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Immunity in a “nutshell”
The human body is constantly threatened by pathogens and the immune system 
continuously tries to clear these threats. The immune system consists of layers 
of defense that differ in specificity. Physical barriers, such as the skin and internal 
epithelial layers, provide a first line of defense. When pathogens breach these 
barriers, pattern recognition receptors sense general microbial motifs, such as 
polysaccharides and CpG-DNA, and initiate the so-called innate immune response. 
Phagocytic cells will bind, internalize and exterminate the invading pathogens 
and subsequently transport the antigens to draining lymph nodes, where they are 
presented to B- and T-cells that belong to the adaptive immune system.
B- and T-cells express randomly generated antigen receptor genes, encoding the 
B-cell receptor (BCR) on B-cells and the T-cell receptor (TCR) on T-cells. B and 
T-cells are activated when these antigen receptors sense their cognate antigen, 
finally resulting in expansion and differentiation into effector and memory cells. 
Memory B- and T-cells are long-lived cells and quickly propagate to large numbers 
of effector cells upon re-encounter with their cognate antigen. Effector T-cells include 
T-helper cells, which direct the cellular and humoral immune response, and cytotoxic 
T-cells, which are capable of lysing infected cells. Effector B-cells are plasma cells, 
specialized in secreting large amounts of soluble BCRs, called antibodies (Ab) 
or immunoglobulins (Ig), which specifically bind and opsonize antigens. Abs are 
recognized by the complement system or by receptors on phagocytic cells and are 
essential for true elimination of harmful agents.

The B-cell receptor
Diversity of the BCR repertoire
To be able to eliminate all potential threats, a near-unlimited Ab repertoire is required. 
To generate this diversity, every precursor B-cell will generate a unique BCR by 
somatic recombination of Ig heavy and light chain variable region gene segments. 
First, the variable domain of the Ig heavy chain (IGHV) is generated by rearranging 
an Ig heavy chain variable gene segment (IGHV) next to an Ig heavy chain diversity 
gene segment (IGHD) and an Ig heavy chain joining (IGHJ) gene segment (Figure 
1). In total, the human genome encodes 39-46 IGHV, 23 IGHD and 6 IGHJ-genes, 
resulting in >6000 possible combinations1. Subsequently, the Ig light chain genes 
are rearranged in a similar fashion. The variable domain of the Ig light chain (IGLV) 
consists of gene segments that encode either the kappa or lambda isotype. The 
kappa Ig light chain gene repertoire contains 34-37 Ig kappa light chain variable 
genes (IGKV) and 5 Ig kappa light chain joining genes (IGKJ)2. The lambda repertoire 
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consists of 30-33 Ig lambda light chain variable genes (IGLV) and 4 Ig lambda light 
chain joining genes (IGLJ)3. The total BCR diversity that potentially can be generated 
by the combined repertoire of IGHV and IGLV genes is estimated to be about 2-4 x  106. 
Diversity of the BCR is further increased by utilization of the IGHD-gene in any of 
the three reading frames and by exonucleases that may remove nucleotides from 
the junctions. Moreover, the enzyme Terminal deoxynucleotide Transferase (TdT) 
randomly inserts non-templated nucleotides, so-called N-nucleotides, which can 
potentially encode any amino acid, during the rearrangement process4. As a result 
the diversity that can be generated is estimated to be more than 1012 (Figure 1).
The IGHV and IGLV both consist of four framework regions (FR) and three 
complementary determining regions (CDR). The FRs are important in maintaining 
the overall structure and the CDRs form the antigen binding site. The junction of 
the IGHV, IGHD and IGHJ gene segments, including the N-nucleotides, is the most 
diverse region of the BCR and forms the IGHV-CDR3. The IGHV-CDR3 is considered 
unique for every B-cell and is the most important region for determining the antigen 
specificity5.

       1

Figure 1: Diversity of the B-cell receptor repertoire
The variable domain of the BCR is generated by rearranging IGHV, IGHD and IGHJ gene segments and 
IGKV/IGLV or IGKJ/IGLJ gene segments for the Ig heavy and light chains, respectively. The total BCR 
repertoire that can be generated is estimated at >1012 unique BCRs.

Hoogeboom.indd   12 19-03-13   08:43



13

B-cell receptor diversification and the germinal centre reaction
After successful rearrangement of the IGHV and IGLV genes, immature B-cells migrate 
to the spleen to complete maturation. Subsequently, mature naïve B-cells enter the 
circulation and secondary lymphoid tissues. BCRs of naïve B-cells generally bind 
antigens with low-affinity. When naïve B-cells encounter their cognate antigens, their 
IGHV and IGLV genes may be subjected to the process of somatic hypermutation 
(SHM). During SHM, the enzyme Activation-induced Cytidine Deaminase (AID) 
randomly introduces DNA alterations that give rise to further diversification of the 
BCR repertoire and may result in a higher affinity for the antigen6-8. 
SHM occurs in both germinal centre (GC) B-cells and in marginal zone (MZ) B-cells. 
MZ B-cells (also known as IgM memory B-cells) surround primary and secondary 
follicles in the spleen and mucosa-associated lymphoid-tissues. MZ B-cells 
generally respond to polyvalent T-cell independent antigens, such as bacterial 
polysaccharides9;10. Where and when MZ B-cells mutate their IGHV and IGLV 
genes and whether this is antigen-dependent is a longstanding matter of debate11-14. 
B-cells that recognize T-cell dependent antigens receive T-cell help through CD40-
CD40L interactions, which initiates a GC reaction15. During a GC reaction, B-cells 
proliferate and mutate their IGHV and IGLV genes, while competing for survival 
signals. The B-cell clones that have obtained the highest affinity for the antigen, 
receive stronger activation signals, internalize and present more antigen to T-cells 
and subsequently receive more T-cell help. B-cells with lower-affinity for the antigen 
lose the competition for antigen and are prone to apoptosis16-18. The key principle of 
this process is that only the B-cell clones with the highest affinities are selected for 
terminal differentiation into memory B-cells and plasmablasts.
During a GC reaction, GC B-cells may switch the gene that encodes for the constant 
domain of the Ig heavy-chain in a process called class switch recombination (CSR), 
which is also mediated by AID8. Before affinity maturation, naïve B-cells express 
the Cμ constant region simultaneously with Cδ, resulting in membrane expression 
of IgM and IgD, respectively. After affinity maturation, the isotype may switch into 
IgG, IgA and IgE (encoded by Cγ, Cα or Cε, respectively). All isotypes have distinct 
characteristics. For instance, IgM is secreted as a pentamer, resulting in high-avidity 
and IgA is the only isotype that can endure the harsh conditions of the gastro-intestinal 
tract. Moreover, each isotype is recognized by specific Fc-receptors, resulting in 
activation of distinct effector cell types, e.g. IgG activates Fcγ-expressing phagocytic 
cells and IgE specifically activates basophiles and mast cells via the Fce-receptor.

Diversity and B-cell receptor self-reactivity
Although a broad diversity is required for efficient antigen recognition and elimination, 
the processes associated with the generation of this diversity also have a downside. 
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It is inevitable that a large proportion of the IGHV-rearrangements results in self-
reactive and poly-reactive BCRs19. Three mechanisms exist to silence self-reactive 
BCRs in pre-B-cells: receptor editing, anergy and deletion of the clone. During receptor 
editing, the IGLV of a self-reactive BCR is replaced by a secondary rearranged 
IGLV20;21. Alternatively, low-affinity self-reactive B-cells may be reprogrammed to a 
less-responsive state termed anergy. Anergic B-cells have higher levels of basal 
BCR signaling, lower membrane BCR expression and/or disturbed subcellular 
localization of co-stimulatory receptors, such as Toll-like receptors (TLR), resulting 
in a higher activation threshold for antigen-dependent BCR-signaling22-25. When 
receptor editing is ineffective and anergy is inappropriate, self-reactive B-cells are 
deleted by apoptosis26;27. 
40% of immature and transitional B-cells express a self-reactive BCR and 7% 
of transitional B-cells express a poly-reactive BCR (Figure 2)19. However, during 
development to mature naïve B-cells, the percentage of clones with self-reactive 
BCRs further decreases to 20%, indicating a second checkpoint for deletion of self-
reactivity at the transitional B-cell stage19. In MZ B-cells the percentage of self- and 
poly-reactive BCRs drops to 1-2%, suggesting that self- and poly-reactive B-cells are 
largely excluded from T-cell independent antigen responses9. In contrast, self- and 
poly-reactivity is increased in IgG-memory and IgD-only memory B-cell fractions28;29. 
Remarkably, the increase in self- and poly-reactivity in IgG-memory B-cells is often 
caused by SHM28. However, in terminally differentiated bone marrow plasma cells, 
which harbor higher loads of SHM than IgG-memory B-cells, the frequency of 
self- and poly-reactivity decreases again to 2-27% (Figure 2), suggesting selection 
against secreted self- and poly-reactive Abs30. Interestingly, self- and poly-reactivity 
may contribute to more efficient antigen binding due to heteroligation. According to 
this model, scarce antigens, such as HIV gp140, may be recognized by one antigen 
binding site of a BCR, whereas the other antigen binding site binds to a self-antigen, 
which may result in a higher affinity binding of the antigen31.

       1

Figure 2: Poly- and self-reactivity of the BCR repertoire during B-cell development
Poly- and self-reactivity of the BCR repertoire is counterselected at the pre-B-cell stage, the transitional 
B-cell stage, the marginal zone B-cell stage and during terminal differentiation into plasma cells.
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B-cell receptor signaling
The BCR has two important functions. It regulates B-cell activation and differentiation 
through BCR signaling and it mediates antigen internalization and processing for 
presentation in MHC-II to CD4+ T-cells. The BCR forms a protein complex that 
consists of a membrane bound Ig and the Igα (also known as CD79a and mb-1) 
and Igβ (also known as CD79b and B29) heterodimer. Igα and Igβ are required 
for trafficking of the Ig to the membrane, for transmembrane signaling and for 
BCR endocytosis32-34. When BCRs encounter their cognate antigen, they cluster 
and form an immunological synapse35. BCR cross-linking by an antigen results in 
phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAM) of 
Igα and Igβ by the protein tyrosine kinase Lyn (Figure 3)36. Two mechanisms may 
regulate ITAM phosphorylation upon BCR cross-linking, i.e. BCR cross-linking either 
results in a conformational change, allowing recruitment of Lyn, or alternatively 
BCR cross-linking excludes negative regulators of BCR signaling, such as the 
phosphatases CD45 and CD14837. 
Subsequent to Lyn phosphorylation, Spleen tyrosine kinase (Syk) is recruited and 
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     1Figure 3: BCR cross-linking by antigen 
induces four signaling pathways
Cross-linking of BCRs by antigen induces 
phosphorylation of Igα and Igβ by Lyn and 
recruitment of Syk. Syk phosphorylation 
activates a signaling complex containing 
Btk, Blnk, PI3K and PLCγ2, which 
triggers four downstream signaling routes 
(indicated in orange, yellow, dark blue 
and light blue). BCR signaling induces 
proliferation, differentiation, survival or 
apoptosis, depending on the differentiation 
state of the B-cell and the availability of co-
stimulatory signals. See text for details.
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a signaling complex is formed that in addition to Syk and Lyn includes B-cell linker 
protein (BLNK, also known as SLP-65), Phospholipase C gamma 2 (PLCγ2), Bruton’s 
tyrosine kinase (Btk) and phosphatidylinositol-3-kinase (PI-3K)38. This signaling 
complex activates several different pathways. A first pathway involves activation of 
the guanine exchange factor Vav, p38 and JNK-kinase. A second pathway includes 
activation of Ras, Raf1 and subsequently extracellular regulated kinase (Erk). In 
parallel, protein kinase B (PKB, also known as Akt) becomes activated by PI3K, 
resulting in translocation of nuclear factor of activated T-cells (NF-AT) to the nucleus. 
Additionally, a pathway initiated by PLCγ2 induces intracellular Ca2+-fluxes and 
downstream translocation of the transcription factor nuclear factor kappa B (NFkB) 
to the nucleus38. Activation of all these pathways is required for a complete antigen 
response. Suboptimal cross-linking, for instance by monovalent soluble antigens, 
only partially activates the downstream signaling pathways39. Recently, it was shown 
that BCR signaling does not cease during endocytosis. Instead, the cellular location 
of the BCR may regulate the balance between the distinct signaling routes and thus 
the downstream outcome of signaling40.

Depending on the differentiation status of the B-cell and the availability of co-
stimulatory signals, such as CD40- and TLR-mediated signaling, BCR signaling may 
induce survival, activation, proliferation, apoptosis or further differentiation. In pre-
B-cells, BCR signaling is required to test that the BCR is functional and not reacting 
with self-antigens, resulting in survival and differentiation or resulting in receptor 
editing, anergy or apoptosis as discussed. In mature B-cells, a tonic signal from the 
BCR is required for survival, whereas antigen-specific signaling induces activation 
and proliferation41.

Malignant transformation of B-cells
Lymphomagenesis
During development, B-cells are repeatedly exposed to processes that bear an 
intrinsic risk of genomic instability and subsequent lymphoma development42. In pre-
B-cells, the generation of a functional BCR by gene rearrangement requires double-
stranded DNA breaks. In mature B-cells, the genome is subjected to modifications 
during SHM and CSR, which are also associated with double-stranded breaks. 
Lymphomas can be classified based on histological and cytological features, 
immunophenotype, location and genomic aberrations (Table 1). Many of these 
characteristics reflect the differentiation state of the B-cell from which the lymphoma 
has originated. For instance, precursor B-cell acute lymphoblastic leukemias may 
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express the pre-BCR and TdT, whereas typical GC-derived lymphomas, such as 
follicular lymphomas (FL) and germinal center B-cell-like (GCB) diffuse large B-cell 
lymphomas (DLBCL), generally express the GC-markers CD10 and BCL6. 
Mantle cell lymphomas (MCL) mainly reside in the mantle zone of germinal centers 
and usually harbor a t(11;14) translocation involving BCL1, resulting in overexpression 
of the cell-cycle regulator cyclin D1. Extranodal mucosa-associated lymphoid-tissue 
(MALT) lymphomas arise at sites of chronic inflammation caused by bacterial 
infection or autoimmune disease. Approximately 25% of MALT-lymphomas carries 
a t(11;18) translocation, resulting in expression of a API2-MALT1 fusion protein that 
drives NFkB-activation. The NFkB inhibiting enzyme A20 (TNFAIP3) is frequently 
inactivated in t(11;18)-negative MALT-lymphomas43-45. FLs, Burkitt’s lymphomas (BL) 
and DLBCLs all originate from (post-)GC-cells. FLs retain the follicular architecture 
of the GC and virtually always carry a t(14;18) translocation, causing constitutive 
expression of the anti-apoptotic protein BCL2. Burkitt’s lymphomas are characterized 
by a t(8;14) translocation, resulting in over expression of the cell-cycle regulator 
C-Myc. Based on gene expression profiling, DLBCLs can be subdivided into 
activated B-cell-like (ABC) and germinal center B-cell-like (GCB) subtypes46. GCB-
type DLBCLs frequently harbor t(14;18) translocations and/or aberrations involving 
BCL6, a cell-cycle regulator and repressor of terminal differentiation47. ABC-type 
DLBCLs display constitutive NFkB signaling due to activating mutations in MYD88, 
CARD11, Igα and Igβ48-50 or due to inactivating mutations in NFkB inhibitors, such 
as A2051. In addition, Blimp-1, a transcription factor driving terminal differentiation, 
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MZ: Marginal zone ; GC: Germinal center

Table 1: Common genomic aberrations in B-cell lymphomas

Lymphoma subtype Origin Most common genetic 
aberrations

Mantle cell lymphoma (MCL) Naive B-cell CyclinD1, t(11;14) (>95%)

MALT-lymphoma MZ B-cell MALT1, t(11;18) (~25%) 
A20 mutation (~20%)

Follicular lymphoma (FL) GC B-cell BCL2, t(14;18) (~25%)

Burkitt’s lymphoma (BL) GC B-cell Myc, t(8;14) (~100%)

Germinal center B cell-like diffuse large B cell 
lymphoma (GCB DLBCL) GC B-cell

BCL2, t(14;18) (~20%) 
BCL6 mutation/translocation 
(~30%)

Activated B cell-like diffuse large B cell 
lymphoma (ABC DLBCL) Post GC B-cell

CARD11 mutation (~10%) 
CD79A/B mutation (~25%) 
MYD88 mutation (~30%) 
A20 mutation (~25%) 
Blimp-1 mutation (~25%)
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is frequently inactivated52;53. In summary, a large proportion of B-cell lymphomas 
carries genomic aberrations involving genes that regulate the cell-cycle (CyclinD1, 
C-Myc), inhibit apoptosis (BCL2), repress differentiation (BCL-6 and Blimp-1) or 
drive NFkB activation (MALT1, MYD88, CARD11, Igα /β and TNFAIP3). 
The genomic aberrations in high-grade lymphomas, including BLs and DLBCLs, often 
render the cells independent of the microenvironment for survival and proliferation. 
In contrast, the aberrations in low-grade lymphomas, such as FLs and MALT-
lymphomas, are not sufficient for autonomous survival and proliferation, suggesting 
that additional signals from the microenvironment are required for maintenance and 
expansion of these tumors. In support, BCL2-translocations have been identified in 
non-transformed B-cells in healthy donors, indicating that this aberration is insufficient 
to drive transformation into a FL without additional aberrations or stimuli54.
It has been hypothesized that in lymphomas without NFkB-activating genomic 
aberrations, chronic antigen stimulation may lead to chronic NFkB-signaling and a 
variety of circumstantial evidence indeed supports a role for antigen-dependent BCR 
signaling in the development of lymphomas42;55. All low-grade lymphomas and most 
high-grade lymphomas express a functional BCR and translocations involving the Ig 
locus are virtually always found at the non-productively rearranged Ig loci, leaving 
BCR expression intact42. Furthermore, somatic mutations in Ig genes that disturb 
BCR functioning or expression have not been identified in lymphomas, despite 
evidence for ongoing SHM42. Moreover, biased usage of IGHV has been reported 
for the majority of low-grade lymphomas, including MCL, MALT-lymphoma, splenic 
marginal zone B-cell lymphomas (SMZL) and B-cell chronic lymphocytic leukemia 
(CLL). Intriguingly, stereotypic IGHV-CDR3 amino acid motifs have been described 
in groups of MCL, MALT-lymphoma, SMZL and in particular in CLL (as discussed in 
detail below).
A biased BCR repertoire not necessarily indicates a role for antigen in 
lymphomagenesis. For instance, healthy GC B-cells also have a restricted BCR 
repertoire when compared to naïve B-cells56, suggesting that a restricted BCR 
repertoire may also be a reflection of antigenic selection prior to and unrelated 
to transformation. However, the occurrence of groups of lymphomas with nearly 
identical BCRs, strongly suggests that antigen-dependent BCR signaling plays a 
pivotal role in the development of these groups of lymphomas. The challenge is now 
to identify what antigens these stereotypic BCRs bind. In this thesis, we investigated 
the antigen specificity of stereotypic BCRs derived from MALT-lymphomas and CLL.

       1
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BCR repertoire in lymphomas

Mantle cell lymphoma
Nearly half of the BCRs expressed by MCLs are encoded by only four IGHV genes, 
i.e. IGHV3-21, IGHV4-34, IGHV1-8 and IGHV3-2357. Moreover, approximately 10% 
of MCLs express stereotypic IGHV-CDR3, suggesting that stimulation by distinctive 
antigens plays a role in the development of at least subsets of MCLs. In support, 
in MCL harboring somatically mutated IGHV, several shared SHM have been 
identified57.

MALT-lymphoma
MALT-lymphomas display a restricted, somatically mutated BCR repertoire that varies 
among MALT-lymphomas depending on their localization. Up to 40% of gastric and 
salivary gland MALT-lymphomas express stereotypic BCRs with proven specificity 
for the Fc-tail of IgG, so called rheumatoid factors (RF)58. MALT-lymphomas of the 
ocular adnexae also express a biased IGHV-repertoire (~20% expresses IGHV4-
34)59-61, whereas the IGHV repertoire of cutaneous extranodal MALT-lymphomas is 
not obviously restricted62. A proportion of gastric, cutaneous and ocular adnexae 
MALT-lymphomas is associated with H. pylori, B. burgdorferi and C. psitacii infection, 
respectively. Intriguingly, these lymphomas may respond to bacterial eradication63-65. 
Yet, these lymphomas do not express BCRs with high-affinity for these pathogens66. 
Most likely, these tumors are sustained by a chronically inflamed microenvironment, 
which is resolved by the treatment with antibiotics.

Splenic marginal zone B-cell lymphomas
Hepatitits C virus (HCV)-associated SMZL also frequently express membrane 
bound rheumatoid factors67. Among non-HCV-associated SMZL, 30% express the 
IGHV1-2*04 allele, suggesting that an, as yet unidentified, superantigen may drive 
development of this subset of SMZL68. Interestingly, five recombinant Ig from IGHV1-
2*04-expressing SMZL displayed poly- and self-reactivity69. 

Follicular lymphoma
In contrast to other low-grade lymphomas, no IGHV-CDR3 stereotypy has been 
reported for FLs. Intriguingly, FL IGHV frequently harbor SHM-induced glycosylation 
motifs, which may result in BCR cross-linking by environmental lectins70;71. In 
addition, it was recently reported that 26% of FLs express self-reactive BCRs and 
that stimulation with cognate self-antigens induces BCR signaling in vitro72.

General introduction
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High-grade lymphomas
High-grade lymphomas appear less dependent on the BCR for their survival. 
Nevertheless, physiological BCR signaling may contribute to disease expansion. 
This notion is experimentally supported by data from the Eμ-Myc mice crossed with 
transgenic mice that express BCRs specific for hen egg lysozyme (HEL). These 
mice develop aggressive mature B-cell lymphomas and when malignant B-cells from 
these mice are exposed to HEL, even more aggressive tumors arise73. 

B-cell chronic lymphocytic leukemia
CLL leukemogenesis
B-cell chronic lymphocytic leukemia (CLL), the most common leukemia in adults, is 
a clonal accumulation of CD5+ B-cells74. Two types of CLL are being distinguished, 
carrying either unmutated IGHV (U-CLL) or somatically mutated IGHV (M-CLL), 
which are associated with unfavorable and favorable prognosis, respectively75;76. 
In contrast to M-CLL, U-CLL generally express CD38 and ZAP-70 and expression 
of these markers correlates with disease aggressiveness75;77. However, despite 
their diverse clinical behavior, both U-CLL and M-CLL generally share similar gene 
expression profiles78;79, resembling that of CD5+ B-cells80. 
Over 80% of CLL harbor chromosomal abnormalities, often already present in 
monoclonal B-cell lymphocytosis (MBL), a precursor state of CLL81. Moreover, 
evidence suggests that the MBL/CLL precursor cell might even acquire its first 
genomic “hit” in the bone marrow at the pre-B-cell stage82. Deletion of 13q is present 
in ~55% of CLL and is the most common abnormality, followed by deletion of 11q 
(18%), trisomy 12 (16%) and deletion of 17p (7%)83. The minimally deleted region 
of 13q contains the miR15a/16-1 cluster that controls cell cycle regulation84. The 
deletion of 11q usually involves the ATM gene, which plays a role in the detection 
of DNA damage and the activation of p53, a central regulator of the DNA damage 
response pathway85. p53 is also frequently inactivated by mutations and by deletion of 
17p. The molecular mechanism by which trisomy 12 contributes to CLL progression 
is currently not understood. 
Recently, whole genome sequencing revealed recurrent point mutations in NOTCH1, 
SF3B1 and MYD8886-89. Activating mutations of the transcription factor NOTCH1 
occur in ~10% of CLL (preferentially U-CLL) and are associated with trisomy 1286;87. 
Disruption of the spliceosome component SF3B1 is found in 5-10% of CLL and 
deregulates alternative splicing88;89. MYD88 activating mutations were identified in 
<5% of CLL and result in constitutive NFkB activation87. The exact mechanisms by 
which NOTCH1 and SF3B1 mutations might contribute to the pathogenesis of CLL 
are unclear.  
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In the peripheral blood compartment, CLL cells circulate as resting cells that are 
stuck in the G0 phase79. CLL cells proliferate in so-called proliferation centers in 
lymph nodes, where they may encounter their cognate antigen. In accordance, CLL 
express immunophenotypic markers associated with antigen activation90 and lymph 
node CLL cells have gene expression profiles indicative of ongoing BCR signaling91, 
suggesting that chronic antigen stimulation may be involved in the pathogenesis of 
CLL. This hypothesis is supported by the remarkable therapeutic effects of agents 
that interfere with the BCR signaling pathway, i.e. Btk and Syk inhibitors92;93.

The B-cell receptor repertoire of CLL
Compelling evidence for antigen-dependent BCR signaling in CLL is provided by 
studies on the BCR repertoire. It has long been recognized that CLL express a 
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Figure 4: Stereotypic IGHV and IGLV rearrangements in CLL
(A) List of common stereotypic CLL subsets. U: unmutated IGHV, M: mutated IGHV. (B) IGHV-CDR3 
amino acid sequences of four subset #8 CLL. (C) IGHV-CDR3 amino acid sequences of four subset #4 
CLL. Adapted from Stamatopoulos et al97.
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restricted IGHV repertoire, resulting in an overrepresentation of IGHV1-69, IGHV3-7 
and IGHV4-3494. More importantly, over 30% of CLL can be grouped into subsets 
based on similarities of the amino acid sequences in the highly variable IGHV-CDR3 
(Figure 4A)58;94-99. In a recent study containing IGHV sequences of 7596 CLL, 2308 
CLL were subdivided over 952 subsets based on a stereotypic IGHV-CDR3 similar 
to that of at least one other CLL100. In some subsets, CDR3 stereotypy is germline-
encoded and primarily the result of non-stochastic combination of IGHV, IGHD, 
and IGHJ gene segments (combinatorial stereotypy), such as subset #8 which 
comprises CLL that carry an unmutated IGHV4-39 (IGHV4-39-U) rearrangement 
with heterogeneous N-regions (Figure 4B)100. In other subsets, the CDR3 amino 
acid homology is mainly encoded by the non-templated N-nucleotides (junctional 
stereotypy). For instance, subset #4 contains CLL that express mutated IGHV4-
34 (IGHV4-34-M) with a glycine and tryptophane as N1 region and two basic 
aminoacids (two arginines or an arginine and a lysine) in the N2 region, whereas 
IGHD gene segment usage is diverse (Figure 4C)99;100. The use of IGLV genes is also 
restricted in CLL. Moreover, stereotypic IGHV are usually paired with stereotypic 
IGLV (Figure 4A), resulting in the expression of near-identical BCRs by the leukemic 
clones of subsets of patients101;102. The occurrence of subsets of CLL expressing 
nearly identical BCRs strongly suggests that distinctive antigens are involved in the 
development of CLL. 
This hypothesis is supported by studies on SHM patterns in CLL IGHV. Stereotypic 
CLL harbor subset-biased replacement mutations in both the IGHV and IGLV103;104. 
This feature is most clear in M-CLL, but also minimally mutated U-CLL carry 
recurrent amino acid changes104. Moreover, within stereotypic subsets composed of 
CLL using different IGHV, SHM are found that eliminate germline-encoded variation 
between subset members100. Besides SHM also other mechanisms of diversification 
are subset-biased. For instance, in subset #2 CLL (IGHV3-21-M) one amino acid in 
the CDR2 is frequently deleted105 and subset #4 CLL (IGHV4-34-M) and subset #8 
CLL (IGHV4-39-U) usually express BCRs of the IgG isotype96. Altogether, studies on 
the BCR repertoire in CLL univocally point towards an antigen-driven pathogenesis 
of subsets of CLL.

Biological and clinical features related to BCR stereotypy
Antigen-dependent BCR-signaling may also remain important after transformation. 
This hypothesis is supported by several studies investigating the relation between 
IGHV structure and disease aggressiveness. CLL expressing a BCR classified 
in subset #1 (IGHV1-U) have a more progressive disease as compared to CLL 
expressing the same IGHV genes without stereotypic CDR3 motifs95 and subset 
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#2 CLL (IGHV3-21-M) have an unfavorable prognosis independent of the IGHV 
mutation status106-108. In contrast, M-CLL using other IGHV3-family genes usually 
give rise to an indolent disease109;110. Altogether, these findings demonstrate that 
expression of stereotypic BCRs may influence the clinical behavior of CLL.
Biologically, stereotypic CLL may also share unique features. Subset #2 CLL 
(IGHV3-21-M) and subset #4 CLL (IGHV4-34-M) display gene expression profiles 
subtly different from non-subset M-CLL expressing the same genes111;112. Moreover, 
subset-biased genomic aberrations have been identified in CLL of subset #2 
(IGHV3-21-M), subset #4 (IGHV4-34-M) and subset #8 (IGHV4-39-U), suggesting 
that antigen-specificity might somehow influence genomic instability111;113;114. This 
notion is supported by the higher risk for Richter’s transformations of subset #8 
CLL (IGHV4-39-U)115;116.  Remarkably, patients with a subset #4 CLL (IGHV4-34-M) 
frequently share increased Epstein-Barr virus (EBV) and cytomegalovirus (CMV) 
viral loads, indicating a shared history of viral infections117. Collectively, these data 
point to an association between B-cell receptor specificity and disease biology.
In the last few years, it has become clear that the majority of U-CLL express low-
affinity poly-reactive BCRs, recognizing a variety of self- and exo-antigens, such 
as DNA, LPS, insulin, oxidized LDL, and the cytoskeletal antigens vimentin and 
myosin118-122. In addition, most U-CLL BCRs bind antigens exposed on apoptotic 
cells, which correlates with disease agressiveness119;122;123. In contrast, M-CLL BCRs 
do not bind apoptotic cells and are generally not poly-reactive119;121-123. The specificity 
of M-CLL with stereotypic BCRs has remained unknown.

Scope of this thesis
The studies in this thesis aim to elucidate the role of antigen and BCR stimulation 
in the development of lymphomas and CLL in particular. In chapter 2, we study the 
specificity of recombinant MALT lymphoma-derived soluble BCRs. In chapters 3, 
4 and 5, we analyze the specificity of stereotypic M-CLL BCRs and the effect of 
cognate antigen stimulation on primary CLL cells in vitro. In chapter 6, we explore 
new methods to produce CLL-derived immunoglobulins by in vitro cell culture.
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