sulfate side chains [67]. Therefore, blocking Syndecan-1 

expression or modification of the heparan sulfate side chains is an alternative approach to 

inhibit the multitude of cytokine signaling pathways involved in MM proliferation and 

survival. However, this approach will not affect the constitutive activation of the Ras or PI3K 

pathways caused by oncogenic Ras mutations or PTEN deletion, respectively.

In addition to Ras and PI3K, Ral is likely to be activated by most cytokines present in 

the BM. For example, HGF stimulation of MM cells induces activation of Ral (our 

unpublished observations). Ral is implicated in Ras-induced tumorigenesis of solid tumors 

[21,68-70], and might have a similar role in MM growth and survival. Notably, we were 

unable to generate MM cell lines stably expressing dominant negative Ral (our unpublished 

observations), which could be explained by the possible requirement for Ral in survival of 

MM cells.

Besides controlling MM proliferation and rescue from apoptosis as described in this 

thesis, HGF is also suggested to be involved in homing and retention of MM cells in the BM. 

It was described that HGF can induce integrin-mediated adhesion and migration of MM cells 

[71,72]. However, we were unable to reproduce these results (our unpublished observations). 

Nevertheless, since HGF was shown to enhance CXCR4 expression and stimulated SDF-1-

induced migration of human CD34+ progenitors and MCF-7 breast cancer cells [73,74], it is 

possible that HGF promotes CXCR4 expression and SDF-1-responsiveness of MM cells, 

thereby indirectly stimulating homing and retention of MM in the BM microenvironment. 

Indeed, we have found that HGF stimulation resulted in increased surface expression of 

CXCR4 in MM cells (our unpublished observations). Thus, apart from stimulating MM 

growth and survival directly, HGF presumably indirectly stimulates growth and survival by 

mediating MM retention in the BM.  

The SDF-1/CXCR4 axis plays an important role in MM growth and survival [75,76].

SDF-1 facilitates localization of MM cells to the BM [75,76], where several cytokines 

produced by BM stromal cells, like for example HGF, IL-6 and Wnt, provide MM cells with 

proliferation and survival signals required for their expansion [77-79]. Thus, in order to obtain 
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the required signals for their expansion, chemoattractants controlling homing of MM cells to 

the BM can be considered equally important for MM growth as the cytokines that provide the 

actual proliferative and anti-apoptotic signals. Indeed, when homing of MM cells is disturbed 

by means of treatment with inhibitors of CXCR4 signaling, this results in a loss of tumor 

progression [75,76]. Therefore, since Ral is both involved in controlling MM 

homing/retention in the BM tumor microenvironment (chapter 5), and in oncogenic Ras-

induced transformation [21,68-70], Ral could be a very attractive target for therapeutic 

intervention.

In the studies to explore the role of Ral in B cells and MM cells described in chapters 

3 and 5, Ral function was inhibited by means of expression of either RalN28 or a RalBP 

mutant which sequesters active Ral. Introducing these mutants in MM cells in vivo would 

likely result in reduced survival and homing/retention of MM cells in the BM. Furthermore, 

derivatives of the C3 exoenzyme from the bacterial pathogen Clostridium botilinum, which 

was found to inhibit Ral activity [80], could also be applied to treat MM patients. Moreover, 

intrabodies, single domain intracellular antibodies, directed against Ral might be used to 

block Ral-mediated effects. Notably, intrabodies against oncogenic Ras have recently been 

proven effective in reducing Ras-induced tumorigenesis [81]. However, since it might be 

difficult to target these Ral inhibitors to MM cells, pharmacological inhibitors of Ral might be 

needed. Recently, geranylgeranyl transferase I inhibitors, which were shown to inhibit 

oncogenic and tumor survival pathways, were found to exert their effects by targeting Ral 

proteins [82]. Interestingly, these inhibitors were described to inhibit MM growth [83]. These 

inhibiters could inhibit Ral activation in MM cells and block MM homing/retention and tumor 

growth in the BM microenvironment.  

Conclusions

The studies described in this thesis show that Btk and Ral have a critical role in B cell 

development, trafficking and function. These signaling molecules mediate BCR-controlled 

activation of AP-1 and NFAT transcription factors, and chemokine-controlled migration of B 

cells, which is essential for a proper immune response. The impaired adhesion and migration 

due to Btk loss-of-function mutations may contribute to XLA. In addition, Ral also mediates 

SDF-1-induced chemotaxis of MM cells, which is critical for their homing and retention in 

the BM. Since various cytokines produced in the BM microenvironment control MM growth 

and survival, Ral-mediated retention of MM cells in the BM may be required for growth and 

expansion of MM cells. HGF was identified as one of the cytokines which, both in a 

paracrine as well as autocrine fashion, can control MM growth and survival in the BM 

microenvironment. 
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