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Abstract
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Antigens play a critical role in the development of chronic lymphocytic leukemia (CLL) by
binding to and stimulating leukemic precursor cells at some point during CLL ontogeny.
Nevertheless, much remains unknown and further studies are necessary before an accurate
model of antigen-drive can be ascertained. In this context, intraclonal diversification (ID)
analysis of immunoglobulin (IG) genes could shed light on whether antigen involvement is
restricted to the malignant transformation phase or if the triggering antigen(s) continuously
stimulates the CLL clone. Hence, in Paper I we conducted a large-scale analysis of 71 CLL
cases and revealed that 28/71 cases carried intraclonally diversified IGHV-IGHD-IGHJ genes.
Although most cases showed no or low levels of ID, intense ID was evident within all subset
#4 (IGHV4-34/IGKV2-30) cases. Subsequent analysis, in Paper II, of the clonotypic light
chains revealed that the outstanding exception again related to subset #4. In such cases, the
expressed IGKV2-30 gene was affected by targeted ID, analogous to their partner IGHV4-34
gene. Whilst these results convincingly argued for the role of antigen(s) in the development
and evolution of CLL subset #4, this analysis was limited to depicting what was occurring at a
single time-point and could not provide insight into the temporal dynamics of the CLL clones.
Thus, in Paper III we conducted a longitudinal study of 8 subset #4 cases which enabled us to
establish a hierarchical pattern of subclonal evolution. The observed ‘stepwise’ accumulation
of mutations strongly supports a role for antigen selection in the pathogenesis of CLL subset
#4. In Paper IV we reported a subset of IgG-switched CLL patients with coexisting trisomies
of 12 and 19, and propose that the emergence of trisomy 18 in such cases represents a clonal
evolution event suggestive of selection due to a clonal advantage. Paper V focused on the
IGHV3-21 gene, an adverse prognostic factor in CLL. Since ~60% of IGHV3-21-expressing
cases carry stereotyped B cell receptors, recognition of a common antigenic epitope, perhaps
of pathogenic significance, is envisaged. Therefore, we investigated IGHV3-21 gene frequency
within a Swedish population-based cohort and assessed the impact of stereotypy on clinical
outcome. Taken collectively, this thesis provides molecular and genetic evidence for the role of
antigen in CLL pathogenesis by convincingly demonstrating that clonal evolution, at least for
certain subsets of CLL, is functionally driven rather than a consequence of clonal expansion
promoted by nonspecific stimuli.
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The important thing is not to stop questioning,
 curiosity has its own reason for existing.

                                                      
                                                             ~ Albert Einstein 
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Introduction 

The immune system consists of an intricate network of cellular, molecular 
and genetic components that are responsible for protecting the host against 
infections and foreign substances. That said, this seemingly perfect system is 
not infallible and dysregulation may result in diseases such as chronic 
lymphocytic leukemia (CLL), which is characterized by the accumulation of 
monoclonal B cells and is currently incurable. In the past, with limited 
understanding of the molecular basis of disease, therapeutic decisions were 
made according to non-specific clinical symptoms. A dramatic paradigm 
shift has occurred within the last two decades and great strides have been 
taken in enhancing our understanding of this disease by dissecting the 
molecular components which contribute to disease pathogenesis. To this end, 
this thesis will guide you through the basics of B cell development and 
immunoglobulin (IG) gene rearrangement before delving into topics such as 
intraclonal diversification within CLL, the interplay between the malignant 
B cells and the tumor microenvironment, and the role of antigens in 
leukemogenesis. 

The B Cell and Immunoglobulin Gene Rearrangement 
Normal B Cell Development 
The main function of B cells is to recognize antigens and to activate the 
immune response in order to eliminate danger and maintain homeostasis of 
the host. Therefore, a major feature of the immune system is the generation 
of an enormous repertoire of antigen specific B cells. B cell development is a 
complex, programmed process in which a stem cell matures by passing 
through a number of stages to eventually become either a memory B cell that 
expresses IG molecules on its surface, or a plasma cell, which secretes 
antibodies (Figure 1).1 Each of these stages is defined by the cell size, 
growth properties and the rearrangement status of the cell’s IG genes.  
 
Mammalian B cell development encompasses numerous stages that begin in 
primary lymphoid tissues (fetal liver and fetal/adult bone marrow) and 
continue with maturation in secondary lymphoid tissues (human lymph 
nodes and spleen). The first stage of B cell maturation occurs when the 
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hematopoietic stem cells in the bone marrow differentiate into the earliest 
distinctive B-lineage cell, the progenitor B cell (pro-B cell). This stage of B 
cell maturation is antigen independent and involves pro-B cells which 
express molecules such as CD10, CD19 and CD34 on their cell surface.2 
Proliferation and differentiation of pro-B cells into precursor B cells (pre-B 
cells) are dependent on bone marrow stromal cells. These stromal cells 
interact directly with both pro-B cells and pre-B cells, and secrete cytokines 
such as interleukin-7 (IL-7), thereby promoting their maturation and 
development.3   
 
The ordered rearrangement of the IG genes (described in detail below) 
initially occurs during the transition from the pro-B cell to the pre-B cell and 
involves rearrangement of the IG heavy chain (IGH) locus. Nuclear terminal 
deoxyribonucleotidyl transferase (TdT) and the recombinase enzymes, 
recombination activating genes (RAG)1 and RAG2, are involved in IG 
rearrangement and are therefore expressed during the pro-B cell stage.4 Pre-
B cells express a pre-B cell receptor (pre-BcR) complex which is essential 
for survival of the immature B cell. This pre-BcR consists of the newly 
produced heavy chain IG and a surrogate light chain encoded by the VpreB 
and λ5 genes, in association with the Igα and Igβ signal chains.5,6  
 
Continued development of a pre-B cell into an immature B cell requires a 
productive light chain gene rearrangement which culminates in replacement 
of the surrogate light chain with a functional light chain. Due to allelic 
exclusion only one of the two IG light chain loci, kappa (IGK) or lambda 
(IGL), is expressed on the B cell membrane.7 The immature B cell then 
expresses membrane IgM on its cell surface. Progression to a mature B cell 
involves a change in RNA processing of the heavy chain primary transcript 
which concludes with the expression of both IgM and IgD on the cell 
surface. The newly produced B cells exit the bone marrow and circulate 
between the blood, lymph and lymphoid organs. Following antigen 
stimulation and T cell support, the mature B cells differentiate into IG-
secreting plasma cells or memory B cells. If no antigen is encountered, 
mature B cells in the peripheral blood have a life span of only a few weeks 
and die by apoptosis.8  
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Figure 1. Peripheral B cell differentiation. B1 cells are less well characterized in 
humans. 

B Cell Maturation and Subset Development 
Of the ~15 million immature B cells produced daily in the bone marrow, less 
than 5% survive and reach the periphery.9,10 Much of this disparity between 
bone marrow production and transition to the periphery can be attributed to 
negative selection. Immature B cells expressing BcRs with high affinity for 
self-antigens, and therefore possessing the potential to mediate autoimmune 
diseases, will first attempt to alter their BcR by receptor editing; if 
unsuccessful, the offending B cells may be eliminated or they may be 
rendered anergic i.e. enter maturity but with diminished responsiveness to 
antigen.11-14 In contrast to deletion and receptor editing, anergy is a 
reversible state that is invoked following chronic antigen exposure and 
signaling through the BcR.15 Immature B cells that are successful in exiting 
the bone marrow undergo further development to eventually become mature 
B cells. These mature, albeit immunologically naïve B cells, circulate 
throughout the peripheral blood and lymphoid organs in anticipation of 
antigen encounter.  
 
Whilst once thought of as homogeneous, it is now evident that mature B 
cells fall into one of several distinct populations varying in their anatomic 
location, activation requirements and antibody response: namely follicular B 
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cells, marginal zone (MZ) B cells and B1 B cells (mainly characterized in 
mice).16-19 Follicular B cells, as their name suggests, inhabit lymphoid 
follicles of the spleen and lymph nodes where they encounter and respond to 
T cell-dependent foreign antigens, proliferate and ultimately differentiate 
into plasma cells or enter germinal center (GC) reactions. Activated 
follicular B cells first differentiate into proliferating centroblasts which are 
densely packed within an area of the GC known as the dark zone.1,20,21 It is 
within this dark zone that further genetic modifications such as somatic 
hypermutation (SHM) and/or class-switch recombination (CSR) occur. Both 
of these modifying processes can result in the production of B cells with a 
markedly higher affinity for specific antigens. Complex networks of 
follicular dendritic cells (FDCs) and T cells occupy the light zone, and B 
cells binding with low affinity to the antigen presented by the FDCs or 
binding inappropriately to the T cells are negatively selected. Furthermore, 
the absence of survival signals from both FDCs and T cells leads to B cell 
death by apoptosis.21,22   
 
The spleen offers an alternative site for B cell maturation and essentially 
consists of two compartments, the red and white pulps, which are separated 
by a diffuse marginal zone. It is within this boundary that MZ B cells reside 
and are constantly exposed to blood-borne pathogens.16,17 This population of 
cells provides a first-line of defense against T cell-independent antigens, 
such as polysaccharide antigens found on encapsulated bacteria, and may 
also participate in T cell-dependent immune responses to protein antigens as 
well as in responses to lipid antigens.17,23 The majority of these cells express 
IgM receptors harboring SHMs, however the presence of B cells carrying 
unmutated BcRs implies that the splenic MZ comprises both naïve and 
memory B cells.24-27 Regions similar to the splenic MZ exist in subepithelial 
areas of the tonsil, Peyer’s patches and the subcapsular regions of lymph 
nodes.   

B1 cells are a minor subpopulation of B lymphocytes that are found in mice 
within the pleural and peritoneal cavities, the spleen and regions of the 
intestine where they function as mediators in innate immunity.28,29 This 
association with the innate immune system stems from their ability to rapidly 
respond to bacterial infections by producing ‘natural’ antibodies i.e. 
germline-encoded polyspecific IgM antibodies capable of binding to 
antigens without requiring T cell help.30 In addition, these ‘natural’ 
antibodies bind to apoptotic cells thereby serving a crucial internal 
housekeeping role by protecting the body against waste products through the 
clearance of senescent cells and other auto-antigens.31 As much of our 
knowledge about B1 cells derives from studies conducted on mice, 
uncertainty regarding B1 cells in humans remains as it has not yet been 
possible to unequivocally define such a cell population. Along these lines it 
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is worth mentioning a study by Griffin et al who described a 
CD20+CD27+CD43+CD70- subset present in adult and human cord blood 
which displayed functional characteristics that they describe as typical B1 
cell attributes e.g. secretion of IgM and constitutive BcR signaling.32 
However, controversy over the frequency of such a population of cells in 
normal individuals has arisen with questions being raised as to whether this 
study clearly identifies a B1 subset in humans or whether the results 
observed stem from inaccuracies in quantification and sub-optimal 
purification of different cell populations.33 Nevertheless, a human 
counterpart is believed to exist and is often assumed to be a CD5+ B cell 
which predominantly expresses unmutated IgM antibodies.34,35 In this 
respect, many parallels are drawn between the B1 cell population found in 
mice and the MZ B cells of humans. However, despite sharing several 
features such as the ability to mount immune responses against T 
independent antigens and a higher propensity for autoreactive specificities, 
important differences do exist. These differences primarily relate to the 
immunophenotype and mutational status in that, unlike B1 cells, MZ cells 
express both unmutated and mutated BcRs and exhibit a CD5- phenotype.16-

18,36  

Immunoglobulin Gene Structure 
The IG molecule is composed of four polypeptide chains, two identical 
heavy chains and two identical light chains. Each light chain is joined to a 
heavy chain by disulphide bridges and non-covalent interactions such as salt-
linkages, hydrogen bonds and hydrophobic bonds to form a heterodimer. 
Similar non-covalent interactions and disulphide bridges link the two 
identical heavy and light chains to each other, thus creating the basic four-
chain antibody structure. Both the heavy and light chains consist of a 
variable (V) and a constant (C) region. The V region varies greatly between 
different IG molecules and is the site responsible for antigen binding (Figure 
2). The C region is more conserved and confers the biological functions of 
the molecule.37 
 
The IGH locus is located on chromosome 14, at sub-telomeric band 
14q32.33, and is approximately 1,250 kilobases long.38 To date, 123-129 
IGHV genes have been identified, 39-46 of which are functional and the 
remaining classed as either having an open reading frame or as non-
functional pseudo-genes.39 In addition to these IGHV genes and a series of 9 
IGHC genes, the IGH locus also consists of clusters of diversity (D) and 
joining (J) genes. Twenty-three functional IGHD and 6 functional IGHJ 
genes have been described and these are located downstream of the IGHV 
genes.40 Based on sequence homology, the functional IGHV genes are 
divided into seven subgroups (IGHV1-7), with at least 75% identity 
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observed within each gene subgroup. The IGHV3 subgroup is the largest, 
containing 21 members, followed by the IGHV4 subgroup with 10 members 
and the IGHV1 subgroup with 9 members.39 Only a few functional members 
are present in each of the remaining subgroups. Further to this subdivision of 
IGHV genes into subgroups, a broader grouping also exists whereby IGHV 
subgroups are assigned to clans based on their common ancestry. Of the 
three clans, clan I consists of IGHV1, 5 and 7 genes, clan II contains IGHV2, 
4 and 6 genes whilst IGHV3 genes are the sole constituents of clan III.39 
 
The two IG light chain loci, IGK and IGL, are located on chromosomes 2 
and 22 respectively. The IG light chain loci consist of only V, J and C genes. 
Between 34-37 functional IGKV and 30-33 functional IGLV genes have been 
identified, together with 5 functional IGKJ and 4-5 functional IGLJ genes. 
Only a single IGKC gene has been found whereas 4-5 functional IGLC genes 
have been described.41,42 As with IGHV genes, IG light chain genes are 
assigned to subgroups based on similarities in nucleotide sequence, resulting 
in 7 kappa subgroups (IGKV1-7) and 10 lambda subgroups (IGLV1-10). A 
kappa light chain is expressed on approximately 60% of mature B cells, 
whereas a lambda light chain is expressed on the remaining 40%.43 

 
Figure 2. Synthesis of an IG molecule in humans. Adapted from the IMGT web 
resources (http://www.imgt.org/IMGTindex/IGsynthesis.html).37 

The V domain of each heavy and light chain is comprised of four framework 
regions (FR) and three complementarity determining regions (CDRs). Whilst 
the FRs generally display sequence conservation and maintain the structural 
integrity of the IG molecule, it is the CDRs that exhibit extensive variability 
and form the antigen-binding site of the IG molecule. Of all the CDRs, the 
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heavy chain CDR3 (VH CDR3) is considered the most diverse as it spans the 
IGHV-IGHD-IGHJ junctions, thus creating immense amino acid variability 
within this region.44   

Rearrangement of the IG Heavy and Light Chain Loci 
Random recombination of the various IGHV, IGHD and IGHJ genes results 
in the creation of a functional heavy chain and is the first step in generating a 
diverse repertoire of IG molecules. The recombination process can be 
divided into three distinct stages termed recognition, cleavage and 
rejoining.45 Rearrangement of the IGHV-IGHD-IGHJ genes is initiated 
during the pro-B cell stage by the protein products of RAG1 and RAG2. 
These enzymes recognize unique recombination signal sequences (RSS) that 
are located 3’ to each IGHV gene, 5’ to each IGHJ and on both sides of each 
IGHD gene. Binding of RAG1 or RAG2 to the RSSs introduces double 
strand breaks, resulting in excision of the intervening DNA. The sticky ends 
of DNA are subsequently joined together by a group of proteins which are 
also actively involved in CSR and referred to as non-homologous end 
joining (NHEJ) factors.46  
 
The first step in rearrangement of the IGH locus begins with the joining of 
an IGHD gene to an IGHJ gene, followed by IGHV joining to the previously 
formed IGHD-IGHJ gene complex. Further diversity can be generated at the 
IG junctions as a result of insertion of palindromic nucleotides during the 
repair process or the addition of random nucleotides via the enzyme TdT, or 
conversely through the trimming of nucleotides from the ends of the 
rearranged genes by exonucleases.46-48 Rearrangement at the IGH locus is 
completed when the IGHV-IGHD-IGHJ gene complex joins with an IGHC 
gene. In the event of a non-functional rearrangement being produced, 
rearrangement of the second IGH allele will ensue. If however the IGH 
rearrangement is functional, IG light chain rearrangement commences.4,49 

 
IG light chain rearrangement is similar to the process followed during 
rearrangement at the IGH locus; however, since the light chain loci lack D 
genes there is only one recombination step, joining of an IGKV/IGLV gene to 
an IGKJ/IGLJ gene. The IGK locus rearranges first to generate a functional 
light chain transcript. If the first IGK allele fails to produce a functional 
kappa light chain the rearrangement is deleted before the second IGK is 
rearranged. If rearrangements of both IGK alleles are unproductive or 
rendered non-functional via secondary IGK locus rearrangements involving 
the kappa deleting element, then rearrangement of the IGL locus usually 
occurs. This approach provides the cell with another chance to acquire a 
functional surface IG and thus evade death from apoptosis.49-51    
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Somatic Hypermutation and Class Switch Recombination 
Following antigen stimulation the IG molecule can undergo affinity 
maturation i.e. a process during which the sequence of the IG genes is 
altered. As previously mentioned, SHM is the process responsible for this 
alteration of the IG sequence and results in the preferential expansion of B 
cells expressing an IG with high affinity for its cognate antigen.20,21,52 The 
mechanism of SHM involves mutations targeted to the variable domains of 
the IG molecule. The majority of mutations are single nucleotide 
substitutions rather than deletions or insertions and occur at an estimated rate 
of 1 per 1000 base pair per generation.53 This rate of mutation is 
approximately 106 times higher than spontaneous mutations occurring in 
somatic cells.54  
 
Mutations introduced by SHM can occur throughout the IG variable domain 
but tend to be clustered within the CDRs. Transition mutations involve either 
a purine to purine substitution (e.g. A to G) or a pyrimidine to pyrimidine 
substitution (e.g. C to T) and occur twice as frequently as transversions i.e. 
change from a purine to a pyrimidine or vice versa. Mutations are introduced 
in a non-random manner with certain nucleotide motifs known as ‘hot-spots’ 
being specifically targeted. Such ‘hot-spots’ include the RGYW motif and its 
inverse repeat WRCY (R=A/G, Y=C/T and W=A/T) and the more recently 
proposed DGYW/WRCH motif (D=A/G/T and H=T/C/A).55,56 Mutations 
can be classed as either replacement mutations, resulting in an altered amino 
acid sequence, or silent mutations, in which a nucleotide change occurs but 
the amino acid coded for remains the same.  
 
Activation induced cytidine deaminase (AID), an enzyme capable of 
inducing mutations in the human genome, is expressed mainly but not 
exclusively, in activated mature B cells where it plays an essential role in the 
induction of both SHM and CSR.57,58 The AID gene, located on chromosome 
12, is composed of 5 exons that encode a 198 amino acid protein.59 AID 
appears to initiate SHM by direct deamination of cytidine residues on the 
non-template DNA strand exposed during transcription. The cytidine 
residues are converted to uridine resulting in uracil:guanine mismatches 
which can then be processed by a combination of uracil-DNA-glycosylase, 
mismatch repair enzymes and error-prone polymerases yielding a diverse set 
of mutations throughout the IG molecule.60,61 
 
The exact mechanism of action of AID remains unclear; however a recent 
study suggests that AID requires interaction with a protein, termed 
Replication Protein A (RPA), in order to drive the mutation of transcribed IG 
genes. During transcription, RNA polymerase II creates a small transcription 
bubble at SHM ‘hot-spots’ and the model proposed suggests that B cell-
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specific RPA-AID complexes would then bind to the single-stranded DNA, 
thereby leading to AID-mediated deamination on both the template and non-
template strands of the transcription bubble and RPA-mediated recruitment 
of DNA repair proteins.62,63  
 
Alterations to the constant region of the IG molecule occur as a result of 
CSR and lead to a change in isotype expression from IgM to IgA, IgE or 
IgG. The affinity of the antibody is not altered by CSR, nevertheless it is still 
considered to be an important process since the isotype determines both the 
effector functions of a particular IG and also influences the distribution of 
IGs throughout the body.64 Although SHM and antibody class switching 
both occur in mature B cells in response to antigen stimulation and co-
stimulatory signals, they are distinct processes and neither is a prerequisite 
of the other since IgM expressing B cells can harbor mutations whilst IgG-
switched BcRs can be unmutated.65 
 
DNA flanking sequences known as switch regions are involved in class 
switching: they range in size from 2-10 kilobases and are composed of 
multiple copies of short nucleotide repeats (GAGCT and TGGGG). As 
mentioned, AID is a necessary component of this recombination process, 
however the exact mechanism of CSR remains elusive. Hypothesized 
models are based on a looping out and deletion process during which two 
switch regions are brought together resulting in a loop formation which is 
then excised. DNA breaks occurring in the switch region are then repaired 
by NHEJ factors.66  

 
As outlined above, AID plays a fundamental role in immune diversification; 
however, due to its intrinsic activity as a DNA mutator, AID can cause 
breaks in defined hot-spots throughout the genome, and consequently give 
rise to the recurrent translocations frequently observed in mature B cell 
lymphomas. Since B cells undergo a series of double-stranded DNA breaks 
to produce a functional IG molecule, a predilection for targeting of 
translocations to the IG loci exists. Nevertheless, translocations are not 
limited to the IGH locus and can occur throughout the genome. AID may 
further contribute to malignancy by introducing somatic mutations within 
cancer-associated genes. Therefore, strict regulation of the activity of AID is 
required to prevent aberrant targeting which may otherwise lead to such 
point mutations and translocations.  

Immunoglobulin Genes as Clonal Markers 
The complex processes of IGHV-IGHD-IGHJ rearrangement, SHM and 
CSR are involved in the maturation of an IG gene from its germline origins 
and ultimately give rise to a unique DNA sequence in the genome of B cells. 
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Since B cell malignancies result from the clonal expansion of a single cell, 
IG genes provide a distinctive marker common to all the malignant cells 
within an individual patient. Thus, IG gene rearrangements can be used as 
clonal markers for the individual tumor. In addition, the IG gene sequence 
can serve as a ‘molecular timeline’ since it is associated with specific 
developmental stages and hence reflects the history of the B cell.  

Chronic Lymphocytic Leukemia 
Background 
CLL is defined as a clonal expansion of small, relatively monomorphic B 
cells with surface expression of CD5, CD19, CD20 and CD23, and low 
levels of surface IG.67 It is the most common adult leukemia in western 
countries and accounts for ~30% of all leukemias.68 Australia, Ireland, Italy 
and the USA exhibit the highest incidence of CLL with ~16,000 cases 
diagnosed annually in the USA alone.68,69 Primarily considered as a disease 
of the elderly, the median age at diagnosis is 70 years with the incidence rate 
increasing logarithmically with age; nevertheless, it is not unusual to make a 
diagnosis of CLL in younger individuals.70 Gender is another important 
factor in the epidemiology of CLL as the disease is more common in men 
than women by a ratio of 2:1.71 Despite the phenotypic homogeneity of CLL, 
the clinical course of this disease is highly variable with some patients 
experiencing rapid disease progression and requiring early and frequent 
treatment, whilst others survive for decades with minimal or no treatment. 
 
All patients with CLL have infiltration of the bone marrow, peripheral blood 
and often the lymph nodes. Consequently, the disease can present with 
lympadenopathy, systemic symptoms (e.g. weight loss and anemia) as well 
as signs and symptoms of bone marrow failure (bleeding tendency and 
infections) due to infiltration by the malignant lymphocytes. On the other 
hand, many CLL patients are asymptomatic at the time of diagnosis, with the 
disease being detected by a routine blood test revealing lymphocytosis 
(clonal B cell count > 5x109/L) and immunophenotypic analysis 
documenting the presence of a clonal population.67 Due to the fact that CLL 
predominantly affects the elderly population and that for many patients the 
disease remains indolent, CLL treatment management has largely adopted an 
active monitoring approach i.e. ‘watch and wait’. This spares patients from 
suffering the side effects of a treatment that may be unnecessary and/or 
toxic.   
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Overview of Treatment  
Treatment of CLL has evolved significantly over the last decade, however at 
present no chemotherapeutic regimens can be considered curative, and the 
vast majority of patients requiring treatment will either die with or because 
of their disease. Asymptomatic patients generally do not receive treatment, 
whilst the current ‘standard of care’ is combination chemoimmunotherapy 
with fludarabine, cyclophosphamide and rituximab (FCR).72,73 By combining 
purine analogues, alkylating agents and monoclonal antibodies in this 
manner, overall response rates of about 90% have been achieved.73 
Unfortunately this regimen does not cure the disease and is often too toxic 
for the elderly or frail; under these circumstances monotherapy with 
chlorambucil may be considered more appropriate.74 In addition, patients 
harboring alterations in the p53 pathway i.e. 17p deletions or TP53 
mutations, respond poorly to FCR and in such cases therapy with agents 
acting independently of the p53 pathway, notably alemtuzumab, is 
prescribed.75 Therefore, whilst numerous prognostic markers have been 
proposed for CLL, the only parameter that currently influences direct 
frontline therapy is mutations or deletions of the TP53 gene. 
 
In terms of transplantation options, autologous stem cell transplants (SCT) 
have not proven to be curative and are now rarely undertaken in CLL 
patients; however allogeneic SCT may be proposed for younger patients 
displaying poor prognostic markers. In addition, advances in non-
myeloablative SCT have now made this modality available as a possible 
therapeutic option for CLL patients. More recent developments have focused 
on re-establishing the immune response through the use of 
immunomodulatory agents such as lenalidomide, CD40 ligand gene therapy 
and adoptive transfer of T cells bearing chimeric antigen receptors.76-79 
Clinical trials have reported encouraging results for the aforementioned 
therapies although further work is required to determine whether these 
therapies are effective and at the same time safe for use within a clinical 
setting.  

Prognostic Markers 
While establishing a correct diagnosis of CLL is relatively straightforward 
and usually based on a simple blood test and immunophenotyping, the 
clinical heterogeneity observed within this disease complicates therapeutic 
decisions. During the last 30 years two staging systems, Rai and Binet, have 
been the standard for evaluating prognosis.80,81 However, the clinical course 
within a single stage can be dramatically different and since most patients 
are diagnosed at early clinical stages, clinical staging, though certainly 
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useful, cannot discriminate patients with markedly different patterns of 
clinical evolution and outcome.  
 
Consequently, in recent years molecular genetic studies have focused on the 
identification of new prognostic factors which would better predict the 
outcome of CLL and enable the stratification of patients to different 
treatment options. To date, an abundance of clinical and biological markers 
ranging from molecular to flow cytometry-based to RNA-based have been 
proposed; however, whilst many carry an independent prognostic value, 
issues regarding their standardization and discordance between markers 
exist. Nevertheless, several ‘classical’ biological markers such as IGHV 
mutational status and cytogenetics, and to a lesser extent CD38 and ZAP70, 
have proved to be robust and reproducible and provide important prognostic 
information. 

Immunophenotype 
The CD38 gene encodes for a 45-kilodalton multifunctional transmembrane 
glycoprotein that mediates activities such as BcR signaling, cell adhesion 
and calcium flux.82 Although not regarded as a lineage marker, CD38 
expression is one of the early markers of naïve B cell activation and is 
upregulated before B cells enter the GC. High CD38 expression is also 
observed in T cells, dendritic cells and natural killer (NK) cells.83 Interest in 
CD38 as a prognostic marker in CLL arose following the observation that 
CD38 expression correlated with the IGHV gene mutational status. In an 
initial study by Damle et al, high expression of CD38 was shown to be 
associated with unmutated IGHV genes and, conversely, low CD38 
expression was more frequent in cases harboring mutated IGHV genes.84 
Whilst these findings were initially substantiated by several other groups, 
further investigations demonstrated that the association between IGHV gene 
mutational status and CD38 expression was not absolute.85-89 These concerns 
primarily related to both the stability of CD38 expression over time and the 
best cut-off value for determining positivity. Initially a 30% cut-off was 
proposed, however later studies suggested lowering this threshold value to 
between 5% and 20%.84-86,88,90 Nevertheless, despite these controversial 
issues and the need for further standardization, CD38 expression has proven 
to be a valuable prognostic marker in CLL. Studies have also indicated that 
CD38 may be useful as a therapeutic target with two CD38 monoclonal 
antibodies currently in clinical development.91,92 
 
The zeta-chain-associated 70-kilodalton protein (ZAP70) is an intracellular 
tyrosine kinase which regulates many cellular functions such as cell 
migration, apoptosis and T cell signaling.93 Historically, ZAP70 was viewed 
as being exclusively associated with T cells and NK cells, however it has 
since been shown that ZAP70 expression is also detected in normal B cells, 
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particularly those with an activated phenotype.94 The potential of ZAP70 as a 
biomarker for CLL first came to light through gene expression studies, with 
IGHV unmutated cases exhibiting high expression levels.95 ZAP70 levels 
also appeared to have a clinical relevance, as cases with high ZAP70 
expression demonstrated a shorter time to progression and overall survival.96 
However, the fact that discordant results have been observed in up to a 
quarter of cases, coupled with several methodological issues confounding 
ZAP70 analysis, had previously limited its translation into a clinical tool for 
widespread routine. Owing to this discordance, international efforts led by 
the European Research Initiative on CLL (ERIC) have been working to 
standardize ZAP70 analysis and have recently published consensus 
guidelines for ZAP70 determination by flow cytometry.97 In addition, 
ongoing efforts are assessing the prognostic value of ZAP70 as an RNA-
based marker.98 

Genomic Aberrations 
In contrast to other B cell malignancies, CLL is not associated with a 
specific genetic aberration. However, fluorescent in situ hybridization 
(FISH) analysis has identified a number of cytogenetic aberrations that occur 
in approximately 80% of cases.99 The most commonly occurring deletion is 
at 13q14 (~55%), followed by 11q22-23 deletions (12-18%), trisomy 12 (11-
16%) and deletion of 17p13 (5-10%).100-102 These aberrations can separate 
CLL cases into risk groups where improved survival is associated with 
deletions of 13q14, whilst 11q and 17p deletions correlate to a poor outcome 
due to a more aggressive clinical course.99-101 Cases harboring trisomy 12 
exhibit a shorter time to disease progression but are not associated with a 
worse overall outcome.99-101  
 
To date, no tumor suppressor genes have been identified within the deleted 
region on chromosome 13, however the 13q locus encodes for two non-
coding micro-RNA genes, (miR-15 and miR-16), which have been found to 
be down-regulated in CLL cases and are known to target the anti-apoptotic 
BCL2 gene.103,104 Candidate genes have been identified for other known 
recurrent aberrations; the 11q22-23 deletion has been found to span the 
ataxia telangiectasia mutated gene (ATM), a very important regulator of cell 
division and DNA repair, whereas the 17p13 deletion covers the TP53 gene, 
a tumor suppressor gene vital to cell cycle control.99,105 Translocations, a 
hallmark of many hematological malignancies, were once thought to be an 
infrequent event in CLL, but have recently been reported to occur in up to 
30% of CLL patients; nevertheless, recurrent translocations are rare 
overall.100,106,107    
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Gene Mutations 
Mutations within key tumor suppressor genes such as TP53 and ATM have 
previously been identified in CLL and can affect the response to therapy and 
consequently survival. Whilst most patients with del(17p) carry mutations 
within the remaining TP53 allele, the German CLL Study Group recently 
reported that sole TP53 mutations are less frequent and only occur in 
approximately 5% of patients.108-110 Nevertheless, such TP53 mutations have 
an equally profound impact on outcome and are associated with both poor 
prognosis and higher genetic complexity. The p53 pathway can also be 
inhibited independent of TP53 by inactivation of ATM.111 Thus it is 
noteworthy that ~30% of CLL patients harboring del(11q) have been 
reported as carrying mutations within ATM compared to 12% of all CLL 
patients.112,113 Such patients exhibiting biallelic inactivation of ATM were 
also reported as having a poorer prognosis than cases carrying only the 
deletion.113 However, more recent reports indicate a much lower frequency 
of somatically acquired ATM mutations in CLL patients with del(11q) and 
consequently questioned the role of ATM aberrations as prognostic markers 
in CLL.114,115  
 
The advent of next generation sequencing technologies has enabled the 
characterization of the entire spectrum of genetic lesions present within the 
CLL genome. Among the genes found mutated in CLL, NOTCH1, which 
plays an essential role in hematopoiesis, emerged as a recurrent target of 
genetic lesions. Although the reported frequency of mutations within 
NOTCH1 varies between studies (10-12%), initial evidence indicates that an 
unfavorable clinical outcome is associated with NOTCH1 alterations and 
consequently the prevalence of NOTCH1 mutations has been shown to 
increase with disease aggressiveness.116,117 Analyses on larger cohorts and on 
specific subgroups of patients have now documented a particularly high 
frequency of NOTCH1 mutations in CLL patients harboring trisomy 12 as 
the sole chromosomal abnormality.118,119 Whilst the functional significance 
of such mutations remains to be elucidated, these findings suggest that the 
mutational status of NOTCH1 may contribute to high-risk CLL. Whole-
genome sequencing of CLL also revealed recurrent mutations in MYD88, 
SF3B1 and BIRC3.116,120,121 Although the precise clinical impact of these 
molecular lesions is still under scrutiny, in time a hierarchical prognostic 
model of CLL may be available based on molecular mutations. 

Immunogenetics 
Analysis of the IGHV mutational status in CLL has revealed that 
approximately 50% of cases carry somatically mutated IG genes in the tumor 
clone, and that patients harboring mutated genes have a much longer 
survival than those with unmutated IGHV genes.84,122 These seminal findings 
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regarding IGHV gene mutation status, published in Blood in 1999, not only 
provided new insights into the nature of the CLL B cell but also enabled us 
to predict the clinical course of the disease based on the absence or presence 
of somatic hypermutations within the IG genes. A 2% cut-off value is 
currently used to distinguish between unmutated and mutated cases, whereby 
IGHV genes with ≥ 98% identity to the corresponding germline gene are 
defined as unmutated while mutated cases are classified as those displaying 
<98% identity to the germline. This cut-off level of 98% was originally 
chosen to prevent potential polymorphisms uncharacterized at the time 
and/or Taq polymerase errors from being mistaken for mutations.84,122,123 In 
more recent years, various groups have proposed a 3% or 5% margin as a 
more accurate prognostic indicator; however, the 2% mutation cut-off has 
consistently proven to be the best, though approximate, discriminator for 
clinical prognostication.85,124,125  
 
To date, the IGHV gene mutational status has emerged as one of the 
strongest prognostic markers in CLL and is now considered a ‘gold standard’ 
for predicting the clinical outcome at time of diagnosis. That 
notwithstanding, accurate determination of IG gene mutational status 
requires highly standardized techniques and caution is necessary when 
interpreting sequence data. This is especially true for ‘problematic’ cases 
where the mutation status is difficult to assess e.g. cases with borderline 
identity to the germline, cases where only a single unproductive 
rearrangement is amplified, or double rearrangements with discordant 
mutational status. To this end, guidelines published by ERIC on how to 
perform and interpret IGHV gene mutational analysis in CLL and also more 
recent recommendations regarding problematic cases attempt to ensure 
consistency in IG gene reporting by standardizing the analysis.126,127 Another 
caveat when interpreting IG mutational data relates to cases utilizing specific 
IG genes such as the IGHV3-21 gene. In addition to the two subgroups of 
CLL revealed by the hypermutation status of the IGHV gene, Tobin et al 
reported that CLL cases utilizing IGHV3-21 genes may comprise an 
additional entity of CLL since it was demonstrated that regardless of the IG 
mutational status, IGHV3-21 gene usage resulted in a poor prognosis; this 
has subsequently been confirmed by several independent studies.128-133  

The Stereotypy Saga 
It has long been noted that CLL displays a remarkably biased IG gene 
repertoire with over-representation of a limited number of genes.134,135 The 
IGHV gene subgroups predominantly expressed in CLL cells are IGHV1, 
IGHV3 and IGHV4 and the most frequently used genes within these 
subgroups include IGHV1-69, IGHV3-7, IGHV3-21 and IGHV4-34.136-138 

Moreover, the presence and level of mutations observed among CLL cases is 
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not consistent, with IGHV3-7 and IGHV4-34 carrying a high mutational load 
in contrast to IGHV1-69 which exhibits very few mutations.138 Thus, early 
immunogenetic studies revealed the remarkably biased IGHV gene repertoire 
in CLL and the differential impact of SHM depending on IG gene usage; 
however, the story did not end there. From the slew of studies that followed 
it became apparent that unrelated CLL cases could carry remarkably similar 
VH CDR3 sequences characterized by shared amino acid motifs, and the 
Chiorazzi group aptly coined the term ‘stereotyped’ for such cases.136,137,139-

141 Major strides were made in this area of BcR stereotypy through the use of 
bioinformatics tools designed specifically for the purpose of identifying 
similarities among IG sequences. These approaches recently culminated in 
the analysis of IGH sequences from ~7500 CLL patients from 16 
laboratories throughout the world.142-146 These studies exposed the extent of 
stereotypy and it is now widely accepted that (i) although stereotypy occurs 
more frequently in unmutated CLL, it is also observed amongst mutated IG 
rearrangements; (ii) stereotypy is not limited to usage of the same IGHV 
gene, phylogenetically related IGHV genes can be members of the same 
subset; (iii) subsets with stereotyped VH CDR3 are often characterized by 
restricted IG light chain gene usage and CDR3 features; and (iv) cases 
assigned to a particular subset share common features and this commonality 
is not limited to molecular characteristics, since an association with clinical 
features has also been observed for certain subsets, most notably the poor 
prognostic subsets #1 (IGHV1/5/7/IGKV1-39) and #2 (IGHV3-21/IGLV3-21) 
and the good prognostic subset #4 (IGHV4-34/IGKV2-30).142-147 In addition, 
the study by Agathangelidis et al highlighted important details concerning 
the frequency of BcR stereotypy and also identified what they defined as 
‘major subsets’. More specifically, it was reported that not all CLL cases are 
destined for subset membership even if the cohort size increases 
significantly, and that 19 subsets each comprising 20 or more sequences, 
hence the term ‘major’, accounted for 41% of all stereotyped cases; put 
simply, one in eight CLL patients could be assigned to a major subset.146  
 
Based on these findings of highly homologous BcRs in CLL patients, as well 
as other types of cellular and molecular evidence (see below), the idea of 
antigen recognition in the pathogenesis of CLL became entirely plausible. 
From an immunogenetic perspective, this idea was further strengthened 
when SHM analyses revealed ‘CLL-biased’ mutation patterns in subsets of 
cases expressing stereotyped BcRs.143,144 The very precise targeting of SHM 
observed within these CLL subsets alludes to the recognition of individual, 
discrete antigens or classes of structurally similar epitopes reflecting an 
antigen-driven model for disease pathogenesis.  
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Antigen Selection and Stimulation 
Findings from the aforementioned studies, in addition to 
immunophenotypical and gene expression analyses which revealed an 
antigen experienced profile of CLL cells, undisputedly link antigen selection 
and drive to CLL development.95,148 Furthermore, the observation that 
stereotyped rearrangements occur more frequently in unmutated CLL cases 
indicates that antigenic exposure may be relevant irrespective of IGHV 
mutational status.142,143,146 However, a central question concerns the nature of 
potential antigens and the exact binding specificities of CLL IGs; against a 
myriad of possible auto- or exogenous antigens, how can one determine the 
culprits?  
 
Attempts to shed light on antigen specificity within CLL, largely based on 
recombinant DNA techniques, were successful in demonstrating that 
unmutated BcRs had a polyreactive nature akin to natural antibodies and 
bound with low affinity to molecular motifs present on both apoptotic cells 
and bacteria.149-154 In contrast, patients with mutated IGHV genes express 
BcRs that have more restrictive antigen-binding properties. Interestingly, it 
was also demonstrated that when mutated CLL were reverted to their 
germline configuration they acquired a greater degree of polyreactivity; thus 
indicating that despite differing in their ability to bind antigen, both 
unmutated and mutated CLL emanate from self-reactive B cell precursors.149 
In addition, in vitro studies have shown that CLL cells differ significantly in 
their ability to signal through the BcR.155,156 Decreased signaling capacity is 
more often associated with mutated BcRs and this has been attributed to 
anergy due to receptor desensitization.157 On the other hand, unmutated cases 
carry BcRs that are more competent and this may account for their more 
aggressive disease state since persistent antigenic stimulation may promote 
their survival and growth.155,156 

 
In line with the growing interest in stereotypy, antigen reactivity studies 
were expanded to include BcR IGs from defined subsets, thus leading to the 
observation that whilst binding profiles can differ amongst sterotyped cases, 
CLL antibodies assigned to the same subset exhibited similar antigen 
reactivity profiles. A prime example was provided by Chu et al who 
demonstrated that subset #6 (IGHV1-69/IGHD3-16/IGHJ3) bound 
specifically to non-muscle myosin heavy chain IIA (MYHIIA), an 
intracellular antigen that translocates to the cell surface membrane during 
programmed cell death and is present in apoptotic blebs.152,154 Therefore, 
self-antigens are a contender for the antigenic driving force behind CLL 
development and evolution. However, they are not the only ‘candidate’ 
antigens since microbial agents and viruses have also been recognized as 
targets of CLL BcRs. More specifically, reactivity against the capsular 
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polysaccharide of Streptococcus pneumoniae and oxidized low-density 
lipoproteins has been noted, and a recent study reported an increased risk of 
CLL following recurrent respiratory tract infections.151,158 Viral infections 
have also been suggested as a potential proliferation trigger in subgroups of 
CLL with a potential association between subset #4 patients and persistent 
infections by either Epstein-Barr virus or Cytomegalovirus being 
demonstrated.159  
 
Finally, while it is undeniable that the CDR3 of both the heavy and light 
chain IG play a crucial role in antigen binding, it is worth mentioning that 
selection may occur outside the conventional antigen binding site by way of 
sequence motifs dispersed throughout the V domain.143,144,160 For instance, 
the Staphylococcal protein A, a prototypical superantigen, is known to 
interact with both the VH FRs and CDRs of IGs encoded by IGHV3 
subgroup genes, whereas IGHV4-34 encoded BcRs contain specific motifs 
within their VH FR1 capable of binding the I/i blood group antigen or the B 
cell isoform of CD45 containing the N-acetyllactosamine (NAL) antigenic 
determinant.161-163 Taken collectively, it is highly possible that CLL clones 
can arise from B cells which have dual (or even multiple) specificities and 
functions and hence operate as both scavengers for apoptotic residues, whilst 
maintaining (or acquiring through SHM) the ability to bind to exogenous 
antigens. Such stimulation may then trigger and/or facilitate the onset and 
evolution of at least some CLL clones. 

The CLL Microenvironment 
Implicit in the concept of antigen-driven clonal evolution is a role for the 
microenvironment in providing surroundings and stimuli conducive to the 
maintenance and expansion of the leukemic clones. Microenvironment 
dependence is exemplified by the fact that CLL blood cells typically undergo 
apoptosis when cultured in vitro but can be rescued by co-culturing with 
stromal cells, nurse-like cells and activated autologous T cells or T cell 
derived cytokines.164-167 Malignant B cells traffic and home to specific niches 
which vary in their cellular content e.g. the bone marrow is comprised of 
mesenchymal stromal cells whereas in the secondary lymphoid organs nurse-
like cells, T cells and follicular dendritic cells are present.168,169 This 
localization of leukemic cells to the bone marrow and/or lymph nodes is not 
viewed as passive recirculation but rather a crucial step for CLL 
pathogenesis. Within proliferation centers, structures observed in patients 
with systemic auto-immune or inflammatory disorders but absent from other 
B cell malignancies, CD4+CD40L+CD3+ T cells stimulate CLL cells through 
CD40/CD40L interaction.170,171 While studies have demonstrated that CLL 
cells can vary in their responsiveness to CD40 ligation, correlations have 
been drawn between CD40/CD40L and clinical outcome whereby cases 
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lacking CD40-ligand dependency exhibited a more aggressive clinical 
course.172-175  
 
In addition to T cells, interaction between CD38 on the surface of CLL cells 
and its ligand CD31, as well as various cytokines and chemokines such as 
IL-4 and CXCL13/SDF-1 may support the expansion of CLL clones by 
promoting the up-regulation of anti-apoptotic genes such as BCL2, Survivin 
and MCL1.173,176,177 Another layer of complexity is added by the fact that 
CLL cells actively shape the microenvironment based on their requirements. 
By expressing specific chemokines, such as CCL22 and CCL2, CLL cells 
can evoke an inflammatory setting and ensure that signals necessary for 
malignant cell growth and survival are maintained.  
 
Signaling through the BcR also appears to be essential for CLL cell 
trafficking and interaction with the stromal microenvironment. Once 
stimulated by antigen, the activated BcR recruits numerous kinases such as 
Syk and Lyn, setting off a cascade of downstream signaling which promotes 
the increased survival and proliferation of B cells. These activated kinases 
also have a profound effect on B cell trafficking by aiding B cell chemotaxis 
and upregulating chemokine secretion by CLL cells.178 Along the same lines, 
it is also interesting to note that Toll-like receptors (TLRs) can be engaged 
concomitantly with the BcR, thereby bridging the innate and adaptive 
immune systems. Studies have demonstrated that CLL cells, particularly 
leukemic cells from patients with unmutated CLL, are especially responsive 
to TLR7 and TLR9.179-181 Thus, TLR-mediated responses may play a role in 
selecting precursor CLL cells for transformation and supporting their 
expansion. A recent study by Arvaniti et al demonstrated that cases carrying 
stereotyped BcRs and hence assigned to different subsets, exhibited subset-
biased TLR signaling expression profiles.182 The relationship between the 
leukemic cells and the microenvironment is therefore likely to play a central 
role in clonal evolution with pro-survival signals provided by both BcR-
dependent and independent pathways. 

The Normal Counterpart to the CLL B Cell 
A time-honored question, which to date remains unsatisfactorily answered, 
pertains to the so-called CLL ‘cell of origin’. Perhaps worth mentioning, 
although the term ‘cell of origin’ is commonly found in the literature, this 
phrase in itself may present confusion and the expression ‘normal B cell 
counterpart’ may be more fitting. To elaborate, following an initiating event 
further differentiation may take place before transformation occurs, hence 
the actual cell of origin for a lymphoma may be a B cell at an earlier stage of 
differentiation than its normal B cell counterpart.  
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That aside, malignancies emanating from the B cell lineage are often 
identified on the basis of the B cell site of origin. Whilst IG analysis coupled 
with gene expression profiling has aided in clarifying the normal B cell 
counterpart in many B cell neoplasias, the conflicting finding that CLL cells 
can carry unmutated or mutated IGHV genes while expressing a phenotype 
resembling an antigen-experienced cell has confounded the ‘origin’ of this 
neoplastic cell.84,95,122,148 Nevertheless, irrespective of differences in IGHV 
gene mutational status, all CLL cells express a common surface membrane 
phenotype of CD5, CD19 and CD23 together with low CD20 and CD79b 
expression, suggesting that the two commonly delineated subgroups may 
derive from a common precursor.67 In trying to pinpoint the normal B cell 
equivalent in CLL, much focus has been placed on both the CD5 surface 
molecule and the structural features of the BcR.  
 
More recently, MZ B cells have been proposed as a possible candidate for 
the normal cellular counterpart of the CLL tumor cell (Figure 3). 
Considering that both MZ B cells and CLL cells can express unmutated and 
mutated IGHV genes, produce IgM antibodies that are weakly autoreactive 
and react rapidly to molecular components of apoptotic cells as well as blood 
borne antigens including bacterial polysaccharides, this proposition appears 
plausible.17,23-27 In addition, class switch recombination has occasionally been 
observed during IgM/IgD B cell responses within the MZ.26,183 That said, the 
absence of CD5 on MZ B cells has rendered this comparison to be less than 
perfect. Nevertheless, bearing in mind that the expression of surface 
molecules that define the CLL phenotype can change throughout the 
maturation and activation of normal B cells, the above discrepancy in 
surface expression of CD5 should not negate the candidacy of MZ B cells as 
the normal counterpart to CLL since it has been shown that these cells can 
express CD5 upon activation.184-186  
 
Another potential contender is the presumed human counterpart to the B1 
cell population in mice. As previously discussed, murine B1 cells are self-
renewing, express CD5 and produce germline encoded antibodies that 
exhibit both poly- and autoreactivity.30 Nevertheless, whilst human CD5+ B 
cells have been detected in the circulation and the mantles of lymphoid 
follicles they do not exhibit features characteristic of B1 cells.187,188 Thus at 
first glance B1 cells provide an attractive alternative to MZ cells but to date 
the human equivalent to mouse B1 cells has evaded identification. 
Transitional B cells present a further option from which CLL cells may 
evolve but again display characteristics, such as CD10 expression and 
absence of CD27, which argue against their role in CLL development 
(Figure 3).189 Therefore, when one postulates as to the normal B cell 
equivalent of CLL, the ‘one-size-fits-all’ approach may be too rigid and a 



 31

multiple normal cell counterpart model of CLL may be more representative 
where upon transformation they are all funnelled to the same endpoint. 

 

Figure 3. B cell maturation stages at which unmutated and mutated CLL may arise. 

Intraclonal Diversification 
The presence of somatic hypermutations in the clonotypic IG genes of B cell 
malignancies indicates that the B cell has been exposed to the hypermutation 
mechanism whilst the presence of intraclonal diversification within the 
tumor clone implies that the malignant cell is still under the influence of the 
mutation mechanism following neoplastic transformation. Hence, studies 
investigating intraclonal diversification may provide evidence for clonal 
evolution and help in defining the molecular mechanism of the disease. For 
example, multiple myeloma (MM) B cells constitutively express somatically 
mutated IGHV genes but display a complete lack of ongoing SHM.190,191 
These findings indicate that MM IGHV genes are antigen selected and that 
the final tumorigenic event in MM occurs at a post-follicular stage when the 
cell is no longer influenced by the SHM mechanism. Absence of intraclonal 
heterogeneity in MM is in contrast to the finding that tumor cells in several 
B cell malignancies including follicular lymphoma, GC-like diffuse large B 
cell lymphoma and splenic marginal zone lymphoma display a high degree 
of ongoing mutational activity.192-197 Consequently, clonal evolution in B cell 
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lymphomas may involve distinct pathways which differ according to the 
type of tumor, the cell of origin and antigen selection. 
 
Several reports have been devoted to clarifying the possible occurrence and 
hence implication of ongoing clonal evolution in CLL patients, however it 
remains difficult to interpret the exact significance of such mutations since 
the available data is limited and conflicting.198-204 Discrepancies amongst 
these studies further cloud the issue. As a consequence, a definitive answer 
to the question of whether intraclonal diversification occurs within CLL cells 
is presently unavailable.  
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Present Investigations 

Thesis Aims 
The main objective of this thesis was to investigate molecular and genetic 
aspects of CLL in order to reveal evidence for antigen selection in CLL 
pathogenesis. More specifically the aims were as follows: 

I To investigate the presence of intraclonal diversification within IG 
heavy chain gene rearrangements of CLL, not only at cohort level 
but also in subgroups defined by B cell receptor stereotypy and IG 
gene mutational status. 

II To explore the incidence of intraclonal diversification within IG light 
chain gene rearrangements of diverse mutational status from a large 
series of CLL patients with a view to further elucidating the 
interactions between the clonotypic IGs and the selecting antigens. 

III To provide insights into the dynamics of clonal evolution in CLL 
over time by analyzing intraclonal diversity within IG genes in 
sequential patient samples. 

IV To investigate the clinical and molecular characteristics of a distinct 
subgroup of CLL that harbour trisomy 12 and trisomy 19. 

V To determine the frequency of IGHV3-21 gene usage in a Swedish 
population-based cohort and assess the impact of IGHV3-21 
stereotypy on clinical outcome. 

 



 34 

Material and Methods 

Patient Material 
All patient material was immunophenotyped and met the recently revised 
diagnostic criteria of the National Cancer Institute Working Group.67 Written 
informed consent was obtained according to the Declaration of Helsinki and 
the study was approved by the local ethics review committee of each 
participating institution.  
 
Paper I included 71 CLL patients from collaborating institutions in 
Scandinavia and Greece. Samples were derived primarily from the 
peripheral blood and bone marrow (n=63), but also from the spleen (n=1) 
and lymph nodes (n=7). The main criteria for case selection were IGHV gene 
usage and mutational status, thus our study was intentionally biased for cases 
utilizing the IGHV3-21 and IGHV4-34 genes (25/71 and 28/71 cases, 
respectively). Forty-six cases carried stereotyped BcRs and could be 
assigned to 11 different subsets.  
 
Paper II analyzed the IG light chain gene rearrangements from 56 CLL 
patients. Samples were obtained from collaborators in Scandinavia and 
Greece and with the exception of one sample, which was obtained from a 
lymph node biopsy, the source material was derived from peripheral blood 
or bone marrow. Patients were selected based on IGKV/IGLV repertoire with 
an intentional bias for cases using the IGKV2-30 and IGLV3-21 genes (12/56 
and 11/56 cases, respectively). Of the 56 patients analyzed, the IGH chain 
genes of five subset #2 cases (IGHV3-21/IGLV3-21) and nine subset #4 
cases (IGHV4-34/IGKV2-30) had been analyzed in Paper I. Twenty-eight of 
56 cases could be assigned to subsets.  
 
Paper III extended the previous two studies by examining serial samples 
spanning a 6-year period (range 7–72 months, median 20 months) from 8 
subset #4 cases (IGHV4-34/IGKV2-30). All samples were obtained from 
peripheral blood and two separate time-points were available for 3 cases 
whereas the remaining 5 patients were analyzed over three time-points. The 
diagnostic sample was available for 6/8 patients whilst the initial samples 
analyzed for the remaining 2 cases, were 81 and 63 months post diagnosis. 
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Paper IV included 968 CLL cases from collaborating institutes in Greece, 
Sweden and the United Kingdom. Karyotypic data was obtained by classic 
G-banding cytogenetics (n=929), FISH analysis (n=766) or high-density 
250K single nucleotide polymorphism arrays (n=39). Surface expression of 
IgG was detected by either flow cytometry or reverse-transcriptase 
polymerase chain reactions (RT-PCR). 
 
Paper V investigated the frequency of the IGHV3-21 gene within the 
Swedish cohort (n=337) of a Scandinavian population-based study termed 
SCALE (Scandinavian Lymphoma Etiology).205 The analysis was performed 
on the diagnostic sample and cases were classified as either CLL (n=325) or 
small lymphocytic leukemia (n=12). 

Polymerase Chain Reaction and IG Sequencing 
Amplification of all IGHV-IGHD-IGHJ, IGKV-IGKJ and IGLV-IGLJ 
rearrangements were performed on either complementarity or genomic DNA 
using subgroup specific primers for the FR1 of the IG heavy or light chain 
gene together with IGHJ/IGKJ/IGLJ primers, or the appropriate sense leader 
primer and the antisense constant region primer. For Papers I-IV, 
amplification reactions were run using the high-fidelity Accuprime Pfx 
polymerase (Invitrogen) while Platinum Taq (Invitrogen) was the 
polymerase of choice for Paper V. Direct sequencing of both the forward 
and reverse strands was performed using the Big Dye terminator cycle 
sequencing reaction kit (Applied Biosystems) and an automated DNA 
sequencer (ABI3730XL DNA analyzer). 

Subcloning 
In Papers I-III, purified PCR amplicons were direct sequenced and then 
subcloned using the pCR2.1 vector (Invitrogen), followed by transformation 
into E. coli/Top10F’ competent bacteria (Invitrogen). A range of colonies 
per case (Paper I: median, 21 colonies; Paper II: median, 17 colonies; 
Paper III: median, 22 colonies) were chosen randomly and sequenced using 
the -20 universal primer or M13 primers. This approach was also used for 
Paper V in the small proportion of cases where direct sequencing proved to 
be unsuccessful. 
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Sequence Data Analysis 
To avoid misidentification of mutations, all primer sequences were removed 
and the resultant sequences were analyzed using the IMGT databases and the 
V-QUEST tool (www.imgt.org).206,207 Output data from IMGT/V-QUEST 
for all IGHV-IGHD-IGHJ, IGKV-IGKJ and IGLV-IGLJ rearrangements 
were parsed, reorganized, and exported to a spreadsheet through use of the 
perl programming language. Sequence data concerning IG gene usage, 
percentage of identity to the germline, CDR3 length, SHM characteristics 
and SHM hotspot targeting were evaluated. Based on the percentage of 
germline identity, sequences were categorized according to subgroups 
proposed by Murray et al; ‘truly unmutated’ (100% germline identity), 
‘minimally mutated’ (99-99.9% germline identity), ‘borderline mutated’ (98-
98.9% germline identity) and ‘mutated’ (<98% germline identity).143 Subset 
numbering followed the order of two previous studies from our group.142,143  

Definitions 
In Papers I-III, intraclonal diversification in sets of subcloned sequences 
obtained from the same sample was assessed by examination of sequence 
variation in the V domain. All ‘non-ubiquitous’ sequence changes from the 
germline were evaluated in the counts and further characterized as follows: 
(i) unconfirmed mutation (UCM) - a mutation observed in only one 
subcloned sequence from the same specimen (’unique’); (ii) confirmed 
mutation (CM) - a mutation observed more than once among subcloned 
sequences from the same specimen (’partially shared’). Amino acid changes 
resulting from UCMs or CMs were designated as UAA or CAA, 
respectively. To compare mutation counts between the different 
rearrangements included in Paper I and Paper II, mutations were 
normalized to the nucleotide length as well as the number of subcloned 
sequences for each rearrangement. In brief, the normalized mutation 
frequencies (NMF) were calculated according to the following formula: ∑ 
(CM+UCM)/number of subcloned sequences*sequence length. 

Evolutionary History of Sets of Subcloned Sequences 
The evolutionary history of the sets of subcloned sequences in Paper I and 
Paper II was inferred using the maximum parsimony method. All positions 
containing gaps and missing data were eliminated from the dataset 
(Complete Deletion option). Phylogenetic analyses were performed using 
Molecular Evolutionary Genetics Analysis software version 4.0 
(MEGA4).208 
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Statistical Analysis 
Descriptive statistics for discrete parameters included counts and frequency 
distributions. For quantitative variables, statistical measures included means, 
medians, standard deviation and min–max values. Significance of bi-variate 
relationships between factors was assessed with the use of Chi-square and 
Fisher’s exact tests. For all comparisons, a significance level of p=0.05 was 
set and statistical analyses were performed with the use of the Statistical 
Package SPSS Version 12.0 (SPSS Inc, Chicago, USA) for Papers I, II and 
IV and the Statistica Software 10.0 package (Stat Soft Inc, Tulsa, USA) for 
Paper V. Kaplan-Meier survival analysis and log rank tests were employed 
in Paper V to determine any differences in survival between selected 
groups. Overall survival was defined as the time from diagnosis to last 
follow-up or death, while time to treatment was calculated from the date of 
diagnosis until the date of first treatment. 



 38 

Results and Discussion 

Paper I-III: Intraclonal Diversification within CLL 
In recent years a new picture of CLL has emerged, indicating that antigens 
play a critical role in disease development by selecting and stimulating CLL 
precursor cells at some point during CLL ontogeny. Much of this knowledge 
has been gained through extensive analysis of the IGHV genes with initial 
sequencing studies revealing that CLL patients can be divided into two 
groups based on the presence or absence of somatic hypermutations.84,122 
These differences in IGHV gene mutational status, and therefore antigen-
binding properties, are also reflected at the level of IG gene usage in CLL, 
with certain IGHV genes being almost exclusively expressed by either 
unmutated or mutated cases.134-138 The above findings, together with the 
identification of multiple subsets of patients with CLL expressing 
stereotyped BcRs and the more recent observation of ‘CLL-biased’ mutation 
patterns within both the IGHV and IG light chain genes of these subsets, 
unequivocally implicate antigen selection and drive in leukemogenesis.138-146  
 
Despite these advances in determining CLL pathogenesis, much remains 
unknown and further studies are necessary before an accurate model of 
antigen drive can be ascertained; especially with regards to the temporal 
aspects of antigenic stimulations and its relevance to the emergence and 
evolution of CLL clones. In this context, intraclonal diversification analysis 
of IG genes could provide an answer to the fundamental question of whether 
antigen involvement is restricted to the malignant transformation phase or if 
the triggering antigen(s) provides continuous stimulation to the CLL clone, 
and consequently affects both the progenitor cell and the leukemic clone. 
This issue has been broached by several groups in the past, however, largely 
due to methodological issues, definitive conclusions about ongoing clonal 
evolution within CLL could not be drawn and several conflicting findings 
remained.198-204 Differences in the sensitivity of various methods employed 
for detection of mutations probably account for some of these disparities; 
however, the particular cohort of patients studied by the various groups may 
also be of importance. For example, most studies analyzed relatively few 
patients, with Ruzickova et al and Bagnara et al basing their findings on a 
single case.200,203 Considering the remarkable biological and clinical 
heterogeneity of CLL, results obtained from such small-scale studies were 
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limited in their usefulness. In addition, since many of these initial studies 
were undertaken before the realization of the extent of stereotypy in CLL, 
and perhaps more importantly the association between BcR stereotypy and 
biological makeup and/or clinical features, an under-representation of certain 
major and paradigmatic CLL subsets, namely those utilizing IGHV3-21 and 
IGHV4-34, was observed throughout all previous studies.  
 
Another important source of ambiguity relates to the ‘appropriate’ number of 
bacterial clones to be sequenced in order to achieve a reliable representation 
of clonal evolution. Evidently such estimates can only be an approximation, 
however, taking too few clones has the potential to misrepresent and obscure 
actual mutational activities occurring within the cell; the number of clones 
analyzed in all previous studies, excluding that of Bagnara et al, ranged from 
only 3-10 clones per case.198-204 Furthermore, the lack of a standard criterion 
for evaluation of intraclonal heterogeneity may also obscure previously 
reported data. For instance, Gurrieri et al reported an incidence of intraclonal 
diversity in >50% of cases based on the presence of both unique and 
partially shared mutations.201 However, had a more conservative or stringent 
approach been adopted such that single base changes were excluded, than 
the reported incidence of intraclonal heterogeneity would have been 
significantly lower. It is therefore conceivable, that had a more rigorous 
evaluation process been implemented throughout all previous studies the 
intraclonal activity reported would be markedly different. Thus, although 
details were beginning to emerge regarding clonal evolution in CLL, the 
picture was still unclear. Hence, in Paper I we attempted to provide a 
definitive answer to the question of intraclonal diversification within IGHV 
genes in CLL cells. 
 
Taking heed of the discrepancies outlined above, and aided by our 
knowledge of stereotyped subsets, we were strategic in our sample choice 
and placed equal importance on both the number of cases to be analyzed, as 
well as their molecular characteristics. Consequently, the 71 cases to be 
analyzed included (i) unmutated (n=27) and mutated (n=44) cases; (ii) 7 
IGHV genes frequently utilized in CLL; and (iii) both the common IgM/D 
isotype and the rarer IgG positive variant (Figure 4). Moreover, 46 cases 
carried stereotyped BcRs and there was an intentional bias for subset #2 
(IGHV3-21/IGLV3-21) and subset #4 (IGHV4-34/IGKV2-30), since they are 
polar opposites with regards to clinical outcome i.e. “poor prognostic CLL” 
and “good prognostic CLL”, respectively.131,142,143,209 Notably, both of these 
subsets are not only distinguishable based on clinical outcome; they each 
exhibit peculiar molecular features. More specifically, patients are safely 
assigned to subset #2 based on three criteria; namely (i) IGHV3-21 and 
IGHJ6 gene usage (no IGHD gene is usually identifiable); (ii) expression of 
a very short VH CDR3 sequence (9 amino acids); and (iii) the presence of an 
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acidic residue (predominantly aspartate) at position 107.128,142,146 In addition, 
subset #2 patients demonstrate light chain restriction with utilization of 
IGLV3-21.131 Seldom are subset #2 patients targeted intensely by the SHM 
mechanism; however, it is equally rare for such cases to exhibit no mutations 
within their IGHV3-21 gene and hence, these patients primarily exhibit 
borderline identity to the germline.143 On the other hand, the IG of subset #4 
cases is mutated, IgG-switched and composed of heavy chains encoded by 
the IGHV4-34 gene and light chains encoded by the IGKV2-30 gene. Their 
VH CDR3 is long (20 amino acids) and enriched in positively charged 
residues; in particular, the VH CDR3s are defined by the presence of a 
(K/R)RYY motif at positions 112.4-112.1.142,143,146  

 
Figure 4. IGHV gene usage. The number of cases that utilize a particular gene is 
indicated after the gene name. 

Data analysis revealed that at cohort level, 20/71 cases (28%) carried sets of 
identical subcloned sequences. An additional 23/71 cases (32%) were 
characterized by the presence of mutations in single subcloned sequences; 
designated as unconfirmed mutations (UCM). The remaining 28/71 cases 
(40%) carried intraclonally diversified IGHV-IGHD-IGHJ genes with 
confirmed mutations (CM) amongst subclones. Upon closer examination, 
fascinating biases with regard to IGHV gene repertoire and the presence of 
intraclonal diversification were observed. Such biases principally involved 
the IGHV4-34 gene in that, 20/28 (71.4%) cases exhibiting CMs concerned 
IGHV4-34-utilizing cases and of these 20 cases, 13 were assigned to subset 
#4. Thus, signs of intraclonal diversification were evident in all subset #4 
cases included in the study and remarkably, 46.4% of all cases carrying CMs 
belonged to this subset. Perhaps even more pertinent was the observation 
that intraclonal diversification was much more pronounced amongst subset 
#4 rearrangements vs. all other rearrangements included in the analysis. 
Whilst clearly provocative, it was important to establish whether the 
increased level of intraclonal diversification observed within subset #4 cases 
was due to an inherent mutability of the IGHV4-34 gene, or alternatively, 
their mutated status or class-switched phenotype. Our sample selection 
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enabled us to draw comparisons to (i) non-subset #4 IGHV4-34 
rearrangements of the common IgM/D variant; (ii) stereotyped IGHV4-34 
rearrangements of IgG-switched cases assigned to a different subset (#16); 
and (iii) both mutated and unmutated rearrangements utilizing various IGHV 
genes (Figure 5). The significantly higher normalized mutational frequencies 
(NMFs) evidenced for subset #4 clearly indicate that diversification within 
this subset represents a unique phenomenon which is strongly correlated to 
the distinctive IGHV4-34/IGKV2-30 BcR archetype. 

 
Figure 5. Comparison of NMF values for subset #4 rearrangements versus 
rearrangements from subset #2, #8 and #16, as well as IGHV4-34 rearrangements 
from cases expressing the common IgM/D isotype. 

Significant differences between subset #4 and all other sequences analyzed 
were also noted, such that (i) the VH CDR3 of subset #4 cases was highly 
targeted for mutations; (ii) subset #4 cases demonstrated a much higher 
frequency of amino acid changes; (iii) the observed changes were rather 
conservative in terms of amino acid physiochemical properties; and (iv) 
novel changes were often ‘stereotyped’ i.e. restricted (recurrent) changes 
were observed amongst subcloned sequences from different cases. Another 
key finding was the observation that certain critical residues of the V domain 
were left essentially unaltered by the intraclonal diversification process. The 
striking example being the tryptophan (W) residue at position 7 of the VH 
FR1 of IGHV4-34, which plays a critical role in the recognition of the NAL 
carbohydrate epitopes on adult and fetal red blood cells, as well as other cell 
types and microbial pathogens, and which was preserved in 99% of the 
subcloned subset #4 sequences.210 A further example is provided by the 
couplet of basic amino acids, arginine (R) or lysine (K), located at the 
IGHD-IGHJ junction of subset #4 rearrangements, which endows the 
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corresponding VH CDR3 with a positive charge. Despite intense intraclonal 
diversification at surrounding positions, this dipeptide was essentially left 
unaltered with the only sign of mutational activity being an unconfirmed 
conservative R-K (basic residue-to-basic residue) replacement. 
 
Owing to the functionally driven intraclonal diversification process observed 
within the IGHV4-34 genes of subset #4, it was natural for us (Paper II) to 
consider whether the clonotypic IG light chain genes were also targeted by 
the intraclonal diversification process. Previously considered to perhaps play 
a subsidiary role in the recognition of antigens compared to their heavy 
chain counterpart, recent reports of biased IG kappa and lambda gene usage 
and the presence of ‘stereotyped’ mutations point to a complementary role 
for IG light chains in shaping BcR specificity in CLL.144 Since intraclonal 
diversification analysis of IG light chain genes could aid in the 
understanding of such interactions between the clonotypic BcRs and their 
cognate antigen(s), we analyzed the IG light chain genes from 56 CLL cases 
(57 productive IGKV-IGKJ and IGLV-IGLJ rearrangements: one kappa-
expressing case carried two productive IGKV-IGKJ rearrangements) of 
diverse mutational status. Thirty-six cases expressed kappa light chain genes 
whereas 20 cases expressed lambda light chain genes. Thirteen different 
IGKV and seven different IGLV genes were utilized (Figure 6).  

 
Figure 6. IGKV and IGLV gene usage in Paper II. The number of cases that utilize a 
particular gene is indicated after the gene name. 

Our results mirrored those of Paper I, with the intraclonal diversification 
process affecting the light chain genes of CLL malignant B cells to a limited 
extent, with the significant exception again being subset #4. In a manner 
akin to its partner heavy chain, the professed level and very precise patterns 
of intraclonal diversification amongst the IGKV2-30 genes of subset #4 cases 
rendered them distinguishable from all other rearrangements analyzed 
(Figure 7).  
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Figure 7. NMF values for ΙGHV-IGHD-IGHJ and IGKV-IGKJ rearrangements of 
stereotyped subset #4 cases. 

Of further interest was the observation that the high number of CMs present 
in certain subset #4 cases could be attributed to the existence of distinct 
‘clusters’ of subcloned sequences with ‘cluster-specific’ mutational profiles. 
Analysis of the mutational patterns in such cases enabled us to trace the 
genealogical relationship between the germline and individual clusters. This 
derivation from a common ancestor and the subsequent branching of the 
leukemic clone into distinct subclones indicated that subpopulations of the 
malignant clone emerged and predominated throughout the evolution of the 
malignant clone. These observations may be considered as further evidence 
for selective pressures occurring in parallel in distinct subclones. Taken 
collectively, the observed patterns of intraclonal diversification amongst sets 
of subcloned sequences from subset #4 cases attest to the very precise 
targeting of mutations within both the heavy and light chain IG genes, and 
may be considered as evidence for a stereotypical response to an active, 
ongoing interaction with antigen. 
 
The results presented in Paper I and Paper II clearly complement the view 
that antigen(s) are a key component in CLL pathogenesis (at least for certain 
major paradigmatic subsets) and highlight another unique facet of subset #4. 
Nevertheless, these analyses were only capable of offering a snapshot of the 
timeline of CLL subset #4 by being limited to depicting what was occurring 
at a single timepoint, and hence, did not provide insight into the temporal 
dynamics of the CLL clones. Therefore, in Paper III, we analyzed serial 
samples from 8 subset #4 cases in order to study clonal evolution over time, 
as measured by mutations within the IG genes, and investigate the impact of 
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functionally relevant mutations for selection within the malignant cells. 
Detailed analysis of the topology and characteristics of mutations revealed: 
(i) restricted intraclonal diversification patterns, in the sense of identical 
mutations at certain VH/VK positions amongst subclones of different cases, 
e.g. despite glycine at codon 28 (VH CDR1) being mutated in 413/514 
(80%) sequences, the only observed substitution was to an acidic residue; (ii) 
intraclonal diversifcation hotspots, i.e. mutations in certain codons were 
repeatedly observed during clonal evolution; and (iii) predominance of 
conservative amino acid changes.  
 
Importantly, the analysis of consecutive samples enabled us to trace the 
diversification of the CLL antibody over time, and describe the level of 
intraclonal diversification as increasing, decreasing, or complex when a 
mutation appears, disappears and then re-emerges at a subsequent time point, 
thereby also revealing which mutations were negatively or positively 
selected. Consequently, a stepwise accumulation of mutations could be 
observed with several CMs at an early timepoint becoming ubiquitous 
mutations, i.e. present in all subcloned sequences of subsequent timepoints. 
In addition, distinct clusters of subcloned sequences with cluster-specific 
mutational profiles were observed initially, however at later timepoints the 
minor cluster had often disappeared and hence been selected against. Based 
on this hierarchy of somatic mutations, insights into the ontogeny of CLL 
subset #4 can be obtained and it is tempting to theorize that some of the 
mutations that were ubiquitous preceded malignant transformation whereas 
mutations that are not common to all of the clonally related VH/VK 
sequences steadily accumulated after the transforming event. Hence, 
additional subclone diversity that arose on a background of other mutations 
may coincide with a strong selective pressure. All these lines of evidence 
suggest specific antigen recognition and possibly stimulation at different 
timepoints in the natural history of the disease, depending upon the nature of 
the antigen(s).  
 
To try to integrate our data into a biological model of clonal evolution within 
subset #4, one must first consider what antigens could provide such 
continuous stimulation. In this regard we can look not only to studies 
investigating antigen reactivity within CLL, but importantly to the IG 
sequences themselves. As mentioned, subset #4 antibodies carry IgG-
switched BcRs with long positively charged VH CDR3s enriched with 
arginine residues and thus are reminiscent of pathogenic anti-DNA 
molecules. Drawing on this comparison with autoantibodies, a likely and 
constant source of intracellular antigens could be provided by nuclear 
antigens such as DNA or nucleosomes or various other molecules exposed 
on the surface of apoptotic cells. Continuing along this thread, it is tempting 
to envisage a model whereby early in B cell development, precursors to 
subset #4 CLL clones naturally exhibit a penchant for self-antigens (as 



 45

opposed to being introduced through somatic mutations) and are thus 
positively selected. Subsequent introduction of strategically placed acidic 
residues by SHM may dampen autoreactivity and render the cells anergic; an 
idea fully supported by our study which revealed the introduction of acidic 
residues throughout the V region of both the heavy (codon 28 VH CDR1) 
and light chain (codon 66 VK FR3) genes. Nevertheless, by virtue of their 
ability to be activated by dual engagement of the BcRs and TLRs, contact 
with superantigens or microbial or viral pathogens may re-activate the 
previously anergized B cells and hence ‘kick-start’ their clonal proliferation. 

Paper IV: Coexisting Trisomies 12 and 19 in CLL  
Owing to advances in technology, the pace of discovery in cancer genetics 
has steadily accelerated. In B cell malignancies, this has enabled the 
characterization of underlying genomic complexity and also paved the way 
toward the identification of genetic changes of pathogenetic significance. 
Whilst most leukemias and lymphomas have been found to harbor 
distinctive, recurrent chromosomal translocations, the CLL genome lacks 
any ‘signature’ genomic event. Nevertheless, approximately 80% of CLL 
cases have been found to carry alterations within their genomes and one such 
aberration is trisomy of chromosome 12, which occurs in 10-20% of CLL 
patients and is associated with an intermediate risk.99,211 Although trisomies 
may frequently be seen as isolated events, this does not exclude the presence 
of additional, cytogenetic anomalies and in CLL patients harboring trisomy 
12, associations with trisomy 19 and BCL2 rearrangements have been 
reported.212-215 Hence, in Paper IV we further investigated patients carrying 
this numerical abnormality and in doing so, defined a subgroup of patients 
with coexistence of trisomies of chromosomes 12 and 19.  
 
Karyotypic data was collected from 968 CLL patients by classic G-banding 
cytogenetics, interphase FISH or high-density 250K single nucleotide 
polymorphism arrays. Of these 968 cases, a total of 333 cases carried 
trisomy 12 (+12) and a subgroup of these patients (n=20) also carried 
trisomy 19 (+12+19). Interestingly, 15/20 cases exhibiting the latter 
cytogenetic profile were also found to carry trisomy 18. Although 
immunogenetics analysis within the group of patients harboring co-existing 
trisomies 12 and 19 revealed that no individual IGHV gene was over-
represented, it was striking to note that 90% of such cases carried mutated 
IGHV genes. Of further interest was the observation that the majority of 
patients within this subgroup (84.2%) exhibited very high CD38 expression, 
a marker of unfavorable prognosis. This was somewhat surprising since, 
being an indicator of activation and proliferation of cells, CD38 is usually 
associated with unmutated CLL as opposed to the extensively mutated IGHV 
genes of patients observed within this subgroup.84 Perhaps, even more 
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remarkable was the observation that all ‘+12+19’ patients expressed surface 
IgG; a relatively rare variant of CLL.  
 
On these grounds, we propose that the coexistence of trisomies 12 and 19 
may define a distinct cytogenetic subgroup of CLL, whereas the emergence 
of trisomy 18 in such cases likely represents a clonal evolution event. To put 
it more succinctly, the fact that the co-existing trisomies were not detected in 
the entire neoplastic clone but only in a proportion of CLL cells, as 
evidenced by the consistent finding of a variable number of normal 
metaphases, might be taken as indirect evidence for a secondary event 
occurring in a cell which has already undergone class switch recombination 
(although, in principle, normal metaphases could indicate the presence of 
residual healthy cells). Given the low frequency of both trisomy 19 and 
surface IgG expression in CLL, we argue that their simultaneous occurrence 
is unlikely to be fortuitous rather it represents a clonal selection process.  

Paper V: The IGHV3-21 Gene in CLL 
Most articles concerning immunogenetics or stereotypy in CLL contain 
some form of the following sentence; ‘IGHV3-21 patients have a poor 
clinical outcome irrespective of IGHV mutation status’. This is clearly 
justifiable, since, as stated, the IGHV3-21 gene evades the general rule of 
mutated vs. unmutated IGHV in predicting clinical prognosis in CLL. First 
reported by Tobin et al almost a decade ago, the finding that despite the 
majority of these patients expressing mutated IGHV3-21 genes they display 
a more aggressive course of disease and a shorter survival time compared to 
other mutated CLL cases, has since been confirmed by studies throughout 
Europe and the United States.128-131,133,141,142,209,216 Whilst these studies also 
demonstrated that between 50-60% of IGHV3-21 expressing cases carried 
distinctive molecular characteristics such as a VH CDR3 of 9 amino acids, 
no definable IGHD gene, use of the IGHJ6 gene and IGLV3-21 light chain 
gene restriction (referred to as subset #2 cases), variances in the frequency of 
the IGHV3-21 were noted. Studies on IGHV gene repertoire and mutational 
status in the Mediterranean reported IGHV3-21 gene usage at around (3-4%) 
and this frequency was similar to that reported in an American cohort 
(4%).130,133,142,209 However, as one moved north, a geographical variation in 
IGHV3-21 gene usage became evident with a frequency of 7.9% described in 
Northern Ireland, rising to between 10-13% in Scandinavia.128,131,141,216,217 
The reason for such a discrepancy remains unclear; however, plausible 
explanations could pertain to differences in genetic background or more 
simply sample selection i.e. whereby cases collected via referral centers tend 
to follow a more aggressive clinical course and hence, results may be 
skewed towards an increased frequency of certain poor prognostic IG genes.  
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Since previous reports detailing IGHV3-21 gene frequency in Scandinavia 
were performed on hospital-based cohorts and thus may be subject to 
ascertainment bias, in Paper V we sought to determine the frequency of the 
IGHV3-21 gene in a Swedish population-based study of CLL patients. 
Among the 337 Swedish patients with CLL who were analyzed, 341 in-
frame IGHV gene rearrangements were identified (4 patients had double 
productive rearrangements); 65.1% of rearrangements were found to be 
mutated and 34.9% unmutated. In keeping with expectations, a total of 40 
IGHV genes from all 7 subgroups (IGHV1-7) were detected and the most 
frequently encountered genes were IGHV4-34, IGHV1-69, IGHV3-23, 
IGHV3-21 and IGHV3-30. Notably, we now found the IGHV3-21 gene 
frequency to be 6.5% and hence, lower than our largest and most-recent 
University hospital-based CLL study (10.1%).141 Whilst this inconsistency 
can most likely be attributed to differences in the nature of the cohorts 
studied, indications are that a true regional bias exists with regard to IGHV3-
21 gene usage in Sweden.  
 
Having ruled out a selection bias it was worth considering whether the 
global variances in IGHV3-21 gene frequencies could simply reflect 
differences in the patient environment and consequently, the antigens to 
which they are exposed. However, given that we find a similar proportion of 
stereotyped subset #2 cases in this report (14/22, 63.6%) as the recent large-
scale study of ~7500 CLL cases obtained from 16 clinical centers throughout 
Europe and the United States (213/356, 59.8%), and bearing in mind that 
stereotypy is indicative of antigen selection, the idea that an antigen endemic 
to Sweden leads to the increased IGHV3-21 gene frequency is unlikely.146 
That said, despite subset #2 cases carrying IGHV3-21 genes with borderline 
identity to the germline, the finding of shared and very precisely targeted 
‘stereotyped’ mutations among such cases re-iterates the idea of selection by 
specific antigens.142,143,218 This is further emphasized by the observation that 
subset #2 cases demonstrate a strong tendency to retain in germline 
configuration the binding motifs for Staphylococcal protein A, a prototypical 
superantigen for B cells expressing IGHV3 subgroup genes.143,160  
 
In addition to the issue outlined above regarding the frequency of the 
IGHV3-21 gene, disparities have also arisen, whereby some studies report 
that subset #2 cases have a more progressive disease when compared to non-
subset #2 IGHV3-21 cases, whilst other centers do not observe such a 
difference.130,131,133,142,209 Accordingly, we proceeded by investigating the 
clinical impact of IGHV3-21 stereotypy and mutational status on CLL 
patient survival and progression. Although, our data confirms the prognostic 
significance of IGHV3-21 as a marker of inferior prognosis in CLL 
independent of mutational status, no significant difference in overall survival 
or time to treatment was observed between subset #2 patients and those with 
non-subset #2 IGHV3-21 BcRs. That notwithstanding, the differences 
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observed between studies in terms of disease progression may be explained 
(at least partially) by the presence of several poor prognostic markers, such 
as high expression of CD38 and ZAP70, and/or del(11q), which were 
evident in cases analyzed in the previous studies but which were absent or 
minimal in our study.142 Taken collectively, the present study confirms both 
a true geographical bias with regards to IGHV3-21 gene usage in Sweden 
and re-confirms the IGHV3-21 gene as a marker for poor prognosis 
regardless of IG mutational status or stereotypy. 
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Concluding Remarks 

Although first recognized by the ancient Greeks, leukemia was not officially 
diagnosed until 1845 when both Rudolf Virchow and John Hughes Bennett 
published descriptions of leukemia patients, with Virchow aptly describing 
the illness as a ‘white blood disease’. While progress continued in 
identifying different disease entities, treatment options were lacking and 
leukemia was ultimately regarded as a death sentence. However, discovery 
of the first effective leukemia treatment by Dr. Sidney Farber during the 
1940’s heralded a new period of research, which led to therapies that 
induced remissions, extended survival and are even curative depending on 
the specific form of the disease. In more recent years the advent of 
functional and structural genomics, while greatly accelerating our 
understanding of the mechanisms driving disease progression, have revealed 
complexity on a scale previously unimagined. Consequently, a deeper 
understanding of the individual diseases, and more specifically the various 
subgroups within each disease, are required as we enter an era of targeted 
therapies based on the mechanisms of pathogenesis.  

 
In this thesis we sought to add a piece to the puzzle of CLL by investigating 
intraclonal diversification, the interplay between the malignant B cells and 
the tumor microenvironment, and the role of antigens in leukemogenesis. 
Based on molecular and genetic evidence we suggest an antigen-driven 
model of clonal evolution for CLL (at least for certain subsets of the 
disease). However, as is common in science and re-iterated by the words of 
George Bernard Shaw ‘every new discovery raises 10 new questions’ for 
instance, in this case: What are the types of antigen(s) involved in selecting 
mutated versus unmutated CLL? How do CLL cells respond to antigens? 
How can we reconcile clear differences amongst patients with regards to 
BcR stereotypy and antigen binding? and the list could go on. Nevertheless, 
it is tempting to think that the answers to such questions together with 
knowledge about the functional interplay between CLL cells and the 
microenvironment may lead to changes in our therapeutic attitude. In 
addition, it is enticing to consider whether stereotyped BcRs may provide a 
proof of concept that extends beyond CLL and applies to other B cell 
malignancies. Only time will tell what the future holds, but with continued 
efforts it is nice to think that a rational cure for this disease is not too far 
away. 
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