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Abstract
Chronic lymphocytic leukemia (CLL) is a lymphoproliferative disease of B cells affecting mostly 

elderly  individuals.  While  great  improvement  in  the treatment  of  CLL has been made through 

development of targeted therapy and close patient monitoring, improved methods for stratifying 

patients by relative risk and necessity of treatment are still needed.

Biochemical  assays  powered  by  next-generation  sequencing  for  chromatin  and  transcription 

profiling  in  bulk  samples  and single  cells  are  now amenable  to  application  in  primary  human 

material, providing an opportunity to profile large numbers of patients. These methods generate 

rich, high-dimensional data that can be used for patient stratification, treatment recommendation, 

and disease monitoring, while at the same time providing insights into the disease mechanisms.

In  the  course  of  this  thesis  work,  we  explored  the  value  of  novel  high-dimensional  assays 

measuring different layers of cellular regulation to provide insights into patient stratification and 

disease monitoring in two cohorts of CLL patients.

Profiling the genome-wide chromatin accessibility of a large cohort of  CLL patients revealed a 

dynamic regulatory landscape dominated by the differentiation state of the cell-of-origin giving rise 

to the malignant cells in each patient. Inference of the underlying gene regulatory networks of the 

two  major  groups  of  CLL  cells  uncovered  key  transcription  regulators  in  CLL.  Furthermore, 

chromatin accessibility data were readily amenable to machine learning-powered classification of 

patient  samples  with  high  accuracy,  attesting  to  the  usefulness  of  this  data  type  for  patient 

stratification.

To  assess  how  useful  high-dimensional  data  is  for  disease  monitoring  during  treatment,  we 

investigated  a  second  cohort  of  seven  CLL patients  starting  ibrutinib  therapy.  Assembling  a 

longitudinal  dataset  of  immunophenotypes,  transcription  at  single-cell  level,  and  chromatin 

accessibility in eight time points, we were able to characterize the biological changes induced by 

ibrutinib  across  several  immune  cell  types.  While  each  cell  type  was  affected  differently,  we 

identified a conserved signature of ibrutinib effect on lymphocytes characterized by a quiescent-like 

state as therapy progressed. This signature allowed us to monitor the patient’s molecular response 

to treatment and was validated in an independent cohort for which bulk transcriptome profiles were 

available. Furthermore, using machine learning algorithms leveraging the vast single-cell dataset, 

we developed a method for predicting the speed of response to ibrutinib treatment for individual 

patients. 

The work in this thesis demonstrates the power of modern high-dimensional assays for genome-

centric, data-driven, personalized treatment and biological understanding of leukemia.
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Zusammenfassung
Die chronische lymphatische Leukämie (CLL) ist eine lymphoproliferative Erkrankung der B-Zellen, 

an der vor allem ältere Patienten erkranken. Obwohl durch die Entwicklung gezielter Therapien 

und eine genauere Überwachung der Patienten zuletzt große Erfolge in der Behandlung der CLL 

erzielt  werden konnten, werden dringend bessere Methoden zur Abschätzung des Risikos und 

Behandlungserfolges benötigt.

Molekularbiologische  Methoden  basierend  auf  DNA Sequenzierung  erlauben  die  Analyse  des 

Epigenoms  und  Transkriptoms  in  großen  Patientenkohorten.  Diese  Methoden  generieren 

umfangreiche,  hochdimensionale  Daten,  die  zur  Stratifizierung  von  Patienten,  zur  Empfehlung 

bestimmter Behandlungen und zur Überwachung des Krankheitsverlaufes herangezogen werden 

können, aber auch einen genauen Einblick in die Mechanismen der Erkrankung bieten.

In  dieser  Dissertation  untersuchen  wir  mittels  neuartiger  Verfahren  verschiedene  Ebenen  der 

Genregulation,  und  erproben  deren  Anwendung  zur  Stratifizierung  und  Überwachung  von 

Patienten in zwei Patientenkohorten mit CLL.

Genomweite Messungen der Chromatinregulation in einer großen CLL Kohorte zeigten eine sehr 

dynamische Regulation, dominiert vom Differenzierungsstatus der ursprünglichen Tumorzellen in 

jedem  Patienten.  Die  zugrunde  liegenden  genregulatorischen  Netzwerke  in  den  zwei 

Hauptgruppen der CLL werden dominiert von einer Gruppe Transkriptionsfaktoren. Wir konnten 

zeigen,  dass  epigenetische Daten sich  gut  zur  Klassifikation  und Stratifizierung von Patienten 

durch maschinelles Lernen eignen. 

Um die Eignung von hochdimensionellen Daten zur Überwachung der Erkrankung während der 

Behandlung  zu  prüfen,  verfolgten  wir  eine  zweite  Patientenkohorte  von  insgesamt  sieben 

Patienten während der Therapie mit Ibrutinib. Unsere Verlaufsstudie erfasst über acht Zeitpunkte 

detaillierte Immunphänotypen, Einzelzell-Transkriptome und Chromatin-Daten. Wir konnten durch 

Ibrutinib verursachte biologische Veränderungen in verschiedenen Immunzellen charakterisieren. 

Obwohl jeder Zelltyp unterschiedlich betroffen war,  konnten wir  im Laufe der Behandlung eine 

allgemeine Signatur von Ibrutinib auf Lymphozyten identifizieren, die an ruhende Zellen erinnert. 

Diese Signatur  erlaubte uns das Ansprechen der  Patienten auf  die  Therapie  zu  messen,  und 

konnte  in  einer  unabhängigen  Patientengruppe  validiert  werden.  Außerdem  entwickelten  wir 

Algorithmen welche die Dauer bis zum Ansprechen der Patienten vorhersagen können.

Diese Dissertation demonstriert  eindrucksvoll  die Anwendung hochdimensionaler  Methoden zur 

personalisierten Therapie der Leukämie und Grundlagenforschung.
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Introduction

Chronic lymphocytic leukemia

Epidemiology, etiology and diagnosis of CLL

Chronic lymphocytic leukemia (CLL) is a mostly incurable disease of blood cells. Being one of the 

most common leukemias in Western countries (Rozman & Montserrat, 1995), it affects between 2 

to 7 persons per 100,000 (Lenartova et al, 2016; Hao et al, 2019), constituting more than 1% of all 

cancers (Siegel et al, 2018). The median age of patients at the time of CLL diagnosis is 70 years, 

with only about 10% of patients diagnosed before 55 years of age. The risk of CLL developing in 

males is twice that of female individuals (Montserrat et al, 1991).

CLL patients present with an accumulation of monoclonal B cell lymphocytes (lymphocytosis) due 

to over-proliferation (Montserrat et al, 1991; Linet et al, 2007). These cells can accumulate in the 

bone marrow, spleen, liver and peripheral lymphoid organs, where they overcrowd other cells that 

constitute the normal hematopoietic and immune system, preventing their normal differentiation 

and function  (Montserrat  et al, 1991; Rozman & Montserrat, 1995; Linet  et al, 2007). This is the 

root  cause of  most  symptoms that  CLL patients display.  CLL cells  are generally  small  mature 

lymphocytes with a particularly highly skewed ratio of nucleus-to-cytoplasm (Criel et al, 1997). CLL 

cells often form compact proliferation centres together with other cells such as prolymphocytes and 

stromal cells in infiltrated tissues (Herishanu et al, 2011; Kipps et al, 2017). 

Other  leukemias  and  lymphoproliferative  disorders  exist  with  similar  global  phenotypes  and 

symptoms,  such  as  Hairy  cell  leukemia,  Mantle  cell  lymphoma,  and  Prolymphocytic  leukemia 

(Campo et al, 2011). A differential diagnosis can be achieved upon observing the morphology of 

the cells in a blood smear and the expression levels of specific cell surface markers. The high 

expression of CD19, CD5, CD23, and low expression of CD20 and immunoglobulins on the cell 

surface is sufficient for the diagnosis of CLL (Rawstron et al, 2018; Kipps et al, 2017; Hallek et al, 

2018). 

In addition the above separate disease entities, Monoclonal B-cell lymphocytosis (MBL), and Small 

Lymphocytic Lymphoma (SLL) share the broad phenotype of CLL cells and are considered to be 

the same disease as CLL, albeith with different stages. MBL is considered a pre-malignant stage of 

CLL with overall less degree of lymphocytosis, while SLL tends to manifest preferencially in lymph 

nodes. Nonetheless, from a biological view they are the same disease (Hallek et al, 2018).
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Cellular signaling in B cells and the pathobiology of CLL

Central  to  the  pathophysiology  of  CLL is  the B cell  receptor  (BCR)  and the cellular  signaling 

associated  with  it  (Burger  &  Chiorazzi,  2013).  The  BCR  of  normal  B  cells  is  formed  by  a 

heterodimer between an immunoglobulin molecule capable of antigen binding, and an intracellular 

domain that effects the cellular signaling  (Wang & Clark, 2003; Burger & Chiorazzi, 2013). The 

extracellular part is formed of a heterodimer of two heavy chain and two light chain immunoglobulin 

molecules. Each of the heavy or light chains comprises three parts referred to as V, D, and J. 

These are combined in a manner unique to each cell from a number of genes, in a process called 

VDJ recombination, which is unique to the immune system (Depoil et al, 2008). One of the sections 

of the heavy chain immunoglobulin genes is always one of five isotypes, namely IgG, IgM, IgA, 

IgE, and IgD. This process allows the body to produce cells with a myriad of receptor combinations 

capable  of  detecting  an  astronomical  number  of  antigens  (Depoil  et  al,  2008;  Schroeder  & 

Cavacini, 2010). Rearrangement of the heavy chain immunoglobulins is one of the first steps in the 

development of a B cell. The intracellular part of the BCR is constituted by the CD79a and CD79b 

heterodimer (also known as Ig-α/Ig-β)  (Fu et al, 1974; Jondal, 1974; Radaev et al, 2010), which 

contain a small transmembrane moiety and immunoreceptor tyrosine-based activation motif (ITAM) 

which induces the signaling cascade once the receptor recognizes an antigen  (Nel  et al, 1984; 

Radaev et al, 2010).

Activation of the BCR can induce several signaling pathways. Among the most prominent is the 

IKK/Nuclear  Factor  KB (NFKB)  transcription  factor  pathway.  In  this  case,  upon  BCR receptor 

cross-linking after antigen binding, the CD79 dimer is phosphorylated which in turn activates the 

Src family kinase SYK, and the Bruton Tyrosine Kinase (BTK) subsequently (Packard & Cambier, 

2013).  BTK  in  turn  phosphorilates  1-Phosphatidylinositol-4,5-bisphosphate  phosphodiesterase 

gamma-2 (PLCG2) and Phosphoinositide 3-kinase (PIK3). These last two proteins work to move a 

gradient  of  Phosphatidylinositol  4,5-bisphosphate  (PIP2)  to  the  secondary  messengers 

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and subsequently into diacylglycerol (DAG) in the 

cellular  membrane  (Koyasu,  2003).  Following  this  cascade,  Protein  Kinase  C beta  (PKCB)  is 

activated by the increased DAG concentration and in turn activates the CARD11-MALT1-BCL10 

signalosome (CMB). This important signaling complex activates the IκB kinase, itself composed of 

IKKa (aka IKK1 or CHUK) and IKKb (aka IKK2 or IKBKB) and IKKy (also known as NEMO or  

IKBKG).  IKKb then phosphorylates  the NFKB Inhibitor  Alpha protein  (NFKBIA)  which forms a 

complex with Nuclear factor NF-kappa-B p105 subunit (NFKB) and the nuclear factor NF-kappa-B 

p65 subunit (encoded by the RELA gene) (Kaisho et al, 2001). The relevant activity of NFKBIA is to 

sequester  p65  in  the  cytoplasm.  Proteosomal  degradation  of  NFKBIA  occurs  upon  its 

phosphorylation,  which  frees  the  p65-p105  dimer.  When  free,  p105  is  post-translationally 
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shortened to its N-terminus region making the p50 protein (Fan & Maniatis, 1991). Now, in the p50-

p65 form, the complex translocates to the nucleus where binding to sequence-specific DNA motifs 

can activate transcription. NFKB target genes are generally associated with cell survival and cell  

proliferation.

An important molecule for BCR signaling is the co-receptor Cluster of Differentiation 19 (CD19). On 

the one hand CD19 has a crucial function in BCR signaling by localizing cytoplasmatic signaling 

proteins involved in the cascade to the cellular membrane in the vicinity of CD79  (Depoil  et al, 

2008); on the other hand, it also has a regulatory function on BCR signaling when in complex with 

the complement-binding receptor CD21, by lowering the threshold of BCR activation upon antigen 

binding (Fearon et al, 2000). In addition to NFKB transcription factor activation, BCR signaling is 

also tightly linked to activation of cellular survival and proliferation through activation of the PI3K-

AKT-mTOR  signaling  axis.  Since  BCR  signaling  is  conveyed  through  PIK3  kinases  and  the 

balance of PIP2 to PIP3, another important kinase that is consequentially activated is the AKT 

Serine/Threonine Kinase (AKT)  (Pogue  et al, 2000). AKT has several targets, among which the 

most prominent is mechanistic target of rapamycin (mTOR), which in turn participates in numerous 

signaling pathways, among which activation of the cell cycle inducing the BRAF-MAPK-MEK-ERK 

pathway.

In CLL cells, BCR signaling and several of the pro-proliferative downstream pathways such as 

NFKB,  PI3K-AKT-mTOR  and  MAPK-MEK-ERK  signaling  are  overactive.  At  the  same  time, 

signaling provided by tumor suppressors p53 and PTEN is suppressed, and several BCL2-like 

proteins are overexpressed. This results in the malignant, over-proliferative phenotype of B cells. 

There is considerable heterogeneity in both the amount of BCR signaling and the downstream 

efects of that cascade on CLL cells between different patients. In CLL patients, different levels of 

BCR signaling can cause either increased cell activation or cell anergy – a state of cellular lethargy 

caused by chronic surface receptor activation without  proper T helper cell  engagement.  B cell 

activation  is  more common in  CLL cells  that  express  unmutated immunoglobulin  heavy chain 

variable  region  genes  (IGHV),  whereas  anergy  is  more  often  observed  in  cases  expressing 

mutated IGHV. Anergic CLL cells have less proliferative capacity in response to BCR signaling 

compared with activated cells, and this accounts in part for a more indolent disease in patients with 

mutated IGHV genes. This interaction between cellular anergy/activation and IGHV gene mutation 

appears  to  be  due  to  the  stage  of  B  cell  differentiation  of  the  cell  from which  the  malignant 

phenotype originated.

3/115



Stratification and monitoring of chronic lymphocytic leukemia André F. Rendeiro
with high-dimensional molecular data and computational methods

Normal development of B cells and its influence in CLL
B cells are formed through cellular differentiation within the hematopoietic lineage, which starts 

with hematopoietic stem cells (HSC) in the bone marrow. HSCs differentiate throughout a human’s 

life into multipotent progenitors and lymphoid progenitor cells – the progenitor of B and T cells 

(Corces et al, 2016; Farlik et al, 2016; Buenrostro et al, 2018). Commitment of a progenitor to the B 

cell lineage elicits or is concurrent with the process of somatic hypermutation of immunoglobulin 

genes, and the arrangement of the immunoglobulin genes of variable (V), diversity (D), and joining 

(J) segments (collectively also called VDJ recombination), which with the constant (C) segment 

part make the final immunoglobulin gene to be expressed by the B cell (Akira et al, 1987; Bassing 

et al, 2002). This process allows the creation of an enormous diversity of antibody conformations 

used by the immune system to bind arbitrary foreign antigens.

From this point, B cell development in the bone marrow is dependent on two key selection events: 

a) antigen-independent positive selection for the binding of the pre-BRC and BCR receptors and 

subsequent signaling (Bannish et al, 2001; Yam-Puc et al, 2018); b) antigen-dependent negative 

selection  of  B cells  whose BCR strongly  binds self-antigens  (Nemazee,  2017;  Yam-Puc  et  al, 

2018). To complete maturation, immature B cells migrate to the spleen (transitional T1 B cells), 

where they further mature (transitional T2 B cells). Dependent on a complex balance of signaling 

stimulus, transitional B cells can become marginal zone (MZ) B cells or follicular (FO) B cells – 

completing their maturation and collectively called naive B cells (Yam-Puc et al, 2018). While MZ B 

cells  remain  mostly  in  the  spleen,  FO B cells  are  circulating  between  secondary  and  tertiary 

lymphoid organs and primary and secondary lymphoid follicles.

When B cells encounter and strongly bind an antigen, a new chapter in B cell development starts. 

Antigen binding in FO B cells when supported by adequate T cell help, elicits a strong activation of 

B cells which causes proliferation and clonal expansion of the specific antigen-recognizing cell 

(Parker,  1993;  Yam-Puc  et  al,  2018).  These  cells  will  undergo  somatic  hypermutation  of  the 

variable immunoglobulin genes to increase affinity for the antigen, in a process that is dependent of 

the activation-induced cytidine deaminase (AID)  for  hypermutation  and on several  DNA repair 

pathways for the proper reparation of DNA breaks (Li, 2004). At the same time, activated B cells 

may also undergo a switch in the class of immunoglobulin being expressed. Since naive B cells 

express membrane bound IgM or IgD variants, immunoglobulin class switching allows for example 

the secretion of antibody to the serum and elicit  an immunological action independent of direct 

cellular  contact.  B cells which specialize in antibody production develop further and are called 

plasma cells  (also  known as effector  B cells),  whereas a smaller  fraction of  activated B cells 

undergoes a different maturation which requires tight interactions with helper T cells, but finally 

reside in the germinal centres as long-lived memory B cells.
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In addition to binding antigens and producing antibodies, B cells are also professional antigen-

presenting cells (APCs) and cytokine secreters (Kambayashi & Laufer, 2014). The large spectrum 

of immunological functions that B cells display, together with their relatively complex differentiation 

process and relative high proliferation rate compared with most other tissues, are likely factors 

contributing  to  the  fairly  frequent  occurrence  of  hematopoietic  malignancies  such  as  CLL in 

humans. For CLL in particular, the increasing knowledge of B cell development has brought to light 

the  interaction  of  B  cell  development  with  the  pathogenesis  and  aggressiveness  of  CLL,  as 

demonstrated by the prognostic value of the mutation status of immunoglobulin genes in CLL – a 

proxy for the stage of B cell differentiation and a routinely measured clinical variable during patient  

prognostication.

Genetic and epigenetic factors of CLL
Germline genetic variation mutation contributing to CLL
A commonly used tool to identify genetic loci associated with a phenotypic trait are genome-wide 

association studies (GWAS). In these studies, the genotype of large numbers of donors carrying a 

trait of interest (e.g. a disease such as CLL) are compared with the ones from donors not carrying 

that trait (i.e. healthy donors)  (Gibson, 2018). This allows the discovery of loci containing mostly 

single nucleotide polymorphisms (SNP) inherited through the germline that are associated with the 

trait. The procedure is usually performed in a discovery cohort and a replication cohort in order to 

assess the replicability of the findings. There have been at least eight GWAS studies for CLL, 

employing  between  700  and  20,000  participants,  which  cumulatively  yielded  101  unique 

associations of genomic loci containing single nucleotide polymorphisms (SNP), all studies recently 

jointly analysed in a meta study (Berndt et al, 2016). These include genes with relevance for B cell 

biology such as IRF4,  but the discovered associations have provided little new insights into with 

the development and biological basis of CLL.

Somatic mutation of CLL
There is abundant evidence that somatic genetic alterations influence the development of CLL. 

One of the earliest discovered such factors were large chromosomal aberrations present in CLL 

cells (Autio et al, 1979; Gahrton et al, 1987; Ross & Stockdill, 1987; Juliusson et al, 1990). These 

manifest in alterations to the diploid number of somatic chromosomes (Gahrton et al, 1987), or in 

alterations to their structure, such as loss of an arm  (Ross & Stockdill,  1987) or translocations 

between or within them (Autio et al, 1979). In approximate order of frequency, the most common 

chromosomal aberrations in CLL are deletions of chromosome 13q14 (del13q), chromosome 11q 

(del11q), trisomy of chromosome 12, amplification of chromosome 2p (amp2p), and deletion of 

chromosome 17p (del17p) (Landau et al, 2015). While varying in length and abundance within the 
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CLL cells, it is estimated that approximately 80% of CLL patients carry at least one of these major 

chromosomal aberrations  (Landau  et al,  2015). It  is  thought that these aberrations facilitate or 

promote  the  development  of  the  malignant  cells  in  part  due  to  the  genes  encoded  in  those 

chromosome parts being of relevance: the del13q region encompasses the cluster of microRNA 

(miR) genes 15 and 16, which are known to induce apoptosis by targeting the BCL2 transcript 

(Cimmino  et al, 2005); del17p overlaps the master tumor suppressor gene TP53  (Campo  et al, 

2018); del11q often causes absence of the ATM gene, which encodes a protein with DNA-repair 

function (Guarini et al, 2012); while the link between trisomy 12 and CLL pathogenesis is less more 

difficult  to  explain.  Due  to  the  recurrence  and  importance  of  such  chromosomal  aberrations, 

fluorescent in situ hybridization (FISH) assays have been developed and are routinely employed in 

routine clinical diagnostic of CLL (Hallek et al, 2018).

With  the advent  of  affordable  massively  parallel  sequencing techniques,  a  wider  repertoire  of 

somatic mutations was identified  (Puente  et al,  2011;  Wang  et al,  2011;  Quesada  et al,  2012; 

Landau et al, 2013; Ramsay et al, 2013; Baliakas et al, 2014; Puente  et al, 2015; Landau et al, 

2015). Genes that are recurrently mutated in CLL have a role in the processing of messenger and 

ribosomal  RNA (SF3B1,  XPO1,  DDX3X,  EWSR1,  NXF1,  XPO4,  FUBP1,  RPS15),  chromatin 

modification  and  regulation  (ASXL1,  BAZ2A,  CHD2,  IKZF3,  HIST1H1B,  HIST1H1E,  ZMYM3, 

MED12), DNA damage and cell cycle control (ATM, TP53, POT1, ELF4, CHEK2, DYRK1A, ELF4, 

BRCC3), and important signaling pathways (NOTCH1, FBXW7, MYD88, RIPK1, SAMHD1, KRAS, 

NRAS, TRAF2, TRAF3, EGR2, IRF4, BCOR, BRAF, MAP2K1, ITPKB, CARD11, GNB1, FUBP1, 

MGA, PTPN11, FBXW7).

While  several  of  these  mutations  have  no  or  little  independent  influence  on  progression-free 

survival (PFS) or overall survival (OS) (Landau et al, 2015), the functional consequences of some 

have been elucidated. It has been shown for example that activating mutations in Wnt pathway 

genes such as WNT1, CHD8, BRD7 and BCL9, reduce the viability of primary CLL cells (Wang et 

al, 2014), while mutations in the POT1 gene have caused its protein to be unable to bind telomeric 

regions of  chromosomes, resulting in  chromosomal abnormalities  (Ramsay  et  al,  2013).  Other 

examples include mutation or deletion of MGA – a regulator of the oncogene MYC (Chigrinova et 

al, 2013; Puente et al, 2015; Landau et al, 2015), mutations in IKZF3 (Puente et al, 2015; Landau 

et al, 2015) – an important transcription factor in B cells. Nonetheless, for most cases, precisely 

how the recurrent mutation of most of genes contributes to growth advantages in CLL cells during 

the formation of malignancy remains to be discovered.

In addition, the relative abundance of the mutations within the pool of sampled CLL cells and its 

quantification seems variable across different cohorts analyzed with exome and whole-genome 
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sequencing. Nonetheless, SF3B1, ATM and NOTCH1 mutations are generally the most abundant 

and all other mutations are present in frequencies below 10% (Landau et al, 2013; Baliakas et al, 

2014; Puente et al, 2015; Landau et al, 2015).

With the increasing usage of whole genome sequencing recurrent somatic mutations in non-coding 

regions occurring in CLL cells are being discovered (Spina & Rossi, 2019). Early examples include 

somatic mutations in an intron of the PAX5 gene, which overlaps a regulatory element which is a 

putative  enhancer  element  of  the  PAX5  gene  –  an  important  transcription  factor  for  the 

development and survival of B cells (Puente et al, 2015). Another example of non-coding mutations 

in CLL is a mutation in the 3’ untranslated region of the NOTCH1 gene. This mutation confers to 

carrying patients  reduced  overall  survival,  mimicking the  impact  of  activating  mutations  in  the 

coding region of NOTCH1 that alter the protein’s amino-acid sequence (Puente et al, 2015).

While the genetic landscape of the disease has been the initial focus, genetic variation within a 

patient has recently become the subject of increased scrutiny (Ouillette et al, 2013; Landau et al, 

2013). It  is commonly assumed that all  CLL cells within a patient come from a single cell  that 

developed the malignant phenotype, gaining proliferative or survival advantage over similar other 

cells (Ouillette et al, 2013; Gruber et al, 2019). These cells are subject to pressure and constrain 

of immune, nutritional, environmental, and therapeutic origin, and therefore under the influence of 

natural selection (Quail & Joyce, 2013; McGranahan & Swanton, 2017). This means that cells that 

accumulate new mutations are more likely to have an evolutionary advantage, which gives rise to 

an evolutionary process with a clonal branching pattern.

Next  generation  sequencing  provides  a  quantitative  way  to  probe  into  the  somatic  genetic 

variability between CLL cells in the same patient and therefore a way to reconstruct the clonal 

structure of these cells  (Landau  et al, 2013, 2015). In addition to identifying the various clones 

present at the given time of sampling, it is also possible to infer hierarchical relationships between 

the present mutations. For example, deletion of chromosome 13, trisomy of chromosome 12 or 

mutations in MYD88 are often found in a large majority of CLL cells of a patient, whereas others 

such as NOTCH1 or deletion of chromosome 17p tend to occur in subclones (Landau et al, 2013). 

By observing these frequencies of these mutations and using parsimonious reasoning, one can 

infer that MYD88 mutations are much more likely to have arisen earlier, and that the NOTCH1 and 

del17p appeared later in the development of most CLLs (Landau et al, 2013, 2015). Due to this, 

the former mutations are thought to be more important in the start of the leukemic process.

Shifts in clonal structure of the CLL cells of a patient have also been observed along disease 

progression (Braggio et al, 2012), following treatment and are under great scrutiny for their likely 

role  in  the  acquisition  of  resistance  to  treatment  (Landau  et  al,  2013,  2017).  For  example, 
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prolonged use of PI3K and BTK inhibitors has been shown to create genomic instability in B cells  

by deregulating AID and increasing the rate of  mutations and translocations  (Compagno  et al, 

2017). Another example is when sub-clones harboring specific mutations causing direct resistance 

to the BTK inhibitor ibrutinib have been detected after treatment (Burger et al, 2016; Landau et al, 

2017).

Another  factor  that  has been shown to contribute to clonal  diversity  particularly  in  CLL is  the 

epigenetic state within single cells  (Landau  et al, 2014; Oakes  et al, 2014; Pastore  et al, 2019; 

Gaiti  et al, 2019). Taking advantage of measurements of DNA methylation using sequencing of 

bisulfite-converted DNA, it was observed that the fraction of contiguous CG di-nucleotides in the 

genome that have non-matching methylation pattern reflects the state of order of the epigenome 

and low ordering is associated with adverse clinical outcomes  (Landau et al, 2014; Oakes et al, 

2014). More recently, joint inspection of the DNA methylation and transcriptional landscapes in 

single  cells  showed  that  an  inherently  disorganized  DNA methylation  lanscape  gives  rise  to 

disordered transcription (Pastore et al, 2019).

Genetic regulation of CLL
The first  genome-scale dissection of transcription in CLL used gene expression microarrays in 

order to quantify the expression of CLL patient cells in an unprecedentedly unbiased manner (Klein 

et al, 2001; Rosenwald  et al, 2001). In these two studies the authors found that a considerable 

portion  of  the transcriptome of  CLL cells  was different  from healthy  naive  or  memory B cells 

circulating  in  the  periphery  or  present  in  germinal  centres,  and  different  from cells  from non-

Hodgkin lymphoma, follicular lymphoma, and diffuse large B cell lymphoma. Contributing to these 

differences were genes that likely have important functions in the formation or development of the 

malignancy such as over-expression of the anti-apoptotic BCL2, the immune checkpoint receptor 

CTLA4, the surface molecule CD5, the interleukin 2 receptor, and the immune-supressor cytokine 

TGF-Beta.  Furthermore, cells from CLL patients of different IGHV mutation status were readily 

distinguishable,  indetifying or  confirming important  genes used later  in the stratification of  CLL 

patients such as ZAP70  (Claus  et al, 2014). These early studies ask many of the still relevant 

questions about CLL nowadays and in fact contain a roadmap for tackling challenging aspects on 

the biology of cancer which come to be the norm a decade later: apply modern biochemical assays 

on primary human tissues in a systematic manner in order to gain a systems-level perspective of 

the biological question at hand (Liu et al, 2018).

At the same time that massively parallel sequencing was illuminating the landscape of somatic 

mutations of CLL and many other cancers, it also allowed new insights into the regulation of the 

genome. DNA methylation in particular is a very appealing aspect of DNA regulation to study. This 
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is because DNA methylation is a key mechanism regulating gene expression and responsible for 

the maintenance of a certain state of genomic regulation that encodes cellular identity, lineage, and 

differentiation potential  (Barrero  et al, 2010). Profiling DNA methylation is also attractive from a 

practical point of view, since it allows the use of previously collected samples from routine clinical  

follow-up  or  even  from  preserved  material  as  formalin-fixed  paraffin-embedded  (FFPE)  in  a 

retrospective fashion.

Following on early studies of DNA methylation in CLL cells focused on only a few CLL candidate 

markers  with  the intent  of  developing  biomarkers  for  CLL stratification  (Corcoran  et  al,  2005; 

Chantepie  et al, 2010; Amin  et al, 2012; Claus  et al, 2014), massively parallel sequencing was 

employed to sequence the whole genome DNA methylation landscape of three types of B cells 

from healthy donors  (Kulis  et al,  2015). Comparing different populations of healthy B cells, the 

authors were able to observe a major shift in the genome-wide levels of DNA methylation: memory 

B  cells  have  a  massively  hypo-methylated  genome when  compared  with  naive  B  cells.  This 

observation stems likely from an event  of  major hypo-methylation that takes place in germinal 

centres  during  B  cell  maturation  and  remains  in  memory  cells,  happening  prior  to  the 

immunoglobulin class switching event since it  is  present in both class-switched and non-class-

switched memory B cells.

The implications of such a massive DNA demethylation event in B cells can also be seen in CLL 

cells  (Kulis  et al, 2012, 2015). Overlaying the whole-genome DNA methylation sequencing data 

with data from a DNA methylation microarray from CLL patients, the authors show that CLL cells 

likely  originate  from  at  least  two  distinct  ends  of  the  differentiation  process  of  B  cells  that 

correspond broadly with the status of IGHV gene mutation. These results confirmed the earlier 

gene  expression  based  studies,  but  shine  an  unprecedented  light  on  the  issue,  tying  B  cell 

differentiation with the phenotype of CLL cells. On the other hand, it also demonstrated the value of 

understanding the epigenomic regulation of cancer compared to transcriptome sequencing, which 

was  performed  on  the  same  matched  samples  but  could  not  distinguish  cells  expressing 

unmutated from mutated IGHV genes as easily, something that was observed later (Ferreira et al, 

2014).

The observation that CLL cells from different patients can have origin in different B cell subtypes as 

revealed from their DNA methylation profiles was further expanded in a subsequent paper where 

additional B cell populations and CLL cells from more than four hundred patients were profiled for  

DNA methylation (Oakes et al, 2016). By establishing a hierarchy of differentiation using the DNA 

methylation data from the healthy B cells and positioning the CLL cells along this trajectory, large 

differences between CLL samples was likely attributed to different stages in B cell development 
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from which the original malignant clone transformed rather than massive malignant reprogramming 

of the epigenome in CLL patients.

Survival and prognosis of CLL patients
In order to stratify the patients based on relative risk, two staging systems have been developed for 

CLL. The current Rai classification system comprises three stages: lymphocytosis in the blood and 

or  bone  marrow  (low-risk);  lymphocytosis  and  enlarged  lymph  nodes  and  either  spleno-  or 

hepatomegaly (intermediate); anemia or thrombocytopenia due to the disease (high-risk) (Rai et al, 

1975). The Binet staging system is based on hemoglogin and platelet levels as well as on the 

number of locations with leukemic cells infiltrated. The first two stages (A and B) are both defined 

as having hemoglobin levels above 10 g/dL and platelets greater than 100x109/L but either two or 

three affected areas respectively. Stage C requires that either the hemoglobin or platelet level is 

below these thresholds  (Binet  et al, 1977). These two systems require only routine examination 

and widely available blood tests and are therefore widely used (Hallek et al, 2018).

There are additionalprognostic factors that can be used in combination as a prognostication score 

for more refined risk stratification  (The International CLL-IPI working Group, 2016; Hallek  et al, 

2018).  The widely  accepted CLL international  prognostic  index (CLL-IPI)  combines the clinical 

stage, age of the patient, the IGHV mutation status of the CLL cells, serum B2 microglobulin levels, 

and TP53 mutations or chromosome 17p deletions of  the CLL cells  (The International CLL-IPI 

working  Group,  2016).  A weighted  combination  of  these  factors  have  been  shown  to  have 

independent  prognostic  value  in  large  cohorts  of  CLL patients  across  the  whole  spectrum of 

disease progression and treatment. This score eventually classifies patients in four levels of risk 

depending on the presence of each of these factors  (The International CLL-IPI working Group, 

2016).

The decision to treat a patient should not however be based on the CLL-IPI score since it has not  

been developed and evaluated for that purpose, but only for overall hazard (i.e. inverse of overall  

survival). In addition, the development of the CLL-IPI is conditioned by the therapy administered to 

the patients under study and certain therapies can render the independent prognostic value of a 

marker (Eichhorst & Hallek, 2016). For example, the poor prognosis of 11q deletion is diminished if 

chemotherapy achieves sufficient  depletion  of  CLL cells  (Eichhorst  & Hallek,  2016).  With new 

therapies being adopted, this is likely to continue being the case. As an example, since it has been 

shown that TP53 mutation is not a factor conditioning response to ibrutinib therapy (Farooqui et al, 

2015),  the  prognostic  score  is  likely  to  be  inaccurate  to  estimate  risk  in  patients  undergoing 

ibrutinib therapy, since it  uses TP53 mutation (or deletion of the small arm of chromosome 17,  
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where TP53 is  located)  for  risk calculation  (Brander  et  al,  2016).  This  illustrates the need for 

biomarkers and prognostic scores independent of categorical factors. 

Treatment of CLL
The clinical course of CLL patients can vary widely, with patients in the lowest risk group with a 70-

80% overall survival five years after diagnosis, whereas the highest risk group has a 50% survival 

rate  over  two  years  (The  International  CLL-IPI  working  Group,  2016).  Treatment  is  not 

recommended for CLL patients in early-stage, low-risk disease (Binet stage A or B; Rai stage 0-II) 

which are asymptomatic. For such patients a “watch-and-wait” approach is employed, highlighting 

the need for accurate and robust metrics and biomarkers to stratify patients depending on the need 

for  treatment.  Moreover,  when the patient  meets the criteria  for  treatment,  a careful  choice of 

treatment should take the patient’s specific symptoms, the genetic makeup of the CLL cells, the 

patient’s previous clinical history, and the clinical indication of drugs into account.

Chemotherapy
The oldest class of drugs approved for the clinical treatment of CLL are small molecules that form 

the large family of chemotherapeutic drugs (Fenn & Udelsman, 2011). These molecules generally 

work by impairing cell proliferation, either by targeting nucleic acids or their metabolism.  Broad 

classes  of  chemotherapeutic  drugs  are  antimetabolites,  alkylating  agents  and  alkaloids. 

Antimetabolites, including purine analogs such as fludarabine, pentostatin, and cladribine mimic 

the adenosine nucleoside and inhibit ribonucleotide reductases, adenosine deaminases or DNA 

polymerases, thereby interfering with the process of producing or depositing adenosine in newly 

synthesized DNA (Swift & Golsteyn, 2014; Parker, 2009). Alkylating agents such as chlorambucil, 

bendamustine, and cyclophosphamide, cause covalent changes in DNA bases such as intra- and 

inter-strand cross-links, causing damage to DNA which can prove fatal to the cell if not repaired 

(Swift & Golsteyn, 2014). Alkaloid drugs, such as vinblastine and vincristine, target the cytoskeletal 

proteins such as tubulin, inhibiting their polymerization, which is essential for cell cycle progression 

(Mukhtar et al, 2014).

The general strategy behind the mode of action of chemotherapeutic drugs, leverages that cancer 

cells  divide  more  often  than  most  healthy  cell  types.  Interfering  with  the  DNA synthesis  or  

replication processes should therefore target the treatment primarily to cancer cells (Mukhtar et al, 

2014). While useful in many cancer types, this approach suffers from the disadvantage that the 

biological functions they try to interfere with are also used by healthy cells and often constitute 

essential cellular functions. This can result in generalized cytotoxicity, leading to extensive side 

effects for the patient (Swift & Golsteyn, 2014; Parikh, 2018). In addition, cancer cells can either be 

resistant  or  evolve  resistance  to  chemotherapeutic  agents  for  example  by  up-regulating  anti-
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apoptotic proteins, thereby circumventing programmed cell death upon the accumulation of DNA 

lesions (Woyach & Johnson, 2015).

Targeted treatment
In  order  to  decrease  the  general  cytotoxic  effect  of  chemotherapeutic  drugs  by  increasing 

specificity for cancer cells, a set of drugs aiming to target specific vulnerabilities of cancer cells has 

been developed over the recent years (Zhang et al, 2009). The growing understanding of cancer at 

the  molecular  level,  in  particular  the  identification  of  disease  driver  oncogenes  and  genes 

conferring resistance to treatment have led to rational development of drugs that target specifically 

used or altered key players in a specific cancer or cancer subtype (Jain & O’Brien, 2015; Woyach 

& Johnson,  2015).  Following this  paradigm, several  targeted therapies that  exploit  the specific 

characteristics of CLL cells have been approved, and these currently constitute some of the most 

powerful types of cancer treatment (Woyach & Johnson, 2015).

Since CLL cells are phenotypically very similar  to B cells,  several monoclonal antibodies have 

been developed and approved that target cell surface molecules which are primarily expressed in 

B  cells  only  (Mavromatis  &  Cheson,  2003;  Jaglowski  et  al,  2010).  The  mode  of  action  of 

monoclonal antibodies is either by causing Complement-dependent cytotoxicity (CDC) – activation 

of the complement cascade resulting in a membrane attack complex which lyses the target cells – 

or by Antibody-dependent  cellular cytotoxicity (ADCC) – recognition of  the antibody by Natural 

Killer cells and subsequent activation leading to the release of cytotoxic factors that cause death of 

the target cell  (Jaglowski  et al, 2010). The CD20 protein is an example of such a target surface 

molecule, with three monoclonal antibodies approved for use in CLL: Rituximab (Reff et al, 1994), 

Ofatumumab  (Coiffier  et  al,  2007) and  Obinutuzumab  (Bologna  et  al,  2011).  While  the  three 

antibodies bind different epitopes of the CD20 protein, all  are capable of causing death of the 

target cells by both CDC and ADCC, albeit to different levels. Another interesting target protein is 

the sperm cell- and lymphocyte-specific CD52 surface protein, which is targeted by Alemtuzumab 

(Byrd et al, 2004), a monoclonal antibody which acts primary through ADCC.

Another vulnerability of CLL cells that can be exploited is the expression of specific proteins that  

make part of signalling cascades active in lymphocytes in general or B and CLL cells specifically.

The BCL2 inhibitor Venetoclax is indicated for refractory or relapsed CLL as a single agent where it 

has a 79% and 20% overall and complete response rate, respectively  (Roberts  et al, 2016). Of 

note, Venetoclax seems successful even with high-risk patients such as carriers of 17p deletion 

and unmutated IGHV genes. Since BCL2 over-expression is of importance to CLL cell survival by 

preventing apoptosis (Tzifi et al, 2012), its inhibition is an attractive therapeutic option.
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Protein Tyrosine Kinases are a family of proteins that often participate in cellular signaling for which 

there are various small molecular inhibitors available due to the attractive binding pockets used 

(Rosenthal, 2017; Zhang et al, 2009). Drugs of this class constitute some of the most earlier and 

successful  targeted  treatments  of  leukaemia  (Druker  &  Lydon,  2000).  For  CLL,  inhibitors  of 

Phosphoinositide 3-kinases (PI3Ks) complex Idelalisib  (Furman  et al, 2014; O’Brien  et al, 2015) 

and Duvelisib  (Flinn  et al, 2018) are available for the treatment of relapsed disease. Moreover, 

Bruton’s Tyrosine Kinase (BTK) inhibitor Ibrutinib has been approved for the treatment of relapsed 

CLL as  well  as  first-line  therapy for  patients  which  require  treatment  and have been recently 

diagnosed (Farooqui et al, 2015; O’Brien et al, 2018; Burger et al, 2014). BTK acts at the centre of 

the signalling cascade of the B cell receptor, where it conducts signalling that eventually manifests 

largely as pro-proliferative, pro-inflammatory and therefore contributing to the malignant phenotype 

(Forconi  et al, 2010). By inhibiting this protein in a covalent, permanent way, ibrutinib effectively 

stops BCR signalling within days of administration  (Herman  et al, 2014). Recent studies aim to 

enhance the efficacy of ibrutinib by combining it with approved drugs for CLL (Burger et al, 2019).

An  important  aspect  of  most  cancer  treatments,  particularly  of  targeted  treatments,  is  the 

acquisition of resistance to treatment over time (Zhang et al, 2009). Due to the nature of targeted 

treatments to focus on one (or a few) specific molecular entities, the acquisition of genetic mutation 

conferring resistance to the treatment is a clinical reality. To combat this, targeted treatments are 

often administered in combinations. One reason is that the usage of a combination can create an 

additive or synergistic effects regarding killing of cancer cells, but also that a single mutation that 

could confer resistance to all the effects of the combination treatment is extremely unlikely (Dancey 

& Chen,  2006;  Zhang  et al,  2009).  Successful  drug combinations in  CLL include Fludarabine, 

Cyclophosphamide and Rituximab (FCR) (Tam et al, 2008) or Ibrutinib and Obinutuzumab (Moreno 

et al, 2019).

Steroids as co-adjuvants and palliative care
Steroid drugs such as the glucocorticoid prednisone and corticosteroids methylprednisolone and 

dexamethasone are also an important part  of  treatment for  CLL patients.  Administered in high 

doses to high-risk patients relapsing from chemotherapy agents (e.g. patients with TP53 mutation 

treated with purine analogs), they can cause quick remission (Burger & Montserrat, 2013). This is 

however  not  a viable long-term solution,  but  such treatment regiments are often used prior  to 

allotransplantation to increase the odds of success. Another common use of steroid drugs in CLL is 

as palliative care. This can be administered as relief for pain and physical stress caused by the 

accumulation of  CLL cells or  administered jointly with chemotherapeutic drugs to induce some 

relief from side-effects (Pufall, 2015).
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Immunotherapy
An emerging type of  therapy for  cancer  are  treatments  which help  the patient’s  own immune 

system fight the malignant cells – while diverse approaches are being pursued in this area, the 

general class of treatment is called Immunotherapy.

One major class of immunotherapy drugs are immune checkpoint inhibitors (Pardoll, 2012). These 

drugs work by blocking cell surface receptors with immunological activity such as the Programmed 

cell  death  protein  1  (PD-1)  and  its  ligand  PD-L1.  Interaction  between PD-1 and PD-L1  is  an 

immune checkpoint that guards against immune cell activation and thereby prevents autoimmunity 

(Darvin et al, 2018). However, several cancer types hijack this as a way of suppressing the action 

of  the  immune  system  (Park  et  al,  2018).  While  immune  checkpoint  inhibitors  are  rapidly 

developing and successful anti-cancer therapies, none has yet been approved for clinical treatment 

of CLL.

Another class of treatments that also rely on the immune system are chimeric antigen receptor T 

cells (CAR-T cells). This approach uses T cells that are artificially engineered to express a receptor 

that targets a specific protein epitope  (Eshhar  et al,  1993; Turtle  et al,  2016; Park  et al, 2016; 

Abken  et al, 2012). In CLL, CAR-T cell immunotherapy has had some early success, with high 

short-persistent and activity of the cells in the recipients (Brentjens et al, 2011) or in punctual cases 

an effective  curative outcome  (Bagg & June,  2016).  Despite this,  acute toxicity  due to strong 

cytokine release as well as the high costs and logistics involved in the application of the therapy 

have so far prevented the broad adoption of CAR-T cell therapy for CLL. In addition, mechanisms 

of resistance and factors contributing to the success of CAR-T therapy in CLL have been described 

(Ninomiya et al, 2015; Fraietta et al, 2018), revealing that no unique therapeutic option for CLL is 

likely to work as a “silver bullet” for all patients. Rather, close monitoring, combination therapies, 

personalization  of  drug  indications,  and  continuous  research  are  the  path  to  follow  for  ever-

improving clinical care of CLL patients.

Aims of this thesis
The main aims of this thesis were: 1) to evaluate the practical feasibility and scientific value of 

epigenome and single-cell transcriptome profiling in primary human CLL samples in large scale; 2) 

to understand the regulatory basis of CLL during its progression and treatment; 3) to explore the 

use of high-dimensional analysis methods including machine learning for patient stratification and 

disease  monitoring;  4)  to  discover  biologically  meaningful  multivariate  biomarkers  of  disease 

subtypes and response to treatment  that  can be used for  differential  diagnosis  and treatment 

monitoring of CLL.
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Results

Manuscript #1

The following section contains the manuscript entitled “Chromatin accessibility maps of chronic 
lymphocytic leukaemia identify subtype-specific epigenome signatures and transcription regulatory 
networks”, which has been published in Nature Communications: 

André F.  Rendeiro,  Christian  Schmidl,  Jonathan  C.  Strefford,  Renata  Walewska,  Zadie  Davis, 
Matthias Farlik, David Oscier & Christoph Bock (2016).  Chromatin accessibility maps of chronic 
lymphocytic leukaemia identify subtype-specific epigenome signatures and transcription regulatory  
networks. Nature Communications (2016). doi:10.1038/ncomms11938
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Manuscript #2

The following section contains the manuscript entitled “Chromatin mapping and single-cell immune 
profiling define the temporal dynamics of ibrutinib drug response in chronic lymphocytic leukemia” 
which is available as a preprint in bioRxiv: 

André  F.  Rendeiro,  Thomas  Krausgruber,  Nikolaus  Fortelny,  Fangwen  Zhao,  Thomas  Penz, 
Matthias Farlik, Linda C. Schuster, Amelie Nemc, Szabolcs Tasnády, Marienn Réti, Zoltán Mátrai, 
Donat Alpar, Csaba Bödör, Christian Schmidl, Christoph Bock. Chromatin mapping and single-cell  
immune profiling define the temporal dynamics of ibrutinib drug response in chronic lymphocytic  
leukemia. Nature Communications (2020). doi:10.1038/s41467-019-14081-6
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Discussion

General discussion of results

A landscape of chromatin accessibility for the stratification of CLL

The large map of chromatin accessibility produced allowed us to uncover a previously unknown 

dynamic layer of regulation in cancer cells between different patient samples. The observation that 

distal  regulatory elements of genes related to B cell  functions tend to have higher variance in 

chromatin accessibility than their promoters highlights the high complexity of the human genome 

and  reveals  a  layer  of  genetic  regulation  that  warrants  further  investigation.  In  that  view,  the 

inference of gene regulatory networks specific to disease subtypes differing on IGHV mutation 

status has brought to light an intricate layer of the regulatory landscape mediated by the binding of 

transcription  factors  to  DNA.  While  we  uncovered  a  tight  core  network  active  across  CLL 

lymphocytes, the comparison of the subtypes of the network highlighted differential transcription 

factor activity and its downstream effects for many genes with functions in cellular proliferation, 

signaling and immune processes, related to specific differences between the two IGHV groups.

The observation that the IGHV mutation status dominated the landscape of variation of CLL comes 

in agreement with previous observations in other individual layers of gene regulation such as DNA 

methylation  (Kulis  et  al,  2012,  2015;  Oakes  et  al,  2016) and  transcription  (Klein  et  al,  2001; 

Rosenwald  et al, 2001; Ferreira  et al, 2014), and more recently across layers of the regulatory 

landscape such as chromosomal conformation (Beekman et al, 2018) or profiles of drug sensitivity 

(Argelaguet  et al, 2018). The impact of IGHV mutation and the likely differentiation state of CLL 

cells has not only a strong impact from the regulatory perspective but also clinically, as it is an 

independent prognostic marker for CLL (Hallek et al, 2018) affecting progression-free and overall 

survival even in the context of modern targeted treatment (Farooqui et al, 2015).

The importance of IGHV for prognostication of CLL, the fact that it had such a clear effect on the 

chromatin of CLL lymphocytes, along with being a routinely collected clinical variable of tangible 

importance made IGHV status an ideal case for the application of machine learning. Our Random 

Forest classifier approach was successful in learning highly predictive feature weights that could 

both immediately reveal insights into the underlying biological wiring of the two CLL subtypes while 

also providing proof-of-principle of the use of chromatin accessibility in the classification of patient 

samples for differential diagnosis and prognostication through patient stratification.

Taking together, our analytical framework revealed itself a promising and generalizable approach to 

balance discovery and interpretation of  high dimensional data in precision medicine.  While the 
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unsupervised learning of a reduced chromatin space jointly for all patient samples seeks to identify 

all  important  factors  governing  variation  between  samples,  the  supervised  learning  of  clinical 

variables  lends itself  to  biological  interpretation  and generates  a  model  capable  of  classifying 

unseen samples in the future.

Our study of the chromatin landscape in CLL therefore demonstrates the technical feasibility of 

profiling  large  numbers  of  primary  patient  samples  previously  cryopreserved  and  biobanked 

thereby  opening  the  prospect  of  using  chromatin  profiling  assays  for  clinical  tasks  such  as 

diagnosis, patient stratification, treatment recommendation and disease monitoring.

Deriving markers and models for the monitoring of CLL treatment

The goal of our analysis of immunological, regulatory and transcriptional changes of six immune 

cell types of patients undergoing ibrutinib therapy, was to understand the effects of this targeted 

treatment on the immune system and to derive computational models to predict and monitor the 

response to therapy over time. For this reason, we employed unprecedented depth (provided by 

the  multiple  orthogonal  assays,  particularly  the  single  cell  transcriptome)  and  breadth  (in  the 

number of profiled cell types and timepoints) in the characterization of the dynamic response to 

therapy.

The  transcriptional  landscape  of  ibrutinib  treated  CLL was  characterized  by  large  changes  in 

transcription of genes related with pro-proliferative signaling pathways. In addition to bioinformatic 

gene expression analysis for single cells, we used the dataset to infer copy number variants in 

single cells. While we discovered interesting changes in the abundance of cells carrying specific 

chromosomal aberrations within patients along time, these did not always display a transcriptional 

profile that showed evidence of adaptation to ibrutinib treatment. This is likely related to the fact  

that the diversity of cells under analysis is rather low compared with the number of cells in the 

patients and likely to suffer from grave undersampling, which highlights the need for assays that 

can capture even higher number of single cells per sampling point per patient.

The analysis of chromatin accessibility changes during ibrutinib treatment of CLL revealed early 

reduction of inferred NFKB binding to chromatin, consistent with its established role in activating 

gene expression  following BCR stimulation.  The dense temporal  profiling  along the course of 

treatment allowed us to uncover of changes over the course of treatment, where we observed 

massive downregulation of regulatory elements usually bound by transcription factors that have 

important functions in establishing and maintaining B cell identify. The fact that inhibition of BCR 

leads to erosion of cellular identity in primary human lymphocytes, speaks to the tight connection 

between  cellular  signaling  and  maintenance  of  cellular  identity  through  genetic  regulation, 

95/115



Stratification and monitoring of chronic lymphocytic leukemia André F. Rendeiro
with high-dimensional molecular data and computational methods

something that we also found reinforced by analyzing the expression of B cell and CLL-specific 

surface protein markers.

Our comprehensive analysis of transcriptional and regulatory changes across multiple cell types 

showed specific changes as well  as shared patterns.  In particular,  a quiescence-like signature 

comprising 165 genes was upregulated over time in CLL cells, but also in other cell types, with 

CD8 T cells being the second-most affected. While the cause of such general cross-cell type effect 

are likely due to off-target effect of ibrutinib on other TEK-family kinases, the biological and clinical 

implications remain to be explored. For example, ibrutinib may be contributing to the impairment of 

the  cytotoxic  action  of  CD8  T  cells  on  the  CLL  cells,  particularly  at  a  point  where  the 

immunosupressive  phenotype  of  CLL  cells  is  lowered.  While  the  discovered  signature  was 

validated in an external cohort of CLL patients undergoing ibrutinib treatment, further investigation 

on  the  functional  consequences  of  potential  ibrutinib  off-target  effect  healthy  immune  cell 

compartments is needed.

The discovery of a signature capable of quantifying the patients progression through the spectrum 

of molecular response to treatment, encouraged us to develop a regression model powered by 

robust regularization techniques in machine learning that leverages on the high dimensionality of 

the single cell dataset. While the model largely captured the global trend of response to ibrutinib 

across patients, it was also capable of positioning each patient in light of the other’s position in the 

response spectrum, thus quantifying the relative difference between responses at a given sampled 

time.  This  difference  corresponded  to  observed  values  of  CLL cells  reduction  at  day  120  of 

treatment, in an internal validation of the model.

This study highlights the power of high-dimensional assays to characterize changes in cancer cells 

and  the  immune  system  at  a  regulatory  and  transcriptional  level  but  also  the  importance  of 

longitudinal profiling particularly in chronic disease. The development of adequate computational 

methods to monitor and predict  the response of each patient to treatment is probably its most 

direct contribution towards the development of multivariate markers and models for the monitoring 

of CLL.

Conclusions and future prospects
Our work establishes the use of large-scale high-dimensional assays in primary human samples of 

leukemia patients in a clear path towards the genome-aware, data-driven, personalized treatment 

and understanding of chronic disease.

In the future, for CLL as well as other chronic diseases, the availability of dense high-dimensional 

longitudinal data for high numbers of patients will enable the positioning of the patient as the unit  
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for learning as opposed to the contemporary situation where a specific sample at a given time is 

the unit. In that situation, the goal shifts towards learning the full trajectory of the patients based on 

longitudinal  sampling as early  as the time of  diagnosis,  through the disease progression,  and 

treatment. Examples of similar approaches that leverage on large amounts of dense longitudinal 

data are rare but a few examples are appearing, albeit in the context of clinical trials (Zhou et al, 

2019; Schüssler-Fiorenza Rose et al, 2019), and not routine clinical sampling.

Equally important for the success of such data gathering endeavors will  be the aggregation of 

clinical  metadata  and  the  combination  of  orthogonal  assays  that  profile  for  example  several 

modalities of gene regulation and expression that characterize the current cellular states, but jointly 

rich phenotypes such as sensitivity to an array of drugs (Dietrich et al, 2018; Schmidl et al, 2019).

Pairing this wealth of dense longitudinal and high-dimensional data with computational models that 

have high predictive power at the same time being readily interpretable, while not unprecedented 

(Argelaguet  et  al,  2018),  is  however  a  challenge.  If  done  in  a  generative  and  probabilistic 

framework (unsupervised or explicitly modeled), such models could generate potential outcomes 

for a future of a new patient with the intent of helping physicians have a genome-aware decision 

process that can reveal the reasoning of its decision based on tangible biological and clinically 

interpretable factors.

While this vision may take time to materialize, I consider the work of this thesis a step towards 

genome-centric, data-driven, personalized treatment and understanding of chronic disease.
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