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Abstract
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The progress in our understanding of the biology and pathophysiology of chronic lymphocytic
leukemia (CLL), as well as the development of new treatments, necessitates additional
research on; (i) the impact of different therapies within subgroups of CLL patients, (ii) solid
epidemiological data on the prevalence of CLL and on comorbidities within the CLL population,
and (iii) new means of prognostication, as the value of traditional prognostic markers is uncertain
when applied to new treatments.

In paper I we studied the efficacy of chemo(immuno)therapy in stereotyped subsets #1 and
#2. We could demonstrate that the improvement in survival seen over time in CLL in general,
was not observed in these two subgroups. This suggests that alternative treatment options should
be explored in these patients, and that subset assignment can be used as a predictive tool.

In paper II we could demonstrate a significant rise (56%) in the prevalence of CLL in Sweden
from 2000 to 2015. We then developed a model to estimate the future prevalence of CLL.
Applying this, we estimated a further increase in the absolute number of CLL patients with
approximately 70% over the next 20 years, a rise with important health-economic impact.

In paper III we showed that 32% of all CLL patients were diagnosed with at least one
cardiovascular disease (CVD) within 10 years before diagnosis, as well as 37% before start
of treatment. Of these, 81% had ≥3 concomitant CVD diagnoses. Within 5 years after start
of treatment, an additional 28% of patients (without previous CVD) were diagnosed with a
CVD. This is particularly important considering the known cardiovascular side-effects of BTK-
inhibitors.

In paper IV we studied clonal dynamics in 10 patients with high-risk CLL during treatment
with ibrutinib, with a long-term clinical follow-up. Seven out of 10 displayed major clonal shifts
and 5 of these experienced disease progression, which was not seen in the 3 patients without
clonal shifts. We suggest further studies of clonal shifts as a new means of prognostication in
patients treated with BTK-inhibitors.

We conclude that; (i) CLL patients of subsets #1 and #2 do not benefit of “old” treatments
and should be explored for alternatives, (ii) the prevalence in CLL is higher than previously
described with an expected continuing rise, (iii) the burden of cardiovascular comorbidities in
CLL is high, and (iv) the occurrence of clonal shifts during ibrutinib treatment suggests inferior
outcome.

Keywords: Chronic lymphocytic leukemia, genetics, epidemiology

Mattias Mattsson, Department of Immunology, Genetics and Pathology, Experimental and
Clinical Oncology, Rudbecklaboratoriet, Uppsala University, SE-751 85 Uppsala, Sweden.

© Mattias Mattsson 2020

ISSN 1651-6206
ISBN 978-91-513-1016-9
urn:nbn:se:uu:diva-420378 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-420378)



 

 
 
  

“Knowledge is proud that he has learned so much. 
Wisdom is humble that he knows not more.”  

 
William Cowper 
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Chronic lymphocytic leukemia 

The changing perception of chronic lymphocytic 
leukemia 
Chronic lymphocytic leukemia (CLL) was previously perceived by many as 
an incurable and slowly progressive disease, mainly affecting elderly men, 
and with few treatment options at hand. Newly diagnosed patients were 
informed that they suffered from a relatively benign disease with a tendency 
of slow progression. This despite that a significant proportion of the patients 
(25%) are below the age of 65 years at diagnosis [1], the majority of patients 
ultimately need treatment, and that the CLL disease and its complications are 
the cause of death in the majority of patients [2]. Initial investigation, follow-
up and treatment of CLL patients was uniform, despite the obvious significant 
differences between patients regarding rate of disease progression, response 
to treatment and survival. 
 
During the last two decades we have experienced an unprecedented progress 
in the understanding of the underlying disease biology in CLL leading to the 
characterization of a number of prognostic and, in some cases, predictive 
biomarkers, some of which have been implemented in clinical routine.  
In parallel, we have seen the development and implementation of new 
treatments with different mechanisms of action. These treatments are now 
rapidly replacing the use of chemotherapeutic agents. In many instances these 
new treatments have proven to have higher efficacy and less, but also 
different, toxicities. 
 
Due to this development, the care of CLL patients has become more 
challenging, but also more rewarding. The therapeutic goals have in many 
instances been revised. Progress has led to improvement in both progression-
free survival (PFS) for patients in need of treatment, as well as overall survival 
(OS) [2, 3]. Nevertheless, CLL is still regarded as an incurable disease, though 
curative treatment may be a realistic possibility in the near future.  

This progress will, providing that the incidence of CLL remains stable [1], 
lead to an increase in the prevalence of the disease with health-economic 
consequences, although reliable data on actual disease prevalence and future 
predictions have been lacking. Furthermore, this progress highlights the need 
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to individualize treatment based on the molecular profile and clinical features 
in each patient.  
 
This thesis is aimed at addressing a broad range of questions, such as the 
significance of genetic and immunogenetic features for prognosis and choice 
of therapy, the impact that the paradigm shift to more targeted treatments will 
have on the prevalence of the disease, as well as the spectrum of 
cardiovascular comorbidity among CLL patients. 

Epidemiology - the lack of data on prevalence 
CLL is the most common leukemia in Sweden, with an annual incidence of 
5.3/100 000 without significant changes over-time [1]. This is in contrast to 
many other lymphomas that showed a continuous increase in age-standardized 
incidence during the 1980s and 1990s and reached a plateau in the 2000s [4]. 
The disease is more prevalent in men than in women with a ratio of 1.6:1. 
Women have, for unknown reasons, a more favorable prognosis than men [1]. 
The risk of acquiring CLL increases with age and the median age at diagnosis 
in Sweden is 72 years [1], which is similar to many other hematological 
malignancies, e.g. acute myeloid leukemia (AML), myelodysplastic 
syndromes (MDS), myeloproliferative neoplasias (MPN) and multiple 
myeloma, and the disease does not exist in children. Although CLL is the most 
common leukemia, published population-based data on prevalence and 
changes in prevalence over time are scarce [4-7]. 
 
There is a striking difference in the risk of developing CLL between 
populations of different ethnical background, with the highest incidence in 
Caucasian populations [8]. This difference also persists in ethnic groups that 
emigrate, indicating a genetic susceptibility to acquire CLL rather than 
environmental causes [9]. Strengthening this notion is the aggregation of CLL 
in some families, and that the risk of developing CLL is 5-7 times higher in 
first-degree relatives to patients with CLL compared to others [10]. Sensitive 
flow cytometry methods have also revealed a high incidence (15-17%) of 
clonal B-cells with a CLL phenotype in first-degree relatives to CLL patients 
[11, 12].  
 
Monoclonal B-cell lymphocytosis (MBL) [13, 14] is characterized by the 
existence of a small B-cell clone, but not fulfilling the criteria for CLL or any 
other B-cell malignancy. MBL precedes the development of CLL in most if 
not all patients and can be separated into high-count MBL (>0.5x109 clonal 
B-cells/L) and low-count MBL (<0.5x109 clonal B-cells/L). This distinction 
has clinical relevance as high-count MBL has an 1-2% estimated annual risk 
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of developing into CLL, while the risk for low-count MBL to develop into 
CLL does not seem to differ from the age-matched healthy population[15].  

Diagnosis of CLL– simple and reproducible 
CLL is a disease of morphologically mature but functionally defective B-
lymphocytes with both an increased proliferation rate and defective apoptosis 
[16-18]. The diagnosis of CLL is, in the majority of cases, straightforward and 
defined according to WHO [19] and iwCLL criteria [20] as: >5x109 clonal B-
lymphocytes/L with mature morphology and a characteristic phenotype, 
CD5+, CD10- ,CD23+, CD20+dim, CD200+ carrying either kappa or lambda 
light chains on the cell surface. The differential diagnoses are mainly other B-
cell lymphoproliferative disorders, especially mantle cell lymphoma (MCL). 
 
Due to the stringent diagnostic criteria for the diagnosis of CLL, coupled with 
reliable diagnostic methods without major changes over the last 30 years, the 
reliability of epidemiological data collected over time is high compared to 
many other hematological malignancies.  

The importance of immunogenetics and genetics in CLL 
Two major breakthroughs in the research on CLL were made just around the 
millennial shift. The first was the publication of two simultaneous papers in 
1999 describing the prognostic importance of the mutational status of the 
immunoglobulin heavy variable (IGHV) genes expressed by the B-cell 
receptor (BCR) [21, 22]. The second was the publication in 2000 of the pivotal 
paper describing the prognostic importance of 4 specific genetic aberrations, 
namely deletion of chromosomes 17p [del(17p)], 11q [del(11q)], 13q 
[del(13q)] and trisomy 12 (+12) detected by fluorescence in situ hybridization 
(FISH) [23].  
 
Considering their paramount importance for the understanding of the biology, 
prognostication and treatment of CLL, the fields of immunogenetics and 
genetics of the disease are described in more detail below.  

Immunogenetics – the story of the B-cell receptor  
Each B-lymphocyte carries on its surface a unique immunoglobulin (IG) 
expressed by the BCR [24, 25]. The unique diversity in the Ig conformation 
results from a complex process during B-cell development involving the 
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rearrangement of V (variable), D (diversity, the heavy chain only) and J 
(joining) genes within the heavy-chain (IGH) and light-chain (IGK/L) loci.  
 
During V(D)J recombination random insertion of nucleotides occurs in the 
junctions, further contributing to the uniqueness of the most prominent antigen 
binding-site, i.e. the complementarity determining region 3 (CDR3).  
Finally, when the B-cell is exposed to an antigen in the germinal center (GC) 
of a lymph node, the IG gene rearrangement undergoes further diversification 
by somatic hypermutation (SHM) in order to increase the affinity to the 
antigen, a process mediated by the activation induced cytidine deaminase 
(AID) [26, 27].  
 
These processes are described in Figure 1. 
 
 

 
Figure 1: Schematic description of the process of VDJ recombination and somatic 
hypermutation (SHM), resulting in a B-cell receptor repertoire with approximately 
1012 possible different combinations. 
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The binding of an antigen to the IG component of the BCR leads to the 
formation of the signalosome in which the SRC-kinase LYN phosphorylates 
CD79A and CD79B, leading to phosphorylation of the tyrosine kinase SYK. 
This in turn propagates signaling through phosphorylation of the tyrosine 
kinase BTK (Bruton’s tyrosine kinase) and PLCg2 (Phospholipase-gamma-2) 
[28]. The signal is further propagated downstream of the signalosome through 
a cascade involving, among others, phosphatidyl-inositol-3 (PI3K), ultimately 
leading to activation of transcription factors including NF-kappa-B, as 
depicted in Figure 2. 
 

Figure 2: Simplified scheme of BCR-signaling in B-cells. From: Mattsson, M and 
Scarfò, L, BTK Inhibitors: Focus on Ibrutinib and Similar Agents. Resistance of 
Targeted Therapies Excluding Antibodies for Lymphomas, Springer 2018: p. 1-22. 
[29] (reprinted by permission) 
 
The final results of BCR signaling are changes in gene expression that regulate 
proliferation, migration and apoptosis.  

The response to signaling through the BCR in normal B-cells is 
heterogeneous and depends on the density of surface Immunoglobulin M 
(sIgM) and duration and strength of signaling. 

IGHV gene mutational status 
As mentioned in the introduction, two pivotal papers published in 1999 
described the prognostic importance of the IGHV gene mutational status [21, 
22]. Approximately 60% of patients exhibited CLL cells that had undergone 
SHM of the clonotypic IGHV genes, and were designated IGHV-mutated 
CLL (M-CLL), while patients with CLL cells that had not gone through SHM 
of the IGHV genes (40%) were termed IGHV-unmutated CLL (U-CLL).  
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In general, M-CLL patients have a more favorable outcome compared to U-
CLL patients that follow more aggressive disease courses with rapid disease 
progression and active disease in need of treatment.  

In addition, U-CLL patients are more often in need of relapse treatment 
after receiving first-line treatment with chemotherapy or 
chemoimmunotherapy (CIT). These differences in response to therapy are also 
manifested in the significant differences in OS observed between the two 
subgroups when using these treatments.  

The cut-off in the distinction between M-CLL and U-CLL was set at 98% 
identity to the germline, a distinction based on clinical data and not reflecting 
a true biological cut-off.   
 
One reason behind the survival difference observed, is that M-CLL and U-
CLL differ in the strength of the signaling through the BCR, where the former 
has a weak or mitigated response and the latter a stronger response to BCR 
stimulation. The result of BCR signaling in M-CLL and U-CLL is also 
different, with BCR-signaling in M-CLL leading to anergy and in U-CLL to 
proliferation [30]. 
 
The prognostic impact of IGHV gene mutational status was challenged in 
2002, with the discovery that patients utilizing the IGHV3-21 gene had an as 
equally poor prognosis as U-CLL, despite that the majority belonged to the 
M-CLL subgroup [31]. At the same time, it was discovered that a significant 
proportion of patients utilizing the IGHV3-21 gene also carried highly similar 
VH CDR3 sequences as well as identical light chains, providing a strong 
evidence for antigen involvement during CLL development.  
 
Further research could prove that a significant proportion of CLL patients 
belonging to both the M-CLL and U-CLL subgroups showed identical or 
semi-identical VH CDR3 within their BCR. As the probability that this event 
would happen by chance is extremely small (estimated to 10-12) this strongly 
implies some sort of selection, presumably antigen-driven [32].  

Stereotyped subsets 
Today, it is established that more than 40% of the CLL patients can be 
classified into different subgroups, termed stereotyped subsets, with cases 
belonging to each subset carrying quasi-identical or stereotyped BCRs on their 
surface. Approximately 12% of the patients belong to one of 19 major subsets 
[33]. Importantly, mounting evidence demonstrates that patients assigned to a 
specific subset share similar biological characteristics and prognosis [34].  

A classic example is stereotyped subset #2 which consists of patients 
utilizing the IGHV3-21/IGLV3-21 genes. It is the largest subset and 
constitutes approximately 3% of all CLL cases and 5.5% of those in need of 
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treatment [33, 35]. Assignment to subset #2 has been shown to be associated 
with inferior prognosis, despite that few of these patients carry TP53-
aberrations (see below). Another subset with adverse prognosis is subset #1 
(IGHV1/5/7/IGKV1(D)-39) which is the largest subset within U-CLL.  
In contrast, patients belonging to subset #4 (IGVH4-34/IGKV2-30) have a 
very favorable outcome with median time to first treatment exceeding 10 years 
[36]. 

Clinical impact of the IGHV gene mutational status 
Although the prognostic impact of assigning patients to the M-CLL and U-
CLL subgroups has been extensively studied over the years, the IGHV gene 
mutational status has not until recently been recommended in clinical routine. 
Solid data are now accumulating that the IGHV mutational status has a 
predictive role and should be taken into consideration when selecting 
treatment in many cases. This is also reflected by the updated iwCLL 
guidelines, as well as Swedish National CLL guidelines, where it is now 
recommended to analyze the IGHV mutational status in routine clinical 
practice [20]. 

The genetic hierarchy of CLL 
While the prognostic importance of different genetic abnormalities in CLL has 
been known for a long time [37], classical chromosome banding analysis 
(CBA) has been difficult to perform in CLL, due to the inherent problems in 
culturing CLL cells and obtaining metaphases. 

Fluorescence in situ hybridization (FISH) 
By applying fluorescence in situ hybridization (FISH), in the seminal paper 
by Döhner et al  in 2000 [23], CLL patients could be classified into 5 
subgroups with different survival based on 4 different chromosomal 
aberrations, i.e. del(17p), del(11q), del(13q) and +12 (the fifth group 
represents those without any aberration detected). Using FISH, at least one of 
these aberrations can be detected in up to 80% of patients with CLL. 
According to the Döhner hierarchical model, patients with del(17p) and 
del(11q) exhibit a significantly worse prognosis compared to patients with 
isolated del(13q), while cases negative for any of these 4 abnormalities 
(‘normal FISH’) or harboring +12 have an intermediate prognosis.  
 
Of these aberrations, del(17p) was associated with a particularly dismal 
prognosis with a median survival of only 32 months, mainly due to inferior 
response to chemotherapy as well as CIT. This explained by the fact that the 
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deletion leads to inactivation of the TP53 gene, a gene of key importance for 
cell cycle control. This gene can also be inactivated by mutations that can be 
detected by sequencing. Most common is del(17p) coexisting with a TP53-
mutation on the other allele (60%), approximately 30% of patients have 
biallelic TP53-mutations, while 10% have an isolated del(17p)[38]. TP53-
aberrations, i.e. del(17p) and/ or TP53 mutation, occur in 4 to 8% of patients 
at diagnosis but, due to clonal evolution, in up to 30 to 40% of patients with 
relapsed/refractory disease [39-41]. Based on more recent deep-sequencing 
data, the occurrence of even small subpopulations carrying a TP53 mutation 
seems to be associated with inferior outcome [42] 
 
Patients carrying del(11q) also have an inferior prognosis when treated with 
chemotherapy and CIT. The deletion causes loss of the ATM gene, a gene that 
is central in DNA damage response; approximately 30-40% of these patients 
also have an ATM mutation on the other allele [43, 44]. del(11q) occurs in 
about 10-15% of patients at diagnosis with a rise to 30% at relapse [45]. While 
the typical clinical picture in these patients is bulky lymphadenopathy and a 
good initial response to treatment, they generally experience a fast relapse and 
progressive disease.  
 
While patients with trisomy 12 often have an atypical immunophenotype , the 
prognosis appears to a large extent be governed by the IGHV mutational status 
and is not influenced by the presence of other prognostic markers, as no genes 
of pathogenic importance have so far been identified on chromosome 12[34, 
46, 47].  
 
The largest group of patients are those carrying del(13q), which is found in up 
to 60% of all CLL, with 35-40% carrying it as the sole aberration [23, 48]. 
Del(13q) as a sole aberration is associated with favorable prognosis with a 
median survival of 133 months according to the Döhner et al study [23]. The 
deletion leads to the loss of two micro-RNAs, miR15A and miR16A [49], 
subsequently leading to the upregulation of the BCL2 protein, an antiapoptotic 
protein located in the mitochondrial membrane. The inhibition of BCL2 using 
the BH3-mimetic venetoclax is today used in clinical practice and further 
described in the treatment chapter.  
 
Nota bene, while the prognostic significance of these genetic aberrations has 
been extensively studied and validated in patients treated with chemotherapy 
or CIT, the prognostic impact in patients treated with BTK-inhibitors or 
BCL2-inhibitors is much less known. 



 23 

Chromosome banding analysis 
The previous difficulties with obtaining sufficient metaphases to perform 
CBA have now been overcome by the addition of novel mitogens (e.g. CpG 
oligonucleotide and IL2)[50, 51]. Using the modern culturing protocols, 
complex karyotype, defined as ³3 or ³5 aberrations has been associated with 
an inferior prognosis [48, 52-55]. In a recent publication including more than 
5,000 cases, patients with ³5 aberrations were demonstrated to have a 
particularly dismal outcome, while an inferior prognosis was only observed in 
patients with 3 or 4 aberrations in association with TP53 aberrations [54].  

Indeed, the presence of a complex karyotype has been shown to be an even 
stronger predictor of outcome than TP53-aberrations in relapsed/refractory 
(R/R) CLL patients treated with the BTK-inhibitor ibrutinib[53].  

Recently, the combination of complex karyotype, genetic aberrations (in 
particular TP53-aberrations) and IGHV mutational status has been suggested 
as a novel hierarchical model to improve prognostication[54].  
 
There is now work ongoing to reach consensus on the definition of complex 
karyotype, develop and validate the best methods to detect it, and 
prospectively study its clinical impact. Until then, the presence or not of a 
complex karyotype is not recommended to be used in the clinical decision 
making.  

Sequencing – Next-generation sequencing 
Technical progress in sequencing and bioinformatics has made it possible to 
further explore the genome in CLL. Older techniques such as Sanger 
sequencing are now being complemented or in most cases replaced by next-
generation sequencing (NGS). This is a field of fast and continuous 
development, with the possibilities to sequence either a few specific genes or 
perform whole-exome sequencing (WES) or whole-genome sequencing 
(WGS). Thus, it is now possible both to the scan a large part of the genome 
for mutations (WES/WGS) or to detect with high sensitivity specific 
mutations present only in low proportion of tumor cells (targeted NGS). 
 
This progress has led to the discovery of more than 2,000 genes found to be 
recurrently mutated in CLL[56, 57]. To date, more than 40 driver genes or 
potential driver genes have been associated with CLL. The majority of these 
occur at a low frequency (<1-5%) with only a few (ATM, NOTCH1, SF3B1 
and TP53) reported in more than 5% of the patients [56-58]. In addition to 
TP53 and ATM aberrations, mutations in NOTCH1, SF3B1, BIRC3, EGR2 and 
RPS15 have a negative prognostic impact in CLL, while the impact of 
mutations in MYD88 is still uncertain[59, 60]. The main pathways affected by 
these mutations are DNA-damage response, NOTCH1-signaling, RNA-
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splicing, NF-kB signaling, BCR-signaling, toll-like receptor signaling and 
chromatin modification[61]. Recent data also suggests that the number of 
pathways affected by driver mutations have an impact on prognosis [62].  
 
The consequence of NOTCH1 mutations (predominantly a 2 bp deletion) is 
the accumulation of the intracellular domain (ICN1), followed by constitutive 
activation of the NOTCH pathway [63]. NOTCH1 mutations occur in about 
10% of newly diagnosed patients and up to 20% in those with advanced 
disease[58, 64]. They are associated with trisomy 12, assignment to 
stereotyped subset #8, U-CLL and an elevated risk of Richter transformation 
[41, 64-70]. The clinical picture resembles 11q deletion, i.e. patients often 
have a short time to first treatment and a short time to progression after 
chemotherapy or CIT [39, 71-73]. NOTCH1 mutations have also been 
associated with low expression of CD20 and no benefit from the addition of 
anti-CD20-antibodies [74, 75], but this has to date not changed clinical 
practice or treatment guidelines in Sweden. 
 
SF3B1 mutations have been associated with aberrant mRNA splicing of a 
number of genes involved in DNA-damage response and NOTCH-signaling; 
however, the exact pathogenic mechanisms of these mutations in CLL are still 
unknown. SF3B1 mutations are found in 5-17% of patients [76, 77] and are 
associated with shorter time to first treatment and OS. They are highly 
enriched (45%) within subset #2 [39, 68, 70, 78, 79] and also associated with 
del(11q) and ATM mutations[39]. 
 
Mutations in BIRC3 are correlated with a very poor prognosis. The BIRC3 
protein is involved in the MAP3K-non-canonical NF-kB pathway and BIRC3 
mutations lead to constitutive activation of this pathway [70]. Mutations in 
BIRC3 are rarely detected at diagnosis (2-4%) but accumulates with treatment 
and have been found in 24% of R/R CLL patients in one study [58, 76, 77, 
80]. Interestingly, they are mutually exclusive to 17p deletion/TP53 mutations 
but associated with deletion 11q and trisomy 12 [41]. 
 
Mutations in MYD88 lead to constitutive NF-kB activation and are found in 
more than 90% of patients with Waldenstrom’s macroglobulinemia[81]. 
Mutations in this gene are also found in CLL, but at a lower frequency (2-5%), 
with an enrichment in patients with M-CLL and without major differences in 
outcome in relation to wildtype patients [59, 60]. 
 
Mutations in the transcriptional factor EGR2 are associated with a very poor 
outcome, similar to TP53-aberrant CLL, and were found in 3.8% of the 
patients in a large cohort of CLL patients. They were associated with 
advanced-stage disease, U-CLL, ATM lesions and TP53 mutations. Of notice 
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was the dismal outcome for patients with concomitant EGR2 and TP53 
mutations [82]. 
 
Finally, mutations in the gene coding for the ribosomal protein RPS15 have 
been found to be enriched after FCR treatment, with 20% of patients harboring 
this mutation at relapse. RPS15 mutations are associated with TP53 
aberrations and a more clinically aggressive disease [69]. 
 

 
Figure 3: The frequency of copy number alterations and mutations, and the different 
pathways affected from: Fabbri and Dalla-Favera, Nature Reviews, Cancer. Vol. 16 
2016. (reprinted by permission)  

Clonal evolution – Darwinism at work 
Clonal evolution is a crucial event in progression, relapse and resistance to 
treatment in malignancies, present also in CLL[83] . Broadly, the genetic 
aberrations identified in CLL can be separated into those occurring at a clonal 
level (clonal driver mutations), e.g. deletion 13q and trisomy 12, and 
mutations occurring at a subclonal level (subclonal drivers), e.g. TP53 and 
SF3B1 mutations. With treatment administered and the cells exposed to 
evolutionary pressure, there is a selection and expansion of subclones not 
sensitive to treatment or with a growth advantage in relation to other cells 
(Figure 4). This is associated with treatment failure and a worse outcome [84-
89]. The latter is underscored by the accumulation post-treatment of mutations 
associated with an inferior outcome, such as TP53, BIRC3 and NOTCH1.  
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Figure 4: Illustration of the concept of clonal evolution. A: Continuous treatment e.g. 
BTKi. B: Intermittent treatment e.g. CIT. The red circles depict cells resistant to the 
administered treatment 
 
Using FISH, which has a low sensitivity to detect subclonal changes, it has 
been shown that clonal evolution occurs in more than 25% of untreated 
patients after >5 years follow-up [90]. With more sensitive techniques, such 
as NGS, more detailed information on changes in tumor cell composition has 
been acquired [57, 91]. 
 
When using chemotherapy or CIT, the treatment is usually limited in time, 
and the goal is in most cases to reach as deep remission as possible, with 
patients obtaining a complete remission (CR) with only a small amount of 
minimal residual disease (MRD) or no MRD at all (MRD negativity). This is 
followed by monitoring and retreatment when (or if) the disease relapses, and 
the patient fulfills the established criteria for initiation of treatment. This 
approach has been associated with the creation of “evolutionary bottlenecks” 
with the emergence of resistant clones when the disease recurs (Figure 4B).  
 
With modern treatments, i.e. BCR-inhibitors (BCRi) and BCL2-inhibitors, the 
risk of clonal evolution and progress during or after treatment is largely 
unknown. The preferred treatment of today among these new drugs, is the use 
of the BCRi ibrutinib. Treatment with single-drug ibrutinib is very effective 
in ameliorating the patient´s signs and symptoms of disease, but it very rarely 
leads to a CR, and in even fewer cases leads to an MRD negativity[92, 93]. 
Thus, the patients usually have a prevailing high level of tumor cells, albeit 
these cells are in a quiescent state (Figure 4A). This has raised the question 
whether these remaining tumor cells might be associated with a risk of clonal 
evolution during long-term treatment.  
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Another new concept of treatment is that of time-limited treatment with 
BCL2-inhibitors alone or in different combinations (BCRi +/-BCL2i+/- 
CD20-antibodies). These treatments have a greater potential of inducing CR 
and MRD negativity, but if there is a risk of creating “evolutionary 
bottlenecks” and inducing resistance is largely unknown [94, 95].  
 
Recent data from one centre has indicated that the propensity of early clonal 
shifts (within 6 months after start of treatment), and the presence of subclonal 
drivers, might be of prognostic importance in patients receiving treatment on 
a continuous basis with ibrutinib [94]. There are also data indicating that 
patients with ongoing clonal shifts before treatment have a higher risk of 
progressive disease [96]. 

Prognostication and prediction – does really one fit all? 
Already in 1975, the first system for prognostication in CLL was published, 
namely the Rai staging system [97]. This was followed by a similar prognostic 
score, the Binet staging system, in 1981 [98]. These staging systems separate 
patients into 3 main prognostic subgroups based on easy and accessible 
clinical and laboratory parameters, namely the presence (or absence) of 
lymphadenopathy, hepatomegaly and splenomegaly as well as anemia and/or 
thrombocytopenia.  
 
Over time, the practical utility of these staging systems has diminished due to 
the fact that the majority of patients (approximately 3/4) are today diagnosed 
in early clinical stages, i.e. Binet A and Rai 0-I. Among these patients, the Rai 
and Binet systems cannot help in further identifying patients with high risk of 
progression and in need of starting treatment.  
 
In addition, Rai and Binet staging do not contribute any predictive information 
at the time of treatment initiation, i.e. they cannot help in selecting the best 
treatment for the individual patient. However, despite that their importance 
has decreased, they are still used in routine clinical practice and are also a part 
of the CLL-IPI (see below).  
 
The expanding knowledge on the biology of CLL has identified a large 
number of different prognostic variables. This has led to the development of 
new prognostic indices based on different combination of genetic and 
phenotypic factors as exemplified in Figure 5, with variables that can be 
classified into host-related, clinical, laboratory, genetic and phenotypic 
factors. 
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Figure 5: Different variables used in the prognostication of CLL and their use in 
prognostic scores/indices. From; Baliakas, P, Mattsson, M et al., Prognostic indices 
in chronic lymphocytic leukaemia: where do we stand how do we proceed? J Intern 
Med, 2016. 279(4): p. 347-57.[99] (reprinted by permission) 
 
The recently developed CLL-international prognostic index (CLL-IPI) [100] 
is based on five variables, i.e. the age of the patient (≤65 vs >65 years), the 
presence of TP53-aberrations, IGHV status, β2-microglobulin level and 
clinical stage (Binet A or Rai 0 vs. Binet B or C or Rai I-IV), and separates 
patients into 4 risk groups (low, intermediate, high and very-high risk).  

The CLL-IPI was developed as a tool for prediction of OS after start of 
treatment, but has also been shown to predict time to first treatment (TTFT) 
among patients without indication for treatment [101].  

This system, as well as other new prognostic scores and indices, was 
developed and validated in populations treated with chemotherapy and/or 
CIT, and has not yet been largely tested on populations treated with BCRi or 
BCL2 inhibitors [102, 103]. Due to this, none of the new prognostic scoring 
systems have yet been broadly introduced in routine clinical practice. 
 
Recently, a new prognostic index, the International prognostic score in early 
stage CLL (IPS-E), was developed. This score aims at assessing the risk for 
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newly diagnosed patients, without treatment indication at diagnosis, to 
develop a need for treatment within 5 years.  

This index is based on three parameters; the IGHV mutational status (U-
CLL=1 point), presence or not of palpable lymph nodes (presence=1 point) 
and the absolute lymphocyte count (>15x109/L= 1 point). The proportion of 
patients developing need of treatment 5 years after diagnosis was determined 
to be 8%, 28% and 61% in the low-risk group (score 0), intermediate-risk 
group (score 1) and high-risk group (score 2-3), respectively [104]. 
 
From a practical point of view, the use of prognostic and predictive markers 
should be viewed in the context of what time-point the assessment is made, 
especially when applying time-limited treatments as described above. The 
different time-points when the patient is assessed can be designated as 
“decision points”[99]. The prognostication of a patient with newly diagnosed 
CLL without treatment indication differs profoundly from the patient that has 
developed need for treatment, and even more from the patient that has been 
treated with one or more lines of treatments. Thus, the ideal would be the use 
of different systems based on the different “decision points” (Figure 6). 
 

 
Figure 6: Depiction of the different “decision-points” during CLL-evolution. From; 
Baliakas, P., Mattsson, M et al., Prognostic indices in chronic lymphocytic leukaemia: 
where do we stand how do we proceed? J Intern Med, 2016. 279(4): p. 347-57. 
(reprinted by permission) 
 
In the future, we will need to identify more predictive markers, meaning 
factors that give information on the outcome of different therapies and 
therefore guide the choice of treatment. Disregarding host- and treatment-
related factors, the only truly predictive factor in use during the last decades 
has been the presence or not of TP53 aberrations [74, 105, 106].  
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When continuous, indefinite treatment with BCRi is applied, there are also 
different clinical situations when the patient is assessed. That is; before 
treatment, during stable disease (but with residual tumor cells) or at a time of 
suspected progression.  
 
At start of treatment, the primary question is to assess the likelihood for the 
patient to respond to treatment. During stable disease, one would ideally want 
to monitor the evolution of the disease and predict the risk of progression, 
while at the time of suspected or manifest progression, the aim is to evaluate 
the cause of resistance (e.g. BTK and/or PLCγ2 mutations) and find the 
optimal new treatment to be applied. 
 
While the IGHV mutational status has an established impact on prognosis, 
there has also been an interest to assess its predictive capacity. In 2016, 
follow-up data from the German CLL8 trial as well as from the MD Anderson 
Cancer Center demonstrated that the long-term outcome of FCR treatment 
(fludarabine, cyclophosphamide and rituximab) differed significantly between 
M-CLL and U-CLL patients, with shorter PFS and OS for those with U-CLL 
[107, 108].  

More recently, data from several large randomized trials (described on page 
36-37) demonstrated superior PFS for ibrutinib, alone or in combinations, 
compared to CIT in U-CLL patients, whereas no significant differences in PFS 
were seen in M-CLL patients. 
 
These data have resulted in national/international guidelines recommending 
the IGHV mutational status to be analyzed in routine clinical practice, as it 
may guide in the choice of treatment [20]. 
 
The importance of being able to choose treatments with a high efficacy is 
evident, especially with the expanding number of different treatments at hand. 
In addition, it becomes more and more important to be able to evaluate the 
risk of adverse events associated with the different treatments. As the majority 
of CLL patients are elderly and are expected to have a high burden of co-
morbidities, knowledge of the tolerability and the risks associated with 
different treatments is of paramount importance. 
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Treatment of CLL 

At diagnosis, approximately 15% of patients are in need of treatment, and with 
time approximately 60% of patients will eventually require treatment [1, 109] 
However, therapy for CLL is not be initiated in patients with asymptomatic 
disease as several trials have failed to prove the value of such a strategy [110-
113]. Criteria for starting treatment are outlined in Table 1[20]. 
 
Table 1: Criteria for initiating treatment in CLL. 
 

Developing or worsening anemia and/or thrombocytopenia due to bone-
marrow infiltration 
Constitutional symptoms 
Night sweats ³1 month and/or fever 38°C for ³2 weeks without infection 
Weight-loss ³10% in 6 months 
Significant fatigue 
Autoimmune anemia or thrombocytopenia resistant to conventional 
treatments 
Massive lymphadenopathy (³10 cm) 
Massive splenomegaly (³6 cm below the costal margin) 
Progressive or symptomatic lymphadenopathy or splenomegaly 
Lymphocyte doubling time £6 months or rise with ³50% in £2 months 
(not to be used a sole criterium) 

Chemotherapy, antibodies and chemoimmunotherapy – 
an evolving story  
Over a very long period of time the backbone of CLL treatment was the 
alkylating agent chlorambucil, introduced after the publication of a pivotal 
paper by David Galton in 1955[114]. The use of this drug has since then been 
widespread until recent years, and it has also been used as comparator in many 
trials studying new treatments.  
 
The use of combination chemotherapy regimens such as COP 
(cyclophosphamide+oncovin+prednisone) and CHOP (cyclophosphamide+ 
adriamycin+oncovin+prednisone), did not lead to any progress compared to 
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chlorambucil [112]. Adding corticosteroids to chlorambucil is in general not 
beneficial [115]. 
 
In 1991, the first trial was published with the purine analog fludarabine in 
CLL, with subsequent studies showing higher overall response rate (ORR) and 
CR rates as well as longer response duration compared to chlorambucil [116, 
117]. These results were confirmed in subsequent phase III trials, but none of 
those could show an improvement in OS [118].  Similar results were seen with 
other purine analogues, i.e. cladribine and pentostatin [119], but further 
development favored fludarabine, which became the most commonly used 
purine analogue in CLL.  
 
Fludarabine was then combined with cyclophosphamide in the FC-regimen. 
In three large simultaneous trials, the FC-combination was proven superior to 
both single agent chlorambucil and single agent fludarabine [120-122] with 
respect to ORR, duration of response and CR rate. Disappointingly, this 
improvement in response was not translated into a prolonged OS. 
 
The first treatment that definitely could prove a survival advantage compared 
to previous treatments, was the FCR-regimen, which included the monoclonal 
anti-CD20-antibody rituximab in addition to the FC-treatment.  

Rituximab is a humanized monoclonal antibody targeting the CD20-
antigen that is expressed on both precursor and mature B-lymphocytes, 
leading to both complement dependent cytotoxicity (CDC) as well as 
antibody-dependent cellular cytotoxicity (ADCC) [123]. CD20 is expressed 
weakly on the surface of CLL cells and initial trials with rituximab as 
monotherapy showed only modest single agent efficacy in CLL, requiring the 
use of very high doses of the drug. A phase II trial using FCR as first line 
treatment was published in 2005 [124] and showed an impressive CR rate of 
70%. It was followed in 2010 by the pivotal publication of the CLL8-trial 
[105], with a CR-rate of 44% in the FCR-treated patients vs. 22% in the FC-
treated group and a progression free survival at 3-years of 65% vs. 45%, 
respectively.  
 
Follow-up data from the CLL8-trial has highlighted the adverse impact of 
TP53-aberrations, as well as the prognostic impact of reaching MRD-
negativity. In addition, long term follow-up data revealed that M-CLL patients 
had a superior outcome compared to U-CLL patients, with a plateau in the 
survival curve in the former group [74, 107, 125]. 
 
Despite the efficacy of FCR, its use is limited to younger and fit patients, 
primarily due to myelosuppression leading to infectious complications. 
Another concern is also the risk of secondary malignancies including MDS, 
AML and Richter transformation, affecting 13% of the patients in the follow-
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up of the CLL8-trial [107]. Due to this, a large proportion of the patients were 
still treated with chlorambucil upfront as they were elderly and/or unfit and 
thus not suitable for fludarabine-based regimens.  
 
The interest was then focused on an old drug - bendamustine - a drug with 
both alkylating and purine analog properties [126]. In 2001-2002 two phase II 
trials proved its efficacy and tolerability in CLL [127, 128]. A phase III study 
on bendamustine vs. chlorambucil [129] published in 2009 reported a CR rate 
of 31% vs. 2% and PFS of 22 months vs. 8 months, respectively. Despite this, 
no difference in OS was observed between the two treatments when updated 
results were published in 2012 [130]. 
 
As the next step, bendamustine was combined with rituximab (BR) in the 
same fashion as FCR. A phase III trial (GCLLSG CLL10) comparing BR to 
FCR was published in 2016 [131]. The results proved FCR to be more 
effective than BR, with a PFS of 55 months vs. 42 months, but with 
significantly more neutropenia and infections in the patients treated with FCR. 
These adverse events (AE) were so pronounced in patients above the age of 
65 years that it outweighed the positive effects of treatment with FCR. The 
ensuing general recommendation following this trial was that FCR retained its 
role as first-line treatment in fit patients below the age of 65, whereas BR was 
recommended for unfit patients, or those above the age of 65. 
 
In parallel with studies on these rituximab-combinations, several trials have 
studied whether the addition of rituximab and other anti-CD20-antibodies to 
chlorambucil could improve the results in older/unfit patients without 
inducing intolerable toxicity. Two new CD20-antibodies were used in these 
trials - ofatumumab and obinutuzumab.  
 
Ofatumumab is a type-I human monoclonal antibody targeting CD20 at 
another epitope than rituximab [132]. It was approved for single drug use in 
CLL refractory to fludarabine and alemtuzumab or fludarabine-refractory 
CLL with bulky disease [133, 134]. It was later studied in combination with 
chlorambucil and compared to chlorambucil alone in the COMPLEMENT-1 
trial [135]. In February 2019, ofatumumab was withdrawn from the market 
for the use in CLL by the pharmaceutical company, instead focusing on its use 
in multiple sclerosis. 
 
Obinutuzumab is a type-II humanized antibody targeting CD20 with a 
stronger ADCC and weaker CDC in comparison to type-I antibodies such as 
rituximab and ofatumumab [136]. The first phase-I obinutuzumab trial was 
published in 2014 [137]. Follow up studies included the pivotal phase III 
CLL11-trial from the German CLL study group (GCLLSG) [138, 139]. This 
three-arm trial compared chlorambucil vs. chlorambucil+rituximab (ChR) vs. 
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chlorambucil+obinutuzumab (CO) with PFS of 11 months, 16 months and 17 
months, respectively. With long-term follow up data, a difference in OS was 
seen between the group treated with chlorambucil alone compared to ChR and 
CO, with the latter two regimens resulting in better OS. The addition of 
obinutuzumab resulted in more infusion-related reactions and neutropenia, but 
without more infections than ChR.  

This study definitively established that the addition of an anti-CD20-
antibody to chlorambucil is superior to chlorambucil used alone, and that it is 
feasible even in elderly and/or patients with high co-morbidity. 

Treating CLL with TP53-aberrations  
The inferior effect of chemotherapy and CIT in patients with TP53-aberrations 
was evident in all trials using these treatments. In search for better alternatives 
for these patients, progress was made with the antibody alemtuzumab. 
Alemtuzumab is a humanized antibody targeting the CD52-antigen, which is 
present on the surface of B-cells, T-cells as well as NK-cells, macrophages 
and monocytes [140]. Alemtuzumab was granted approval for the use in CLL 
in 2001 after the positive findings in phase I and II trials [141]. Due to its 
broad effects on the immune system, the use of alemtuzumab remained 
limited, and it was mainly used in patients with TP53-aberrations where it was 
proven effective[142-145]. Until the introduction of BCR-inhibitors and 
BCL2-inhibitors the treatment of choice for patients with TP53-aberrations 
was alemtuzumab, or for the relatively few young and fit patients, allogeneic 
stem cell transplantation [146, 147].  

Today, alemtuzumab is not in routine use for treatment of CLL due to the 
introduction of BCR-inhibitors and BCL2-inhibitors. These new treatment 
modalities have shown superior efficacy and outcome in patients with TP53-
aberrations compared to chemotherapy, CIT and alemtuzumab[148, 149]. 
Today, all patients with TP53-aberrations are recommended treatment with 
these modern therapies. 

Allogeneic stem cell transplantation 
Allogeneic stem cell transplantation (allo SCT) has been regarded as the only 
treatment with curative potential in CLL. The use of it has been hampered by 
the significant risk of treatment-related mortality and chronic graft versus host 
disease (GVHD)[150]. In 2007 a consensus EBMT document was published 
with criteria for when and how to use allo SCT in CLL. The advice was to use 
reduced intensity conditioning regimens, and the indications were CLL with 
TP53-aberration or patients refractory to, or relapsing within 2 years after 
treatment with CIT [147].  



 35 

After the introduction of BCR-inhibitors and BCL2-inhibitors, the use of 
allo SCT in CLL has dropped rapidly. Today, there is no consensus on when 
to perform allo SCT, and the current advice is that high-risk patients must be 
assessed individually regarding the indication for this treatment [150]. 

Paradigm shift – new treatments 
The successive refinement of CIT described above was followed by a decisive 
paradigm-shift when novel treatments with BCR-inhibitors and BCL2-
inhibitors were introduced.  
 
Treatments with chemotherapy and CIT have restricted modes of action when 
targeting malignant cells. The new treatments introduced have expanded the 
ways to interfere with the different survival mechanism used by the CLL cell. 
 
These different targets, as well as potential new targets for the treatment of 
CLL are outlined in Figure 7. 

 
Figure 7: Overview of the different targets for approved treatments in CLL (red 
bold) and possible future treatments (red – light). The picture depicts a CLL cell in 
the lymph node microenvironment . 
Abbreviations; BTK=Bruton’s tyrosine kinase, CD=clusters of differentiation, 
DNA=deoxyribonucleic acid, FDC=follicular dendritic cell, 
IMIDs=immunomodulatory imide drugs, LYN=Lck/Yes novel tyrosine kinase, 
NLC=nurse like cell, PI3K= phosphatidyl-inositol-3-kinase,  PD1= programmed 
cell death protein, PDL1=programmed cell death protein ligand 1, 
PLC𝛾2=phospholipase-gamma-2, sIg=surface immunoglobulin, SYK= spleen 
tyrosine kinase. 
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Targeting signals to survive – the Bruton’s tyrosine kinase  
In 1952, Dr. Ogden Bruton described the disease X-linked 
hypogammaglobulinemia, a disease characterized by B-cell lymphopenia and 
severe hypogammaglobulinemia[151].  

In the 1980s, the gene coding for the Bruton’s tyrosine kinase (BTK) was 
identified on the X chromosome [152]. The cloning of the gene revealed a 
cytoplasmic tyrosine kinase downstream of the BCR, with PLCg2 as its 
primary substrate. This knowledge opened the possibility of blocking BCR 
signaling as a potential treatment option for autoimmune diseases and B-cell 
malignancies. 

Ibrutinib – the first BTK-inhibitor 
In 1999 the first BTK-inhibitor was developed in the laboratory but not used 
further [153]. The first clinically useful BTK-inhibitor was introduced in 2010 
following the development of the BTK-inhibitor PCI-3275, subsequently 
named ibrutinib [154].  

In 2013, Byrd et al published a pivotal phase I study based on data from 56 
patients with B-cell malignancies treated with escalating doses of ibrutinib 
and showing remarkably high response rates, few adverse events and with the 
optimal daily dose of 420 mg [155].  
 
The first phase III trial with ibrutinib (RESONATE) compared ibrutinib with 
ofatumumab in a population of heavily pretreated patients with 
relapsed/refractory CLL, showing a significant better PFS and OS for the 
ibrutinib-treated patients despite a short median follow-up time of 12 months 
[156]. Notably, patients with TP53-aberrations seemed to respond well to 
ibrutinib. RESONATE-17, a single-arm study with ibrutinib including 145 
patients carrying TP53-aberrations confirmed this, with ORR and OS at 24 
months of 83% and 75% respectively, which was superior to historical 
controls [148].  
 
The use of ibrutinib in the setting of primary treatment was studied in the 
RESONATE-2 trial[157]. This phase III trial randomized patients above the 
age of 65, without TP53-aberration, to receive single agent therapy with either 
ibrutinib or chlorambucil. The first data were published in 2015 with long-
term follow-up published in 2020[158], proving a benefit for patients treated 
with ibrutinib both regarding PFS and OS at 24 months (ibrutinib 95%; 
chlorambucil 84%). Based on these data ibrutinib was approved for use both 
in the primary and relapsed setting in CLL patients with or without TP53-
aberration.  
 
A number of clinical trials have thereafter studied ibrutinib in different 
combinations. In R/R CLL, phase III data have been published on the 
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combination of ibrutinib+BR vs. BR alone in the HELIOS-trial [159], 
showing superiority of the combination treatment. Unfortunately, this trial did 
not include an arm with single-dose ibrutinib, and the outcome of the 
BR+ibrutinib treatment seems to be comparable to results from treatment with 
ibrutinib alone in other trials. 
 
When used in primary treatment, recent data have shown that first-line 
treatment with ibrutinib alone, or in combination therapies, have resulted in 
superior PFS compared to CIT. Important to notice in these trials is that the 
differences in PFS are restricted to patients with U-CLL, whereas no 
significant differences have been described in M-CLL patients. 

In the elderly, the ALLIANCE-trial compared ibrutinib, 
ibrutinib+rituximab (IR) and bendamustine+rituximab (BR) in previously 
untreated patients >65 years of age, resulting in a PFS at 2 years of 87%, 88% 
and 74% respectively[160]. Interestingly, this study showed no benefit of the 
addition of rituximab to ibrutinib.  

Another trial in elderly patients, the iLLUMINATE-trial, compared 
ibrutinib+obinutuzumab with chlorambucil+obinutuzumab, with an estimated 
PFS at 30 months of 79% and 31% respectively[161].  

Finally, in the NCI E1912-trial, focusing on a younger and “fit” population, 
the same outcome was seen in a cohort of previously untreated patients treated 
with either FCR or ibrutinib+rituximab, with a PFS at 3 years of 73% and 89% 
respectively [162].  

Adverse events of BTK-inhibitors 
As the concept of BTK-inhibitor treatment is different from CIT, so is the 
spectrum of AEs. The major AEs with ibrutinib are diarrhea, bleeding 
tendency due to inhibition of platelet aggregation, hypertension and an 
elevated risk of developing atrial flutter (AF) [163]. The pathophysiology of 
the cardiovascular effects of ibrutinib are largely unknown, although data 
suggests off-target effects on TEC-kinases leading to effects on the PI3K-Akt 
pathway to be of importance [164]. A meta-analysis of published trials has 
shown that treatment with ibrutinib is associated with a near 3-fold increased 
risk of hypertension, and a more than 4-fold increased risk of AF, in 
comparison to the comparator arms [165]. The risk of cardiovascular side-
effects is also higher in patients with pre-existing cardiovascular risk-factors 
[166-168].  
 
As the CLL population in general is old, with a potential high comorbidity, 
these cardiovascular effects are important to account for. In addition, the 
potent effect of ibrutinib on platelet aggregation can be a problem if patients 
are to be treated with anticoagulation, which is often indicated due to AF.  
In clinical trials with ibrutinib, the use of oral vitamin-K antagonists (e.g. 
warfarin) has been a criterion for exclusion. These side effects warrant more 
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data to be collected on cardiovascular morbidity and mortality in CLL 
patients.  
 
Comorbidities and polypharmacy may also cause problems with drug 
interactions as ibrutinib is metabolized through the CYP3A4-system.  
Lastly, the long-term effects of treatment with ibrutinib are yet not known, as 
the longest published follow-up data are after five years of treatment. 

Duration of treatment 
A concern regarding ibrutinib treatment is that only a few patients reach CR, 
with even fewer reaching MRD negativity. As a consequence, the majority of 
patients have a high number of residual CLL cells left, this despite normalized 
blood counts and relief of symptoms. 

Due to this, the treatment with ibrutinib is at the moment advised to be 
indefinite. This might entail clonal evolution, as described in Figure 4, and the 
potential risk of patients developing resistance to treatment, progression and 
Richter transformation [29, 169-171]. Richter transformation seems to be an 
early event during treatment with ibrutinib, with decreasing risk over time, 
and possibly an effect the inclusion of heavily pretreated, high-risk patients in 
the initial trials[172]. In contrast, the risk of developing resistance to ibrutinib 
treatment seems to be unchanged over time.  

Resistance to ibrutinib 
Resistance to ibrutinib has so far been found to be caused by mutations in two 
genes in the majority of cases [173, 174]. One is a mutation in the BTK gene, 
most commonly C481S, that causes an amino-acid substitution (cysteine to 
serine), leading to a conformational change in the binding-site for ibrutinib 
which prevents binding of the drug[175]. The other mechanism of resistance 
are mutations of PLCγ2 which is the major substrate for BTK. These 
mutations lead to constitutive activation of PLCγ2 and bypasses the block of 
BCR-signaling caused by ibrutinib. The emergence of these resistance 
mutations often precedes clinical resistance with many months. 
 
In addition to the clinical problems that may occur during treatment with 
ibrutinib, the monthly cost of treatment is high. This in combination with its 
continuous use as well as the increasing prevalence of CLL, raises concerns 
regarding the impact on health economy. 

New BTK-inhibitors 
Due to the broad kinase activity of ibrutinib, work is ongoing to develop BTK-
inhibitors that are more specific, with stronger binding to BTK. 
 
Acalabrutinib is a second generation BTK-inhibitor currently approved in the 
US for the treatment of CLL and mantle cell lymphoma[176]. Several phase 
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III trials studying acalabrutinib as monotherapy or in different combinations 
have recently been published[177-179]. Acalabrutinib binds stronger to BTK 
and is more selective than ibrutinib with less activity on other kinases such as 
EGFR, ITK and TEC[180]. As described above, the inhibition of these kinases 
is associated with side effects such as diarrhea, platelet dysfunction and atrial 
flutter. The hope is that this more selective activity will be associated with less 
AEs. Zanubrutinib (BGB-3111) and tirabrutinib (ONO/GS-4059) are other 
second generation BTK-inhibitors currently tested in clinical trials.  
 
To overcome the resistance to BTKi-treatment caused by BTK mutations, 
there is also an ongoing development of BTK-inhibitors (e.g. vecabrutinib, 
fenebrutinib) that bind non-covalently to the enzyme and potentially have an 
effect even in the case of a conformational mutation in the drug-binding 
pocket [181]. 

Targeting phosphatidyl-inositol-3-kinases 
The phosphatidyl-inositol-3-kinases (PI3K) is a group of kinases involved in 
BCR-signaling [182] that play an important role in many cancers including B-
cell malignancies. The PI3Ks can be classified into three classes, of which 
most interest has been focused on class I. The PI3Ks in class I can be further 
subdivided into four isoforms: alpha, beta, gamma and delta. Extensive 
research has been invested into studying both pan-PI3K-inhibitors, dual PI3K-
inhibitors as well as more specific PI3K-inhibitors.  
 
In 2010 and 2011, promising pre-clinical data on the PI3K-d inhibitor 
CAL101, subsequently named idealisib, was reported [183]. In 2014, Furman 
et al published a first phase-III trial in which patients with R/R CLL, and 
deemed not being able to receive further chemotherapy or CIT, were 
randomized to receive either single-drug rituximab (R) or the combination of 
idelalisib 150 mg twice daily + rituximab (IR). The results showed an ORR of 
13% (R) vs. 81%  (IdR) and an OS at 12 months of 80% (R) vs. 92% (IdR) 
[184], that led to the approval of idealisib for treatment of R/R CLL. The 
design of this trial was criticized for using single-drug rituximab as 
comparator, as this treatment is not very effective in CLL 
 
Subsequent trials using idelalisib in treatment-naïve patients with non-
Hodgkin lymphomas were stopped due to a high number of AEs related to 
immune disturbances (e.g. transaminitis, enterocolitis, pneumonitis), possibly 
related to an imbalance between T-cell subsets leading to autoimmunity [185]. 
There was also a high incidence of infectious complications including 
pneumocystis jirovecii pneumonia and cytomegalovirus (CMV) reactivation 
[185]. Due to this, the drug is presently only approved for use in the relapse 
setting.  
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A second generation of PI3K-inhibitors are also under development. Based on 
data from the phase III DUO trial, the dual PI3K-delta and gamma inhibitor 
duvelisib was approved for use in R/R CLL in the US [186]. 

BCL2 inhibition – restoring the apoptotic machinery 
Overexpression of the anti-apoptotic, mitochondrial BCL2 protein is a 
hallmark in many cancers, including CLL. The overexpression may lead to 
tumor progression and resistance to drugs that depend on an intact apoptotic 
machinery. The BH3-mimetic venetoclax binds and inactivates BCL2 leading 
to a restoration of apoptosis [187].  

In 2016, the first phase I/II-trial proving the efficacy of venetoclax in R/R 
CLL was published [188]. The drug was also proved effective in patients with 
TP53-aberrations as well as those refractory to BCR-inhibitors[189, 190].  
 
The subsequent phase III MURANO trial led to the approval of 
venetoclax+rituximab (VR) in R/R CLL [191, 192]. Importantly, this trial also 
established the feasibility of fixed-duration therapy with venetoclax. Patients 
with R/R CLL were randomized to receive either 2 years of treatment with 
VR (6 cycles of rituximab) or 6 cycles of BR. The rationale behind adding 
rituximab to venetoclax was to overcome potential resistance to venetoclax 
mediated by changes in the microenvironment [193]. The VR treatment was 
superior to BR both regarding PFS and OS. Furthermore, 63% of the patients 
treated with VR reached MRD-negativity in peripheral blood, which was 
associated with a favorable outcome.  
 
The CLL14-trial explored time-limited, first-line treatment of CLL patients 
with comorbidities, randomizing between venetoclax+obinutuzunmab (VO) 
and chlorambucil+obinutuzumab [149]. The VO treatment showed a 
superiority in PFS after 24 months that led to the approval of the VO-
combination in first-line treatment of CLL. 
 
The most common AEs of venetoclax therapy are GI-disturbances and 
neutropenia. 

Due to its potency, there is a high risk for rapid tumor reduction causing 
tumor lysis syndrome (TLS). This has led to the recommendation to slowly 
ramp-up the dose over a period of 5 weeks when initiating treatment [194].  
 
As is the case for BCRi, there are also patients developing resistance to 
venetoclax. A number of different resistance mechanisms have been described 
including clonal shifts, reprogrammed mitochondrial function, mutations 
leading to overexpression of MCL1 as well as impaired binding of the drug 
due to BCL2 mutations [195-198]  
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No long-term follow-up data on the different treatments with venetoclax 
are available yet. 

CAR-T cell therapy 
The use of CAR-T cell therapy has evoked a huge interest in the treatment of 
many malignancies. Its efficacy in CLL was proven early on in development, 
although further use has been somewhat hampered by the development of 
efficient targeted therapies as described above, as well as the results with 
inferior efficacy of CAR-T in CLL, compared with many other malignancies 
[199, 200]. The latter is possibly in part due to the defective function of T-
cells seen in patients with CLL (T-cell exhaustion) [201]. Interestingly, the 
possible use of treatment with ibrutinib together with CAR-T cells is now 
being explored. This is based on the effect of ibrutinib on ITK (interleukin-2 
inducible kinase) and its possible potential to overcome the T-cell exhaustion 
[202, 203]. 

PD1 and PD-L1 inhibitors 
Although preclinical data suggest that PD1 and PD-L1 expression play a part 
in suppressing the immune reaction towards the malignant cells in CLL [204], 
clinical data are scarce. A phase II trial with pembrolizumab in CLL, including 
16 patients with R/R CLL and 9 with Richter transformation, showed no 
responses in the cohort of R/R CLL, while 4 out of 9 patients with 
transformation showed an objective response [205]. 

Summary of treatment and questions to be answered 
The treatment of CLL, both first-line and in the relapse setting, is currently 
undergoing rapid and profound changes, with non-chemotherapy treatments 
at large replacing the “old” treatments with chemotherapy and CIT. Reflecting 
this, there are currently (August 2020) 77 ongoing CLL trials with venetoclax 
and 342 trials with ibrutinib registered at clinicaltrials.gov.  

As described in this chapter, it is evident that the understanding of the 
genetics and immunogenetics in CLL has had a pivotal impact on the 
development of novel treatments. Progress has also been made in the fields of 
epigenetics and the lymph node microenvironment. The importance of the 
latter illustrated by the clinical effect of the immunomodulatory drug 
lenalidomide in patients with CLL [206-208]. As the progress is fast and 
ongoing, guidelines both regarding first-line therapy as well as therapy of 
relapsed disease, need to be updated with short intervals to be kept up to date.  
 
As often, progress is followed by many new questions to be answered;  
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• What is the optimal timing and best combinations of the different 
treatments when using CIT, BCR-inhibitors, BCL2 inhibitors and 
anti-CD20-antibodies?  

• Is there a future role for allo SCT in CLL?  
• Will treatments targeting the immune system, such as CAR-T therapy 

and immunomodulatory drugs lead to further progress?   
• Should treatment be limited in time or indefinite?  
• Will the goal of treatment be relief of symptoms, as deep response as 

possible, or even cure?  
• How do we balance the effect vs. risk of AEs, especially in the elderly 

and in patients with comorbidities?  
• How can we develop robust prognostic and predictive tools, as well 

as means of monitoring treatment, when using modern drugs?  
• How to prevent, detect and handle the occurrence of drug resistance?  
• What will the societal consequences be of the rapidly increasing costs 

of treatment in combination with the rise in prevalence? 
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Aims of the thesis 

The overall aim of this thesis was to address clinically relevant questions in 
CLL by collecting, analyzing and interpreting data using a broad approach, 
ranging from epidemiologic studies on a population level, to in-depth studies 
on genetics and immunogenetics in individual patients.  
The specific aims of each paper were: 
 
Paper I 
To explore whether the improved OS generally observed in CLL over time, 
mainly due to the introduction of CIT, is also valid for the poor-prognostic 
group of patients belonging to stereotyped subsets #1 and #2.  
 
Paper II 
To acquire solid population-based data on the actual prevalence of CLL and 
the changes in prevalence over time in Sweden. As the next step, based on 
these data, as well as data from randomized controlled trials comparing old 
and new treatments, to construct a model that could be used to estimate the 
future prevalence of CLL, taking into consideration the impact on survival of 
new treatment modalities. 
 
Paper III 
Within an unselected population-based cohort, describe the disease burden of 
cardiovascular disease (CVD) in patients with CLL, both at the time of 
diagnosis as well as at the time of initiation of treatment. Furthermore, to 
investigate the cumulative incidence of new CVD during the first 5 years after 
start of treatment with chemotherapy or CIT. 
 
Paper IV 
To investigate the occurrence and clinical impact of clonal shifts and 
subclonal drivers in patients with high-risk CLL treated with the BTK-
inhibitor ibrutinib. This by applying WES and genomic arrays to sequential 
samples collected over a longer period of time, and to correlate these data with 
long-term clinical outcome. 
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Patients and methods 

Patient material 
In Paper I we studied a multicentre cohort including in total 3504 CLL 
patients from 15 institutions in 9 countries in Europe and the US. Selected for 
the analysis were all patients that had received at least one line of treatment 
between May 1980 and February 2014. Basic demographics, data on treatment 
initiation and immunogenetic data was available for all patients, while FISH 
data was available for 53%. Patients were stratified into two groups based on 
the time of start of primary treatment, i.e. 1st of January 2006 and 1st of 
February 2014. These time points chosen based on the changes in clinical 
practice and treatment guidelines that had been implemented. The cut-off 
January 2006 was selected as the introduction of CIT into clinical practice 
started at this time. February 2014 was chosen based on the approval of 
ibrutinib in the US, as well as that the drug was made accessible in Europe on 
compassionate-use. 
 
To perform the study published in Paper II and Paper III we collected 
epidemiological data retrieved from several Swedish health registries. From 
the National Cancer Register (National Board of Health and Welfare) all 
individuals with a diagnosis of CLL from 1958 until the end of 2015 were 
collected. Data from the Swedish Cause of Death register and the Register of 
the Total Population and Population Changes were collected from Statistics, 
Sweden, as well as data on immigration and emigration. To be able to make 
statistical calculations on the future prevalence of CLL in Sweden (Paper II), 
we also needed to construct a purpose-built model. In this process it was 
necessary to retrieve data on treatment and survival from the Swedish CLL 
register, started 1st of January 2007. In the model, we also incorporated 
survival data and hazard ratios (HR) from randomized controlled trials 
comparing old and new treatments, identified by performing a detailed 
literature search.  

The final model used is presented in detail in Paper II. 
 
In Paper III, we used the same epidemiological data as described above, 
restricting us to all patients diagnosed with CLL in Sweden between 1st 
January 2007 and 31st of December 2010 (n=2078) from the National Cancer 
Register and using treatment data from the Swedish CLL register. In addition, 
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data on cardiovascular diagnoses were collected from the Swedish National 
Patient Register. The time point 2007 was chosen in order to have access to 
treatment data on all patients from the Swedish CLL register. The cohort was 
used to study the history of CVD from 10 years before and up to the time of 
diagnosis, as well as at the time of start of treatment. To study the cumulative 
incidence (CI) of new CVD during the first 5 years after start of chemotherapy 
or CIT, the 828 patients starting treatment between 1st of January 2007 and 
31st of December 2016 were followed from start of treatment until first CVD, 
death or censored. From this analysis, 56 patients that had been treated with 
ibrutinib either as first-line or at relapse were excluded, as we wanted to have 
a study population not exposed to ibrutinib due to the cardiovascular side-
effects of this drug.  
 
In Paper IV 10 unselected, consecutive patients with high-risk CLL treated 
with ibrutinib with available samples from the local U-CAN biobank were 
included. The median time from pre-treatment sample to analyzed treatment 
sample was 14 months (range, 11-39 months). Germline DNA collected from 
buccal washes and tumor samples from blood and/or bone-marrow at start of 
treatment and during follow-up was available for all patients. Detailed clinical 
data from the time-point of CLL diagnosis to the time point when the patients 
were deceased or censored was accessible for all patients with a total follow-
up time of 60 months (range, 23-67 months) 

Methods 
The different techniques applied in the papers are described in detail in each 
paper and/or supplement included in the thesis.  
 
In Paper I, to determine the IGHV mutational status and subset 
assignment, PCR amplification and sequence analysis of IGHV-IGHD-IGHJ 
rearrangements were performed on either genomic DNA (gDNA) or 
complementary DNA (cDNA). The resulting sequence data were analysed 
using validated online tools. Only productive rearrangements were evaluated. 
Information was extracted regarding IG gene usage, VH CDR3-IMGT length 
and amino acid sequence composition and SHM status.  
The assignment to a stereotyped subset depends on predefined criteria; (i) the 
amino-acid length of the VH CDR3, (ii) the composition of the VH CDR3, 
and (iii) the usage of IGHV genes belonging to the same clan [33, 209].  
 
FISH analysis on patients included in Paper I was applied to determine the 
presence of del(17p), del(13q), del(11q) or trisomy 12 using standard 
protocols. 
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In Paper IV we performed WES on paired tumor/normal samples from all 
patients. The mean sequencing depth was 107x for all tumor samples and 95x 
for the germline controls. Single nucleotide variants (SNVs) and small indels 
were detected with a 10% variant allele frequency (VAF) cutoff. Genomic 
array analysis was also performed on all tumor and normal samples in Paper 
IV according to standard protocols. Copy-number alterations (CNAs) were 
detected using the rawcopy analysis suite. Evidence of complex karyotype 
was defined as ≥3 and ≥5 CNAs. Finally, to be able to follow clonal shifts 
over-time in patients in Paper IV, we calculated the cancer cell fraction 
(CCF) in each sample, followed by a longitudinal cluster analysis. The 
calculation of CCF was carried out using the ABSOLUTE algorithm as 
described in the paper. The CCF adjusted MAF files were aggregated and 
analyzed using PhylogicNDT to follow clonal shifts over time. Significant 
clonal shifts were defined as a change in mean CCF for a mutation cluster of 
≥0.1 from the pre-treatment sample to the last available time point, as 
previously described by Landau et al [94]. 

Statistical analyses 
In all papers, quantitative variables were analyzed using means and medians 
as well as min-max values. Descriptive statistics were applied on discrete 
parameters including counts and frequency distributions (percentages). 
 
In Paper I associations between categorical variables were assessed using the 
Chi-2 test. To assess OS, we applied the Kaplan-Meier method, while the log-
rank test was used to assess differences in survival.	Tests were two-sided and 
statistical significance was defined as a P-value <0.05. Statistical analysis was 
performed using the Statistica Software v.10 (StatSoftInc, Tulsa, OK, USA). 
 
In paper II, future relative survival was estimated based on the mean of the 
relative survival observed during the years 2011-2015. The estimates of 
relative survival and predictions of future (expected) mortality rates were used 
to predict OS among living CLL patients at the end of 2015, and also among 
predicted future cases (2016-2060), based on a stable incidence of the disease. 
Relative survival was estimated up to 10 years after diagnosis, and then 
extrapolated by assuming a constant excess mortality rate after 10 years, equal 
to the average between 8 and 10 years after diagnosis. A flexible parametric 
model, with age at diagnosis included as a restricted cubic spline, was applied 
to estimate future relative survival for all ages [210]. This enabled us to 
calculate the prevalence, as well as the absolute number of patients for each 
year to come. Statistical analysis was done using R (R Core Team 2019). 



 47 

Results and discussion 

Paper I 
 
No improvement in long-term survival over time for chronic 
lymphocytic leukemia patients in stereotyped subsets #1 and 
#2 treated with chemo(immuno)therapy 

Main findings and conclusions 
When comparing the two cohorts, cohort A treated 1980-2005 and cohort B 
treated 2006-2014, we could not find any significant differences in baseline 
characteristics, including critical prognostic variables such as age, sex, IGHV 
mutational status and genetic aberrations. This implies that the two groups 
were comparable in terms of important clinical and biological features as well 
as demographics. Nevertheless, the median OS was significantly different 
between the cohorts, with an improved survival in the later time-period 
(Figure 8A). This is in accordance with previously published data showing an 
improvement in survival in CLL during the time span of the study [2].  

We could also demonstrate a significant improvement in OS in major 
subgroups, such as M-CLL, U-CLL, patients <55 years of age, patients with 
del(13q) or trisomy 12, male and female patients. Notably, a significant 
improvement in OS was seen in the high-risk group of patients with del(11q) 
(Figure 8B) as well as in elderly patients, many of whom were probably not 
fit for intensive treatment.  

The exception to the finding of improved survival over time was observed 
in 3 specific subgroups; (i) patients assigned to subset #1, (ii) patients assigned 
to subset #2, and (iii) patients with del(17p) (Figure 8C).  
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Figure 8: Kaplan-Meier curves displaying OS within different risk-groups separated 
into cohort A (1980-2005) and cohort B (2006-2014). A: All cases. B: Patients with 
del(11q) C: Patients with del(17p) D: Patients assigned to subset #1 without del(17p). 
E: Patients assigned to subset #2 without del(17p). 
  
While the finding of lack of improvement in survival in patients with del(17p) 
is in line with previous data [105] and highlights the well-described resistance 
to both chemotherapy and CIT that is associated with dysfunctional TP53, the 
similar absence of improvement in OS observed for cases assigned to subset 
#1 (median OS, 6.6 years versus 8.3 years in groups A and B respectively, 
p=0.31) and subset #2 (median OS: 7.3 years versus 10.7 years in groups A 
and B, respectively, p=0.14) is novel.  

Importantly, this lack of improvement in survival was also the case when 
analyzing our data on subset #1 and #2 excluding all cases with del(17p) 
(Figure 8D and E). This implies that patients assigned to subset #1 and #2 
have had no benefit of the improvement in treatments with chemotherapy and 
CIT over time. Therefore, we suggest that these subsets should be candidates 
for inclusion in clinical trials in which novel drugs or combinations of drugs 
are tested. This finding could also be a basis for further research in these 
subsets, studying the pathobiological background to their apparent inherent 
resistance to treatment with chemotherapy and CIT.  
 
Although we know that patients in different stereotyped subsets share 
common pathobiological features and outcome [36], this knowledge has not 
yet had an impact on choice of treatment (that is, to have a predictive value). 
Our study can hopefully be used as a basis for future stratification of patients 
to different treatments based on subset assignment.  

After the publication of our data, the prognostic impact of stereotypy was 
assessed by analyzing clinical trial cohorts within the GCLLSG, 
demonstrating that subset #2 was as an independent prognostic factor for both 
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earlier TTFT and TTNT. The authors concluded that subset #2 assignment 
should be used for future risk stratification [211]. 

Limitations 
The main limitations of paper I is the retrospective nature of data and the lack 
of detailed information regarding treatments administered to the individual 
patients. This prevents an in-depth analysis on the effect of different specific 
therapies on outcome. A more detailed analysis on the impact of addition of, 
for example anti-CD20-antibodies, on survival in different age-groups, 
cytogenetic risk-groups and M-CLL vs. U-CLL would have been of great 
interest. Another limitation is the relatively low number of cases assigned to 
subsets #1 and #2. This despite that subset #1 and #2 are the two largest 
stereotyped subsets, comprising approximately 5-8% of all CLL patients. 
However, this does not preclude that important clinical applications can be 
drawn from these findings. In comparison, when analyzing patients before 
first line treatment, these two subsets have a similar prevalence as TP53-
aberrations, which has been the most important predictive marker in CLL for 
many years. 

Paper II 
 
Continuous increase in prevalence of chronic lymphocytic 
leukemia with an estimated future rise - a nationwide 
population-based study from Sweden 

Main findings and conclusions 
The findings in this paper were based on data from the Swedish Cancer 
register, the Swedish CLL register, the Swedish Cause of Death register and 
the Register of the Total Population and Population Changes. We calculated 
the actual prevalence of CLL in Sweden in 2015 to be 52.0/100,000 
inhabitants (5124 cases). This represents the first true population-based 
calculation on the prevalence of CLL and is a higher figure than most 
previously published data that were all based on estimates of selected cohorts 
of different sizes [5, 7, 212-214]. We could also demonstrate a continuous rise 
of 73% in the absolute number of CLL patients in Sweden between 2000 
(n=2954) and 2015 (n=5124) (Figure 9). This corresponding to a 70% rise in 
the prevalence of the disease during this period of time. 
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Figure 9: The changes of the absolute number of CLL cases and the prevalence/100 
000 inhabitants between the year 1980 and 2015. 
 
Using data from the Swedish CLL register and from published randomized 
clinical trials, we could also show that new treatments were implemented 
within a short period of time (less than 5 years) after the publication of pivotal 
new data and guidelines. 
 
We proceeded to calculate the estimated rise in prevalence in the future, 
assuming unchanged incidence. When performing this analysis, we compared 
two scenarios; (i) unchanged survival, and (ii) improved survival due to the 
implementation of new treatments. In the case of unchanged survival, the 
estimated future rise in the number of CLL patients was estimated to 30% at 
10 years and 51% at 20 years. In the case of improved survival, the increase 
in absolute numbers was calculated to 35% (n=6920) at 10 years and 70% 
(n=8724) at 20 years. The calculated actual prevalence of CLL at these time-
points was 63.1/100 000 and 74.9/100 000, respectively (Figure 10). 
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Figure 10: The estimated future rise in absolute number of patients and the prevalence 
(number of patients/100 000 inhabitants) of CLL in Sweden applying two different 
scenarios; unchanged survival and improved survival. 
 
Despite that our study was not designed primarily for health-economic 
calculations, we performed crude calculations on what the economic 
consequences could be in case of the calculated rise in the prevalence of CLL. 
These calculations were based on published data on the yearly extra direct and 
indirect costs of the CLL disease. Based on German data, a country 
comparable to Sweden regarding treatment availability and choice, assuming 
several other parameters to remain unchanged, the extra yearly cost due to the 
estimated increase of CLL cases over the next 10 or 20 years using our “best 
case” scenario, would be approximately US$ 7 200 000 and US$ 15 000 000, 
respectively. This calculation was made without considering any extra costs 
due to higher drug prices or decreased costs for outpatient/inpatient care. 
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Limitations 
The data used to calculate the previous and current prevalence of CLL are 
retrospective, and the quality of these data depend on the standard of the 
registries used. As the Swedish healthcare registries have previously been 
proven to be of high quality, we believe that this is a minor limitation[215]. 
Inherent to all estimations of future prevalence is the difficulties and 
insecurities associated with the prediction of the development and 
introduction of new therapies, as well as their impact on survival. This could 
lead to both under- and overestimation of the future prevalence. As the 
incidence of CLL is different world-wide with a high incidence in Caucasians 
and a low incidence in Asians, extrapolating of our results to non-Western 
countries should be done with caution. 

Paper III 
 
High prevalence and incidence of cardiovascular disease in 
chronic lymphocytic leukemia: a nationwide population-
based study 

Main findings and conclusions 
In a cohort of 2078 patients diagnosed with CLL in Sweden between 2007 and 
2010, we observed that 32% had been diagnosed with a CVD within 10 years 
prior to the diagnosis of CLL, and an even higher proportion of patients (37%) 
had been diagnosed with a CVD within 10 years before initiating treatment 
for CLL. Importantly, we could find a very high disease burden in patients 
with a history of CVD, with 81% of patients diagnosed with ≥3 different 
CVDs. The distribution of different diagnoses of CVD in the two cohorts is 
illustrated in Figure 11. 
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Figure 11:  Percentage of patients diagnosed with different cardiovascular diseases 
(CVDs) during a time period of 10 years before diagnosis (blue, n=2078) or start of 
treatment (orange, n=828). All CVDs are shown in the column far left. Diagnoses of 
cardiac arrest, ventricular tachycardia and peripheral vascular disease were omitted 
due to low numbers. 
 
We then studied the cumulative incidence (CI) of CVD after the initiation of 
treatment with chemotherapy or CIT and identified a high cumulative 
incidence of new CVD. Among patients without any previous CVD at start of 
treatment, the 3-year CI was found to be 21% and the 5-year CI to be 28%, 
with hypertension and atrial fibrillation as the most prevalent diagnoses. 
 
We conclude that in an unselected population-based cohort of CLL patients, 
the disease burden of CVD is high both at the time of diagnosis and start of 
treatment. Furthermore, among patients without CVD at start of treatment 
there is a high incidence of CVD within the first 5 years after treatment 
initiation. As the treatment of CLL today is rapidly shifting towards the use of 
BTKis, this high comorbidity is of particular interest and concern. These drugs 
have significant effects on the cardiovascular system, leading to an increased 
risk of cardiovascular AEs, most notable atrial flutter and hypertension[165]. 
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There also seem to be an elevated risk of severe ventricular arrhythmias when 
treatment with BTKi are applied [216]. Importantly, these risks are enhanced 
in patients with a previous history of CVD[166-168]. In addition, due to their 
cardiovascular morbidities, these patients often have an indication for 
treatment with anticoagulants, a treatment that entails bleeding risks due to the 
effect on platelet aggregation that is observed with BTKi. 

Limitations 
This study is based on data from different national health registries and we 
cannot exclude that CVD diagnoses are missed or incorrectly registered. As 
the Swedish registries used are known to be of a high quality and also have a 
very high coverage for the time period of our study, we deem the risk of this 
affecting our results as low[1]. However, the data on CVDs before diagnosis 
and start of treatment does not include data from general practitioners (GPs), 
as no registration of CVDs was done by GPs during the time-span of data 
collection. Consequently, the registered numbers of patients with CVD at 
these time-points might be underestimated, especially regarding diagnoses 
such as mild hypertension. As no cohort of age- and sex-matched controls was 
included, the study does not answer the question as to whether CVDs are more 
prevalent among patients with CLL at diagnosis, or at time of start of 
treatment, compared to the normal population. Neither does the study give an 
answer whether the CI of CVD is higher in patients starting treatment, 
compared to those managed with the ‘watch and wait’ strategy. 

Paper IV 
 
Clonal evolution patterns in high-risk chronic lymphocytic 
leukemia treated with ibrutinib. 

Main findings and conclusions 
In the first part of this paper, by performing WES on pre-treatment samples 
and samples obtained approximately one year after start of ibrutinib treatment, 
we describe the mutational landscape in a cohort of 10 high-risk CLL patients, 
including the analysis of whether the mutational load/pattern changed over 
time. Based on our data, we found that the mutational load was at an expected 
level similar to previously described high-risk CLL cohorts[57, 58, 94]. 
Furthermore, the number of non-synonymous mutations did not change over 
time during treatment with ibrutinib; 385 (median, 26 per sample) non-
synonymous mutations were detected pre-treatment and 338 (median, 27.5 per 
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sample) at follow-up. In all samples, we could also detect one or more driver 
or putative driver mutation previously described in CLL, but there was no 
significant change in the number of drivers or putative drivers over time 
(pretreatment, n=20, follow-up n=22) In conclusion, these findings indicate 
that the treatment with ibrutinib per se does not induce exonic mutations. 
 
By combining WES with genomic array data, we proceeded with the analysis 
of potential clonal changes within each tumor over-time, defined as a change 
in CCF of >0.1 between the pre-treatment and follow-up sample. Significant 
clonal shifts were found to occur over-time in 7/10 patients, while 3/10 had a 
genetically stable disease without clonal shifts. The presence of one or more 
driver mutation at the subclonal level was detected in 5/10 patients. 
 
Examples of data on clonal shifts from two patients, the first with significant 
and the second without significant clonal shifts, are shown in Figure 12 and 
13.  
 

 
Figure 12: Illustration of data from a patient with significant clonal shifts during 
treatment with Ibrutinib. A: Line diagram illustrating changes in CCF of different 
clones over time. B: Pie chart illustrating clonal abundance. C: Phylogenetic tree of 
the same clones  
  



 56 

 
 
Figure 13: Illustration of data from a patient without significant clonal shifts during 
treatment with Ibrutinib. A: Line diagram illustrating changes in CCF of different 
clones over time. B: Pie chart illustrating clonal abundance. C: Phylogenetic tree of 
the same clones  
 
These findings were correlated with detailed clinical data collected during a 
long follow-up period (median 60 months, range 23-67) after start of treatment 
with ibrutinib. Based on this, 5 out of the 7 patients with significant clonal 
shifts experienced disease progression or transformation during follow-up; 3 
out of these also had an adverse outcome.  

In contrast, none of the 3 patients with a clonally stable disease experienced 
disease progression or adverse outcome. We could also observe that the 5 
patients with subclonal driver mutations all belonged to the group with 
significant clonal shifts, and that the 3 patients with adverse outcome during 
follow-up all had detectable sublonal driver mutations. 
 
Important to point out when interpreting these data, is that the follow-up 
samples were collected at a time of clinical response to treatment, with the 
disease in a clinical steady-state without signs of progression.  
 
In summary, while treatment with ibrutinib appeared to have no effect on the 
mutational frequency in high-risk CLL, our data highlights the potential 
clinical relevance of monitoring for presence of clonal changes and subclonal 
driver mutations when estimating risk of progression and outcome.  
If these data can be reproduced in larger cohorts of patients, analysis of clonal 
stability, at a time point when the disease is considered to be in a steady-state, 
might be applicable in the clinical setting, e.g. in prediction of treatment 
outcome in patients receiving continuous treatment with BTKi. Further on, it 
might even be applied as a predictive tool when selecting between time-
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limited, intensive combination treatment or indefinite treatment with BTKi (as 
is standard today).  

Limitations 
The major limitation of this study is the limited number of patients included. 
This precludes statistical calculations and solid conclusions to be drawn from 
our data. The patient cohort also consists of patients with high-risk disease and 
no patients undergoing primary treatment with standard-risk disease were 
included. Due to this, reliable inferences cannot be made regarding these data 
in this latter patient category. 
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Concluding remarks 

Despite major progress in our understanding of this fascinating, albeit 
sometimes elusive disease, until recently the only truly predictive biological 
marker in CLL has been the presence or absence of TP53-aberrations. Other 
factors deciding the choice of treatment have been patient and/or treatment 
related i.e. age, renal function, line of treatment and response to previous 
treatments. Surprisingly, there has also been a lack of unselected and truly 
population-based data regarding the prevalence of the disease, as well as data 
on comorbidities in CLL. 
 
To develop predictive markers, two prerequisites need to be fulfilled, (i) the 
discovery and understanding of biological disease markers, and (ii) the 
development of treatments with different modes of action.  

Explained and exemplified in another way; first we have to identify and 
characterize clinically relevant subgroups of CLL, e.g. subset assignment. 
Then, we need to have a tool-box with different treatments, e.g. CIT, BCRi 
and BCL2i, to study in clinical trials regarding their efficacy in different 
subsets. Only at this point can we choose the right treatment for the right 
patient. 
 
Today these prerequisites are fulfilled. We have an extensive knowledge of 
the disease biology of CLL, as well as a number of new treatment options with 
completely different modes of action. With this, we are getting closer to 
realizing a long-standing goal: personalized medicine. However, a lot of work 
remains to be done to identify the most effective treatment for each patient. 
 
In the different papers presented in this thesis, we have tried to contribute 
small pieces to this vast puzzle.  
 
In Paper I we show that patients assigned to subsets #1 and #2 have not 
benefitted from the successive progress in survival seen over-time when using 
chemo(immuno)therapy. This motivates future research focusing on the effect 
of alternative treatment modalities (e.g. targeted treatments) for these patients. 
Subset assignment could then serve a new predictive tool.  
 
Paper II presents population-based data on the current and historic prevalence 
of CLL. We also estimate the future prevalence of CLL, based on a model 
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accounting for improvements in survival. This enables a fact-based discussion 
of the implications of personalized medicine: the very positive and welcome 
impact on our patients lives on the one hand and the rapidly rising costs of 
treating CLL and other malignancies on the other. Reliable epidemiologic data 
like the one presented will help answer the critical question of how to best use 
our resources.  
 
Paper III focuses on CLL patients and cardiovascular comorbidities in a 
population-based cohort. BTK-inhibitors have substantial effects on the 
cardiovascular system, as well as on platelet aggregation. In addition, they 
have pharmacokinetic properties and risks of drug interactions that are of 
clinical importance. These side effects have to be accounted for when 
choosing treatment. However, solid data on cardiovascular comorbidity in 
CLL have been lacking. In our cohort, more than 1/3 of all CLL patients were 
diagnosed with at least one CVD already at diagnosis, and even more (37%) 
before start of treatment. The majority of these patients displayed a high 
number of concomitant CVDs (81% with ≥3 diagnoses). These findings are 
of importance when planning the future care and choosing the right treatment 
strategies for these patients. 
 
Returning to the development of predictive tools in Paper IV, we describe 
possible new ways to predict treatment outcome in patients treated with 
ibrutinib. By assessing the occurrence of significant clonal shifts as well as 
the presence of subclonal driver mutations, we suggest that this prediction is 
possible already at the time of a seemingly stable disease. While we 
acknowledge that these are very early data on a small cohort of patients, we 
hope that our findings will prompt further research in this area. 
 
All papers collected in this thesis have very different approaches, but one 
unifying objective: they aim to study CLL in a clinically meaningful way. In 
doing so, this thesis presents clinical data as well as genetic and 
immunogenetic features, ranging from the individual patient to large scale 
epidemiological cohorts. Hopefully, the facts and findings presented can 
contribute to further research and development in CLL. 
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