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ABSTRACT 

Antonella Santoro 

Niche disturbances in Chronic Lymphocytic Leukaemia affect HSC 

residency and drug resistance 

Chronic lymphocytic leukaemia (CLL) is an indolent B cell malignancy infiltrating 

the lymphatic system and invariably the bone marrow (BM). Although treatment 

options for patients with advanced disease have significantly increased in the past 

years and improved life-expectancies, the disease remains incurable and after 

emergence of therapy resistant disease patients succumb to infections due to 

secondary BM failure. Survival of CLL cells depends on protein kinase C-b (PKCb) 

expressed in activated BM mesenchymal stromal cells (BM-MSCs) which display 

activation of inflammatory pathways, as well as BM endothelial cells (BMEC) 

(Lutzny et al., 2013). This activation provides a nurturing environment, which not 

only contributes to disease progression, but likely also disrupts normal 

haematopoiesis, leading to insufficient blood production.  

I hypothesised that disease-induced alterations in the tumour microenvironment 

of CLL cells contribute to BM failure by skewing hematopoietic stem and progenitor 

cell (HSPC) fate choice commitments and tissue residency. In my study, the 

analysis of the peripheral blood (PB) of 67 patients with predominantly early stage 

CLL revealed that short term (ST) HSCs and Common Myelo-Erythroid Progenitors 

(CMP/MEPs) are found in higher frequencies and are associated with a skewed 

differentiation into myeloid cells in vitro and progenitor cells are less likely to 

produce erythrocytes. These findings provide evidence for the mechanisms 

underlying BM failure in patients with CLL. 

Our current knowledge of how malignant B cells interact with stromal cells within 

the BM microenvironment is limited. I hypothesised that BMEC play a fundamental 

role in nurturing malignant B cells during disease progression. In a murine model 

for CLL, I identified that malignant B cells home preferentially to the BM in close 

proximity to EC, and during disease progression, sinusoidal, but not arterial 

vessels, upregulate the stem cell marker, SCA1. RNAseq analyses of the 

remodelled sinusoids revealed activation of inflammatory and cytokine regulation 

pathways. 
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In lymphoid malignancies, minimal residual disease (MRD) in the BM has 

prognostic value to predict disease relapse after patients received chemotherapy, 

suggesting the BM microenvironment is not only important for disease progression, 

but also plays an essential role for chemoresistance.  

Our lab recently demonstrated that BM-MSCs contribute to drug resistance via 

PKCb mediated activation of lysosomes, which is required for tumour-stroma cell 

interactions (Park et al., 2020). However, it still is unclear which type of stromal 

cells are involved in this environment mediated drug resistance (EMDR) 

mechanism. I hypothesised that BMEC are the main drivers of EMDR in CLL and 

dependent on the activation of PKCb. My results show indeed that BMECs activate 

lysosome production as a drug resistance mechanism and these effects are 

mitigated by pharmacological inhibition of PKCb. Malignant B cells are found in 

close proximity to EC after treatment, suggesting the endothelial niche provides a 

sheltering from the action of cytotoxic drugs. In vitro experiments demonstrated 

that pharmacological inhibition of PKCb sensitises CLL to the action of cytotoxic 

therapies.  

Overall the two projects carried out during my PhD have provided novel insights; 

first revealing that the disease-induced inflammatory environment could affect 

normal blood production in patients, and second that BMECs become remodelled. 

This reprogramming of BMECs is likely to play a fundamental role in the process 

of EMDR. Results from my work are important to improve current therapies for 

patients with CLL as well as the prevention of BM failure. 
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1 INTRODUCTION 

 CLL pathogenesis 

Chronic lymphocytic leukaemia, herein referred as CLL, is a B cell malignancy of 

mature clonal B lymphocytes accumulating in the blood (PB), lymphoid tissues 

(lymph nodes-LN and spleen-SPL) and bone marrow (BM), accounting for 40% of 

all adult leukaemias (SEER 1975-2010). The World Health Organisation 

classification scheme considers CLL and Small Lymphocytic Lymphoma, a nodal 

variant of CLL, to be mature B cells neoplasms (Campo et al., 2011). 

Malignant B cells express several B cell surface markers that are widely used for 

their identification, such as CD19, CD23 and weak expression of CD20 (Matutes et 

al., 1994) . In addition, CLL cells aberrantly express the CD5 antigen, which is 

mainly expressed on T cells. This immunophenotype makes CLL distinguishable 

from other B-cell derived tumours.  

The disease development is often preceded by an asymptomatic stage called 

monoclonal B cell lymphocytosis (MBL) in which CLL like cells are found in the PB. 

In this pre-leukemic state of the disease, where patients are asymptomatic, 

proliferation of clonal B cells is observed, with circulating numbers <5,000/mL 

(Marti et al., 2005). The MBL status can eventually develop into CLL disease due 

to the progressive accumulation of mutations, epigenetic changes and extrinsic 

environmental factors (Strati and Shanafelt, 2015). The progression into CLL 

disease occurs in 1-2% of individuals with MBL per year (Rawstron et al., 2008). 

Many CLL patients are diagnosed without symptoms as the result of a routine blood 

test. However, as the disease advances, CLL patients frequently show 

constitutional clinical features such as fatigue, fever, weight loss, 

lymphadenopathy, hepatomegaly, splenomegaly and recurrent infections. Patients 

also display various types of cytopenia, on which the different stages of the disease 

can be classified. In the Binet stratification, the prognostic stages of CLL are 

differentiated based on the infiltration of malignant B cells in lymphoid tissues and 

other organs and presence of cytopenia. Stage A is characterised by involvement 

of less than three lymph node areas, absence of anaemia and thrombopenia. In 

stage B three or more areas are infiltrated (counting as one each of the following: 

axillary, cervical, inguinal, lymph nodes, whether unilateral or bilateral, spleen and 

liver) with absence of anaemia or thrombopenia. Patients in  Stage C present with 
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anaemia (Hb less than 10 g) and/or thrombopenia (platelets less than 

100,000/mm3) (Binet et al., 1981; Rai et al., 1975; Rozman and Montserrat, 

1995).  

Historically CLL has been classified into two main clinical subgroups based on the 

presence (IGHV-M) or absence of mutations (IGHV-UM) in the Ig heavy chain 

variable region genes (Damle et al., 1999; Hamblin et al., 1999). The IGHV 

unmutated CLL subgroup is characterised by predominance of B Cell Receptors 

(BCRs) with low affinity and poly- or self-reactivity, presence of high-risk genetic 

lesions and propensity to undergo clonal evolution. These features are often 

correlated with a poor prognosis. In contrast, the IGHV mutated CLL subtype 

displays oligoreactive or monoreactive BCRs, is associated with low-risk genetic 

lesions and a low degree of clonal evolution, confering a favourable outcome in 

patients at diagnosis (Figure 1). 

 

Figure 1 Mutational status of the Ig genes in CLL disease Different features of CLL cells in mutated and un-

mutated status are shown. On the left, features of unmutated (UM) Ig heavy chain variable (IGHV) regions are 

described. This subgroup associates with poor prognosis and BCR self-reactivity. On the right the characteristics 

of mutated (M) IGHV are shown. This subgroup is associated with a good prognosis and oligo- or mono- reactive 

BCR.  Adapted from (Fabbri and Dalla-Favera, 2016) 

More recently with improvements in Next Generation Sequencing (NGS) 

techniques this molecular classification has been implemented and the high 

heterogeneity that characterises CLL been revealed, allowing to link chromosomal 

abnormalities to targeted mutations and associate them with clinical outcome.  

IGHV-UM CLL
(40%)

IGHV-M CLL
(60%)

BAD GOODIllustration of mutated and unmutated status of Ig 

genes in CLL removed for copyright reasons. 

Copyright holder is Giulia Fabbri and Riccardo Dalla 

Favera. 
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At present, it is estimated that 83% of patients survive 5 years or longer after 

being diagnosed with CLL disease (SEER 1975-2010). Historically, the most 

aggressive forms of the disease are either associated with resistance to 

Fludarabine, or in cases where the disease transforms into Richter’s Syndrome 

(RS) which occurs in 0.5-1% of patients per year (Parikh et al., 2013), an 

aggressive form of clonally related lymphoma, which in 90% of RS cases is Diffuse 

Large B Cell Lymphoma (DLBCL) (Rossi and Gaidano, 2016; Stilgenbauer and 

Zenz, 2010). Cases with DLBCL that are clonally related  (displaying the same Ig 

rearrangements) to the preceding CLL phase result in poor prognosis, with a 

median survival of approximately 12 months(Condoluci and Rossi, 2021) and 

present resistance to chemoimmunotherapeutic combinations and tyrosine kinases 

inhibitors. The lack of in vitro and in vivo models complicated the progress in drug 

testing and experimental studies. Thus far, only a few models for RS have been 

established. Schmid et al, describe the generation of a cell line, U-RT1, derived 

from a proliferative RS clonally related to the patient’s underlying CLL. U-RT1 

mirrors morphology and immunophenotype of DLBCL and presents the 

characteristic karyotype of RS, such as loss of TP53 and CDKN2A, and a 

chromosomal gain in the NOTCH1 locus, making this cell line a representative and 

useful model for the majority of RS cases (Schmid et al., 2021). A few attempts 

to model Richter transformation in mouse have also been recently investigated. 

Deploying a previously described mouse model for human CLL, whereby 

autologous T cells are co-transplanted with CLL cells into nonobese 

diabetes/severe combined immunodeficiency/γcnull mice (Bagnara et al., 2011a), 

Roosbroeck et al, successfully transplanted patient-derived CLL cells, which 

reconstituted tumours with a higher proliferation rate compared to CLL, and 

recapitulated the expression profile of miR26-a and miR-150 in a similar fashion 

to what observed in Richter transformation. The authors hypothesise this model 

could partially resemble the functional phenotype or RS (Roosbroeck et al., 2019), 

although does not fully represent the genomic characteristics of Richter 

transformation. Recently, two patient derived xenograft models of RS have been 

generated. Highly purified CLL cells were transplanted subcutaneously into NSG 

immunocompromised recipient mice and following primary engraftment, were 

propagated and reimplanted for a minimum of 10 passages. The resulting tumours 

maintained a close relationship with the primary Richter syndrome clone, 

presenting the respective primary Richter tumour phenotype, Ig mutations, and 

similar chromosomal abnormalities. Interestingly, genetic profiling evidenced the 
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acquisition of clonal mutations that were subclonal in the primary tumours, such 

as BTK (Vaisitti et al., 2010). Overall, considering the low availability of primary 

samples, such models for RS are crucial to study molecular state of RS and serve 

as good preclinical models to identify and validate novel therapies and therapeutic 

combinations.  

Advancements in drug discovery have led to the recent introduction of compounds 

targeting the BCR signalling pathway. Between these, Ibrutinib, an irreversible 

inhibitor of Burton Tyrosine Kinase (BTK) and Idelalisib, an inhibitor of the PI3K 

catalytic subunit-δ, have been shown to be highly effective in untreated as well as 

relapsed CLLs, including high-risk cases (Brown et al., 2014; Burger et al., 2015; 

Byrd et al., 2013, 2014; Farooqui et al., 2015; Furman et al., 2014; O’Brien et al., 

2015). Although these new therapies are shown to be effective in most patients, 

disease progression can occur in patients acquiring additional mutations, altering 

the drug-target structure or bypassing the targeted protein (Byrd et al., 2015; 

Maddocks et al., 2015). 

Patients progressing on BCR inhibitors are characterized by a very poor outcome 

and may be good candidates for alternative promising agents such as Venetoclax 

(ABT-199). ABT-199 is an orally available, selective inhibitor of the anti-apoptotic 

BCL-2 protein, the levels of which are constitutively high in CLL cells and other 

lymphoid malignancies owing to genetic alterations, independent of chromosomal 

translocations or alternative mechanisms (Majid et al., 2008; Souers et al., 2013).  

A phase I clinical trial performed in 2014 demonstrated ABT-199 had high rates of 

activity in relapsed/refractory CLL and Non Hodgkin Lymphoma (NHL), without 

observing dose-dependent thrombocytopenia (Ng and Davids, 2014) (an adverse 

effect associated with other non-specific BCL-2 inhibitors (Roberts et al., 2012; 

Wilson et al., 2010)). Later, a phase 1 dose-escalation study on pre-treated 

relapsed and refractory CLL and SLL achieved a 79% overall  response rate to ABT-

199 treatment, with complete remission in 20% of the patients in the cohort, 

including 5% with no minimal residual disease detectable (Roberts et al., 2016a).  

In 2019, Venetoclax was approved by the FDA for the treatment of patients with 

CLL.  

Despite the recent breakthrough of these new promising therapies, malignant B 

cells invariably acquire the capacity to become resistant to targeted therapies, 

rendering CLL a non-curable disease. 
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1.1.1 CLL cell of origin  

CLL as well as other lymphoid malignancies present monoclonal immunoglobulin 

or T cell receptor gene rearrangements, suggesting their origin after cells that have 

already committed to the lymphoid lineage. It is also well known that lymphoid 

cells preserve the property to perpetually self-renew, to respond effectively to 

external stimuli (Fearon et al., 2001; Kaech et al., 2002). Lymphoid leukaemia 

initiating cells are composed of multiple genetic subclones, and are therefore more 

prone to accumulate genetic abnormalities (Anderson et al., 2011; Notta et al., 

2011a). Therefore, owing to these properties of lymphoid cells, the involvement 

of HSCs in their leukemic transformation, was not fully investigated. On the other 

end, it is well accepted that myeloid malignancies originate from self-renewing 

HSC that acquire genetic abnormalities and undergo transformation into leukemic 

stem cells, while losing their ability to differentiate (Cw et al., 2003; Huntly et al., 

2004).   

This paradigm has been challenged based on the observation that CLL-derived 

HSPCs (CD34+CD38- and CD34+CD38+CD90+ LT-HSCs) displayed lymphoid-

lineage differentiation bias in xenotransplantation models and CLL-HSC-derived 

CD19+ B cells in the BM frequently co-expressed CD5, a characteristic of de novo 

human CLL cells. Interestingly, CLL-derived HSC generated polyclonal B cell 

progenitors (proB), but a mature B cells progeny with monoclonal or oligoclonal 

IGH rearrangement, suggesting that clonal selection of B cells occurred even in 

xenogeneic recipients, and clonal selection in these mature progenitors occurred 

in a stochastic manner (Kikushige et al., 2011). Moreover, these lymphoid-primed 

haematopoietic progenitors were karyotypically normal, suggesting that the 

chromosomal abnormalities are acquired at the mature B cell stage. This study 

using a xenotransplantation model recapitulated the progression to the MBL phase 

and supports the hypothesis that genetic alterations present in HSPC might play a 

role in amplified B cell differentiation resulting in production of a high number of 

polyclonal B cells carrying the same genetic aberrations. B cell clones are selected 

and expanded in response to BCR signalling driven presumably by xeno-antigens, 

simulating progression of MBL. Additional abnormalities such as aberrant 

karyotypes might play a role in progression from MBL into human CLL (Figure 2). 
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Figure 2 Human CLL originates from aberrant haematopoietic progenitors In this schematic a summary 

of the findings from Kikushige et al., 2011 is represented. HSC (Haematopoietic Stem Cells) from patients with 

CLL acquire primary mutation events and present with a lymphoid lineage differentiation bias when transplanted 

into immunodeficient recipients. The lymphoid progenitors originated in the recipient animals are polyclonal, but 

the mature B cell progeny undergoes a clonal selection process where, the mature B cell pool is mono- or 

oligoclonal. The mouse model used in the study can only recapitulate this clonal expansion of B cells, defined as 

MBL phase. The authors speculate that further oncogenic events and chromosomal abnormalities are required for 

the transformation into CLL. Adapted from (Kikushige et al., 2011) 

Subsequently, the hypothesis that genetic alteration in HSC might contribute to 

the establishment of the pre-leukemic state and ultimately to CLL, was supported 

by genetic studies where whole-exome sequencing analysis was performed on PB-

derived CLL-HSPCs. Mutations detected in the CD34+ progenitor fraction, identified 

genes already known to be mutated in CLL, other hematologic malignancies, or 

even in other cancers, supporting their active role in transformation. Between 

these, mutations in known lymphoid oncogenes such as in NOTCH1 (8.9%), SF3B1 

(16.1%), TP53 (8.3%), XPO1 (8.3%), BRAF (3.6%) were found(Damm et al., 

2014). Missense mutations in EGR2 and inactivating mutation in NFKBIE were also 

observed at high frequencies, in 8.3% and 10.7% of patients respectively (Damm 

et al., 2014) (Figure 3). Interestingly, 50% of the patients analysed presented 

with at least one of these mutations.  

Illustration of cell of origin of CLL removed for copyright reasons. Copyright 

holder is Yoshikane Kikushige.   
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Figure 3 Acquired mutation in CLL derived haematopoietic progenitors. This Figure is adapted from 

(Damm et al., 2014). On the left panel, the list the frequencies of recurrent mutations assessed via Sanger 

sequencing of the mutational hotspots of the selected genes in a cohort of 168 patients with CLL is shown. A total 

of 113 mutations were identified in 84 patients and 84 of 168 patients presented with at least one mutation of 

this 9 genes panel. In the panel on the right, the word cloud is an alternative representation and indicates the 

mutation most found in CLL derived haematopoietic progenitors.   

In Figure 4 the diagram summarises the current model, identifying the cell of origin 

and progression of clones that develop into CLL disease. Abnormalities in 

hematopoietic progenitors and lymphoid differentiation bias are an early step 

during CLL pathogenesis.  

The mature differentiated progeny of lymphoid progenitors, mostly polyclonal, 

undergoes aberrant expansion  pre- or post-germinal centre, giving rise to either 

un-mutated or mutated clones, respectively (Seifert et al., 2012), with features 

resembling monoclonal B cell lymphocytosis (MBL). Additional genetic and 

epigenetic alterations, B cell receptor activation and microenvironmental 

stimulation will contribute to give rise to the CLL clones that will develop into 

disease.  
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Figure 4 Cells of origin of Chronic Lymphocytic Leukaemia The schematic summarises the current paradigm 

of CLL pathogenesis. CLL may originate at the stem cell stage, as suggested by the presence of recurrent 

mutations at this stage. Additionally, lymphoid primed CLL-HSC originate a polyclonal B cell progeny and the 

mature B cell population, monoclonal or oligoclonal, will undergo clonal selection and expansion. Mature B cells 

from Germinal Centres present with mutated IGHV, whereas pre-germinal centre B cells will present unmutated 

IGHV. At this stage, the mature B cell pool resembles features of monoclonal B cell lymphocytosis (MBL). 

Additional genetic and epigenetic lesions will contribute to give rise to monoclonal CLL. Adapted from (Fabbri and 

dalla-Favera, 2016). 
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Illustration of CLL cell of origin removed for copyright reasons. Copyright holder 

is Giulia Fabbri and Riccardo Dalla Favera.  
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1.1.2 Recurrent lesions and mutations 

The most common alterations found in CLL disease are chromosomal 

abnormalities, in association with other mutations that are also prognostic 

indicator of disease progression and survival. These alterations are harboured in 

mature B cells that undergo aberrant proliferation. The more recent advancement 

of NGS and Genome Wide Association Analysis (GWAS) techniques has further 

increased our knowledge by providing a detailed genetic landscape of this disease, 

represented in Figure 5. 

 

Figure 5 The genetic landscape of Chronic Lymphocytic Leukaemia Adapted from (Fabbri and Dalla-Favera, 

2016). The histogram depicts the percentage of CLL patients harbouring CLL associated genetic lesions with a 

frequency >=1.5%. Red and blue lines highlight most common and prognostically relevant alterations found in 

patients.   

The most frequent genetic lesion found in CLL (50 to 60% of the cases) is the 

deletion of the 13q14 chromosomal region. This deletion leads to the inactivation 

of the microRNA cluster MIR15A/16-1 that results in autonomous B cell 

proliferation (Döhner et al., 2000a; Klein et al., 2010). This type of alteration is 

normally associated with a favourable prognosis.  Trisomy of the chromosome 12 

is found in 15% of the patients (Del Giudice et al., 2012a) and is associated with 

a poor prognosis of the disease. Interestingly trisomy 12 is often associated with 

NOTCH1 mutations (around 40% of NOTCH1 mutated CLLs cases carry trisomy 

12) (Del Giudice et al., 2012b; Puente et al., 2015; Wang et al., 2011) . Mutations 

in the coding regions of the NOTCH1 sequence were reported in 10% of patients 

with CLL(Fabbri et al., 2011; Landau et al., 2013, 2015a; Puente et al., 2011, 

2015; Quesada et al., 2011). Mutations in the 3’ untranslated region (UTR) of 

Mutations
Chromosomal 
aberrations

Histogram of common mutation in CLL removed for copyright reasons. 

Copyright holders are Giulia Fabbri and Riccardo Dalla Favera 
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NOTCH1, leading to truncation of the PEST domain(Puente et al., 2015),  increases 

the stability of its intracellular portion (ICN) that acts in the nucleus, where it 

increases target genes expression of pro-survival and antiapoptotic pathways 

(Kopan and Ilagan, 2009; Maura et al., 2015; Rosati et al., 2009; Weng et al., 

2004). In these cases CLL cells more commonly transform into RS, an aggressive 

variant of the disease, characterised by a rapid disease progression and resistance 

to conventional chemotherapies (Del Giudice et al., 2012a; Rossi and Gaidano, 

2016). 

Other chromosomal alterations include 11q22-23 deletions found in 20% of 

patients. It is a large and usually mono-allelic deletion (>20 Mb) that ablates the 

function of the tumour suppressor gene ATM, which encodes a protein whose 

function is crucial for cellular response to DNA damage(Shiloh and Ziv, 2013). 

Mutations in SF3B1 are present in 10% of cases, mainly of unmutated CLL 

subgroup and are also associated with 11q deletion (Puente et al., 2015, 2011; 

Wang et al., 2011; Quesada et al., 2011; Cazzola et al., 2013; Landau et al., 2013, 

2015a). SF3B1 encodes a crucial component of the U2 snRNP and acts in the initial 

phases of RNA splicing(Shin and Manley, 2004). The most frequent alteration 

found in CLL is a missense mutation, K700E, in the C terminus of the protein and 

accounts for the 50% of all cases. Most of the mutations map to the inner structure 

of the C terminus of the protein, putatively affecting the interaction with RNA 

(Golas et al., 2003; Quesada et al., 2011). The functional consequences of SF3B1 

mutations are still poorly understood, but preliminary data suggested <200 altered 

transcripts carrying an abnormal 3ʹ splicing acceptor site in SF3B1-mutated CLL 

cases(Quesada et al., 2011). 

17p13 deletions are reported in less than 10% of untreated CLL cases, and they 

indicate loss of the tumour suppressor gene TP53 (Döhner et al., 2000b; Edelmann 

et al., 2012; Gaidano et al., 1991; Landau et al., 2015b). In 80% of these cases, 

the second allele of the gene carries a loss of function mutation. Both these 

chromosomal alterations are associated with poor prognosis, based on the 

progressive accumulation of additional genetic alterations and development of 

chemo-resistance (Stankovic and Skowronska, 2014). 
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 The Eµ-TCL1 transgenic model of CLL 

Xenograft preclinical models provide an invaluable tool to assess the efficacy of 

various pre-clinical compounds in lymphoid and myeloid malignancies. However, 

such models for CLL are difficult to reproduce, given the difficulty of propagating 

human CLL in vivo. This prompted the development of a murine system where 

hCLL could be modelled. The Eµ-TCL1 CLL model was generated by Bichi et al; and 

has been utilised to gain fundamental insights into CLL biology and its 

microenvironment.  

The TCL1 gene at 14q32.1 is involved in chromosomal translocation and inversions 

in mature T cell leukemias, and in transgenic animals with deregulated expression 

of TCL1. High levels of TCL1 are also found in human pre-B cells and mature B cell 

malignancies. Bichi et al therefore developed a transgenic model whereby TCL1 

expression was regulated by a Vh promoter Ig-H-Eµ enhancer to target TCL1 

expression to immature and mature B cells. As a result, mice develop an 

accumulation of the CD5+ population in the peritoneal cavity at 2 months of age, 

followed by further accumulation of this population in other lymphoid organs such 

as the spleen, and the BM at 5 and 8 months of age, respectively. Analysis of Ig 

gene rearrangements indicated monoclonality or oligoclonality in these 

populations, suggesting a preneoplastic expansion of CD5+ B cell clones, with 

elderly mice eventually developing a (CLL)-like disorder resembling human B-CLL 

(Bichi et al., 2002). This transgenic model resembles the progressive manifestation 

of CLL, as opposed to other models, such as New Zealand Black mice, mir-15a/16-

/-, and dnRAG1 knock-in mice, which develop an accumulation of CD5+ B cells, 

resembling MBL and an indolent form of CLL(Nganga et al., 2013). Furthermore, 

tumours from TCL1 transgenic mice are transplantable into syngeneic recipient 

without the need of recipient immunosuppression, avoiding any 

microenvironmental disruption.  

This model has been used in this study to investigate the BM microenvironment’s 

contribution to CLL progression, as well as being adopted as a preclinical model, 

as previous work demonstrated its translational relevance for the therapeutic 

efficacy of various compounds (Johnson et al., 2006).  
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 Haematopoiesis 

1.3.1 Normal haematopoiesis 

Haematopoiesis continuously replenishes the organism with all mature blood cells 

throughout life, during in homeostasis as well as in emergency states, making 

blood the most regenerative tissue in the body.   

The historical model for haematopoiesis sees the most primitive progenitors, 

haematopoietic stem cells (HSC) at the apex of a hierarchy, where they are able 

to generate identical daughter stem cells, as well as differentiate into committed 

progenitors that progress through the root of the tree, to finally reach terminal 

differentiation into mature blood cells (Figure 6). The level of heterogeneity within 

the pool of stem cells has been extensively studied, and it has become clear that 

it hosts different cellular subsets that differ in their capacity of self-renewal, cell 

cycling and differentiation properties (Baum et al., 1992; Bhatia et al., 1997; 

Laurenti et al., 2013, 2015; Majeti et al., 2007a; Notta et al., 2011b; Wilson et 

al., 2008).  

Xenotransplantation models are a useful tool used for decades to define self-

renewal properties of haematopoietic progenitors. Human HSCs were clustered 

into two multipotent subpopulations, based on blood repopulation capacities when 

transplanted into immunodeficient recipients. The separation of these two 

populations was possible via prospective isolation based on specific surface 

markers expression. Long-term HSC (LT-HSC), co-expressing CD90 and CD49f, 

were found to repopulate the murine haematopoietic system for over 30 weeks, 

whereas short-term HSC (ST-HSC), negative for the expression of CD90 and 

CD49f, are only transiently able to regenerate the blood, for up to 4 weeks post 

transplantation (Notta et al., 2011b). 
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Figure 6 Models of haematopoiesis. The diagram describes the surface markers expression defining human 

primitive and committed haematopoietic progenitors. Arrows indicate the trajectories from a more primitive to a 

committed progenitor. Dashed arrows indicate the uncertain connection between tree branches. HSC: 

Haematopoietic Stem Cell; MPP: Multipotent Progenitor; MLP: Myelo/lymphoid progenitor; B/NK: B/ Natural Killer 

progenitor; ProB: Pro B cell; ETP: Earliest Thymic Progenitor; GMP: Granulocyte/Monocyte Progenitor; CMP: 

Common Myeloid Progenitor: MEP; Myelo Erythroid Progenitor; Lin: cocktail containing cell surface markers for 

all terminally differentiated populations. Adapted from (Doulatov et al., 2012) 

The road leading to cell specification involves, at first, the loss of self-renewal 

capacity, followed by lineage commitment.  

Myeloid progenitors, CMPs, GMPs, and MEPs, were isolated based on the 

expression of IL-3 receptor a chain (CD123) or FLT3 (CD135), and CD45RA (Manz 

et al., 2002; Notta et al., 2011b). Myeloid, but not erythroid, progenitors express 

CD123 and CD135, and the CMP to GMP transition is marked by acquisition of 

CD45RA. Single CD135+CD45RA- CMPs produced all myeloid, but not lymphoid, 

lineages in vitro and following transplantation.  

Lymphoid progenitors comprising just 1% of CD34+ cells, are prospectively defined 

as CD34+CD38-CD90-/loCD45RA+. Prior analysis of this population did not reveal in 

vivo repopulating activity, indicating it was a more committed progenitor 

population (Majeti et al., 2007b). Not only do these show multi-lymphoid (B, T, 

and NK) potential, but were also found to possess myeloid, but not erythroid and 

megakaryocytic potential.  

Recent research adopting next generation sequencing techniques revealed the 

presence of lineage bias and early lineage choice in progenitors once thought to 

be multipotent (Laurenti and Göttgens, 2018), changing the historic view of the 

Illustration describing human haematopoietic stem cells hierarchy 

removed for copyright reasons. Copyright holder is Sergei Doulatov.  
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haematopoietic tree, revealing a dynamic behaviour of haematopoietic stem cells 

in homeostasis. A recent study combining flow cytometric, transcriptomic and 

functional data, at the single cell level, mapped early lineage commitment of BM 

derived HSC, evidencing the presence of a continuum of differentiation, rather 

than stepwise hierarchical process, that bypasses intermediate progenitor states 

(Velten et al., 2017). Transcriptionally, the so-called “primitive” Lin-CD34+CD38- 

compartment lacks the canonical hierarchical structure and reveals the presence 

of more than 10 distinct biological processes, such as cell cycle activation and 

lineage priming and these correlate to surface markers expression. Conversely, 

the Lin-CD34+CD38+ compartment, known to include mature progenitors, 

separates into clusters corresponding to distinct progenitors of all branches of 

haematopoiesis. Further analyses of the populations within these compartments 

revealed that HSC (within the Lin-CD34+CD38- compartment) gradually acquire 

lineage priming into lymphoid/myeloid and megakaryocytic/erythroid without a 

clear separation into single lineages, in contrast to progenitors within the Lin-

CD34+CD38+compartment, which clearly separate into single lineages. Functional 

in vitro assays confirmed the lineage restriction predictions obtained from the 

transcriptomic analyses. In support of the hypothesis of a continuum process of 

haemopoiesis, Notta et al; described, through in vitro functional assays, that 

multipotent progenitors exhibit unipotent differentiation pattern into 

Erythroid/Megakaryocyte progenitors (Notta et al., 2016a). Similarly, although in 

mouse models, Paul et al; found that bone marrow derived early myeloid 

progenitors are transcriptionally primed toward seven differentiation fates with the 

absence of progenitors of mixed states (Paul et al., 2015).  

In light of the recent findings, Laurenti and Gottgens proposed an alternative 

representation of the haematopoietic process (Figure 7), a map describing the 

heterogeneity within and between pools of progenitors where the trajectories of 

differentiation are traced, highlighting the diversity in possible routes and the 

prevalence of early lineage choice (Laurenti and Göttgens, 2018).  
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Figure 7Novel visualisation of the haematopoietic hierarchy. In the diagram (adapted from (Laurenti and 

Göttgens, 2018)) the authors propose a novel representation of the evolving paradigm of haematopoiesis. Each 

circle (representing the phenotypic classification) includes pools of heterogeneous progenitors with different 

lineage potential. The continuous lines denote the trajectories of differentiation for different types of single cells 

in the HSC compartment. Single-colour circles denote unilineage cells; two-colour circles denote bilineage cells; 

three-colours circles denote trilineage cells; black circles denote multipotent cells). In most progenitor 

compartments, the number of unilineage cells outnumbers that of bi- or trilineage cells.  

Haematopoietic progenitors are mostly found in the BM, where specific niches 

regulate quiescence, self-renewal and differentiation(Ding and Morrison, 2013; 

Ding et al., 2012; Itkin et al., 2016; Kunisaki et al., 2013a; Mendelson and 

Frenette, 2014; Méndez-Ferrer et al., 2010). However, a small portion of HSPC is 

constitutively mobilised into the PB, in human and mouse, following circadian 

rhythm oscillations(Golan et al., 2018; Lucas et al., 2008; Méndez-Ferrer et al., 

2008), or are mobilised to complement the production of immune cells in 

extramedullary tissues, such as SPL, lung and liver(Lefrançais et al., 2017; 

Massberg et al., 2007; Wright et al., 2001). Although it is thought that the 

properties of circulating progenitors are predicted from the BM resident HSC 

population, a clear understanding of their characteristics in homeostasis, is lacking. 

Pioneering work employing single cell RNASeq technologies provides, for the first 

time, insights into the molecular and functional composition of the human HSC in 

BM, SPL and PB(Mende et al., 2020). These interesting studies will increase our 

knowledge of HSPC function in homeostasis and disease.  
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1.3.2 Haematopoiesis in CLL  

As described earlier, HSCs with skewed differentiation towards the lymphoid 

lineage and CLL-recurrent mutations contribute to the pathogenesis of CLL 

(Kikushige et al., 2011; Damm et al., 2014). Interestingly a clinically recurrent 

feature of most patients is insufficient haematopoiesis, which results in the 

development of anaemia and thrombocytopenia, with an increased susceptibility 

to infections. Additionally, cytopenia in CLL/SLL patients can also be caused by 

autoimmune complications, occurring in 5-10% of patients, haemolytic anaemia 

being the most common (Zent and Kay, 2010). This autoimmune disorder is 

caused by loss of self-tolerance of polyclonal T cells. The pathogenic antibodies 

produced by non-malignant B cells (in 90% of the cases) are polyclonal high 

affinity IgG directed against red blood cells (RBC) or platelet antigens (Barcellini 

et al., 2006; Beaume et al., 1994; Kyasa et al., 2003; Zent et al., 2008). The 

ligation of the antibodies to targeted cells’ antigens causes their destruction 

mediated by macrophages. However, these mechanisms were described to act on 

differentiated mature blood cells, and it remains unknown whether these may have 

an impact on haematopoietic progenitor cells. 

Notably recently published data indicate that the BM of untreated CLL patients is 

depleted of the CD34+ progenitor pool. Phenotypically defined HSC, MPP, CMP and 

CLP progenitors were also depleted in CLL patients. Functional assays also revealed 

a reduced cloning forming capacity, with reduced myeloid and erythroid derived 

colonies, compared to healthy controls (Manso et al., 2019). However, to what 

extent the HSCs’ skewed differentiation contributes to bone marrow failure of 

patients with advanced disease remains unknown. Other mechanisms can 

contribute to suppress haematopoiesis in CLL such as secretion of different 

cytokines. For instance release of TNF-a by malignant B cells can inhibit the growth 

of HSCs in vitro (Michalevicz et al., 1991; Tsopra et al., 2009)  and has pleiotropic 

effects on HSC and progenitor cell function in vivo, including enhanced 

myelopoiesis. In support of this hypothesis, higher levels of plasma TNF-a correlate 

with anaemia in CLL patients.  In addition, similar to several chronic malignancies, 

CLL creates an inflammatory-like microenvironment that might potentially 

aggravate BM failure (Lutzny et al., 2013). Other types of malignancies, such as 

AML, present with insufficient haematopoiesis ultimately leading to BM failure, and 

many studies provided the evidence that AML-secreted inflammatory mediators 
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are implicated in niche dysregulation, which in turn causes aberrant 

haematopoiesis. AML depletes Thrombopoietin (TPO), causing normal HSC 

differentiation arrest(Rauch et al., 2016). AML blasts can produce inflammatory 

cytokines including GM-CSF, IL-1β, TNF-a, IL-6, CXCL2, and CCL3, which decrease 

colony-forming potential of normal CD34+ cells (Broxmeyer et al., 1978; Carey et 

al., 2017; Delwel et al., 1989; Duarte et al., 2018; Miller et al., 1976; Wang et al., 

2016). In a recent publication, Zhang et al demonstrated that the BM overcrowding 

in AML patients is not the underlying cause of organ failure, as it also occurs with 

relatively low AML blasts infiltration. Using murine models for the disease, they 

observed reduced erythroid progenitor abundance, independent of AML BM 

infiltration, and supported this evidence through in vitro studies utilising 

conditioned media from patients’ derived cells. Interestingly, multi-omic analyses 

in murine and human tissues found IL-6 secretion as the main cause for HSC 

dysfunction (Zhang et al., 2020a). Similarly, in a CML mouse model, the exposure 

of leukemic cells caused discrete alterations in hematopoietic progenitors. KSLs 

progenitors, but not HSC, enhance myeloid differentiation potential at the 

expenses of lymphopoiesis. Interestingly, these progenitors are transcriptionally 

similar to BCR-ABL+ malignant cells. Once again, leukemic induced production of 

IL-6 is responsible for altering progenitors’ functional properties. This phenotype 

was recapitulated in in vitro co-cultures of BM derived CML cells and CD34+ 

progenitors (Welner et al., 2015). However, a similar transition to a malignant 

phenotype has not been described in CLL derived haematopoietic progenitors.  

Based on this evidence there is reason to speculate that inherited alterations in 

CLL-derived HSC are not sufficient on their own to cause aberrant haematopoiesis, 

and ultimately BM failure. The inflammatory microenvironment may contribute 

altering HSC function in CLL. However, the mechanisms and potential contribution 

of the inflammatory environment in CLL, are still unclear. 
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 The role of the microenvironment in CLL 

Survival of CLL cells is highly dependent on extrinsic signalling and crosstalk with 

the surrounding microenvironment (Ding et al., 2009; Lutzny et al., 2013; 

Pedersen et al., 2002; Ten Hacken and Burger, 2016). CLL cells are found to 

interact with different niches across the body, differently contributing in different 

ways to the survival and progression of malignant cells.  

Firstly, there are differences in the proliferation states of CLL cells across tissues. 

In the PB, CLL cells are arrested in the G0 phase of the cell cycle (Andreeff et al., 

1980). The lymph nodes however, are the main site of malignant B cell 

proliferation (Herndon et al., 2017), and higher expression of BCR and NF-kB is 

detected here compared to other tissues (such as PB and BM) (Herishanu et al., 

2011). The BM, natural home of haematopoietic cells, is also found to be a shelter 

to protect tumours from cytotoxic stress (Kurtova et al., 2009; Park et al., 2020). 

This is also supported by relevant clinical observation that minimal residual disease 

(MDR) is mainly found in the BM.  

CLL cells interact with diverse resident non-malignant accessory cells, such as T 

cells, macrophages, Follicular dendritic cells (FDCs), BM mesenchymal stromal 

cells (MSCs) and endothelial cells (ECs) (Figure 8). 

 

Figure 8 Niches and cell-cell interaction for CLL cells. The cartoon describes some of the interaction 

mechanisms (adhesion or secretion mediated) between CLL cells and cells of the microenvironment. Non-shaded 

cell types represent the cell-cell interaction of interest in my work. FDC: Follicular Dendritic cells; NLC: Nurse-

like cells; BMSC: Bone Marrow Stromal Cells. Adapted from (Fabbri and Dalla-Favera, 2016) 

Diagram illustrating CLL interaction with 

cells in microenvironment removed for 
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T cells, mostly of CD4+ type, are increased in numbers in CLL patients,  infiltrate 

pseudofollicles (Ghia et al., 2002; Patten et al., 2008; Pizzolo et al., 1983) and 

exhibit profound functional defects. These chronically activated T cells produce 

IFN-g and TNF-a, and have global alterations in gene expression profiles (Görgün 

et al., 2005a). Crosstalk between T-cells and CLL cells happens through CD40-

CD40 Ligand signalling, and this favours CLL survival and expansion. Evidences 

show that presence of CD4+ T cells is indispensable for efficient CLL engraftment 

into immune-deficient mice (Bagnara et al., 2011b). However, these observations 

are controversial, as other studies in murine models demonstrated that CD4+ T 

cells are not necessary for CLL growth(Kocher et al., 2016). CLL also modifies the 

cellular immune system to evade immune surveillance, by producing 

immunosuppressing cytokines, such as TGFb (Lotz et al., 1994) and IL-10 (Fayad 

et al., 2001). Gene expression profiling of purified T-cells from CLL patients 

revealed changes in genes involved mainly in cell differentiation, cytoskeleton and 

vesicle formation, trafficking and cytotoxicity (Görgün et al., 2005b). T cells were 

also have impaired ability to form immunological synapses upon direct contact with 

CLL (Ramsay et al., 2008).  All these mechanisms contribute to decreased immune 

cells response.  

Within SPL and lymphoid tissues, Nurse Like Cells (NLC), defined as macrophages, 

can be found. They attract CLL in a CXCL-12/13 secretion dependent fashion 

(Burger et al., 2000; Bürkle et al., 2007), and protect them from spontaneous or 

drug induced apoptosis via BAFF, APRIL and CD31 signalling cascades (Deaglio et 

al., 2005; Nishio et al., 2005).  

Follicular Dendritic Cells (FDCs) stimulate homing of CLL cells to lymphoid organs 

through a CXCL13-CXCR5 dependent signalling (Heinig et al., 2014). FDCs secrete 

several important pro-survival factors and growth factors, and express other 

important adhesion molecules such as VCAM-1, ICAM-1, plexin B1 and CD44 (Park 

and Choi, 2005).  

Conclusively, the extrinsic contribution is important to create a favourable 

environment allowing CLL proliferation, and distinct niches contribute differently 

to its progression.  

Altogether, different environments and cells of haematopoietic or non-

haematopoietic origin undergo molecular and functional remodelling and 

contribute to CLL survival and progression.  
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Our interest lies in studying the interaction within BM niches, as a tissue of high 

clinical relevance. 

1.4.1 The bone marrow niche in homeostasis  

It is well known that the BM microenvironment preserves HSC function, with its 

complex composition and architecture, and through direct contact and paracrine 

cell-cell interactions. In these specialised environments, referred to as “niches”, 

HSCs find the perfect milieu to balance between self-renewal and differentiation. 

Although it remains a subject of controversy, currently mouse HSC BM niches are 

defined by their anatomical location and composition: the central niche, in the 

inner BM, containing the majority of sinusoid and arterioles, and the endosteal 

niche, near the bone surface (simplified in Figure 9). Different roles were 

discovered for these niches, the sinusoidal niche responsible for daily blood 

production, and the endosteal niche, maintaining HSC in quiescent state. Both 

niches are composed of endothelial cells associated to perivascular mesenchymal 

stem cells (MSCs), responsible for regulating HSC function, in mouse and human. 

These cells retain the lineage  differentiation capacity to give rise to bone-forming 

cells (osteoblasts), chondrocytes and adipocytes (Dominici et al., 2006) . In the 

mouse, these include leptin receptor (LEPR-) expressing mesenchymal stromal 

cells, Nestin-GFP MSCs and CXCL-12 abundant reticular cells (CAR cells), and these 

niche cell types are source of stem cell factor (SCF) and CXCL12, required for HSCs 

maintenance (Acar et al., 2015; Ding et al., 2012; Greenbaum et al., 2013; 

Himburg et al., 2018; Kiel et al., 2005a; Kunisaki et al., 2013b; Méndez-Ferrer et 

al., 2010; Nombela-Arrieta et al., 2013; Sugiyama et al., 2006a). Mendez Ferrer 

et al showed that NestinGFP cells can be found in the BM, where they represent a 

rare population of MSCs (Méndez-Ferrer et al., 2010). The authors found that 

NestinGFP MSCs are spatially associated with HSCs in the BM, express HSC 

maintenance genes, and their depletion impacts the HSC content in the BM, 

suggesting a role for their preservation (Méndez-Ferrer et al., 2010). In adult 

human BM, MSCs can be enriched using different selection criteria, comprised of 

the absence of  lineage markers, CD45, CD140a negativity or low expression and 

positivity for CD271 (Li et al., 2014), or by the expression of the surface markers 

CD105, CD73, and CD90 and absence of others (CD45, CD34, CD11b or CD14, 

CD79 or CD19, and HLA-DR) (Dominici et al., 2006). Various factors are secreted 

by MSCs to maintain HSPC functions, and CXCL-12 production in endothelial cells 

and perivascular cells within haematopoietic niches sustains HSC functions, 



 44 

whereas osteoblast-derived CXCL-12 in endosteal niches instead regulate the 

maintenance of lymphoid progenitors (Ding and Morrison, 2013). 

 

Figure 9 The bone marrow haematopoietic niche. In the animation above, the composition of the endosteal 

and central bone marrow niche are described. The endosteal niche, in proximity to the bone surface is composed 

of transition zone vessels, Nestin-GFP/NG2+ MSCs and promotes HSC quiescence. The central niche is composed 

of arterioles and sinusoids, symphathetic nerves, Nestin-GFP+/NG2+ MSCs and Nestin-GFPlow/LepR+ CAR MSCs 

and promotes cell differentiation and migration.  Adapted from (Méndez-Ferrer et al., 2020) 

Recent research pioneering single cell RNA Sequencing (scRNA Seq) revealed a 

high level of heterogeneity and further classification within BMSCs populations in 

in vivo models (Baccin et al., 2019; Baryawno et al., 2019; Tikhonova et al., 2019). 

Using RNA expression profile six different types of stromal cells were identified, 

with 17 distinct subsets. The RNA fingerprints distinguishes MSCs, MSC-

descendent osteolineage cells (OLCs), chondrocytes, fibroblasts, endothelial cells 

and pericytes and identified their lineage trajectories, highlighting the limitations 

of previously used surface marker-based classifications (Baryawno et al., 2019).  

Conclusively, it is well acknowledged that the BM microenvironment provides a 

favourable milieu supporting haematopoietic cell function, and recent 

advancement of sequencing techniques continues to provide novel insights into 

the biology and function of BM non haematopoietic stromal cells. 

  

Diagram illustrating the bone marrow haematopoietic niche removed for 

copyright reasons. Copyright holders is Simon Méndez Ferrer.  



 45 

1.4.2 The bone marrow niche in CLL pathogenesis 

A growing body of evidence suggests that haematological malignancies transform 

stromal cells within the BM niche to promote and contribute to their progression. 

The BM is the environment are protected from drug induced cytotoxicity and where 

MRD is found and is therefore of clinical interest to investigate the mechanisms of 

interactions harnessed by leukemic cells with non-haematopoietic cells found in 

this organ, providing knowledge to develop novel effective therapies.  

The importance of BM MSCs and stromal cells (BMSCs) for CLL is highlighted by 

the observation that primary malignant B cells rapidly die ex vivo but are rescued 

from apoptosis when cultured in direct contact with BMSCs (Lagneaux et al., 

1998a; Lwin et al., 2007). The activation of anti-apoptotic signaling, such as BCL-

2 in leukemic cells, is required to guarantee their survival, and it is achieved by 

BMSCs via direct contact and by secretion of soluble factors.   

Recent data from our lab have also shown another mechanism involved in CLL 

protection, through the activation of NOTCH signalling. Leukemic cells specifically 

activate NOTCH2 signalling in BM MSCs in a contact dependent manner. This 

activation leads to the production of soluble factors by stroma cells, such as C1q, 

which activates canonical Wnt-signalling in tumour cells and contributes to cell 

survival (Mangolini et al., 2018).  

Leukemic cells are also responsible for activating inflammatory pathways in stroma 

cells, which will in turn help the tumour survive and proliferate. Our group 

demonstrated that CLL cells can reprogram BMSCs and their transcriptional profile 

resembles that of Cancer Associated Fibroblasts (CAF) (Lutzny et al., 2013). CLL 

induces the canonical activation of NF-kB expression in BMSCs and PKCb was 

identified as the main factor upstream of the regulation of the pathway. Protein 

Kinases Cs are signal transducing molecules involved in diverse signalling 

pathways. The activation of PKC proteins through ligand-receptor interaction 

induces proximal signalling events culminating in the activation of secondary 

messengers, inositol triphosphate, calcium dependent, or diacylglycerol (DAG). 

Active PKCs lead the phosphorylation at serine or threonine sites of several 

proteins, leading to a varied range of signal transduction (Altman and Kong, 2016). 

They are classified as three different subtypes, classical, novel (calcium 

independent) and atypical, based on structural and mechanistic differences (Figure 

10). 
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Figure 10 Representation of PKC protein subtypes. The structure and domain organisation of the PKC 

families is depicted. The catalytic domain (C4) shares sequence homology with the kinase domains of other 

serine/threonine and tyrosine kinases. C3 is a conserved ATP-binding pocket across PKC subtypes, whereas the 

hinge region (V3) exhibits a high degree of sequence divergence. The regulatory domain is composed of C1 

domain, DAG binding domain, adjacent to the C2 domain, Ca2+ binding domain. Adapted from (Altman and Kong, 

2016) 

Within classical PKC isoforms, the beta- subtype is expressed in B cells and is 

crucial for the activation of NF-kB pathway downstream of the BCR signalling 

(Altman and Kong, 2016). In a former study of our group, the activation of PKCb 

in BMSCs is induced by CLL, and it leads to the production pro-inflammatory 

signals, including secretion of IL-1 and IL-15, which are essential for leukemic cells 

to escape from apoptosis (Lutzny et al., 2013) (Figure 11).  

 

Conserved 
domains

Variable
domains

Illustration of PKCb protein structure removed for 

copyright reasons. Copyright holder are Amnon 

Altman and Kok-Fai Kong  



 47 

 

Figure 11 PKCb dependent Activation of NF-kB leads to inflammatory cytokines production. Adapted 

from (Lutzny et al., 2013) In figure A Nemo was deleted from Nemofl/fl BMSCs in co-culture with CLL cells and 

transcriptomic analyses revealed activation of inflammatory cytokines and cell adhesion molecules. Secreted 

levels of IL-1a and IL-15 are depicted in panel B and C.  

 In the same study, mice carrying a loss of the PKCb were resistant to murine CLL 

transplantation, confirming the dependency of this mechanism for disease 

propagation.  

Exosome production and secretion are amongst the mechanisms by which CLL 

induces MSCs’ remodelling. In vitro studies demonstrated MSCs incorporate 

exosomes released by patient-derived CLL cells, and CLL cell lines activate NF-kB 

signalling and develop a CAF phenotype. The same group also found that co-

injection of CLL cell lines-derived exosomes into immunocompromised NSG 

recipient mice increased the size of subcutaneous tumours (Paggetti et al., 2015).  

It is well known now that BMSCs contribute to CLL pathogenesis, through a myriad 

of mechanisms, ranging from cell adhesion to paracrine secretions of cytokines or 

exosomes. However, it is still unclear what discrete spatial area of the 

haematopoietic niche CLL cells occupy and what are the mechanisms of interaction 

with stromal cells within this complex environment. 

Boxplot and heatmaps removed for copyright reasons.Copyright holder is Gloria 

Lutzny.  
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 The endothelial niche in homeostasis and CLL 

progression 

1.5.1 Bone marrow endothelial niche architecture and function for 

normal haematopoiesis  

Postnatally, the haematopoietic stem cells reside in specific areas of the BM, the 

primary site of the stem cells maintenance and support of haematopoiesis. The 

maintenance of this supportive environment is regulated by the production of 

several cytokines from different stromal cells populations and is also defined by a 

highly hypoxic environment, despite its high vascular density (Spencer et al., 

2014).  

The vasculature network in the BM enables removal of waste products as well as 

delivery of nutrients, oxygen and enables the trafficking and migration of all cells. 

Architecturally, the murine femur is constituted of a central artery that branches 

in smaller arteries that run parallel to the axis of the bone cavity, mostly in 

proximity to the endosteum(Kunisaki et al., 2013b; Mysorekar, 1967). The 

connection between arterioles and sinusoids takes place adjacent to the trabecular 

bone and endosteal sites, in metaphysis and diaphysis and is mediated by 

transitional vessels, named “type H”. The sinusoids, most abundant in the BM, 

connect to the central venous sinus, located at the centre of the marrow cavity, 

and runs the entire length of metaphysis and diaphysis. From here, veins rich in 

deoxygenated blood and nutrient waste run alongside the central artery and flow 

into the general circulation (Trueta and Morgan, 1960). The microvascular 

composition of the BM is represented in Figure 12. 
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Figure 12 The microarchitecture of the bone marrow vasculature. Adapted from (Pinho and Frenette, 

2019) In A, the structure of the femoral bone is described. In the middle an enlarged picture of the internal part 

of the bone depicts the circulatory system. In C, immunofluorescence stainings of a murine bone section shows 

heterogeneous populations of endothelial cells, identified with different surface markers (Arterioles are stained 

by SCA1, whereas sinusoids are stained with CD31 and CD144).   

Most of the haematopoietic cells and HSCs reside adjacent to sinusoidal blood 

vessels in what is defined as the perivascular niche (Kiel et al., 2005b). It is clear 

that endothelial cells are niche regulators, in fact they, together with other cell 

types (MSCs), maintain HSCs at steady state and promote haematopoietic cell 

regeneration post-myeloablation. 

As described above, the BM vasculature comprises a wide variety of different 

vessels, and it has become clear each endothelial cell type has a specific role 

regarding HSC maintenance properties.  

We can distinguish sinusoidal endothelial cells (SECs) from arterial endothelial cells 

(AECs) in the mouse, represented in Figure 13: SEC uniquely express VEGFR3, 

whereas AECs uniquely express SCA1 (Hooper et al., 2009a). Itkin et al; further 

characterised these endothelial cell types and found that AECs have low 

permeability and maintain HSCs in an environment devoid of oxygen radicals. The 

more permeable SECs promote HSPC activation and are the exclusive site for 

immature and mature leukocyte trafficking to and from the BM. The high ROS 

release in the areas surrounding these vessels also contributes to the activation 

and differentiation of HSC (Itkin et al., 2016). Depleting SCF in AECs negatively 

impacted the number of functional HSCs, thus demonstrating that AECs are the 

major source of endothelial-derived SCF (Xu et al., 2018).  

 

Illustration of murine bone marrow vasculature removed for copyright reasons. 

Copyright holders are Sandra Pinho and Paul S. Frenette .  

 



 50 

 

Figure 13 Regulation of haematopoiesis by heterogenous bone marrow vessels. The graphical abstract 

summarises the findings in (Itkin et al., 2016), where the authors described functions of arterial and sinusoidal 

bone marrow vessels. Arterial vessels express high levels of SCA1, present a small diameter and are associated 

to Nestin+ MSC and contribute to HSC maintenance. Sinusoidal vessels are highly permeable, induce high ROS 

release in HSC and contribute to cell trafficking.  

With the advancement of single cell sequencing technologies, we are now able to 

unbiasedly characterise heterogeneous cell populations at high resolution and 

assess their biological function. A murine endothelial cells atlas recently published, 

demonstrated the existence of inter- and intra-tissue heterogeneity (Kalucka et 

al., 2020), reflecting their biological function. A murine BM stromal cell atlas also 

identified and characterised at least three different endothelial cell subpopulations, 

arterial, arteriolar and sinusoidal based on gene expression patterns, and 

confirming the existence of functional heterogeneity between endothelial 

subpopulations (Baryawno et al., 2019).  

We learned that the BM endothelial niche plays a crucial role in maintaining and 

regulating haematopoietic progenitor cells function and these features can become 

advantageous during leukemogenesis. Interfering with interactions between 

endothelial cells and malignant cells pose the basis for novel therapeutic 

intervention. 

Mouse bone marrowIllustration of bone marrow vasculature removed for copyright reasons. 

Copyright holder is Itkin.  
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1.5.2 The role of the Endothelial niche in haematological malignancies 

and CLL  

Endothelial cells not only are the regulators of normal haematopoietic function but 

are also involved in supporting malignant cells transformation. Malignant 

haematopoietic cells, including CLL, secrete pro-angiogenic factors, such as 

VEGFA, which acts directly on leukemic cells via autocrine stimulation, as well as 

stimulating neoangiogenesis in a paracrine fashion (Dias et al., 2001). VEGF 

signalling also induces the secretion of cytokines (GM-CSF, M-CSF, G-CSF, IL-6 

and SCF from different cell types) that promote malignant cells proliferation 

(Badoux et al., 2011; Bellamy et al., 1999; Lee et al., 2005; Maffei et al., 2010; 

Medinger et al., 2009; Poulos et al., 2014). Increased BM angiogenesis is observed 

in AML, MPN and MDS (Aguayo et al., 2000; Hussong et al., 2000; Lundberg et 

al., 2000; Medinger et al., 2009; Pruneri et al., 1999).  

The importance of the endothelial niche during malignant transformation has also 

been observed in lymphoid malignancies, including CLL.  

VEGF, as well as VEGF receptors, are overexpressed in DLBCL (Broséus et al., 

2017) and CLL patients (Gutiérrez-González et al., 2019; Shanafelt and Kay, 2006) 

and they correlate with poor clinical outcome (Ferrajoli et al., 2001).  

Various endothelial cells types were found to support CLL survival (Badoux et al., 

2011; Cols et al., 2012; Maffei et al., 2012, 2014a) through activation of different 

pathways. An in vitro experiment employing HUVECs (Human umbilical cord 

endothelial cells) showed direct contact with endothelium is mediated by both β1- 

and β2- integrins, and blocking VCAM1 (CD106) on endothelial cells or CD18 on 

leukemic B cells led to the almost complete abrogation of the survival advantage 

(Maffei et al., 2012) . In another study, support of CLL cells survival was found to 

be achieved through endothelin1 (ET-1) engagement on CLL cells by endothelin 

subtype A receptor (ETAR) on endothelial cells (Maffei et al., 2014a). Murine-

derived microvascular endothelial cells (MVECs) interact with CLL cells through 

CD40-CD40L axis, and increase the release of soluble BAFF and APRIL, which in 

turn support CLL survival (Cols et al., 2012).  

Our group also showed HUVEC protect CLL cells from spontaneous apoptosis, 

through activation of PKCb upon contact with malignant B cells in vitro, and found 

this remodelling occurs in the BM of patients with CLL. Immunofluorescence 

experiments detected expression of PKCb in patient derived BM CD34+ vessels only 
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in close association with tumour cells (Figure 14). Furthermore, the activation of 

PKCb in endothelial cells is not solely found in CLL but is also present in other 

haematological malignancies, such as Mantle Cell Lymphoma (MCL) and ALL 

(Lutzny et al., 2013).  

This study demonstrated the importance of extrinsic PKCb signalling for CLL 

progression, not only in BM MSCs but also BM endothelial cells, and thus provide 

an interesting ground to exploit such mechanism to develop novel therapeutic 

strategies targeting the endothelial BM niche.  

 

Figure 14 PKCb activation in BM endothelial cells from patients with CLL. Confocal imaging pictures of 

human bone marrow biopsies show the expression of PKCb in endothelial cells only in areas infiltrated with CLL 

cells (above, a) vs non infiltrated (below, b). Adapted from (Lutzny et al., 2013) 

The remodelling of endothelial cells by CLL is also achieved through the stimulation 

of new vessel formation. Importantly, CLL, Follicular Lympoma (FL) and DLBCL 

patient derived BM biopsies revealed increased microvascular density (Antic et al., 

2010; Cardesa-Salzmann et al., 2011; Kini et al., 2000; Passalidou et al., 2003; 

Suhasini et al., 2016; Wolowiec et al., 2004) and attachment of CLL cells to 

endothelial cells (Badoux et al., 2011), supporting the evidence that 

neoangiogenesis occurs in B cell malignancies.  

Interestingly, Circulating Endothelial Cells (CECs) are found in high levels in patient 

and associated with shorter time to first treatment. Gene expression profiling 

revealed positive regulation of genes involved in cell survival and proliferation, 

diminished cell adhesion to extracellular matrices, and enhanced proangiogenic 

function in CLL-CECs compared to healthy control non-Circulating Endothelial Cells 

(nCECs) (Go et al., 2008). Although not proving a precise functional role of these 

CECs, these results suggest the involvement of endothelial cells in CLL 

pathogenesis.  

Confocal images of human CLL bone marrow removed for copyright reasons. 

Copyright holder is Gloria Lutzny.  
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In summary, extrinsic support from endothelial cells is important for CLL survival 

and progression. However, little is known about the function of BM resident 

endothelial cells and niche remodelling in CLL. 
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 Environment mediated drug resistance in 

haematological malignancies and CLL   

The evidence that MSCs and endothelial cells protect CLL from spontaneous 

apoptosis proved to be true also in situations of cytotoxic stress. In fact, many in 

vitro studies demonstrated that MSCs and endothelial cells are able to protect 

malignant cells from drug induced apoptosis (Burger et al., 1999; Kay et al., 2007; 

Kurtova et al., 2009; Lagneaux et al., 1998b, 1998b; Panayiotidis et al., 1996).  

Additionally, it has been demonstrated that cytotoxic therapies introduce a 

selection for more aggressive clones, subclonal at time of treatment, which 

subsequently can outgrow the existing ones (Landau et al., 2013). Interestingly, 

patients undergoing Ibrutinib treatment show clonal shifting in 31% of the cases, 

during the first year of treatment.  

The introduction of Venetoclax into the clinic demonstrated high response rates in 

patients (Roberts et al., 2016b), also in a subset of relapsed or refractory patients 

harbouring 17p deletions (Stilgenbauer et al., 2018). Despite demonstrated 

efficacy and benefit to survival, patients treated with Venetoclax also display 

continued CLL progression in the second year of treatment.  

The presence of surviving tumour cells immediately after therapy is a result of 

selective pressure for clones that acquire mutations favouring resistance to 

therapy. In addition, they  are protected by a form of de novo drug resistance 

mediated by the tumour microenvironment (Meads et al., 2009), named hereafter 

as environment mediated drug resistance (EMDR). The combination of these 

events contributes to the development of MRD and drug resistance.   

Identifying and targeting cells that have acquired the ability to survive these 

treatments may ultimately allow full eradication of these tumour cells and 

achievement of cure. MRD is found in the BM and its detection has prognostic value 

to predict disease relapse. This underlines the crucial importance of the BM 

microenvironment for chemoresistance (Berry et al., 2017; Böttcher et al., 2012).  

Dynamic changes in the microenvironment of myeloid and lymphoid 

haematological malignancies contribute to drug resistance, and the known 

mechanisms underlying this process involve cell adhesion and soluble factors, that 
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ultimately promote the deregulation of proapoptotic proteins in the tumour cells, 

favouring their survival.  

In efforts to overcome de novo resistance to ibrutinib, Jayappa et al hypothesise 

the possibility of targeting BTK in concomitance to inhibition of BCL-2, through 

administration of Venetoclax (ABT-199). A preliminary study suggested synergistic 

action of the combination therapy, enhancing cytotoxicity of Mantle Cell 

Lymphoma (MCL) cell lines (Axelrod et al., 2014). Further in vitro screenings of 

patient derived CLL or MCL cells treated with a combination therapy of Ibrutinib 

and Venetoclax, interestingly demonstrated the establishment of de novo drug 

resistance. This was mediated by microenvironmental agonists, such as sCD40L, 

IL-10, CpGODN, resulting in RelB mediated NF-kB activation and subsequent 

upregulation of the anti-apoptotic proteins MCL-1, BCL-xL and Survivin (Jayappa 

et al., 2017).  

Similarly, an in vitro screening of a combinatorial library of kinase inhibitors used 

in combination with Venetoclax found that the mechanisms of resistance involve 

the microenvironment-mediated upregulation of anti-apoptotic proteins such as 

BCL-xL, MCL-1 and BCL2A1. Interestingly, Sunitinib, a multitargeted tyrosine 

kinase inhibitor, showed synergistic activity with Venetoclax and was effective in 

sensitising CLL cells, by preventing the upregulation of the anti-apoptotic proteins 

(Oppermann et al., 2016).  

Resistance to Ibrutinib and Venetoclax in CLL is associated with the regulation of 

anti-apoptotic proteins as a general mechanism. Further investigation of 

microenvironment mediated mechanisms and responses of drug resistance are 

needed.  

Many studies in multiple haematological malignancies identified several 

mechanisms of cell adhesion mediated drug resistance. The anchorage of 

malignant cells to BM niche cells through specific adhesion molecules has been 

hypothesises as a strategy for leukemic cells to be protected from the cytotoxicity 

of chemotherapies. As such, the CXCL12 receptor, CXCR4, known to anchor 

leukemic cells to the niche an reduce chemosensitivity, has been studied as a 

potential therapeutic target. The block of CXCR-4 through pharmacologic inhibition  

synergised with FMS- like tyrosine kinase 3 (FLT3) or BCL-2 inhibitors in the 

treatment of AML (Abraham et al., 2017). A similar approach to cause detachment 

of leukemic cells from the niche involved targeting E-selectin, expressed on the 
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surface of endothelial cells. In preclinical models, the E-selectin antagonist, GM-

1271, increased the chemosensitivity of Chronic Myeloid Leukaemia (CML) cells to 

imatinib treatment, dislocating malignant cells from proximity to the BM 

endothelium (Godavarthy et al., 2020).  

In the study of lymphoid malignancies, Cao et al, interestingly discovered a 

mechanism of environment mediated drug resistance in murine models of 

lymphoma. Lymphoma cells derived FGF4 induces the activation of the receptor 

Jag1, through upregulation of FGF1R on the surface of endothelial cells (ECs). This 

in turn induces the activation of the Notch2-Hey1 pathway in malignant cells. This 

mechanism is responsible of generating an aggressive subpopulation of leukemic 

cells, expressing CD44, IFG1R and CSF1R, bearing invasive and chemo-resistant 

features. Human lymphoma samples presented comparable phenotypes, with 

activation of Jag1 in EC and Notch2 in leukemic cells. Interestingly, sensitisation 

to doxorubicin treatment in mice was achieved through specific blockage of FGF1R 

or Jag1 in endothelial cells(Cao et al., 2014). Although these results bear important 

clinical relevance and may serve as prognostic indicators, they lack an applicable 

therapeutic application, as no specific Jag1 or FGF1R antagonist is currently 

available.  

In CLL, the adhesion of malignant cells to stromal cells induces the activation of 

anti-apoptotic programs. Adhesion to BM MSCs leads to an increased expression 

of MCL-1, which is lost upon physical separation (Kurtova et al., 2009).  

Human vascular endothelial cells also support CLL survival through contact-

dependent overexpression of antiapoptotic proteins, such as BCL-XL, BCL-2 and 

MCL-1, and associated increased expression of CD49d and CD38. These and some 

BCL2 family genes are regulated by endothelial NF-kB, and pharmacological 

inhibition of Rel A peptide antagonised and reversed the activity of NF-kB (Buggins 

et al., 2010).  

Similarly, other studies reported the efficacy of stromal derived NF-kB inhibition, 

through activation of inhibitor IkBa, and the abrogation of stromal mediated drug 

resistance to Vincristine and Doxorubicin treatment of myeloid and lymphoid 

leukaemia. The authors demonstrated that the direct contact between BM MSCs 

and leukemic cell, through VCAM-1-VLA4 activation in the MSCs and leukemic 

cells, respectively, is needed for the activation of NF-kB and trigger the 

chemoresistance response (Jacamo et al., 2014).  
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The protective role of BM endothelial cells is not only observed in haematological 

malignancies. Interestingly, quiescent chemo-resistant disseminated tumour cells 

(DTCs) from breast cancer find shelter in perivascular niches of distant tissues, 

where the endothelium protects them from the action of chemotherapies via an 

integrin-mediated interaction between endothelial cells and DTCs, through 

upregulation of VCAM1 and WWF. The use of Integrin inhibitors alongside 

chemotherapeutic treatment significantly reduced the amount of metastatic breast 

cancer cells in the BM (Carlson et al., 2019; Hsieh et al., 2013). These studies 

highlight once again the role of the BM environment and of endothelial cells in 

mediating mechanisms of drug resistance.  

Another interesting approach in AML xenotransplantation models involved 

targeting the high vascular permeability of the BM endothelial niche. In the mouse 

model, the altered vasculature permeability was associated with an increase in 

nitric oxide (NO) levels, recapitulated also in patient-derived BM aspirates. The 

concomitant administration of NO inhibitors in murine models sensitised leukemic 

cells to the action of chemotherapeutic agents, rendering this approach valuable 

for clinical translation (Passaro et al., 2017).  

Taken together, these studies underlie the importance of adhesion and secretion 

mechanisms for leukemic cells to overcome drug induced cytotoxicity, via 

upregulation of anti-apoptotic proteins. Endothelial cells may play an important 

role in modulating resistance mechanisms in CLL, and further investigation is of 

clinical relevance. 
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1.6.1 Pkcb dependent EMDR 

Protein Kinase C b is expressed in CLL cells, and its activation mediates apoptosis 

resistance due to BCL2 and BimEL post-translational modifications. Previous work 

from our lab demonstrated the dependency of CLL on PKCb signalling activation in 

MSCs (Lutzny et al., 2013). CLL-induced stromal remodelling activates PKCb in 

mesenchymal cells, in a contact dependent mechanism. Abrogation of direct cell 

contact or PKCb deletion in stromal cells diminished the protective effect of MSCs 

on CLL. As a result of PKCb activation, NF-kB is activated, which leads to the 

secretion of pro-inflammatory cytokines (Lutzny et al., 2013).  

 More recent findings from our lab provided evidence of the applicability of 

therapies targeting cancer-activated mechanisms in BM MSCs mediating drug 

resistance in B cell malignancies. We investigated the possibility of targeting 

stroma derived PKCb and investigated therapies simultaneously directed at both 

cellular compartments to target the disease. In vitro experiments demonstrated 

that CLL cells were protected from drug induced apoptosis upon coculture with BM 

MSCs. Enzastaurin is a commercially available, reversible ATP competitive inhibitor 

of PKCb isoforms (Faul et al., 2003). The effect of EMDR was abrogated in the 

presence of Enzastaurin, by directly targeting the stroma cells, and sensitising CLL 

cells to the action of chemotherapeutic treatments (Figure 15).  
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Figure 15 PKCb dependent EMDR in CLL. On the left, the activation of PKCb in stromal cells by CLL induces 

the downstream activation of Transcription Factor EB (TFEB) which in turns activates lysosome production and 

plasma membrane modification, via VCAM1 expression on the cell surface. In presence of stromal PKCb, CLL cells 

upregulate antiapoptotic proteins. On the right, the pharmacological inhibition of PKCb affects translocation of 

TFEB and, consequently, lysosome biogenesis in stromal cells. This in turn affects the expression of VCAM1 and 

the production of antiapoptotic proteins in the CLL. Credits: Dr Eugene Park & Dr Ingo Ringshausen.  

 Mechanistically, the process of drug resistance is mediated by PKCb in BM MSCs, 

through upregulation of Transcription Factor EB (TFEB), a major regulator of 

lysosome biogenesis, and by regulation of plasma membrane integrity. 

Specifically, the expression of the adhesion molecule VCAM1 (CD106) is regulated 

by TFEB and is fundamental for malignant B cell survival. The abrogation of these 

mechanisms by Enzastaurin treatment was sufficient and effective in sensitising 

malignant lymphocytes to the action of a BCL2 inhibitor in various models of 

lymphoid malignancies (Park et al., 2020).  

These finding suggest the importance of targeting the lymphoma-supporting 

environment to enhance the effectiveness of many antileukemic therapies. 

However, it still remains unclear which stromal cell type contribute to drug 

resistance mechanisms.  
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AIMS OF THE STUDY 
Despite the achievements in drug discovery and the availability of new therapies 

for CLL patients, the effective and complete eradication of the disease is yet not 

possible. One of the biggest challenges in cancer treatment is the persistence of 

residual cells in specific niches, which allows cells to survive therapies and 

ultimately cause disease relapse. 

CLL originates from multipotent haematopoietic progenitors. From these, mature 

B cells gain complex genetic landscapes which lead to disease progression. The 

microenvironmental interactions are fundamental in the pathogenesis of CLL. In 

particular, as demonstrated by us (Lutzny et al., 2013), the activation of molecules 

such as PKCb and NF-kB in the non-haematopoietic stromal compartment are 

crucial for the support and nourishment of the leukaemia. This interaction creates 

a highly inflammatory environment, nurturing malignant cells, whilst potentially 

disrupting normal haematopoietic function. However, the mechanisms of aberrant 

haematopoiesis remain unclear. 

More recently we elucidated the interaction mechanisms between BM MSCs and 

malignant CLL cells residing in the BM and found ways to harness and hijack the 

mechanisms of environment mediated drug resistance, through the blockage of 

fundamental pathways activation in the niche cells (Park et al., 2020). However, 

some of the mechanisms for chemotherapy evasion and relapse are still not clear. 

As such, it is unclear what specific cell types contributes to these interactions and 

EMDR. 

In light of the established evidence that BM infiltrating CLL cells create a nurturing 

inflammatory microenvironment, we hypothesised that:  

1.  The remodelled microenvironment negatively affects normal 

haematopoiesis by skewing HSPC fate choice commitments and tissue 

residency.  

 

2. Endothelial cells within the BM environment play a fundamental role in 

nurturing malignant B cells during disease progression and drug resistance.  

 

3. PKCb in endothelial cells mediates drug resistance mechanisms. 
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2 MATERIALS AND METHODS 

 Human samples  

All individuals consented to the use of biological material of human origin for 

research purposes, and in accordance with the Helsinki declaration. These studies 

were approved by the Cambridgeshire Research Ethics Committee (07/MRE05/44).  

2.1.1 CLL cells isolation from Peripheral blood   

Peripheral blood (PB) was obtained from patients with a diagnosis of CLL and aged-

matched healthy donors. PB mononuclear cells (PBMNCs) were isolated from the 

PB by sucrose gradient centrifugation (Pancoll, Pan Biotech, Germany). Mature red 

blood cells were lysed using PharmaLyse (BD Bioscience) according to 

manufacturer’s instructions. Cells were cryopreserved at -150°C or liquid nitrogen 

until use. Purity of the samples was assessed via FACS based on single cells 

positivity for CD5 and CD19 surface markers.  

2.1.2 HSPC isolation from CLL Patients Peripheral Blood 

Haematopoietic stem and progenitor cells (HSPCs) were isolated from 5 ml of PB 

from CLL patients and aged-matched healthy donors, as described above. PB 

samples were  collected in the afternoon, when circulation of haematopoietic 

progenitors is known to reach its peak due to circadian oscillation (Méndez-Ferrer 

et al., 2008). Subsequent to red blood cell lysis, haematopoietic progenitors were 

purified through magnetic cell isolation using CD34+ binding beads and MACS 

columns according to the manufacturer’s instructions (Miltenyi Biotec). Cells were 

then used for downstream flow cytometry (FC) or cell culture applications. All 

samples were used immediately after the isolation. 

2.1.3 Cord blood samples 

Cord blood (CB) samples from different donors were pooled together and diluted 

at 1:1 ratio with PBS at this stage. Isolation of mono nuclear cells (MNCs) was 

performed trough sucrose density gradient centrifugation (Pancoll, Pan Biotech, 

Germany). After Red blood cells lysis, HSPCs were positively selected using CD34+ 

Micro beads and AUTO Macs technology (Miltenyi Biotech, following manufacturer’s 

instruction). Purified CD34+ cells were frozen and stored at -150°C until use.   
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 Mouse models  

This research has been regulated under the Animals (Scientific Procedures) Act 

1986 Amendment Regulations 2012 following ethical review by the University of 

Cambridge Animal Welfare and Ethical Review Body (AWERB). All mice were 

maintained in the Central Biomedical Services of the university of Cambridge and 

the experiments were conducted in accordance with the U.K. Home Office 

regulations (license P846C00DB). C57BL/6 animals were bought from Jackson 

Laboratory. All animals undergoing experimental procedures were closely 

monitored and any mice unexpectedly developing clinical signs likely to exceed 

moderate severity such as piloerection and hunched posture, inactivity or 

inappetence, 20% gradual loss in normal body weight when compared with age-

matched control, 10% sudden weight loss, dyspnea, laboured respiration or age-

related adverse effects were humanely sacrificed.  

2.2.1 Eµ-TCL1 mouse model  

Transgenic C57BL/6 mice (B6.Cg-Tg(Cd79b-TCL1A)BKTeit/J) for the exogenous 

expression of the human TCL1 gene represent a good model of the correspondent 

human CLL disease (Bichi et al., 2002). Mice were obtained from a collaboration 

with Munich University. Between 13 and 18 months of age they develop CLL-like 

disease with clonal expansion and infiltration of monoclonal B cells in both 

lymphoid and non-lymphoid tissues. Mouse CLL-like cells are isolated from 

enlarged SPLs of aged Eµ-TCL1 mice. Single cells are obtained via homogenisation 

of the tissue and filtration trough 100 µm cell strainer. After red blood cells lysis, 

according manufacturer instructions, cells were frozen at -150°C until use. Purity 

of the CLL cells like population is assessed trough surface markers (CD5 and CD19) 

expression FACS analysis.   

2.2.2 Nestin-GFP Mouse model 

The C57BL/6 Nestin-GFP mouse model (Tg(Nes-EGFP)33Enik/J) is genetically 

engineered to express EGFP transcript in the regulatory elements of the Nestin 

promoter, protein commonly expressed in rare populations of neural stem cells 

(Mignone et al., 2004) . Through unrelated studies, Nestin-GFP+ cells were also 

found in the BM as non-haematopoietic cells, representing a rare population of 

mesenchymal cells (Méndez-Ferrer et al., 2010). Mice were kindly provided by Dr 

Mendez-Ferrer Lab and are used for in vivo assays. 
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2.2.3 Transplantation models 

6-10 weeks old Nestin-GFP+ or C57BL/6 recipient mice were intraperitoneally 

injected with 5 x 106 Eµ-TCL1 malignant B cells (derived from secondary Eµ-TCL1 

tumours transplants). The preference for the transplantation of splenocytes is 

determined by the abundant accumulation of malignant B cells in this organ, as 

described by Bichi et al; (Bichi et al., 2002). It has also been shown that malignant 

B cells from serially transplanted tumours are more proliferative in secondary 

lymphoid organs, such SPL and LN, but not in PB, BM and peritoneal cavity (Bresin 

et al., 2016; Fais et al., 1998). To monitor disease progression, PB was drawn by 

tail vein bleeding and analysed by flow cytometry after erythrocyte depletion. 

Animal well-being was monitored daily and were sacrificed when showing clinical 

signs of the disease, such as PB infiltration of leukemic cells above 50% and other 

signs of distress (as outlined in paragraph 2.2) without exceeding the regulated 

procedure noted severity.   

2.2.4 Homing assay 

To evaluate leukemic cells homing, TCL1 malignant B cells were first labelled with 

2.5µM CFSE (Life Technologies) according to manufacturer’s instruction, and 

40x106 cells were intravenously injected into Nestin-GFP+ recipient mice. Animals 

were sacrificed two days later, and long bones were harvested for downstream 

analysis.  

2.2.5 Drug treatment 

Seventy-two hours after transplantation, C57BL/6 injected with TCL1-tg leukemic 

cells were treated with vehicle, Venetoclax or pre-treated with Enzastaurin or with 

the combination of Enzastaurin and Venetoclax for 3 days (see Table 1 for details). 

BM samples were harvested 3 hours after the final dose. 

Drug Administration 

route 

Dosage Administration  

Venetoclax Oral gavage 100 mg/kg per 

day  

Once daily 

Enzastaurin Oral gavage 60 mg/kg Twice daily  

5% Dextrose water 

(Vehicle) 

Oral gavage 100 µl Twice daily 

Table 1Drug treatment regime for in vivo experiments 
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 Cell biology 

2.3.1 Cell lines and primary cells 

2.3.1.1  HUVEC  

Human Umbilical Cord Endothelial Cells (HUVEC) were kindly provided by Dr Fu 

Liang Ng (Queen Mary, University of London).  

Cells were cultured on 0.1% gelatine coating (Sigma) to 70-80% confluency, with 

Endothelial cell medium enriched with growth supplements (Promo Cell). HUVEC 

were used until passage 10.  

2.3.1.2 EL08-1D2 

Murine embryonic liver stromal cells (EL08-1D2) were isolated from E11 mice 

embryos according to the protocol developed by Oostendorp (Oostendorp et al., 

2002). Cells were cultured in Minimum Essential Medium (MEM) supplemented 

with 10% foetal bovine serum (FBS), 10% horse serum, 2-mercaptoethanol up to 

15 passages at no more than 80% confluency.  

2.3.1.3 Human Mesenchymal stem cells (hMSCs) 

hMSCs (Lonza) were cultured in a-MEM supplemented with 10%FBS, 1% P/S and 

1ng/mL hFGF2. Cells were used until passage 10, at no more than 70% confluency.  

 

 

2.3.2 2D Co-culture systems 

Human derived CLL cells were co- cultured with different types of feeder cells. 

These were seeded at the concentration indicated in Table 1, 24h prior the addition 

of CLL cells at a density of 106 cells/ml. Co-cultures were kept for 72h before 

further analysis. Co-cultures were maintained with endothelial cell growth media 

with supplements. 

  

Cell type Cell density 6 well 

plates 

Cell density in 24 

well plates 

Cell density in 

96 well plates 

HUVEC 4x104 1.5x104 5x103 

EL08 - 2x104 - 

hMSC - 1.5x103 - 

Table 2 Cell lines and primary cells seeding density 
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2.3.3 2D Tri-culture system 

A tri-culture system was set up in which three types of cells were in direct contact 

for 96 hours. EL08-1D2 stromal cells were seeded in 24 well plates 24h prior the 

addition of CLL cells at a density of 106 cells/ml and sorted HSC pool cells, seeded 

at 100 cells/ml. The cells were cultured in a specific HSC serum free expansion 

medium supplemented with cytokines (Table 2). At the end of the co-culture, 

methylcellulose differentiation assays were performed to assess alterations of 

differentiation properties of HSC pool cells.  

X-Vivo medium 

composition 

Concentration 

BSA 1:100 

L-Glutammine 1:1000 

SCF 100 ng/mL 

Flt3 100 ng/mL 

TPO 50 ng/mL 

IL-7 10 ng/mL 
Table 3 2D Triculture system media composition 

2.3.4 Methylcellulose assay  

Methylcellulose assay was employed to assess haematopoietic progenitor 

functional properties in several experimental contexts. Table 4 indicates the 

different types of colonies obtained. Cells were plated in duplicates, and kept at 

37°C, at 5% CO2 in humidity, to avoid methylcellulose medium to dry. At day 14 

of culture, colonies formed were counted and classified using Stem Vision 

instrument and software Analysis Package (Stem Cell Technologies). Only wells 

containing more than 15-20 colonies were considered in the analysis.  

For the tri-cultures experiments described in 2.3.3, CB HSC pool cells were 

harvested after 96h of co-culture, and seeded at a concentration of 100 cells/well 

in methylcellulose media (Stem Cell Technologies, cat no #04435).  

To address functional properties of circulating HSPCs isolated from CLL patients 

(described in 2.1.2), 1x103 or 6x103 CD34+ PB cells were plated. 
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 Colony name Colony type 

Myeloid CFU-M Colony forming unit Macrophage 

CFU-G Colony forming unit Granulocyte 

CFU-GM Colony forming unit Macrophage Granulocyte 

Erythroid BFU-E Burst forming unit Erythroid; more primitive 

eryhtroid progenitors  

CFU-E Colony forming unit Erythroid; mature eryhtroid 

progenitors 

Mixed  CFU-GEMM Colony forming unit granulocyte, erythrocyte, 

macrophage, megakaryocyte multilineage 

progenitors  
Table 4 Nomenclature of colonies generated in Methylcellulose assay 

2.3.5 3D hydrogel culture  

3D hydrogel cultures were used in a collaboration project with Professor Carsten 

Werner (IPFDD, Dresden, Germany). The system uses a set of thoroughly defined 

and widely tuneable star-shaped poly(ethylene glycol) (star PEG)-heparin 

hydrogels (Capila and Linhardt, 2002; Freudenberg et al., 2012; Kim et al., 2010). 

To support the specific requirements of the chosen cell types, the gel matrices are 

functionalised with precisely adjusted amounts of covalently attached adhesion 

receptor ligand peptide (RGD) motifs. Matrix metalloproteinase-responsive peptide 

sequences (MMP) are incorporated as hydrogel crosslinkers to allow for localized 

cellular remodelling, thus supporting proliferation and migration of cells within the 

3D gel cultures. A combination of growth factors (vascular endothelial growth 

factor (VEGF), fibroblast growth factor 2 (FGF2), stromal cell-derived factor 1 

(SDF1) known to associate tightly with the glycosaminoglycan. Heparin (HEP) was 

applied to customize the gel matrices resulting in the formation and maintenance 

of 3D endothelial cell capillary networks.  

Briefly, Heparin and PEG-MMP are separately dissolved in PBS and combined to 

assemble the gel. All the components are added to the Heparin solution, and these 

include RGD (10ng/µl), growth factors (VEGF, SDF-1, FGF2, all at 500ng/µl), 

HUVECs (1.25*105/gel), hMSC 1.25*105/gel) and CLL cells (2*104/gel). Each gel 

is casted adding 10µl of PEG solution to 10µl of Heparin solution. The assembled 

3D structures are then cultured in 24 well plates in endothelial cell media for at 

least 7 days. Gels are used for drug resistance experiments in microscopy and flow 

cytometry downstream analysis.  
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For flow cytometry application, gels were instead washed in PBS and dissolved 

using 1:200 100mg/ml Collagenase IV (Sigma) dissolved in PBS with Ca2+ and 

Mg2+ for 15’ at 37°C. Collagenase reaction was blocked using EDTA-containing 

Buffer (MACS Buffer-Miltenyi Biotec). Cells were harvested and spun at 500g for 

5’ before flow cytometric staining.  

2.3.6 Drug treatment  

Co-cultured cells were exposed to chemotherapeutic agents or other drugs 

inhibiting specific molecular functions (concentration indicated in Table 5). Cells 

were exposed to the treatments for a maximum time of 48h in 2D cultures, and 

72h in 3D cultures. Cells were then harvested for downstream flow cytometric 

analysis. 

Drug Concentration Target 

ABT-199 0.625, 1.25nM, 2.5 nM, 5nM, 10nM BCL-2 inhibitor 

Ibrutinib  0.625, 1.25µM Tyrosine Kinase Inhibitor  

Fludarabine 0.625, 1.25µM DNA Polymerase inhibitor 

Enzastaurin 1, 5, 10 µM PKCb inhibitor  

Chloroquine 5, 10 µM Lysosome binding inhibitor  

Bafilomycin 5, 10 nM Lysosome fusion inhibitor  
Table 5 Chemotherapeutic agents and other drug concentrations 

2.3.7 Adhesion assay  

Channels from Ibidi were used to perform this assay (0.4µ slides; 80106). HUVEC 

cells were seeded at the density of 16,000 cells per chamber by adding 100 µl of 

cell suspension. After 12h, fresh media was added. CLL cells were seeded 24h after 

seeding the endothelial cells at density of 1X106/mL in a final volume of 500 µl. 

Cells were added in the influx chamber and with gravity left to flow on the efflux 

chamber. Cells from the efflux chamber were collected and added back to the 

influx chamber. This process was repeated three times in total. Finally, the media 

and cells left in the efflux chamber were collected and live cells were counted using 

trypan blue. 300 µl of media was added to both reservoirs. The number of cells 

adhered was calculated by subtracting the non-adhered cells left in the efflux 

chamber from the total number of cells seeded. After 24h, the media was replaced 

with media containing Enzastaurin (at the concentration indicated in Table 5). After 

48h, drug media was replaced by 500 µl of fresh media added on the influx 

chamber and with the use of gravity, the media on the efflux chamber was 
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collected. The process was repeated three times in total, with addition of fresh 

media every time. The number of live cells in the efflux chamber was counted. 

This number was subtracted from the initial number of CLL cells that adhered in 

the chamber at day 0 and used to calculate the percentage of adhesion. 

2.3.8 Flow cytometry  

2.3.8.1 Apoptosis assay  

CLL cells in 2D or 3D cultures were harvested and washed in PBS prior spinning, 

at 500g for 5’. Cells were resuspended in Annexin V Binding Buffer (Biolegend) 

and Annexin V antibody (1:100). Cells were stained for 20’ in the dark at RT and 

immediately resuspended in Annexin V Buffer containing DAPI.  

2.3.8.2 CB HSC pool cell isolation  

To highly purify phenotypic haematopoietic stem cells (here defined as HSC pool) 

from CB CD34+ cells, a panel of four surface markers was selected (Doulatov et 

al., 2012). Table 6 includes the antibody panel used with respective fluorochromes. 

Cells were stained for 20 minutes RT in dark, washed and re-suspended in 

PBS/3%FBS before sorting. Cells were always stained with a dead cell exclusion 

dye (Zombie Aqua). HSC pool cells are defined as CD19-CD34+CD38-CD45-; 

Progenitors are defined as CD19-CD34+CD38- and MLPs as CD19-CD34+CD38-

CD45+ (Figure 16). HSC pool cells were sorted on a BD Aria Fusion Cell Sorter. 

Cell surface 

Marker 

Dilution Clone  Manufacturer Cat# 

CD34-FITC 1:100 561  Biolegend 343603 

CD19-APC 1:200 HIB19  BD 302211 

CD38-PeCy7 1:100 HB7  Biolegend  356607 

CD45RA-BV421 1:100 5H9  BD 740083 

CD90-Pe 1:100 5E10  Biolegend 328109 

Zombie Aqua-

BV510 

1:2000 -  Biolegend 423101 

Table 6 Surface markers used to isolate human haematopoietic stem and progenitor cells from CD34+ 

cells 
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Figure 16 Gating strategy to isolate HSC pool cells, CD34+CD38+ Progenitors and MLPs 

2.3.8.3 Circulating CLL-derived HSC staining  

A small fraction of non-purified PBMNCs were stained with anti-human CD34 and 

CD19 antibodies (Biolegend) to quantify the total amount of circulating 

haematopoietic progenitors. Precision counting beads (Biolegend) were added 

according to manufacturer’s instruction before FACS analysis. An example FACS 

plot of the gating strategy adopted to quantify CD34+ abundance in the PB of 

healthy controls and CLL patients is illustrated in Figure 17. 
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Figure 17 Gating strategy for the quantification of CD34+ cells in healthy controls and CLL patients 

PBMCs 

Magnetically isolated CD34+ progenitors (as described in 2.1.2) were stained with 

a panel of antibodies allowing for discrimination of several haematopoietic 

populations (Table 7). In Figure 18 and Figure 19 the gating strategy is described.  

Antibody Clone Manufacturer Cat# 

CD34-APCCy7  561 Biolegend 343613 

CD19-FITC  HIB19 Biolegend 302205 

CD38-PeCy7 HB7 Biolegend 356607 

CD90-Pe 5E10 Biolegend 328109 

CD45RA-Alexa Fluor 700 HI100 Biolegend 304119 

CD49f-PeCy5 GoH3 BD 551129 

CD10-APC HI10a Biolegend 312209 

CD7-BV421 M-T701 BD 562635 

Zombie Aqua (dead cell 

exclusion dye)-BV510 

- Biolegend 423101 

Table 7 Antibody panel for circulating Haematopoietic progenitors immunophenotyping  
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Figure 18 FACS plots showing gating strategy for CD34+ selected PB derived haematopoietic 

progenitors in healthy controls. The frequency of CD34 is dependent on the efficiency of the magnetic CD34 

isolation, which can vary between samples. 
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Figure 19 FACS plots showing gating strategy for CD34 selected PB derived haematopoietic 

progenitors in CLL patients. The frequency of CD34 is dependent on the efficiency of the magnetic CD34 

isolation, which can vary between samples. 
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2.3.8.4 Mouse stromal cells isolation and staining 

Nestin-GFP+ mesenchymal cells and other stromal cells populations were isolated 

from femur and tibia of control or leukemic age-matched mice. Bones were 

crushed in a mortar with a pestle and digested with 2 ml of collagenase (Stem Cell 

Technologies, 07092) and 1mg/ml Collagenase IV (Sigma) at 37°C in strong 

agitation for 30 minutes. Cells were then filtered through a 40µm mesh and red 

blood cells lysed with Pharmalyse for 10 minutes on ice. The resulting cell 

suspension was then stained using the antibody panel in Table 8. Cells were 

washed and resuspended in DAPI. Cells were either phenotyped on Fortessa, or 

FACS sorted on Aria Fusion for downstream application (RNA sequencing).  

Cell surface 

Marker 

Dilution Manufacturer Cat# Clone 

CD106-AF488 1:100 Biolegend 105710 429 (MVCAM.A) 

Ter119-Pecy7 1:200 BD 557853 Ter-119 

CD45-PeCy7 1:400 eBioscience 561868 30-F11 

CD31-APC 1:100 BD 551262 MEC13.3 

CD51-Pe 1:100 BD 551187 RMV-7 

Lineage cocktail-Pe 1:100 Biolegend 13303 145-2C11; RB6-8C5; 

RA3-6B2; Ter-119; 

M1/70 

SCA-1-APCCy7 1:100 BD 560654 D7 

LAMP1 

(intracellular)-Pe 

1:100 Santa Cruz 

Biotechnology 

sc-

20011 

H4A3 

DAPI-BV421 1:10000 Biolegend 422801 - 

Zombie Violet-BV421  1:500 Biolegend  423114 - 
Table 8 Antibody panel for murine stromal cells isolation 

2.3.8.5 mCLL cells isolation from Spleen and bone marrow  

SPL and long bones were harvested from leukemic or control age-matched mice 

to isolate CLL cells for downstream analysis. SPLs were homogenised trough a cell 

strainer using the syringe plunge and washed with PBS to obtain a single cell 

suspension. BM was flushed out of the bone cavity and washed with PBS. Red 

blood cells were lysed with Pharmalyse and cells were stained with anti-CD5 and 

anti-CD19 antibodies (Biolegend) for 20’ at RT in the dark. Cells were resuspended 

in DAPI before FACS analysis.  
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2.3.9 Immunofluorescence 

Murine SPLs and long bones were harvested from leukemic or control aged-

matched mice. Tissues were fixed with 2% PFA overnight at +4°C. Long bones 

were decalcified in 250mM EDTA pH8 for 1.5 weeks. All tissues were washed with 

PBS prior cryopreservation with 15% sucrose for 12 hours, and 30% sucrose over-

night. Tissues were then embedded in OCT (VWR) and snap frozen using 2-methyl-

butane (Sigma). 10 µm sections were cut using Bright Cryostat and stored at -

80°C until staining. A blocking reaction was carried out before staining, in TBN 

blocking reagent (prepared with TSA blocking buffer (Perkin Elmer), 0.1M Tris-HCl 

(pH 7.5), 0.15M NaCl) with the addition of 0.05% Triton X-100 for 1h at RT or 

overnight at 4°C. Sections were stained using the panel of antibodies in Table 9, 

and each staining was followed by 3 washes with PBS/0.05% Triton X-100. Slides 

were then mounted with DAPI Mounting medium (ThermoFisher Scientific) and 

kept at 4°C until analysis. Pictures were taken with Leica DMI4000 fluorescent 

microscope and Z-stacks of images were generated using ImageJ. Distance 

measurement tools on the ImageJ software were used to measure the distance 

between each malignant cell to the nearest stromal cell.  

  



 75 

 Antibody  Dilution  Manufacturer Cat# 

Primary 

Antibodies 

Mouse/Rat 

CD31/PECAM-1 

1:100 Bio-Techne 

 

AF3628 

 Endomucin (V.7C7) 1:100 Insight 

Biotechnology 

 

sc-65495 

 Osteopontin (OPN) 1:100 Bio-Techne AF808-SP 

 Collagen IV  1:300 Abcam Ab-6586 

 SCA1-Pe 1:100 BD 553336 

 Endoglin (CD105) 1:200 Bio-Techne AF1097 

 anti-human TCL1 1:200 MBL K0028-6 

Secondary 

Antibodies 

Donkey anti-Goat IgG (H 

L) DyLight 650 

1:300 ThermoFisher 

Scientific 

SA5-10089 

 Anti-Rabbit AF488 1:300 Cell Signaling 

Technologies 

4412S 

 Anti-Rabbit Pe 1:300 Cell Signaling 

Technologies 

79408S 

 Cy3-Donkey-anti-Goat 

IgG  

1:300 Jackson Immuno 

Research 

705-167-

003 

 Donkey anti-Rat IgG (H 

L) APC 

1:300 ThermoFisher 

Scientific 

SA5-10029 

 Streptavidin APC 1:300  BD 405207 

Table 9 Primary and secondary antibodies used in immunofluorescence 
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 Molecular biology  

2.4.1 RNA isolation, cDNA library preparation and data analysis  

RNA from FACS sorted murine cells was isolated using Mecherey Nagel RNA 

isolation kit according to manufacturer instructions. cDNA libraries were produced 

using NEB Next Ultra II Illumina Library prep kit. Quality of libraries produced was 

evaluated via capillary electrophoresis using chip High sensitivity DNA Chip 

(Agilent Technologies) according to manufacturer’s protocol and run on 

Bioanalyser. Raw reads were aligned using STAR(Dobin et al., 2013) version 2.7 

to build version hg38 index of the human genome. Strand-specific counts for 

GENCODE (version 34) annotated genes(Frankish et al., 2019) were calculated 

from the aligned reads using the featureCounts function of the Rsubread R 

package(Liao et al., 2019). Normalization and differential analysis were carried out 

using the DESeq2 package(Love et al., 2014) and R (version 4.0) (R Core Team 

2013). Raw counts were normalized and only genes with a normalized greater than 

5 across samples were retained for differential analysis. Genes were considered 

significantly regulated when fold changes were equal or greater than 2 and with a 

Benjamini–Hochberg FDR of less than or equal to 5%. Pathway analysis was 

performed using the hypeR and fgsea packages using available msigdb genesets 

(Federico and Monti, 2020; Korotkevich et al., 2019; Liberzon et al., 2015). For 

the hypeR analysis, the pathway enrichment of significantly up and down-

regulated genes was performed using a hypergeometric test with a background of 

50,000 and an adjusted p-value less than or equal to 0.005. To generate 

heatmaps, the counts per million value (cpm) values of 492 unique differentially 

expressed genes across the 2 conditions (healthy SCA1- vs leukemic SCA1+ and 

leukemic SCA1- vs leukemic SCA1+) were ln(x + 1)-transformed and the data 

collapsed by taking median inside each group. Rows are centered and unit variance 

scaling is applied to rows. Both rows and columns are clustered using correlation 

distance and average linkage using the pheatmap package(Kolde, 2019). 
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 Statistical analysis  

All statistical analyses and graphs were produced in GraphPad Prism software 

(Version 8), apart from RNA Sequencing analyses which were performed as 

indicated in 2.4.1.  

P-values from unpaired or paired, two-tailed Student t-tests and ONE Way Anova 

are denoted with asterisks according to the following, ****p < 0.0001, *** p 

<0.001, **p <0.01, *p<0.05, and not significant (ns) p >0.05. Where statistical 

difference is not found, numerical p values are indicated.   
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3 EXTRINSIC REGULATION OF CLL INDUCED 

ABERRANT HAEMATOPOIESIS  

 Introduction 

Although intrinsic alterations are found in CLL-derived haematopoietic progenitors 

(Damm et al., 2014), we still do not fully understand the molecular basis of 

insufficient haematopoiesis in patients. Disease progression is accompanied by BM 

failure which leads to anaemia and thrombocytopenia and also predisposes 

patients to infections. 

Evidently from our work and others’ work one of the main features of the 

interaction between malignant B cells and cells of their environment (e.g. stromal 

cells), is the induction of an inflamed microenvironment (Lutzny et al., 2013; 

Paggetti et al., 2015; Schulz et al., 2011; Yan et al., 2011). However, its role in 

altering normal haematopoietic function has not been elucidated in CLL. In other 

types of leukaemia, such as AML, there is evidence that disturbance of the 

microenvironment, provoked by malignant cells, is responsible for BM failure. 

Recent findings support the hypothesis that “BM spatial crowding” cannot be the 

only cause of the suppression of normal haematopoiesis and demonstrated the 

absence of correlation between amount of AML blasts and the levels of 

haemoglobin, and neutrophils (Zhang et al., 2020a). Interestingly, the paracrine 

production of IL-6 by human AML suppressed erythroid differentiation of both 

murine and human CD34+ cells(Zhang et al., 2020b). In support of the idea that 

the leukemic niche impairs normal haematopoiesis, a recent study demonstrated 

that CB derived human CD34+ in co-culture with BM MSCs and patient derived AML 

cells stop proliferating and undergo quiescence. Interestingly, CB CD34+ cultured 

on MSCs which were preconditioned with AML cells lines, generated a higher 

number of colonies in Colony Forming unit (CFU) assays (Waclawiczek et al., 

2020), suggesting an enrichment in primitive haematopoietic cell function. 

Secretome analyses of these co-cultures found enrichment of stanniocalcin1 

(STC1), a hypoxia regulated gene, and demonstrated its negative influence on 

HSC proliferation (Waclawiczek et al., 2020). These findings were recapitulated in 

a humanised mouse model utilising scaffolds to mimic the human haematopoietic 

niche in AML. 
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 Additionally, it is also unknown whether chemotherapeutic treatment can affect 

BM niche function in CLL, and consequently, HSPCs functions or rather revert 

disease-induced alterations. The hypothesis that chemotherapy alters the 

haematopoietic niche, preventing normal HSC regulation, has been assessed in 

murine models as well as in patients. Stromal cells within the BM niche respond to 

cytotoxic stress and this impacts on the regulation of HSPCs function (Severe et 

al., 2019; Tikhonova et al., 2019). A few studies analysing murine BM derived 

stromal cells at single cell resolution during stress conditions, such as 

chemotherapy or irradiation, identified specific cell subsets potentially involved in 

protection from cytotoxic and genotoxic stress conditions. MSCs subpopulations 

traditionally thought to protect HSC, LeptinR+ and NestinGFP+ subsets were lost 

following radiation (Severe et al., 2019), whereas chemotherapy induced an 

enrichment in adipocytes, associated with a down-regulation of Delta Like 

Canonical Notch Ligand 1 (DLL1) and DLL4 in the perivascular niche, skewing cell 

production towards the myeloid lineage(Tikhonova et al., 2019). Supporting the 

observations that MSCs are also remodelled by chemotherapeutic treatment in a 

B-cell Acute Lymphoblastic Leukaemia (B-ALL) model, cytarabine and 

daunorubicin treatment causes alteration in the proliferation capacity of MSCs, 

accompanied by a reduction in the expression of HSC-supporting cytokines, such 

as SCF, CXCL-12, IL-7 and Angpt1 (Tang et al., 2018). Consequently, 

chemotherapy induced HSPC had limited reconstitution capacities.  

These findings unravel newly acquired functions of BM MSCs during cytotoxic 

condition, which may contribute to HSPCs dysregulation in cancer patients.  

Chemotherapy-induced neurodegeneration in the BM haematopoietic niche is also 

identified as a cause for dysfunction in normal blood production. In a murine model 

of cisplatin treatment, damage to sensory nerves was observed, recapitulating 

clinical observation and concomitantly impairing haematopoietic recovery (Lucas 

et al., 2013). Similarly, this study supports the hypothesis that chemotherapy does 

indeed influence diverse types of haematopoietic niche cells, causing diversified 

HSPCs function responses.  

Similarly, in vitro approaches demonstrated that hMSCs isolated from leukemic 

patients  undergoing chemotherapy have a reduced proliferation capacity (Galotto 

et al., 1999; Kemp et al., 2010; Sorokina et al., 2016) , further supporting the 

idea that chemotherapy induces damage to the BM microenvironment.  
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In light of these findings, I hypothesised that the disease-induced inflammation in 

the BM microenvironment is causative for BM failure. I assessed whether the 

inflammatory environment negatively affects normal haematopoiesis by skewing 

HSPC fate choice commitments and tissue residency, therefore contributing to 

insufficient and altered mature blood cells production.  

In this study I investigated HSPC differentiation properties and characterised 

circulating phenotypic HSPC isolated from untreated or treated patients with CLL.  
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 Results 

3.2.1 Establishment of an in vitro model to study the effects of the 

CLL-inflammatory microenvironment on haematopoiesis  

In order to investigate if the inflammatory environment induced by malignant B 

cells has an effect on HSC proliferation and differentiation, I developed an in vitro 

tri-culture system, represented in Figure 20A. For this, highly purified CB derived 

HSCs and primary patient-derived CLL cells were cultured in direct contact with 

EL-081D2 stromal cells. Cultures were set up in the absence of serum and with 

the addition of HSC growth factors to ensure maintenance of haematopoietic 

progenitors in vitro. The HSCs were then harvested 96h later and their proliferation 

and differentiation were assessed in colony forming unit assays. Notably, no 

further purification was required as malignant B cells did not generate any colony 

in CFU assays (data not shown).  

My results showed that phenotypic HSC’s colony formation was not affected by the 

presence of CLL cells in the culture (Figure 20B). Of note, colony forming capacity 

of HSCs cultured alone was similar to HSCs co-cultured with supportive stromal 

cells.  

In addition, I did not observe any change in the differentiation patterns of 

phenotypic HSCs cultured in the presence of CLL- and the stromal cells (Figure 

20C).  
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Figure 20 Unchanged functional properties of HSC pool cells upon co-culture with CLL and EL08 

stromal cells A. Cartoon representing the tri-culture haematopoietic niche model for CLL. B. Histogram showing 

the total number of CFU produced by pool of HSC in the different experimental conditions. N=4 patient samples, 

2 technical replicates for each. Each dot represents # of CD34+ for each patient. Bars represent SEM. C. Dot plot 

showing frequencies of myeloid, erythroid or mixed colonies. Mean of values is shown and error bar represent 

sem. Each dot represents % of colonies for each patient. Bars represent SEM.  Statistical test: One-way Anova.   

3.2.2 Altered frequencies of peripheral blood HSPCs in Patients with 

CLL   

Although it is well established that CLL-stroma interaction in coculture creates an 

increased inflammatory microenvironment, its effects on the differentiation 

capacity of HSCs could have been bypassed by the addition of cytokines in the 

growth medium. Many studies provided clear evidence that synthetic cytokines 

added to culture media synergise with stromal cells to support and maintain 

functional HSC in vitro (Isern et al., 2013, 2001; Walenda et al., 2011), and 

therefore cannot be removed as it would be a cause of HSC cell death and/or loss 

of self-renewal. As an alternative approach, I then decided to analyse the tissue 

residency and functional properties of HSPCs directly isolated from patients with a 

CLL diagnosis.  

Initially, to address alterations in CLL-HSPCs tissue residency, I evaluated their 

abundance in the PB of 67 individual patients with the diagnosis of CLL from the 

Addenbrooke’s outpatient clinic, and 21 age-matched healthy controls who were 
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accompanying patients and volunteered to participate in this study. PB samples 

were collected in the afternoon, when circulation of haematopoietic progenitors is 

known to reach its peak due to circadian oscillation (Méndez-Ferrer et al., 2008).  

The average age of all patients was 69 years (range 40 to 92 years) with a 

male:female ratio of 1.8:1. Patients were either treatment naïve or relapsed 

following one or multiple lines of therapy (average number of previous 

treatments=2). The average age of healthy controls was 66 with a range of 32-85 

years. Additional patient’s and donors’ characteristics are listed in Supplementary 

Table 1 and Supplementary Table 2. 

Non-purified, freshly isolated PBMNCs from 5ml PB were stained and gated for 

CD34-positivity and CD19-negativity to quantify the total amount of circulating 

haematopoietic progenitor cells, using precision counting beads and flow 

cytometry. I quantified the absolute amount of circulating haematopoietic 

progenitors and found similar numbers of CD34+ cells to age-matched healthy 

individuals (Figure 21A). Similarly, no differences were observed between patient 

groups stratified by Binet stage (Figure 21B) or treatment-naïve versus previously 

treated patients (Figure 21C).  

 

Figure 21 Similar CD34+ cells in Patients with CLL A, B, C. Absolute quantification of global (CD34+) 

haematopoietic progenitors isolated from PB. In A, comparison between aged-matched controls (n=20) and 

patients with CLL (n=54) is shown. Unpaired t-test. B quantification of CD34+ cells in Nai ̈ve patients with CLL, 

separated by Binet stage (Ordinary One-way Anova) Binet stage A=25; B=11; C=4. C. Abundance of CD34+ 

progenitors in the CLL cohort by treatment type (Ordinary One-way Anova). Healthy controls n=20; Naïve 

patients with CLL n=40; previously treated n=11. Each dot represents # of CD34+ for each patient. Bars represent 

SEM.  
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Subsequently, to identify differences in HSC sub-populations, magnetically 

isolated CD34+ cells were further stained and quantified with an antibody panel 

including lineage markers and CD34, CD38, CD45, CD10, CD7, CD49f and CD90.  

Our analyses revealed that common myeloid and myelo-erythroid progenitors 

(CMPs-MEPs), identified as CD19-CD34+CD38+CD45-CD10-CD7-, were more 

abundant in the PB of patients with CLL (Figure 22A, B). Conversely, myelo-

lymphoid progenitors (MLP) (CD19-CD34+CD38-CD45+) were significantly 

decreased in patients’ blood compared to healthy controls. The HSC pool, defined 

as a of pool of HSC and multipotent progenitors (CD19-CD34+CD38-CD45-), known 

to contain a heterogeneous pool of cells with different self-renewal and 

differentiation capacities (Belluschi et al., 2018; Majeti et al., 2007c; Notta et al., 

2011b), was also more abundant in patients’ blood. In particular, short-term HSC 

(ST-HSC) (CD19-CD34+CD38-CD45-CD90-CD49f-), multipotent cells with limited 

self-renewal and repopulation capacity (Notta et al., 2011b) , and differentiation 

bias towards the erythroid lineage (Belluschi et al., 2018; Notta et al., 2016b), 

were found in higher frequencies in the PB of patients with CLL (Figure 3B, C), 

whereas frequencies of long term HSC (LT-HSC) (CD19-CD34+CD38-CD45-

CD90+CD49f+), cells  with multipotent long-term repopulation capacity(Huntsman 

et al., 2015; Notta et al., 2011b), were comparable to healthy controls.  
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Figure 22 CMP-MEPs and ST-HSC are more abundant in the PB of Patients with CLL. A representative 

FACS plots of CMP/MEP and ST-HSC abundance of freshly isolated CD34+ cells. Values indicate abundance of the 

specific population, as frequency of total CD34+ pool. B dot-plot showing relative abundance of specific 

haematopoietic progenitors in healthy controls (n=20) and the entire patient cohort (n=89); (unpaired t-test 

controls). Each dot represents % of progenitors for each patient. Bars represent SEM. Statistical Test: Unpaired 

T test (one per group).  

LT-HSC ST-HSC
0.001

0.01

0.1

1

10

100

MLP HSC pool
0.001

0.01

0.1

1

10

100

A

B

GMP CMP/MEP B-NK 
0.001

0.01

0.1

1

10

100

Fr
eq

ue
nc

y 
of

 C
D

34
+  

CD34+CD38+ CD34+CD38-

-10

0-10 3 10 3 10 4 10 5

0

3

10 3

10 4

10 5

NAÏVE TREATED

CMP/MEP

CONTROL

CMP/MEP CMP/MEP

CD7

C
D

10

CD34+/CD38+/CD45- CD34+/CD38+/CD45-CD34+/CD38+/CD45-

NAÏVE

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

CD49f

C
D

90

CD34+/CD38-/CD45- CD34+/CD38-/CD45- CD34+/CD38-/CD45-

ST-HSC ST-HSC

TREATEDCONTROL

ST-HSC

LT-HSC LT-HSC LT-HSC

HSC pool

44.2 77 63.6

22.1 1.91 7.79

16.4 57.4 33.1

*

Healthy Controls
CLL 

0-10 3 10 3 10 4 10 5 0-10 3 10 3 10 4 10 5

0-10 3 10 3 10 4 10 5 0-10 3 10 3 10 4 10 5

******p=0.58
p=0.82 ***p=0.40



 86 

Within the Naïve CLL group, the Binet stage were not associated with an increased 

frequency of CMP/MEP, MLP, ST- and LT-HSC (Figure 23 A, B, C) with the exception 

of HSC pool, which were slightly increased in Binet Stage B patients compared to 

Stage A and C (Figure 23B, right).   
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Figure 23 Frequencies of HSPCs in Naive CLL by Binet stratification. Naïve CLL Patients were stratified 

based on Binet classification and the frequencies of all HSPCs were compared. Healthy Controls N= 20. Binet 

stage A N=39; Binet Stage B N=19; Binet stage C N=8; Each dot represents % of progenitors for each patient. 

Bars represent SEM. Statistical test: One Way Anova (one per group) followed by Unpaired T test.  
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Upon dividing the entire cohort of patients based on the treatment status, I 

observed similar changes in the circulation of the various haematopoietic 

progenitors, between naïve and previously treated patients with CLL (Figure 24). 

 

Figure 24 CMP-MEP and ST-HSCs impaired residency in naive and previously treated patients. Dot-plot 

showing relative abundance of specific haematopoietic progenitors in healthy controls (N=20) and in patients 

with CLL by treatment group (Ordinary one-way Anova); Naïve patients with CLL N=66; previously treated CLL 

N=20. Each dot represents % of progenitors for each patient. Bars represent SEM. Statistical test: One Way 

Anova (one per group).  

Notably, PB white blood cell (WBC) counts did not correlate with higher frequencies 

of PB ST-HSCs, possibly suggesting that CLL infiltration may not be the cause for 

HSPC displacement from their BM residency (Figure 25). 

 

Figure 25 Frequencies of ST-HSC in Naïve and Treated CLL patients do not correlate with WBC counts. 

Linear regression plots showing correlation of ST-HSC frequencies (as %CD34+) to (WBC) in Naïve patients with 

CLL(N=58) (left), and previously treated CLL (N=15) (right). Each dot represents % of progenitors for each 

patient. Statistical test: Linear regression.  
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 Similarly, I have not observed an inverse correlation between haemoglobin (Hg) 

levels or absolute number of neutrophils and PB HSPCs (Figure 26 and Figure 27). 

 

Figure 26 HPSCs abundance in the PB does not correlate with Haemoglobin titre. Linear regression plot 

showing correlation between (Hb) titre and circulating CMP-MEP (A), HSC pool (B), ST-HSC (C) shown as 

frequency of CD34+ cells, in Naïve and previously treated patients with CLL. Each dot represents % of progenitors 

for each patient. Statistical test: Linear regression.  
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Figure 27 HPSCs abundance in the PB does not correlate with Neutrophil counts. Linear regression plot 

showing correlation between Neutrophil counts and circulating CMP-MEP (A), HSC pool (B), ST-HSC (C) shown 

as frequency of CD34+ cells, in Naïve and previously treated patients with CLL. Each dot represents % of 

progenitors for each patient. Statistical test: Linear regression.  
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Additionally, I investigated whether the abundance of total CD34+ and frequencies 

of HSPCs were associated with chromosomal abnormalities. To this end, I grouped 

Naïve and Treated CLL patients based on the patients’ karyotype assessed via FISH 

analysis. As shown in Figure 28, I did not observe differences between patient-

samples with Del13q, normal karyotype or presence of TP53.   

 

Figure 28 Chromosomal alterations in Naive or Treated CLL are not associated with increased HSPC 

frequencies. Patient samples (Naïve and Treated) were clustered based on karyotype (analysed via FISH by 

Camelia Andrei and Clare Bryant at the Haematopathology & Oncology Diagnostics Service, Cambridge University 

Hospitals NHS Foundation Trust). Abundance of CD34 or frequencies of HSPC were compared across the groups. 

Normal karyotype N=18; Del13q N=39; TP53 Del N=3. Each dot represents % of progenitors for each patient. 

Bars represent SEM. Statistical Test: One Way Anova followed by multiple comparison post-hoc test and unpaired 

T test.   

Conclusively, these results suggest that CLL cells impair BM residency of ST-HSC 

and MEP-progenitor cells, irrespective of previous treatments or chromosomal 

abnormalities. The absence of a correlation between full blood counts and HSPCs 

indicate that these changes are already present at an early disease stage. 
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3.2.3 Circulating CLL-HSPCs have skewed differentiation potential 

I next investigated the differentiation properties of PB-derived CD34+
 
cells. For 

this, bead-isolated 1x103 or 6x103 isolated CD34+ progenitor cells were plated in 

duplicates in complete semisolid methylcellulose. CLL-derived and healthy CD34+ 

progenitors showed similar proliferation capacity and generated similar numbers 

of differentiated colonies (Figure 29A). I also did not observe differences in colony 

formation between CD34+ cells isolated from patients with different Binet-groups 

(Figure 29B) or between treatment naïve and previously treated patients (Figure 

29C).  

 

Figure 29 CLL derived CD34+ cells with normal proliferation capacities A, B, C. Bar plots showing the 

absolute number of colony forming units (CFU) generated in methylcellulose assays by PB CD34+ of (A) healthy 

controls (n=17) and of Patients with CLL (n=55) (Unpaired T-Test; p<0.05), (B) comparison between healthy 

controls and Binet-groups (A=25; B=11; C=4) (C) or treatment-naive Patients with CLL (N=42) versus treated 

patients (N=13). Each dot represents absolute number of colonies from CD34+ for each patient. Bars represent 

SEM. Statistical analysis: Ordinary One-Way Anova.  

However, further characterisation of colonies (representative pictures in Figure 

29A) identified that CD34+ progenitors from patients with CLL generated a 

significantly higher proportion of myeloid colonies at the expense of erythroid 

colonies compared to controls (Figure 30B). This skewed differentiation of CD34+ 

cells was predominantly driven by treatment-naïve patients compared to 

previously treated patients, which showed differentiation into myeloid and 

erythroid colonies to a similar extent than healthy controls (Figure 30C).  
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Figure 30 CLL CD34+ show skewed differentiation towards myeloid lineage. A. Representative pictures 

of CFUs generated by healthy or CLL-derived haematopoietic progenitors. BFU-Burst Forming Unit-Erythroid; 

CFU-GM Colony forming unit-Granulocyte, Macrophage; CFU-GEMM-Colony forming unit-Granulocyte, 

erythrocyte, macrophage, megakaryocyte. B, C. Dot plots showing the composition of CFUs generated by (B) 

healthy controls (N=18) and Patients with CLL (N=55) (C) or by Naïve patients with CLL (N=42) or previously 

treated Patients with CLL (N=13). Each dot represents % of colonies grown from each patient. Bars represent 

SEM (B: unpaired T-test; C: One-Way Anova followed by post hoc test).  
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Interestingly, I found that this differentiation phenotype was predominantly driven 

from CD34+ cells from patients with normal karyotype, whereas cells from patients 

with Del13q showed a more balance differentiation output, similar to progenitors 

derived from healthy controls (Figure 31). 

 

Figure 31 Myeloid differentiation bias of CLL CD34+ progenitors is driven by patients with normal 

karyotype. Histograms showing Myeloid (left) or Erythroid (right) CFU frequencies in CLL samples clustered 

based on chromosomal abnormalities. Each dot represents each patient. Bars represent SEM. Normal karyotype 

N=13; Del13q N=25; Healthy Controls N=18. Statistical analysis: One Way Anova followed by post hoc test and 

Unpaired T test.  

Collectively, these data demonstrate that higher frequencies of ST-HSCs and CMP-

MEPs in the PB of Patients with CLL are associated with a skewed differentiation 

into myeloid cells in vitro and progenitor cells are less likely to produce 

erythrocytes.  
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 Discussion 

In order to investigate how the inflammatory environment generated by CLL 

through interaction with BMSCs affects normal blood production, I first adopted an 

in vitro two-dimensional tri-culture system whereby CB derived HSCs, patient 

derived CLL, and murine BMSCs were put in direct contact with the support of 

HSC-stimulating factors. Functionality of HSC was assessed 96h later, through in 

vitro CFU assays. Similar techniques have been adopted to test for the same 

hypotheses in other haematological malignancies, such as AML, where the authors 

successfully demonstrated that secreted factors in the inflammatory environment, 

such as IL-6 or STC1, contribute to HSC lineage bias or exhaustion(Waclawiczek 

et al., 2020; Zhang et al., 2020a). In contrast, our experiments did not reveal any 

alteration in phenotypic HSC functions. It is possible to speculate that the system 

I used, whereby HSC stimulating cytokines were added to the culture, might have 

masked the effects of the pro-inflammatory factors produced by the CLL cells and 

stromal cells. Alternative approaches, such as in vitro 3D culture systems could be 

adopted, to better mimic the microanatomy of the haematopoietic niche. 

Pioneering work in the biomaterial field fostered interesting alternative 3D culture 

systems, whereby several cell types are in direct contact and are supported by 

bioartificial extracellular matrixes components (Abarrategi et al., 2017; Bray et al., 

2017; Gvaramia et al., 2017; Rödling et al., 2017). 

In order to explore the contribution of the inflammatory environment on 

haematopoiesis in CLL (with alternative approaches), I then sought to analyse PB 

samples isolated from CLL patients and hypothesised that the BM inflammatory 

environment could alter HSC tissue residency and therefore alter their functional 

properties.  

To my knowledge, this is the first study using high resolution flow cytometry 

techniques to characterise specific circulating haematopoietic progenitor sub-

populations in CLL patients. My data identified significantly higher frequencies of 

PB ST-HSC and CMP-MEPs in CLL patients, associated with a skewed differentiation 

into myeloid colonies at the expense of erythroid cells. These findings likely reflect 

first signs of BM failure and exhaustion of normal stem and progenitor cells. 

Recently published data indicate that the BM of CLL patients is depleted in 

phenotypically defined HSC, MPP, CMP and CLP progenitors (Manso et al., 2019), 

strongly suggesting that the increased frequencies of ST-HSC and CMP-MEPs I 
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observed are not merely a sign of increased production and release into the PB. It 

is therefore reasonable to assume that disease-induced alterations in BM niches, 

including secretion of pro-inflammatory factors by stroma cells, contribute to the 

redistribution of HSPCs, which then no longer participate in normal blood 

production. In addition, I identified a differentiation bias of CD34+ cells into the 

myeloid lineage at the expense of red blood cell production. Although these data 

originate from in vitro experiments, they are supported by clinical findings in this 

patient population. Early to intermediate stage patients almost never present with 

neutropenia or monocytopenia, whereas mild anaemia is a very common finding. 

In contrast, myelosuppression is more common in previously treated patients and 

the absence of a differentiation bias of PB CD34+ cells in this population may be a 

result of direct cytotoxic effects from therapies on normal HSCs. In addition, the 

observation that progenitor cells from Del13q patients behave more similar to 

normal healthy control cells with regard to their differentiation potential may 

reflect the better overall prognosis of this group compared to other cytogenetically 

defined subgroups (Döhner et al., 2000c). 

Whether the skewed differentiation of PB HSPCs in CLL patients reflects 

compensation mechanisms of normal progenitor cells in response to an abnormal 

cytokine and niche environment or relates to recurrent genetic abnormalities found 

in a subset of HSCs remains to be investigated.  

In conclusion, our data provide further evidence about the mechanisms causing 

cytopenia in CLL patients and suggest that a pathological mobilisation of ST-HSCs 

is a contributing factor.  
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4 CHARACTERISATION OF THE CLL-INDUCED 

BONE MARROW NICHE REMODELLING IN VIVO  

 Introduction 

Interactions with the microenvironment are fundamental for CLL pathogenesis 

(see paragraphs 1.4 and 1.4.2). Studies from our lab and other published works 

have clearly demonstrated that stromal cells, MSCs specifically, play an important 

role not only in nurturing malignant cells, but also contributing to their protection 

from chemotherapeutic agents. In patients the BM is known to be a privileged 

anatomical site where malignant cells can escape the action of cytotoxic drugs and 

that the minimal residual disease can be a sign of de novo drug resistance, as a 

result of acquired genetic changes, or mediated by the microenvironment (EMDR) 

(Meads et al., 2009). However, it is still unclear what type of niche CLL cells 

interact with within this tissue and also what are the acquired mechanisms driving 

this process. For this reason, the identification of the niches where malignant cells 

home, reside, and seek shelter to evade the action of chemotherapies is of clinical 

relevance to the development of more effective treatment regimens.  

Research from numerous groups has focused on studying the mechanisms of 

interaction between malignant blood cells within the BM environment. The results 

show that MSCs, nerve fibres, adipocytes, osteoblasts and endothelial cells are 

remodelled and eventually contribute to the formation of a favourable milieu for 

leukemic progression (Arranz et al., 2014; Baryawno et al., 2019; Carlson et al., 

2019; Duarte et al., 2018; Godavarthy et al., 2020; Hanoun et al., 2014; Hawkins 

et al., 2016; Schepers et al., 2013; Severe et al., 2019; Tikhonova et al., 2019; 

Ye et al., 2016). Some of the cross talks between various leukaemia and the 

microenvironment which promote leukemic progression are highlighted in the 

figure below.  
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Figure 32 The remodelling of the bone marrow niche contributes to malignant progression. The 

diagram shows the interaction between malignant haematopoietic cells, of myeloid or lymphoid lineage, and 

stromal cells. From left to right: VEGF is secreted by both endothelial cells and malignant cells and stimulates 

neoangiogenesis. IL-6 produced by CML is proinflammatory for non-mutated haematopoietic cells and stromal 

cells. Malignant cells also induce the lipolysis from adipocytes which release fatty acids used as energy source by 

malignant cells. Diverse malignant cells stimulate the expansion of stromal cells through secretion of growth 

factors. MPN and AML damage Schwann cells and sympathetic nerve fibres and cause reduced expression of 

CXCL12 in MSCs. MDS: Myelodysplastic syndrome; ALL: Acute Lymphoid Leukaemia; MPN: Myeloproliferative 

Neoplasm; AML: Acute Myeloid Leukaemia. Adapted from (Méndez-Ferrer et al., 2020) 

Leukemic mouse models have widely been used to study leukemogenesis and the 

interaction of malignant cells with specific niches across tissues, with a particular 

focus on the BM. Its complex architecture and cellular composition have been well 

studied and it has been clearly established that it undergoes profound 

transformation during leukemic progression with the final consequence of altering 

the normal haematopoietic function.  

The use of genetically modified mouse models where specific niche cells were 

labelled or deleted has massively increase the knowledge of this remodelling in the 

past 10 years.  

For example, the NestinGFP mouse model has been thoroughly used to investigate 

the regulation of HSC function in homeostasis, as well as in leukemogenesis 

(Arranz et al., 2014; Dong et al., 2016; Hanoun et al., 2014; Kunisaki et al., 

2013b; Méndez-Ferrer et al., 2010).  

In JAK2(V617F) murine models of MPN, Arranz and colleagues showed that 

production of IL-1b by malignant cells causes loss of sympathetic nerve fibres and 

Schwann cells in the BM of leukemic mice. This in turn causes NestinGFP+ MSCs 

depletion with resultant fibrosis and osteosclerosis, while accelerating MPN 

Endosteal and central 
bone marrow niche 

Illustration of alteration of the haematopoietic niche during leukemogenesis 

removed for copyright reasons. Copyright holder is Simon Méndez Ferrer.  
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progression(Arranz et al., 2014). Similarly, in MLL-AF9 transplantation models for 

AML, disruption of catecholaminergic fibres was observed in areas occupied by the 

malignant cells. AML also induces an expansion of NestinGFP+ MSCs, with increased 

osteoblastic differentiation potential, and a block of mature osteoblasts 

differentiation(Hanoun et al., 2014). T cell acute lymphoblastic leukemia (T-ALL) 

accumulation in the haematopoietic niche leads to selective remodelling of the 

endosteal niche, where osteoblastic cells are lost, whereas perivascular niches are 

preserved(Hawkins et al., 2016).  

More recently, single-cell sequencing approaches have also been used to explore 

the global remodelling of the BM haematopoietic niche during leukemogenesis. 

Baryawno et al found that AML progression induces a concomitant decrease in 

committed osteolineage MSCs and an increase in preosteoblasts, suggesting a 

block in osteolineage development, together with a reduction of sinusoidal vessels 

and increase of arterial vascular cells (Baryawno et al., 2019). These findings were 

consistent with previous evidence of vasculature remodelling and impaired 

osteogenesis in AML (Duarte et al., 2018; Geyh et al., 2016; Kumar et al., 2018; 

Passaro et al., 2017; Schepers et al., 2013).  

Based on this data is now widely accepted that in the BM not only mesenchymal 

stromal cells are remodelled, but also vascular niches undergo profound 

transformation during leukemogenesis and can therefore play an important role in 

the progression of the disease (and possibly drug resistance). Additionally, the BM 

vascular niche retains important roles in the regulation of haematopoietic stem cell 

activity, suggesting that their alterations can have the consequence to the 

maintenance of haematopoietic function (Chen et al., 2019; Ding et al., 2012; 

Hooper et al., 2009b; Itkin et al., 2016; Xu et al., 2018). An alteration of the 

vascular niche is also observed in murine models of AML. Xenotransplantation 

experiments revealed increased vascular density and permeability, associated with 

hypoxia (Passaro et al., 2017) increased vasculature (Hanoun et al., 2014), as well 

as disruption of the endosteal blood vessels (Duarte et al., 2018).  

These findings suggest that malignant progression deeply influences the structure 

of the BM niche environment. These changes in niche cells are often associated 

with acquisition of functions, dictated by malignant cells, allowing for the gain of 

appropriate support for maintenance.  
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CLL is a malignancy which heavily relies on support from neighbouring cells and 

therefore it offers a highly relevant model to study microenvironmental 

interactions. Despite numerous studies published it still remains unclear what type 

of niche CLL cells occupy and whether one or more specific cell types are important 

interactors for the cell to progress or to resist to drug induced apoptosis.  

In this study, we hypothesised that endothelial cells are a key element for CLL 

progression. To investigate this I adopted a transplantation model, whereby 

leukemic cells derived from the Eµ-TCL1 transgenic mouse model are transplanted 

into syngeneic NestinGFP transgenic recipient mice, allowing for observation of 

changes in the BM resident NestinGFP MSCs, a rare population fundamental for HSC 

maintenance (Méndez-Ferrer et al., 2010), as well as other population of the 

mesenchymal lineage and endothelial cells. 
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 Results 

4.2.1 mCLL does not alter the gross composition of the BM 

haematopoietic niche 

To define whether infiltrating CLL cells may affect the architecture of the BM niche, 

splenic malignant B cells from diseased Eµ-TCL1 mice were intraperitoneally 

transplanted into 8-12 weeks old syngeneic NestinGFP recipient mice (Figure 33A). 

Transplant recipient mice developed clinical signs of disease within 5 to 10 weeks 

post-transplantation with an average infiltration of leukemic cells of 40% in the 

SPL, 30% in the PB and 5% in the BM (Figure 33B). In the BM, in addition to the 

CD19+CD5+ leukemic population I analysed the different stromal cells based on 

the expression of specific lineage marker (Figure 33C). FACS analysis revealed no 

changes in the abundance of MSCs (CD45-Ter119-CD31-NestinGFP+), osteolineage 

cells (CD45-Ter119-CD51+SCA1-) and osteoprogenitors (CD45-Ter119-

CD51+SCA1+) when compared to age-matched healthy control mice, as depicted 

the histograms in Figure 33D. 
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Figure 33 Eµ-TCL1 infiltration in the BM does not cause alteration in non haematopoietic stromal cells 

frequencies. A. Representative scheme of murine CLL transplantation model into NestinGFP recipient mice. B. 

Histogram depicting Eu-TCL1 infiltration in lymphoid organs in tranplanted recipients. TCL1 infiltrated mice N=18; 

Healthy mice N= 13. Stars indicate statistical analyses results for the comparison of TCL1 infiltrated mice vs 

healthy mice, for each of the group indicated on the graph. Each dot represents a biological replicate analysed. 

Bars represent SEM. Statistical test unpaired T test. C. Representative FACS plots of the gating strategy for 

BMSCs. Parental gate for each of the plots is CD45-Ter119- as indicated above. D. Histogram showing abundance 

of BMSCs represented as frequency of parental population CD45-Ter119-. Healthy mice N=10; TCL1 infiltrated 

mice N=17. Statistical test: unpaired T test. 

In conclusion, the low levels of TCL1+ cells infiltration into the BM (around 5%) do 

not cause alterations in the frequencies of the BM stromal cells, unlike changes 

observed in other murine models of myeloid haematological malignancies, where 

greater infiltration of the BM is detected.  

4.2.2 Malignant B cells home in close proximity to BM vessels 

Although I did not observe any gross remodelling of the BM haematopoietic niche, 

I wondered where CLL cells preferentially localise in this organ, speculating their 

localisation in the BM may reflect a preferred association with a specific stromal 

cell type.  

With the objective of finding the preferential location for homing of malignant B 

cells in the BM, I labelled TCL1 leukemic cells with CFSE-Yellow dye (TCL1yellow) 

and intravenously transplanted these into NestinGFP recipient mice. I then 
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visualised the homing of TCL1yellow cells in the BM of the recipient mice 2 days post-

transplantation via immunofluorescence. I analysed the calculated distance of each 

yellow-labelled CLL cell to the nearest osteopontin expressing (Opn+), vascular 

(CD31+) or NestinGFP+ mesenchymal stem cell. Interestingly, this analysis revealed 

that CLL cells preferentially home in closer proximity to CD31+ endothelial cells 

compared to any other stromal cell types (Figure 34B). In order to rule out whether 

the vicinity to endothelial cells was due to cell homing and extravasation in the 

48h following transplantation, I also measured the TCL1 cells proximity to stromal 

cells 8 days post transplantation. Once again, the results suggested an association 

of TCL1 cells to endothelial cells (data not shown).  

 

Figure 34 mCLL cells home in close proximity to BM vessels. A. Representative immunofluorescence 

stacked pictures of 10µm-thick decalcified long bone sections from TCL1 infiltrated mice. Images were acquired 

on a Leica immunofluorescent microscope, at 20X magnification. In the representative images, sinusoidal vessels 

are stained with Endomucin, in red, Yellow-Trace labelled TCL1 cells are represented in yellow, NestinGFP MSCs 

are in green and osteolineage cells in red. Scale bar is indicated at the bottom right. The images originate from 

two different stainings/slides from the same biological sample and are representative of different areas of the 

bone (central bone marrow on the left, endosteal bone on the right). The quantification of proximity of TCL1 cells 

to endothelial cells was performed on slides stained with CD31 antibody, a pan-endothelial marker. B. The 

histogram depicts vicinity of TCL1 cells to different stromal cells. The proximity of each TCL1 cell to a stromal cell 

was calculated by measuring its distance to the most proximal endothelial, mesenchymal or osteogenic cell. The 

quantification was performed on ImageJ using the measurement tool and by standardising the measurement to 

the magnification of each picture (20X). The distance was measured in µm. Each dot represents the measured 

distance of each TCL1 cell to a stromal cell. Bars represent SEM. N of mice analysed=3. Three different pictures 

from each mouse were analysed.  Statistical analysis: One-way Anova.    
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BMECs are highly heterogeneous and are essential for the regulation of HSC 

function and leukocyte trafficking. The observation that CLL display a greater 

attraction to BMECs led to the question whether malignant B cells induce the 

formation of novel cancer-associated vessels. Previous studies demonstrated the 

abundance of newly formed vasculature in the BM of patients with CLL (Aguayo et 

al., 2000; Antic et al., 2010; Badoux et al., 2011; Kini et al., 2000; Wolowiec et 

al., 2004). However, the induction of neoangiogenesis in murine models for CLL 

has not been addressed before. 

To test this, similarly to the data shown in Figure 33A, I analysed the BM of 

transplanted mice with clinical signs of the disease. The results showed no 

significant changes in the relative frequency of the BM derived CD31+ endothelial 

fraction compared to healthy control mice via flow cytometric analysis (Figure 

35A). I then counted the number of CD31+ vessels (sinusoidal and arterial) in 

different areas of the bones, the metaphysis, diaphysis and endosteum. Similarly, 

I did not observe changes in the number of BM vessels in recipients infiltrated with 

TCL1+ cells (Figure 35B). 

 

Figure 35 mCLL does not induce neoangiogenesis in the BM. A. Histogram showing the relative abundance 

of Endothelial cells (CD45-Ter119-CD31+) in the BM of leukemic mice (N=18) and healthy mice (N=13). B. 

Histogram illustrating the number of vessels counted in different areas of the BM of 3 TCL1 infiltrated mice or 3 

healthy mice. At least three images were analysed per each replicate (except for metaphysis). Each dot represents 

the number of vessels counted in each picture analysed. Bars represent SEM. The p-values shown represent the 

comparison between TCL1 infiltrated mice and healthy mice for each of the group represented. Statistical 

analyses: Unpaired T test.  
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These results suggest that in the Eµ-TCL1 mouse model, the endothelial niche is 

the preferential site of homing of BM infiltrating malignant B CLL cells, however 

disease progression does not induce the formation of new vessels. 
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4.2.3 BM infiltrating CLL cells induce the upregulation of SCA-1 in the 

resident vessels  

The observation that CLL cells preferentially home to endothelial cells in the BM, 

prompted us to investigate whether CLL cells induce remodelling in specific 

subpopulations of BMECs. Endothelial populations display high heterogeneity in 

surface markers expression reflecting their different functional properties. In mice, 

sinusoidal Endothelial Cells (SECs) can be distinguished by Arterial Endothelial 

Cells (AECs) by their unique expression of VEGFR3, whereas AECs uniquely 

express SCA1(Hooper et al., 2009a). Itkin et al; further characterised these 

endothelial cell types and found that AECs have lower permeability compared to 

SECs and maintain HSCs in an environment devoid of oxygen radicals. The more 

permeable SECs promote HSPC activation and are the exclusive site for immature 

and mature leukocyte trafficking to and from the BM (Itkin et al., 2016).  

Interestingly, I found a shift in the expression of stem cell antigen, SCA-1, 

normally expressed at high levels in arterial ECs, and minimally expressed in 

sinusoidal ECs (Hooper et al., 2009b). As shown in the FACS plot in Figure 36A, 

CD31+ cells isolated from leukemic mice display a higher expression of this marker, 

quantified on the right based on the frequency of SCA1+ cells versus SCA1- cells, 

when compared to healthy control mice. Similarly, in Figure 36B, the histogram 

shows a gradient of expression, shifting towards higher intensity of SCA1, in 

diseased mice, quantified using mean fluorescence intensity (MFI) on the right.  
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Figure 36 mCLL induces the upregulation of SCA1 in BM vessels. A. Representative FACS plot showing the 

shift in SCA-1 expression in the BMECs (CD45-Ter119-CD31+) of leukemic mice compared to healthy mice. The 

quantification of the frequencies shown in the FACS plot are depicted in the histogram on the right. Bars represent 

summary data and bars represent SEM. The stars above the SCA1+ group and on the SCA1- group indicate the 

significant statistical difference of the comparison between TCL1 infiltrated mice and healthy mice for each of the 

groups. Statistical test: Unpaired T test (one per each group (SCA1+ and SCA1-) B. Representative histogram 

showing the gradient of SCA-1 expression in one leukemic and one healthy mouse. On the right, Mean 

Fluorescence intensity of SCA1 in CD31+ cells is represented. Dots represent each biological sample. Bars 

represent SEM Statistical analysis: Unpaired T-test.  

I then assessed whether this endothelial remodelling correlated with changes in 

proliferation. For this, I analysed Ki67 expression in SCA1+ and SCA1- cells via flow 

cytometry, measuring MFI and frequency of Ki67+ cells and found no difference 

comparing healthy to leukaemic mice (Figure 37 A and B). These results suggested 

that the upregulation of SCA1 is not associated with a newly proliferating 

endothelial population but is rather a sign of activation and remodelling of pre-

existing cells.  
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Figure 37 SCA1 upregulation in CD31+ cells is not associated with proliferation. A. Histogram showing 

the Median Fluorescence Intensity (MFI) of Ki67 in SCA1+ or SCA1- endothelial cells (CD45-Ter119-CD31+) in 

healthy and TCL1 infiltrated mice. B. The histogram shows % of Ki67+ SCA1+ or SCA1- EC. The p values indicate 

the significance of the statistical comparison between healthy mice and TCL1 infiltrated mice within each group 

analysed. Dots represent each biological sample. Bars represent SEM Two Unpaired T-Tests were performed, one 

for each group (SCA1+ and SCA1-). 

In order to further define the characteristics and the remodelling of endothelial 

subpopulations, I refined the immunophenotypic analysis of BMECs. I specifically 

analysed frequencies of arterial BM endothelial cells (aBMECs) identified by the 

high expression of CD31 and SCA1, and sinusoidal BM endothelial cells (sBMECs), 

identified by expression of CD31 and absence of SCA1. The refined analysis 

interestingly shows an induction of SCA1 expression in sBMECs, named hereafter 

sBMECSCA1low (Figure 38).  
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Figure 38 Malignant B cells infiltration in the BM causes induction of SCA1 expression in sBMECs. A. 

Further refined analysis of BMECs immunophenotypes in healthy mice (n=13) or mice infiltrated with TCL1+ cells 

(n=16). BMECs were gated from CD45-Ter119- stromal cells. Sinusoidal EC are defined as CD31+SCA1-, arterial 

EC are defined as CD31hiSCA1hi, the new sBMECs population is defined as CD31+SCA1low. In B quantification of 

relative frequencies of BMECs is depicted in the histogram. Dots represent each biological sample. Bars represent 

SEM. Statistical test: One Way Anova.  

Similar to the analysis depicted in Figure 37, I assessed the expression of the 

proliferation marker Ki67 in these refined endothelial subpopulations and the 

histograms in Figure 39 A and B show no difference in the proliferation state of 

these heterogeneous endothelial subpopulations.  
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Figure 39 Proliferation marker Ki67 is similarly expressed in BMECs in leukemic and healthy mice. A. 

Histogram depicting the Median Fluorescence Intensity (MFI) of Ki67 in endothelial subpopulations (CD45-Ter119-

) in healthy and TCL1 infiltrated mice. B. The histogram shows % of Ki67+ in endothelial subpopulations. The p 

values indicate the significance of the statistical comparison between healthy mice and TCL1 infiltrated mice 

within each group analysed. Dots represent each biological sample. Bars represent SEM. Two Unpaired T-Tests 

were performed, one for each group (SCA1+ and SCA1-). 

These results suggested the induction of SCA-1 expression in sBMECs, rather than 

an increase in the frequencies of aBMECs in the BM of leukemic mice.  

To confirm these observations, I assessed the degree of BMECs remodelling 

through immunofluorescent staining of BM sections from leukemic mice.  

Here I visualised endothelial cells by staining with CD31 along with SCA-1, in order 

to find co-localisation in different vascular cell types. I found that the SCA1 

upregulation occurs in and colocalises with sinusoids, whereas its high expression 

in arterial vessels remained unchanged in healthy and leukemic mice (Figure 40). 
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Figure 40 SCA1 upregulation occurs in sBMECs of TCL1 infiltrated mice Representative 

immunofluorescence merged and single channel pictures of 10µm-thick decalcified long bone sections from TCL1 

infiltrated mice and healthy mice. Images were acquired on a Leica immunofluorescent microscope, at 20X 

magnification. Vessels were stained with CD31, in red, SCA1 is in yellow, NestinGFP MSCs are in green. DAPI was 

used to stain the nuclei. Scale bar is indicated at the bottom right. 

These results suggested that the upregulation of SCA1 occurs in sinusoidal vessels 

and does not affect its expression in AECs.   

To confirm that this remodelling specifically occurs in sinusoidal ECs, I performed 

additional immunofluorescence experiments using antibodies distinctively 

targeting sinusoidal or arterial EC populations. As shown in Figure 41, SCA1 

upregulation in mice with leukaemia occurs only in sinusoidal ECs, labelled by 

CD105 (Endoglin) staining, whereas its expression in Collagen IVbright arterial cells, 

remains unchanged, independently of CLL infiltration (Figure 42).  
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Figure 41 SCA1 upregulation occurs in CD105+ sinusoidal BMECs. Representative immunofluorescence 

merged and single channel pictures of 10µm-thick decalcified long bone sections from TCL1 infiltrated mice and 

healthy mice. Images were acquired on a Leica immunofluorescent microscope, at 20X magnification. In the 

lower panel of each sample pictures acquired at a higher magnification (40X) are shown. Vessels were stained 

with CD105, in red, SCA1 is in yellow. DAPI was used to stain the nuclei. Scale bar is indicated at the bottom 

right. 
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Figure 42 SCA1 expression remains unchanged in Collagen IV+ arterial BMECs from leukemic mice. 

Representative immunofluorescence merged and single channel pictures of 10µm -thick decalcified long bone 

sections from TCL1 infiltrated mice and healthy mice. Images were acquired on a Leica immunofluorescent 

microscope, at 20X magnification. In the lower panel of each sample pictures acquired at a higher magnification 

(40X) are shown. Vessels were stained with Collagen IV, in green, SCA1 is in yellow. DAPI was used to stain the 

nuclei. Scale bar is indicated at the bottom right. 
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assessed the SCA1 upregulation in the vasculature of the SPL via 

immunofluorescence. Interestingly, I found splenic EC are not remodelled and do 

not upregulate SCA1 in response to CLL infiltration (Figure 43).  

 

Figure 43 Splenic ECs do not upregulate SCA1 in mice with CLL. Representative immunofluorescence 

merged and single channel pictures of 10µm -thick SPL sections from TCL1 infiltrated mice and healthy mice. 

Images were acquired on a Leica immunofluorescent microscope, at 20X magnification. Vessels were stained with 

Laminin, in red, SCA1 is in yellow, NestinGFP MSCs are in green. DAPI was used to stain the nuclei. Scale bar is 

indicated at the bottom right. 

 Additionally, I assessed whether the upregulation of SCA1 in BMECs correlates 

with mCLL infiltration in the circulation and BM and SPL. As shown in Figure 44A 

and B, whereas CLL infiltration in the BM and SPL did not correlate with SCA1 

upregulation in endothelial cells, I observed a statistically significant positive 

correlation with the presence of malignant B cells in the PB (Figure 44C).  

 

Figure 44 SCA1 upregulation in BMECs positively correlates with CLL infiltration in PB. Correlation 

plots showing association between frequency of SCA1+ ECs and CLL cells infiltration in BM (A), SPL (B) and 

PB (C) measured via flow cytometry. Statistical analysis: Linear regression.  
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These results indicate that higher infiltration of TCL1 causes a greater upregulation 

of SCA1 in sBMECs.  

Conclusively, TCL1 causes the remodelling of the sinusoidal endothelial niche in 

the BM, illustrated by the induction of SCA1. These findings led us to further 

investigate the potential functions acquired by these remodelled endothelial cells.  

4.2.4 Transcriptional regulation of BMEC in mice with CLL  

 We hypothesised that the observed changes in endothelial cells are associated 

with altered functions. 

To address this question, I analysed the transcriptional profile of SCA1+ and SCA1- 

SBMECs obtained from diseased and non-diseased animals. I isolated SCA1+ and 

SCA1- EC via flow cytometry according to the gating strategy shown in Figure 45A 

from leukemic and healthy control mice and performed RNASeq analysis. SCA1 

expression is also transcriptionally regulated, as depicted in the histogram in 

Figure 45B and high levels are found in SCA1+ BMECs of healthy mice, composed 

mostly of AECs. SCA1 expression is also elevated in SCA1+ BMECs from TCL1 mice. 

Because of the rarity of these cells in healthy mice, I pooled BM samples from 3 

or 4 animals and analysed a total of 3 samples per group. Due to the poor quality 

obtained from one of the SCA1+ BMECs, the total number of samples for this group 

is 2. In order to identify CLL-induced remodelling in the SCA1+ BMEC population 

described, we compared BMECs SCA1- from healthy mice to BMECs SCA1+ from 

leukemic mice. In addition, I also assessed differential gene expression between 

BMECs SCA1- and BMECs SCA1+ from leukemic mice. We identified 581 

differentially regulated genes, of which 413 upregulated in healthy BMECs SCA1- 

and 168 upregulated in leukemic BMECs SCA1+ Figure 45B (left). We identified 120 

differentially regulated genes when comparing leukemic subpopulations, 88 

upregulated in BMECs SCA1- and 32 upregulated in BMECs SCA1+ Figure 45B 

(right). 
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Figure 45 Bulk RNASeq analysis of SCA1+ and SCA1- sBMECs from healthy and TCL1 infiltrated mice. 

A. FACS plot showing the gating strategy for CD45-Ter119-CD31+ SCA1+ or – BMECs. B. Histogram depicting the 

expression of SCA1 mRNA across sorted BMECs. C. Volcano plots showing differentially expressed genes in SCA1- 

BMECs from healthy mice compared to SCA1+ BMECs from TCL1 mice (left) and in SCA1- BMECs compared to 

SCA1+ BMECs from TLC1 mice (right). The analysis was performed by Professor Seth Frietze, University of 

Vermont.   

Firstly, we assessed differential gene expression across groups. The heatmap in 

Figure 46A shows that whereas the subpopulations seem to cluster more closely 

based on the cellular subtype, there are gene signatures specifically induced by 

TCL1 infiltration, in SCA1- and SCA1+ BMECs. The analysis identified 4 clusters of 

gene signatures across the 4 subpopulations and a closer analysis into the 

deregulated pathways identified the upregulation of inflammatory responses in 

cluster 3 (Figure 46B), specifically overexpressed in BMECs isolated from leukemic 

mice (Figure 46B).  
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Figure 46 Differential gene expression across groups identifies 4 clusters. A. Heatmap showing the 

collapsed mean for each subpopulation. B. REACTOME analysis depicting differentially regulated pathways across 

the 4 clusters identified through correlation distance average linkage analysis. Pathway analysis was performed 

using the hypeR and FGSEA packages using available msigdb genesets.  

Subsequently, we performed pathway analysis and interrogated Gene Ontology 

(GO), Hallmark, and KEGG resources to identify genes involved in specific 

processes and functions.  

Interestingly, we found that in TCL1 derived SCA1+ BMECs the expression of 

cytokine production and cytokine signalling pathways is upregulated (GO BP and 

KEGG), whereas the expression of cell adhesion, Extracellular Matrix (ECM) and 

cell motility related pathways are downregulated (GO BP and KEGG), when 

compared to SCA1- BMECs from healthy mice (Figure 47A left and middle). Within 

the cytokine related pathways, Ccr9, Cxcr5, Il6st, Kit, Ltb, Osmr, Tnfrsf8, Tnfsf8 

genes were upregulated. Within ECM receptor interaction and cell adhesion 

pathways these genes were upregulated in healthy SCA1- BMECs: Chad, Col2a1, 

Col5a3, Itga2, Itga9, Itgb3, Lamb1, Reln, Tnc Pik3r3. Interestingly, we also 

observed the activation of IFNa, IFNg and TNFa response pathways in SCA1+ 

BMECs from leukemic mice, showing that CLL induces inflammation in the 

microenvironment (Figure 47A right) and specifically in BMECs. Within all the 

inflammatory pathways we identified 35 genes and amongst others, Interferon 

regulatory transcription factors Irf1, Irf7 and transmembrane protein Ifitm3.  

 Similarly, we performed pathway analyses comparing leukemic SCA1- and SCA1+ 

BMECs to further investigate acquired features induced by SCA1 upregulation. As 

shown in Figure 47B, SCA1+ BMECs upregulated cytokine mediated and cytokine-
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cytokine receptor interactions pathways. Within these pathways, Cxcr5, Il9r, Kdr, 

Ltb, Tnfrsf8, Tnfsf10 were upregulated.  In addition, Col15a1, Egfl7, Kdr, Notch3, 

Robo4, Tbxa2r were upregulated in SCA1+ and these genes are associated to the 

regulation of blood vessels morphogenesis and development.  

On the contrary, cell adhesion and motility pathways were upregulated in SCA1- 

BMECs. Within these pathways, Col5a3, Itga9, Pdgfra, Pik3r3, Reln were positively 

regulated.  

 

Figure 47 Inflammatory, adhesion and cytokine related pathways are deregulated in SCA1+ sBMECs. 

A. GO, KEGG and hallmarks analyses of differentially regulated pathways of healthy SCA1- BMECs compared to 

TCL1 SCA1- BMECs. B. GO and KEGG analysed of differentially regulated pathways of SCA1- BMECs compared to 

SCA1- BMECs from TCL1 mice. Pathway analysis was performed using the hyper and FGSEA packages using 

available msigdb genesets.  
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Conclusively, transcriptomic analysis of BMECs revealed that malignant B cells 

induce the activation of inflammatory responses, and this appears to be 

predominantly driven by SCA1+ SBMECs. Additionally, SCA1 upregulation in BMECs 

is correlated to the upregulation of cytokine production and responses, mainly 

driven by the inflammatory responses and the downregulation of adhesion 

mediated mechanisms.  

  



 120 

 Discussion 

The main aim of this part of the project was to identify the favoured residency site 

of CLL cells in the BM haematopoietic niche and investigate whether a CLL induced 

remodelling occurs in the BM environment.  

In order to investigate whether a remodelling of the BM niche is induced by CLL, I 

first adopted a transplantation model whereby primary malignant splenocytes 

isolated from TCL1 transgenic mice are injected into healthy NestinGFP recipient 

mice and assessed the remodelling of the BM haematopoietic niche, comprising 

NestinGFP+ MSCs, osteolineage cells and endothelial cells. In other haematological 

malignancies, such as AML an increased frequency of MSCs is observed in the BM, 

suggesting a remodelling associated to specific acquired functions during 

leukemogenesis. In addition, malignant cells overcrowd the BM, causing a 

disruption of the haematopoietic niche and de novo generation of fibrotic areas. 

Interestingly, I did not observe any remodelling in the spatial organisation of this 

tissue, neither any increased frequency of NestinGFP+ MSCs and other stromal 

populations. It is worth noting that our mouse model does not give rise to a near-

complete BM infiltration, whereas in patients BM-infiltration frequently reaches 80-

90%. In the transplantation model used mice develop splenomegaly and the 

clinical severity of the disease does not allow to fully recapitulate the bone marrow 

infiltration observed in patients. Therefore, results from my experiments may 

underestimate the magnitude of structural alterations imposed on the bone 

marrow environment in the mice models. Alternative and future approaches to 

overcome this limitation and increase the degree of BM infiltration may include 

intrafemural transplantation of malignant cells.  

I then investigated the localisation of malignant B cells by observing the homing 

into different areas of the BM and found that TCL1+ cells are highly associated to 

endothelial cells compared to other stromal cell types 2 days and 8 days post 

transplantation into recipient animals. I can speculate that the preferential homing 

to endothelial cells is maintained following disease progression, however, future 

experiment will elucidate whether in more advanced stages of the disease 

malignant B cells can be found close to endothelial cells. My data are in agreement 

with similar observations in patient derived BM samples, whereby CLL cells are 

associated with vascular cells (Badoux et al., 2011), suggesting the mouse model 

adopted can recapitulate the characteristics of human CLL. However, unlike in 
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human CLL, where neoangiogenesis occurs in the BM, I could not identify the 

formation of new vascular beds in mice with murine CLL. It has been observed 

that neoangiogenesis and microvascular density is associated with increasing CLL 

infiltration by Binet classification (Maffei et al., 2010), or with a diffuse rather than 

nodular CLL infiltration pattern (Wolowiec et al., 2004), possibly suggesting that 

increasing accumulations of malignant B cells can trigger the formation of new 

vasculature. I can therefore speculate that the BM infiltration observed in our 

murine model is not sufficient to observe this particular aspect of vascular 

remodelling. Nevertheless, additional experiments to further address vascular 

remodelling, such as vessels branching, can be performed to elucidate whether 

neoangiogenesis is present and can be observed in this mouse model.  

Interestingly, Moreno et al; nicely demonstrated through intra vital microscopy 

(IVM) that the a4b1 integrin is required for the adhesion of multiple myeloma (MM) 

and CLL cell lines during the process of transendothelial migration from the 

circulation into the BM microenvironment (Martínez-Moreno et al., 2016). These 

results support our hypothesis and findings and suggest that the interaction 

between BMECs and CLL is important not only for malignant cells survival, but also 

for cell trafficking and migration.  

In summary, I here described the involvement and remodelling of the BM 

endothelial niche in CLL, and I speculate this process is important for CLL survival 

and escape from drug resistance.   
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5 MECHANISMS OF ENDOTHELIAL CELLS PKCb 

MEDIATED DRUG RESISTANCE IN CLL 

 Introduction 

5.1.1 Pkcb mediated EMDR in stromal cells 

In the previous chapter we have shown through in vivo models that CLL resides in 

proximity to endothelial niches in the BM, suggesting they may be important for 

CLL survival.   

Endothelial cells were found to protect CLL from spontaneous induced apoptosis in 

vitro (Kay et al., 2007; Kurtova et al., 2009; Lagneaux et al., 1998c, 1998b; Lee 

et al., 2005; Maffei et al., 2014b; Panayiotidis et al., 1996), similarly to stromal 

cells. Interestingly, the CLL mediated expression of microenvironmental PKCb is 

not limited to MSCs, but also occurs in endothelial cells (Lutzny et al., 2013). In 

light of these findings, we hypothesised that PKCb is similarly important in 

endothelial cells to mediate CLL survival and regulation of drug resistance 

mechanisms. 

In our recent publication we investigated the possibility of exploiting the 

dependency of CLL cells to extrinsically expressed PKCb therapeutically. 

Pharmacological inhibition of PKCb can be achieved through a specific commercially 

available inhibitor, Enzastaurin. We demonstrated that while CLL cells are 

protected from cytotoxic drugs such as Venetoclax or Fludarabine when cultured 

with PKCb proficient MSCs; the protective effect of MSCs is ablated when PKCb is 

pharmacologically inhibited, and CLL cells become sensitive to drug induced 

cytotoxicity (Park et al., 2020). 
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Figure 48 Stromal PKCb inhibition sensitises CLL cells to the action of cytotoxic drugs. Adapted from 

(Park et al., 2020) Enzastaurin mediated sensitisation of CLL cells to the action of Venetoclax or Fludarabine in 

vitro was measured via Annexin V staining. The histograms show % of live CLL cells upon coculture with BM MSCs 

with or without PKCb inhibition. PKCb inhibition significantly reduced CLL viability in the presence of increasing 

doses of cytotoxic agents.  

Stromal cells protect CLL from spontaneous and drug induced apoptosis by 

inducing the upregulation of anti-apoptotic proteins in the malignant cells 

(Abraham et al., 2017; Gerber et al., 1998, 1998; Park et al., 2020; Pedersen et 

al., 2002; Shain and Tao, 2014).  

We observed that CLL cultured on PKCb proficient MSCs increased the expression 

of the antiapoptotic protein Bcl-xL over time. However, its stabilisation failed when 

CLL cells were cultured on PKCb deficient MSCs. A similar inhibition of the Bcl-xL 

upregulation was observed when CLL cells were cultured on PKCb-WT MSCs in the 

presence of the PKCb inhibitor Enzastaurin. These results demonstrated that 

stromal PKCb is involved in the trans-activation of antiapoptotic proteins in CLL 

which are required for drug resistance.  

The evidence that stromal PCKb regulates the expression of anti-apoptotic proteins 

to protect CLL cells from drug-induced cytotoxicity, prompted us to investigate 

PKCb dependent molecular events in MSCs. Transcriptome analyses of PKCb 

proficient or deficient BM MSCs co-cultured with CLL revealed the enrichment of 

genes involved in ECM interactions and lysosome vesicle biogenesis in PKCB WT 

stromal cells (Park et al., 2020). We therefore investigated lysosome production 

as a mechanism of EMDR. To this end, in vitro culture systems were adopted. CLL 

cells cultured on WT stromal cells were exposed to lysosome inhibitors 

Chloroquine, which induces lysosome accumulation, or Bafilomycin, an inhibitor of 

lysosome fusion, in addition to Venetoclax. Whereas Chloroquine treatment did 

Coculture of Human CLL and murine MSCsHistograms showing effects of PKCb inhibition on CLL removed for 

copyright reasons. Copyright holder is Eugene Park.  
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not affect CLL survival, Bafilomycin treatment reduced the stromal antiapoptotic 

effects. However, both compounds markedly increased the sensitivity of CLL to 

cytotoxic treatment.  

Lysosome biogenesis has been previously found to be activated by PKCb mediated 

serine phosphorylation of the TFEB C-terminal motif, resulting in nuclear 

translocation and enhanced transcriptional activity in osteoclasts (Ferron et al., 

2013). TFEB is a member of the microphthalmia–transcription factor E (MiT-TFE) 

family of transcription factors, which are major regulators of lysosome biogenesis 

and autophagy. TFEB protein levels were assessed in CLL under stress conditions, 

when treated with Venetoclax, in the presence of PKCb proficient or deficient 

stromal cells. The immunoblots showed an increased expression of TFEB and 

PKCb following increasing contact with cytotoxic drugs. TFEB expression was 

ablated when CLL cells were cultured with PKCb-KO stromal cells. The genetic 

ablation of stromal TFEB sensitised CLL cells to the action of chemotherapeutic 

treatment, demonstrating its role in mediating EMDR.  

In order to assess whether PKCb inhibition impairs in vivo lysosome biogenesis 

mouse models were also employed. Mice transplanted with TCL1 cells and showing 

clinical signs of the disease, were treated with chemotherapy alone or in 

combination with Enzastaurin. As shown in the histogram in Figure 49, lysosomal 

membrane proteins LAMP1 and LAMP2 expression was downregulated in the 

Enzastaurin treated group, compared to Venetoclax only or vehicle control cohorts. 

Importantly, expression of LAMP proteins remained unchanged in the non-stromal 

compartment (on the right), highlighting the specificity of this mechanism being 

limited to the non-haematopoietic cellular compartment.  
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Figure 49 PKCb inhibition affects lysosome production in stromal but not haematopoietic cells in 

treated mice. Adapted from(Park et al., 2020) TCL1 transplanted mice were treated with Venetoclax alone or in 

combination with Enzastaurin. Stromal cells were isolated via flow cytometry and defined as CD45-Ter119- by 

immunophenotyping. Lysosome proteins quantification was assessed via flow cytometry and histograms show 

Median Fluorescence intensity. 

Conclusively, these results demonstrate that the PKCb mediated activation of 

TFEB, and its regulation of lysosome biogenesis in stromal cells are crucial EMDR 

mechanisms in CLL. However, it still remains unclear which non haematopoietic 

stromal cell type drives this specific EMDR mechanism. My results showed that 

TCL1 cells have a high affinity for BMECs as they home in close proximity to 

endothelial cells and induce remodelling of specific endothelial cell subtypes 

(Figure 34 and Figure 36) In light of these findings, we hypothesised that 

endothelial cells are the responsible for EMDR mechanisms in CLL, and these are 

dependent on PKCb activation.   

In this chapter we investigated the hypothesis that PKCb mediated EMDR 

mechanisms occur in endothelial cells and whether cytotoxic pressure affects the 

location of malignant cells in the BM, using in vivo and in vitro models.  

  

Histograms showing effects of PKCb inhibition in CLL removed for copyright 

reasons. Copyright holder is Eugene Park.  
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5.1.2 3D in vitro hydrogels resemble the BM endothelial niche  

Emerging evidence are suggesting that a co-culture system based on a 3D 

structure is more representative of biological processes in vivo in patients 

compared to conventional two-dimensional culture. First, two-dimensional culture 

systems do not always mimic the complexity of the microenvironment of the tissue 

where the cells of interest normally reside in in vivo. Secondly, the effectiveness 

of chemotherapeutic treatments in culture plates can be misinterpreted as cell-

cell- in addition to cell-matrix interactions playing an important role in determining 

tumour responsiveness to cytotoxic agents.  

Recently, polymer hydrogels have been used to mimic the structural features of 

ECM proteins in tissues. Synthetic polymers such as poly(ethylene glycol) (PEG) 

can be utilised as inert constituents and combined with adhesive peptide ligands 

through a series of different chemical reactions, that ultimately allow for effective 

cell binding. In particular, PEG polymers crosslinked to glycosamminoglycans 

(GAG) (thereafter called starPEG polymers) provide protection and sustained 

release of growth factors but were not designed to include cell-responsive cleavage 

sites or the possibility to modulate signalling characteristics (Capila and Linhardt, 

2002; Freudenberg et al., 2012; Kim et al., 2010). More recently starPEG polymers 

were functionalised with heparin groups with adjusted polymer network properties 

and independently tunable signalling characteristics. This novel system, illustrated 

in Figure 50, allows for the adaptation of the polymer substrate through alteration 

of specific components, such as the inclusion specific growth factors to fit the needs 

of specific cell type, without influencing the composition of the hydrogel scaffold 

itself (Tsurkan et al., 2013).   
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Figure 50 Tuneable functionalised heparin-starPEG hydrogels .Adapted from(Freudenberg et al., 2009) 

The schematic represent the composition and bonds within heparin-starPEG hydrogels. Covalent bonds connect 

heparin with poly(ethylene glycol) molecules. Gels are additionally modified with adhesion ligands (integrin 

binding RGD peptides) covalently attached to heparin. Growth factors (positively charged) are attached to heparin 

molecules (negatively charged) through electrostatic interactions.  

This system was successfully adapted to mimic haematopoietic niches to 

investigate the interaction between AML malignant cells with vascular and stromal 

cells. In the study, human AML cell lines or patient samples were cultured with 

HUVEC and hBM MSCs. The results demonstrated that AML cells display similar 

functionality and phenotype in 3D cultures, and have increased resistance to 

danorubicin and cytarabine treatment when cultured in tri-dimensional tri-cultures 

compared to two-dimensional tri-cultures(Bray et al., 2017). 

The novelty of this technique and, importantly, its resemblance of an active 

vascular niche where endothelial cells are kept in an activated state and able to 

construct complex vascular network, prompted us to adapt it towards modelling 

CLL. We also had interest in investigating the interaction of CLL cells with 

endothelial cells, however, two-dimensional settings do not allow for assessing 

functions of activated HUVECs (as they do not form vascular networks in our 2D 

system) and also overlook at the complexity of tri-dimensional environments, and 

their contributions to drug response. In this chapter we investigated the 

optimisation of 3D hydrogel-based culture systems in CLL and their applicability to 

the investigation of drug resistance mechanisms.   

  

Hydrogel matrix microstructure Hydrogel componentsHistograms showing structure of hydrogels removed for copyright 

reasons. Copyright holder is Uwe Freudenberg.  
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 Results  

5.2.1 Endothelial cells protect hCLL cells from spontaneous and drug 

induced apoptosis 

The data obtained from the experiments described in the previous chapter suggest 

that CLL cells induce remodelling of BM endothelial cells in murine models through 

altered secretion and adhesion mechanisms. In light of these findings, we sought 

to investigate whether these communication mechanisms could also be exploited 

in patients. To do so we used an in vitro model of co-culture of primary CLL cells 

with Human Umbilical Cord Endothelial Cells (HUVEC) (Figure 51A). Firstly, as 

previously published (Badoux et al., 2011; Cols et al., 2012; Maffei et al., 2012, 

2014a, 2014b), we confirmed that HUVEC protect hCLL from spontaneous 

apoptosis. Specifically, when malignant cells are sequestered within transwell 

inserts while co-cultured in proximity to endothelial cells without direct contact, 

they protected to a certain extent. However, when cultured in direct contact, the 

protection of CLL cells from spontaneous apoptosis provided by HUVEC increased 

even further (Figure 51B). Thus, these results support the evidence that CLL 

require direct contact and adhesion to endothelial cells to survive in vitro.  

 

Figure 51 HUVEC protect hCLL from spontaneous in vitro apoptosis. A. Representative cartoon showing 

the in vitro approach used to study the interaction between endothelial cells and hCLL. HUVEC are seeded 24h 

prior the addition of CLL cells, in direct contact or separated from the endothelial cells through a transwell insert.  

B. Histogram showing the frequency of live cells analysed via Annexin V staining of CLL cultured alone or with 

HUVEC, in non-direct or direct contact. Dots represent each biological sample used. Bars connect each dot 

(sample) in the three experimental conditions. N of CLL patient=12. Statistical test: One-way Anova.  
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These results support the hypothesis that adhesion-mediated interaction is a key 

element for CLL survival and soluble factors may contribute to. However, it still 

remains unclear if these cells play a role in the resistance to drug treatment. 

To verify this, we adopted the same in vitro model, and treated the hCLL cells in 

coculture with various chemotherapeutic agents routinely used for CLL treatment, 

such as Venetoclax (ABT-199), Ibrutinib, and Fludarabine for 72h (Figure 52A). 

Interestingly, we found that CLL cells co-cultured with HUVEC are protected 

against increasing doses of Fludarabine, and to low concentration of Venetoclax 

(although no significance difference was found) whereas Ibrutinib did not cause 

cell death in CLL in monoculture. (Figure 52B).  

 

Figure 52 HUVEC protect CLL from drug induced apoptosis. CLL cells from 8 patients were cultured alone 

or in coculture with HUVEC. 24 hours after coculture cells were treated with increasing dosed of cytotoxic drugs 

(A). In B the histogram depicts frequency of live cells measured via Annexin V staining. Dots represent each 

biological sample used. Bars represent SEM. Statistical analysis: Paired T test. Significance values above the 

“coculture” histograms indicate the statistical test results of CLL cells viability for comparisons of each coculture 

condition versus their correspondent condition in monoculture. Significance values above the “monoculture” 

histograms indicate the statistical test results of CLL cells viability for comparisons of each treatment condition 

in monoculture versus “monoculture Vehicle”.  
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5.2.2 PKCb expression in Endothelial cells is important for CLL survival 

and drug resistance  

Our lab has shown that inhibition of PKCb in the stromal compartment abrogates 

the protection against cytotoxic therapies(Park et al., 2020). PKCb activation is not 

limited to MSCs but also present in the BMECs of patients with CLL (Lutzny et al., 

2013). Based on this data we hypothesised that inhibition of PKCb overcomes the 

protection provided by the ECs. 

I sought to address the dependency of CLL on endothelial cells PKCb by 

pharmacological inhibition induced with Enzastaurin. First of all, I did not observe 

any type of toxicity to the HUVEC associated with Enzastaurin treatment in vitro.  

I therefore evaluated whether the sole inhibition of PKCb could affect CLL viability 

or adhesion to endothelial cells. In order to do this, I co-cultured CLL cells with 

HUVEC and pharmacologically inhibited PKCb through administration of 

Enzastaurin or Sotrastaurin, two small inhibitors with relative specificity to the b-

isoforms of PKC at increasing doses and assessed CLL viability via Annexin V 

staining and flow cytometry. As shown in Figure 53, the inhibition of PKCb does 

affect the ability of HUVEC to promote CLL survival, suggesting it is sufficient to 

overcome the protective function of endothelial cells. Additionally, Sotrastaurin 

inhibition did not affect CLL survival in coculture with endothelial cells. 

 

Figure 53 Extrinsic PKCb inhibition affects CLL survival in co-cultures. CLL cells from 11 patients were 

cultured alone or in direct contact with HUVEC for 24h and were treated with two PKCb inhibitors for 48h. Cell 

viability was assessed via Annexin V staining and analysed via FACS. Dots represent each biological sample used. 

Bars represent SEM Statistical analysis: RM-One Way Anova.  
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PKCb expression is not restricted to stromal cells, but is also found in malignant B 

cells (El-Gamal et al., 2014).To conclusively determine whether PKCb expression 

in endothelial cells is important for EMDR and to disentangle the possibility that 

the inhibitors act directly on CLL cells, we cultured CLL cells in monoculture and 

treated them with increasing concentrations of Enzastaurin or Sotrastaurin. 

Interestingly, PKCb inhibition in CLL cells only affects malignant B survival at the 

highest dose of Enzastaurin (ns difference) (Figure 54). These results therefore 

suggest that CLL rely on extrinsically expressed PKCb in endothelial cells to survive 

in vitro.  

 

Figure 54 PKCb inhibition does not affect CLL survival in monoculture. CLL cells from 12 patients were 

cultured alone for 24h and were further treated with two PKCb inhibitors for 48h, using 2 increasing 

concentrations. Cell viability was assessed via Annexin V staining and analysed via FACS. Dots represent each 

biological sample used. Bars represent SEM. P values indicate comparison of each group to “Monoculture” group, 

unless indicated by the bars. Statistical Analysis: One Way Anova followed post hoc test. 

Subsequently, we also hypothesised that in vitro PKCb inhibition could affect the 

adhesion of CLL to HUVEC. In order to confirm this, we adopted a simple fluidic 

chamber system from Ibidi, where HUVECs are plated on a small slide, and CLL 

cells can be seeded and co-cultured as normal. The percent of adherent CLL cells, 

can then be measured by flowing fresh media into the chamber, and by counting 

the cells that are therefore detached. In order to assess adhesion of CLL cells to 

the HUVEC, we treated co-cultures with Enzastaurin for 48h and assessed the 

adhesion of CLL cells. The results in Figure 55 show that PKCb inhibition only 

marginal effects on cell adhesion of CLL cells to endothelial cells.  
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Figure 55 PKCb inhibition does not affect adhesion of CLL to HUVEC. Histogram representing the % of 

adhesion of CLL cells to HUVEC in presence or absence of 5µM Enzastaurin. Frequency of adhesion was indirectly 

measured by counting the non-adherent cells flowing through from the Ibidi chamber. Dots represent each 

biological sample used. N of patients = 4. Statistical test: Paired T-test.  

From these results we conclude that endothelial-PKCb is important for the 

provision of pro-survival signals to CLL cells in vitro and its inhibition impairs CLL 

survival in vitro. We therefore hypothesised that its inhibition may be critical when 

CLL cells are challenged with chemotherapy induced cytotoxicity. In our recent 

publication we described a similar mechanism of interaction is exploited by CLL 

cells to interact with BM MSCs. In order to test this hypothesis, we investigated 

whether PKCb inhibition can synergise with chemotherapeutic agents and sensitise 

CLL cells to the cytotoxic action of the drugs.  

To this end, we treated CLL cells in co-culture with HUVEC and targeted PKCb along 

with three different chemotherapeutic agents commonly used in the clinic to treat 

patients, ABT-199, Ibrutinib and Fludarabine. Interestingly, we found that PKCb 

inhibition sensitises hCLL cells to the cytotoxicity of the cytotoxic compounds 

(Figure 56).  
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Figure 56 Pharmacologic PKCb inhibition sensitises CLL to cytotoxic therapies CLL cells from 7 patients 

were co-cultured with HUVEC for 24 hours and then treated with cytotoxic agents (Venetoclax (ABT-199, 1.25nM), 

Fludarabine (1.25 µM) and Ibrutinib (1.25 µM) alone or in combination with Enzastaurin (5µM). Cell viability was 

assessed via Annexin V staining. Statistical analysis: Dots represent summary data points. Bars represent SEM 

Statistical analysis: One Way Anova. The stars correspond to the statistical significance for each of the groups 

with same colour system.  

Conclusively, we confirmed that CLL survival in vitro is supported by endothelial 

cells, and they protect patient derived CLL from drug induced apoptosis. 

Interestingly, we found that PKCb mediates the crosstalk between endothelial cells 

and CLL, and its sole inhibition can affect CLL survival. Additionally, we found that 

endothelial inhibition in EC synergises with chemotherapeutic agents, sensitises 

CLL to the cytotoxic compounds, underlying the importance of PKCb signalling in 

the microenvironment to mediate drug resistance.  

5.2.3 PKCb mediated lysosome biogenesis is an endothelial-MDR 

mechanism in CLL 

PKCb is important in endothelial cells to mediate support of CLL cells, and we 

previously showed that BM non-haematopoietic stromal cells regulate lysosome 

biogenesis as a drug resistance mechanism, mediated by PKCb. We hypothesised 

that similar mechanisms occur in endothelial cells.   

To investigate whether lysosome biogenesis is a EMDR mechanism in CLL and it is 

regulated by PKCb, Dr Eugene Park and I assessed lysosome biogenesis in TCL1-

transplanted and diseased recipient mice were treated once daily with three doses 

of Venetoclax alone or in combination with Enzastaurin (twice daily and a total of 
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6 doses) and measured levels of LAMP1 and LAMP2 expression via flow cytometry 

in CD31- and CD31+ fraction of CD45-Ter119- pool of cells. The results in Figure 57 

show that whereas Venetoclax does not affect LAMP1 and LAMP2 expression in 

CD31- BMSCs, Enzastaurin treatment in combination with Venetoclax 

downregulates lysosomal protein expression, as previously observed (Park et al., 

2020). Interestingly, CD31+ BMECs upregulate LAMP1, but not LAMP2, expression 

in response to Venetoclax treatment, differently to the CD31- stromal cell fraction. 

Conversely, the inhibition of PKCb in combination with Venetoclax downregulates 

lysosome proteins, both LAMP1 and LAMP2, in endothelial cells. These results 

suggest that endothelial cells of other types of non-haematopoietic stromal cells, 

may be the main regulators of lysosome biogenesis as a mechanism for drug 

resistance in CLL.  

 

Figure 57 PKCb inhibition impairs lysosome biogenesis in vivo. This experiment was performed in 

collaboration with Dr Eugene Park. Healthy recipient mice were transplanted with TCL1 tumours and after 4 weeks 

treated with Venetoclax alone or in combination with Enzastaurin. Total stromal cells were isolated via crushing 

of long bones and collagenase treatment, and were stained for stromal and endothelial markers, and LAMP1 and 

LAMP2. Median Fluorescence intensity is represented. Dots represent each biological sample used. Bars represent 

SEM. Statistical Analysis: One-Way Anova.  

We next investigated whether we could recapitulate the results observed in the 

mouse model in endothelial cells in co-culture with CLL. To this end, we co-cultured 

HUVEC with CLL cells and pharmacologically inhibited lysosome function to 

investigate whether it could sensitise CLL to the cytotoxicity of Venetoclax. CLL 

cells were cultured with HUVEC for 24h and treatment with Chloroquine or 

Bafilomycin, two lysosome inhibitors, was performed alone or in combination with 
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Venetoclax. The histogram in Figure 58 shows that while mono-treatment with the 

lysosome inhibitors does not affect CLL survival, their combination with Venetoclax 

causes an increase in toxicity to CLL cells, sensitising them to Venetoclax, in a 

similar fashion to the Venetoclax treatment alone or in combination with 

Enzastaurin compared to Enzastaurin monotreatment. However, further 

experiments are required to elucidate the possible cytotoxic effects observed in 

cells treated with Venetoclax in this experiment, which could be due to a specific 

batch of Venetoclax used.   

 

Figure 58 Lysosome inhibition sensitises CLL to Venetoclax. CLL cells derived from 3 patients were co-

cultured with HUVEC for 24h before adding lysosome inhibitors Chloroquine and Bafilomycin and Venetoclax. 

Enzastaurin was also used in combination to Venetoclax as a comparison. CLL cell viability was measured via 

Annexin V staining and FACS. Dots represent each biological sample used. Bars represent SEM. Statistical 

analysis: paired T test.  

Conclusively, we have shown that endothelial cells are important in mediating drug 

resistance in CLL, and that PKCb regulates lysosome biogenesis in murine models 

of the disease. My in vitro results need to be optimised to confirm whether 

lysosome biogenesis is important for CLL survival and its ablation sensitises CLL 

to the cytotoxic therapy. Ongoing experiments will elucidate the mechanisms of 

lysosome biogenesis in EMDR processes.  
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5.2.4 Alteration in TCL1 localisation in endothelial niches during drug 

resistance  

We previously demonstrated that TCL1 cells preferentially home to the BM at 

endothelial sites. Additionally, our RNASeq experiments suggested that adhesion 

molecules are upregulated in BMEC in response to infiltration of malignant B cells, 

suggesting that this may be a key mechanism of interaction. However, to date it 

remains unknown whether cytotoxic treatments can affect the localisation of 

therapy resistant leukemic cells in the BM. We therefore hypothesised that residual 

TCL1 cells in the BM after treatment with Venetoclax alone or in combination with 

Enzastaurin can still be found in the proximity of protective endothelial niches, 

suggesting their protective role against cytotoxic insults. To this end, we assessed 

the localisation of TCL1 cells in mice undergoing therapeutic treatment with 

Venetoclax alone or in combination with Enzastaurin via immunofluorescence. In 

representative images shown in Figure 59 we can distinctly visualise TCL1 cells in 

red, although it is noted that the BM infiltration of TCL1 cells in these mice is 

evidently low, even in mice treated with vehicle (on the left). We measured the 

distance of each TCL1 cell detected in a field to the closest endothelial cell, marked 

by the expression of Collagen IV. The results showed in the histogram at the 

bottom right of Figure 59, firstly suggest that as expected, a fewer number of cells 

are detected in mice treated with Venetoclax alone or with Enzastaurin. 

Interestingly, despite not being statistically significant, our data indicate that TCL1 

cells are found in even closer proximity to endothelial cells when treated with 

Venetoclax, further supporting the hypothesis that endothelial cells contribute 

significantly to EMDR. Interestingly, a slight increase in the distance to endothelial 

cells is observed when mice are treated with the combination of the two drugs. 

However, these results were generated as a preliminary analysis in only 2 mice 

per each group, and therefore must be confirmed with a greater number of mice 

with higher levels of leukaemic engraftment in order to confirm the conclusion.  
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Figure 59 Localisation of TCL1 cells in endothelial niches after treatment. 10 µm thick long bone section 

from TCL1 mice treated with Vehicle (n=2), Venetoclax (n=2), or Venetoclax and Enzastaurin (n=2) were stained 

with anti-human TCL1 and Collagen IV antibodies, and DAPI. Collagen IV stains endothelial cells (arteries (high 

expression) and sinusoids (low expression) as well as the ECM. Distance to the closest endothelial cells was 

measured on Image J. At least 3 fields were analysed per each mouse. Each dot on the histogram represents the 

measurement for a single TCL1 cells. Bars represent SEM. Statistical test: One Way Anova. 
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5.2.5 3D hydrogel coculture systems support CLL survival  

In a collaborative effort with Prof. Werners’ group, who developed the 

functionalised starPEG hydrogels (Tsurkan et al., 2013), we optimised this tri-

culture system adapting it to fit the CLL needs. Our first hypothesis was to evaluate 

whether CLL cells are able to survive in 3D hydrogels, and whether endothelial 

cells and stromal cells are similarly able to sustain their survival. We therefore 

labelled CLL cells with Red Cell Proliferation dye and embedded these into 

hydrogels containing HUVEC and hMSC in a 10:1 ratio. As shown Figure 60A the 

endothelial cells form vascular-like structures in the hydrogel and is it possible to 

see CLL cells associated with these accessory cells (as indicated by the arrows in 

the figure). We therefore measured CLL survival via Annexin V staining and flow 

cytometry, after cell isolation through gel enzymatic dissociation, and interestingly 

found that CLL cells were protected from spontaneous induced apoptosis in 3D tri-

cultures similarly to our conventional 2D bi-culture system (Figure 60B). 

Additionally, the tri-cultures can be maintained for a longer time frame compared 

to 2D cultures, in which endothelial cells become too confluent causing cell 

detaching and death. 3D cultures could be kept for >7 days without affecting cell 

viabilities. These results demonstrate certain advantages of this method in the 

study of the interactions between CLL cells and the vascular niche. 

 

Figure 60 CLL cells are similarly protected from spontaneous apoptosis in 2D co-culture and 3D 

triculture systems. A. Representative image of CLL cells (in red) cultured in a starPEG-heparin 3D hydrogel 

with HUVEC and hMSCs. Arrows indicate CLL cells in proximity to endothelial cells B. Histogram depicting 

percentages of live cells defined as Annexin V-DAPI- via FC analysis in conventional 2D or 3D cultures. Dots 

represent each biological sample used. Bars represent SEM. N of patient analysed= 14. Statistical test: paired T 

test.  
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We next evaluated whether CLL cells cultured in 3D hydrogels are more resistant 

to cytotoxic drugs. For this, we cultured CLL in 3D tri-cultures for 3 days, and then 

treated them with increasing concentrations of ABT-199 for 3 days, to allow for 

full incorporation of the compound into the 3D structures. In Figure 61 

representative images show that increasing doses of chemotherapy (5 nM) could 

potentially affect the capability of HUVECs to maintain vascular networks. In  

Figure 62, the viability assay result show that CLL cells are protected from drug 

induced apoptosis similarly to 2D systems, but the tri-culture system does not 

provide an increased advantage in CLL survival.  

 

Figure 61 3D hydrogel cocultures exposed to increasing doses of chemotherapy. Representative images 

of CLL cells (in red) cultured in a starPEG-heparin 3D hydrogel with HUVEC and hMSCs, with increasing 

concentration of a chemotherapeutic agent, ABT-199 

ABT-199 1.25nM

ABT-199 2.5 nM

ABT-199 5 nM
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Figure 62 CLL are similarly sensitive to drug induced apoptosis in two or tri-dimensional culture 

systems. Histogram showing percentages of live cells defined as Annexin V-DAPI- via FC analysis in conventional 

2D or 3D cultures subjected to increasing doses of ABT-199. Dots represent summary data points. Bars represent 

SEM. N of patient analysed= 14; N of patients in ABT 10nM= 2. Statistical test: Multiple T-test. Comparisons are 

between 2D vs 3D for each of the conditions.   

In conclusion, our results show that 3D cultures are useful models to study the 

interactions between endothelial, stromal cell and CLL cells in a system resembling 

a more detailed microanatomy of the haematopoietic niche. However, cytotoxic 

therapies can negatively affect the 3D-architechture, limiting conclusions to be 

drawn from such experiments. 
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 Discussion  

In the previous chapter we described a potential role of BMECs in regulating TCL1 

homing and described that BMECs are remodelled by malignant B cells. These 

results prompted us to use an in vitro system to recapitulate and study interaction 

mechanisms of adhesion and secretion between human endothelial cells and CLL 

cells. We further assumed that endothelial cells not only contribute to BM homing 

and CLL cells survival, but also to their protection from drug-induced apoptosis.  

Firstly, we confirmed that HUVECs are able to protect CLL from spontaneous and 

drug induced apoptosis, as already observed by others (Badoux et al., 2011; Cols 

et al., 2012; Lee et al., 2005; Lutzny et al., 2013; Maffei et al., 2012). Additionally, 

we provide evidence that secreted factors partially contribute rescuing CLL from 

spontaneous apoptosis, suggesting they indeed are important for CLL survival. We 

also confirmed that endothelial cells protect CLL from drug induced apoptosis, as 

was previously observed by others (Kurtova et al., 2009; Maffei et al., 2014a, 

2014b). In particular we observed that HUVEC are able to protect CLL from 

Fludarabine, however a lower degree of protection from Venetoclax was observed 

in the experiments shown here. It is worth noting that the coculture experiments 

are performed using specific endothelial cell media, enriched with growth factors 

cocktails, required for the maintenance of HUVEC in vitro. The use of such media 

may affect CLL cells viability in monoculture, therefore masking the protective 

effects of HUVEC in cytotoxicity assays. In addition, I can speculate the presence 

of cytotoxic effects in the HUVEC and CLL co cultures derived from a batch of 

Venetoclax used for the experiments in Figure 52 and Figure 58. More recent 

undergoing optimisation experiments showed that the use of a different batch of 

Venetoclax reduced the cytotoxicity and improved CLL viability in coculture with 

HUVEC, uncovering their protective effects.  

We hypothesised that PKCb activation in endothelial cells mediates drug resistance 

mechanisms. In our recent publication we reported that stromal-derived PKCb 

inhibition sensitises CLL to chemotherapy, demonstrating PKCb signalling is 

important in mediating EMDR in B cells malignancies (Park et al., 2020). We here 

identified that Enzastaurin mediated PKCb inhibition is targeted to endothelial cells, 

and that it affects CLL cells survival. Interestingly, our results show that the 

inhibition of PKCb may affect adhesion of CLL to endothelial cells. A higher number 

of patients in this analysis will be important to confirm this observation.  
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We also investigated whether the regulation of lysosome biogenesis also occurs in 

endothelial cells as an EMDR mechanism in CLL. Interestingly, we observed that 

lysosome pathways are predominantly activated in ECs within the stromal cell 

compartment of the murine BM.  

We were also interested in investigating whether the combination of Venetoclax 

and Enzastaurin may affect the residency of malignant cells in the BM of diseased 

mice. Interestingly and for the first time, we show that TCL1 cells may be found 

in close proximity to endothelial cells in response to Venetoclax treatment, 

suggesting these cells may escape cytotoxicity by seeking shelter in protective 

niches. Interestingly, PKCb inhibition may instead expose CLL to the cytotoxic 

effects of the chemotherapy. However, despite infiltration of malignant B cells in 

our model is normally equal or below 10%, it is evident that the number of 

malignant cells found in the bone marrow of the mice used in this experiment is 

particularly low. This could be potentially due to the characteristics of the 

transplanted tumour. Therefore, the limiting number of cells analysed may not be 

sufficient to draw significant conclusions about the chemoresistance features of 

the cells found in the bone marrow. These results will be confirmed by analysing 

a higher number of samples, with tumours displaying a greater degree of BM 

involvement, in addition to several different endothelial markers to aid defining 

specific localisation.  

Finally, we recognise that two-dimensional cultures do not always reflect the 

complex characteristics of tissues and organs. In 2D co-cultures the ECM 

component is absent, and, importantly, endothelial cells are kept in an “inactive” 

state, where they are unable to form pseudo-vascular networks. We therefore 

decided to adopt a new innovative 3D culture system using starPEG based 

hydrogels, where the haematopoietic niche is mimicked. I demonstrated for the 

first time that CLLs in the 3D triculture system are protected from spontaneous 

apoptosis and can be kept in culture for >7 days, however we do not observe an 

increased resistance to chemotherapeutic treatment.  
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6 DISCUSSION 

 CLL induced inflammation alters PB HSPC function  

My studies provided evidence that pathologic mobilisation of haematopoietic 

progenitors and differentiation biases towards myeloid lineages occur in CLL. Since 

it was recently reported that the BM of patients in depleted of phenotypically 

defined progenitors (Manso et al., 2019), it is reasonable to speculate that the 

observed differences in circulating HSPCs are driven by the effects of CLL in the 

primary site of haematopoiesis, the BM. Therefore, these alterations can be 

attributed to cell-extrinsic factors, rather than cell-intrinsic alterations of HSPC in 

CLL.  

Human haematopoietic progenitors circulate into the PB under homeostatic 

conditions, following circadian rhythm oscillation (Méndez-Ferrer et al., 2008; 

Lucas et al., 2008) and the regulation of retention and release, to and from the 

BM, is mediated by expression of CXCL12 in bone marrow stromal cells and the 

activation of adhesion molecules in haematopoietic cells (Avigdor et al., 2004; 

Broxmeyer et al., 2003; Peled et al., 2000; Sugiyama et al., 2006b). However, 

their release into the circulation can also be induced by inflammation, stress and 

tissue or organ injury (Ratajczak et al., 2018). In addition, pharmacologic 

mobilisation of HSPCs has been exploited for many years to efficiently yield 

haematopoietic progenitors suitable for transplantation (Cornelissen and Blaise, 

2016; Hoggatt et al., 2018; Winkler et al., 2012). Pathologic mobilisation of 

haematopoietic progenitors can be attributed to bacterial or viral infections. 

Escherichia coli induces the expansion and mobilisation of human CD34+ and 

murine HSPC (Kim et al., 2004; Quinton et al., 2002; Shahbazian et al., 2004; 

Zhang et al., 2008), whereas vaccinia virus increases the mobilisation of immature 

myeloid cells (Singh et al., 2008). Septic shock induces the mobilisation of 

multipotent progenitors, and high levels of CXCL-12 accompanied by low levels of 

sphingosine-1-phosphate S1P were found in the PB  of septic patients (Skirecki et 

al., 2019). In light of these findings, I can speculate that the pathologic 

mobilisation of specific HSPC observed in our study, is indeed a consequence of 

inflammatory responses triggered by CLL. It would be of interest to investigate the 

mechanism of HPSC mobilisation in this context, by measuring the expression of 

adhesion molecules, such as CXCR4, in populations of interest, or investigating 

alternative mechanisms of mobilisation, regulated, for example, by 
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metalloproteinase activity (Ga et al., 2001; Lapidot and Petit, 2002; Shirvaikar et 

al., 2012).  

Our results also show that HSPC are biased towards the differentiation into myeloid 

progenitors. Studies employing mouse models have shown that various 

inflammatory stimuli in pathologic conditions influence quiescence and fate choice 

commitment of HSC (Hormaechea-Agulla et al., 2020; Pietras, 2017), as 

illustrated in Figure 63. Importantly, in autoimmune diseases, such as Rheumatoid 

Arthritis (RA), systemic inflammation is associated with the activation of a myeloid 

differentiation gene program in HSC (Hernandez et al., 2020). It was also shown 

that responses to inflammation are exacerbated during ageing where myeloid 

biased HSC are more prevalent (Mann et al., 2018). Despite most of these 

findings come from studies performed in mouse models, it is fair to assume that 

similar mechanisms may be occurring in humans.  

 

Figure 63 Inflammatory signals regulate HSC fate. The diagram summarises the effects of inflammatory 

stimuli on haematopoietic progenitors’ fate choice commitment in the mouse. In homeostatic conditions (A, on 

the left) the lineage biased multipotent progenitors (MPP) 1, 3 and 4 give rise to a balance lineage output which 

contributes to the blood system maintenance. In response to proinflammatory signals (such as IFN, TNF and IL-

1) or during haematopoietic regeneration, the HSC compartment undergoes distinct fate changes expansion of 

MPP1 and activation of lineage-specific programs in subsets of HSC. As a result, Meg/Erythroid biased MPP2 and 

myeloid biased MPP3 expand resulting in a rapid production of platelets and myeloid populations, at the expenses 

of the lymphoid biased MPP4 population. Adapted from (Pietras, 2017) 

Murine HaematopoiesisDiagram showing effects of inflammatory 

signals on haematopoiesis removed for 

copyright reasons. Copyright holder is Eric 

M. Pietras.  

 



 145 

A study performed in a xenotransplantation model for pre-leukemic phase of CLL 

suggested that haematopoietic progenitor cells as the cell of origin of CLL, as a 

lymphoid differentiation bias was observed in transplanted HSCs, associated with 

the generation of monoclonal or oligoclonal mature B cells (Kikushige et al., 2011). 

The authors demonstrated that transcription factors required at a very early stage 

of B cell development appeared to be primed in the CLL-HSC. Whilst CLL patient-

derived primitive haematopoietic progenitors present an intrinsic enrichment in 

genes that regulate early lymphoid lineage commitment, such as IKAROS, TCF3 

(E2A) and IRF8, the expression level of genes regulating the myeloid 

differentiation RUNX-1 and CEBPA remain unchanged (Kikushige et al., 2011). 

Therefore, despite CLL-HSCs activation of early lymphoid transcription factors, 

presumably reflecting their cell-intrinsic priming into the lymphoid lineage, the 

myeloid differentiation program remains unchanged. Furthermore, it is important 

to note that the xenotransplantation model adopted in this study only recapitulates 

a preleukemic state of the disease, that is, progression to MBL. It is unknown to 

what extent inflammation in the tumour microenvironment (TME) is present in 

MBL. Therefore, is difficult to predict how the NSG model reflects the disease 

induced inflammatory niche remodelling. It is reasonable to speculate that that the 

differentiation skewing I observed, is indeed a reflection of extrinsic modulation of 

HSC activity by the inflammatory environment in the progressive phase of the 

disease, rather than driven by intrinsic alterations.  

However, the extent of clonal haematopoiesis (CH) contributing to this phenotype 

remains unknown from our study. The frequency of CH was reported to be between 

5-20% in a healthy, age-matched to our cohort, population (Acuna-Hidalgo et al., 

2017; McKerrell et al., 2015). In patients with CLL, CH was identified to be present 

in 42/251 cases (=17%) (Boddicker et al., 2018). Notably, I identified an increase 

of PB ST-HSCs and skewed HSC-differentiation in patients with much higher 

frequencies than reported for CH- (70.5% and 60% respectively) compared to 

healthy controls (Figure 3B and Figure 8B, number of patients with higher than 

average (to healthy control) ST-HSCs or myeloid/erythroid colonies). Therefore, I 

believe our data do not simply reflect a biology associated with CH.  

I therefore speculate that intrinsic alterations and CH cannot be solely responsible 

for abnormal haematopoiesis observed in our study, and do not explain the 

observed differentiation-bias. In conclusion, our study provides evidence of 

pathologic mobilisation of haematopoietic progenitors and unbalanced 
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differentiation output of circulating HSC in CLL patients and proposes extrinsic 

factors may regulate aberrant haematopoietic function. 

 

Figure 64 Alterations in the CLL BM TME alter HSPC tissue residency and skew differentiation  

 The role of the endothelial niche in CLL 

pathogenesis 

With the objective to find the associated residential niches for TCL1 malignant cells 

within the BM, I adopted a transplantation model where malignant B cells were 

labelled with a cell division tracker and could be visualised via 

immunofluorescence. Interestingly and for the first time, I found that endothelial 

niches are the preferential homing sites of TCL1 leukemic cells. Within other 

lymphoid malignancies, ALL cell lines (Nalm6) were found to engraft BM areas in 

proximity to specialised endothelium (Sipkins et al., 2005). I therefore speculated 

that such niches could be important for CLL disease progression. Endothelial cells 

are composed of heterogeneous subpopulations, distinguished by differential 

marker expression associated with specific function (Hooper et al., 2009b; Itkin et 

al., 2016; Kunisaki et al., 2013b; Nombela-Arrieta et al., 2013; Xu et al., 2018). 

Interestingly, I found that a fraction of sBMECs upregulate the expression of SCA1 

(thereafter called sBMECSCA1low), normally expressed at high levels only in aBMECs, 

where its expression remained unaltered in leukemic mice. Interestingly, increased 

SCA1 expression in sBMECs positively correlated with increased infiltration of CLL 

in the PB but not in the BM, suggesting that soluble factors rather than direct cell-

cell contact may be driving this remodelling. My transcriptomic analyses revealed 
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that EC activate inflammatory responses, and in particular, response to cytokine 

and cytokine production were upregulated in sBMECSCA1low, whereas adhesion 

molecules were upregulated in sBMEC, suggesting a potential dual role for 

heterogeneous endothelial cells during leukemogenesis.  

Based on the gating strategy adopted to isolate SCA1+ SEC, illustrated in Figure 

45A, I found that approximately 80% of the SCA1+ population sorted is composed 

of SECSCA1low, with a relatively small portion of the pool being composed of AEC 

(CD31+SCA1hi) (data not shown). The heatmaps in Figure 46 representing the 

signature of each population sorted, suggests the signature is associated to SEC 

rather than AEC. Although I believe our data reflects the true biology of the 

SECSCA1low subpopulation sorted, as outlined by SCA1 expression (Figure 45B), 

future experiments will consider sorting these populations separately and 

according to the gating strategy represented in Figure 38, to gain further 

knowledge on the remodelling of heterogeneous endothelial cells.  

SCA1 expression was also found in sinusoids of other non-haematopoietic tissues. 

Interestingly, hepatic sinusoids (LSEC) constitutively express SCA1 and TNF 

stimulation enhanced its expression on the cell surface (Luna et al., 2004). The 

upregulation of this marker was associated with cell growth and production of IL-

6, suggesting a potential role for angiogenesis and inflammation. SCA1 expression 

was also observed in vascular smooth muscle cells (VSMCs) and its upregulation 

is a hallmark of inflammation during atherosclerotic plaque formation, associated 

with alteration in the VSMCs function (Dobnikar et al., 2018a). My data partly 

reinforce the idea that SCA1 is regulated in response to stress and triggers the 

activation of inflammatory pathway responses, which might mediate CLL 

maintenance and support.  

Interestingly, our transcriptomic analysis revealed the upregulation of IFN-a, IFN-

g and TFN-a response genes in all endothelial subpopulations in TCL1 mice, 

particularly of SCA1low type, suggesting that infiltration of the BM by leukemic cells 

induces inflammation. Endothelial cell activation by IFN-a stimulation results in 

increased BM vascularity and permeability (Prendergast et al., 2017). The IFN 

mediated activation of endothelial cells is partly dependent on vascular endothelial 

growth factor signalling in haematopoietic cells (Prendergast et al., 2017). I can 

therefore speculate that malignant cells triggering the activation of inflammatory 

responses remodel EC by altering their functional properties. My results did not 



 148 

reveal alterations in vascular density in the BM of TCL1 mice (Figure 35), possibly 

because the infiltration of malignant cells in the BM is not sufficient to observe 

such phenotype, as discussed at paragraph 4.3. It is therefore of clinical interest 

to investigate whether inflammatory stimuli induce such functional alterations in 

EC (e.g., expression of IFN/TNF responses genes, regulation of VEGFR receptors 

expression and vascular permeability) in the BM of patients. Of the TNF and 

interferon responses genes, Irf1, Irf7 and Ifitm3 were upregulated in SCA1low 

sBMECs. The activation of transcription factor Irf1 is regulated by TNF-

a (Venkatesh et al., 2013) and it leads to upregulation of VCAM1 on the surface of 

endothelial cells (Wang et al., 2014). In our recent publication we show that 

VCAM1 expression is regulated by PKCb through TFEB mediated lysosome 

biogenesis (Park et al., 2020). In light of these findings, I can speculate that the 

regulation of VCAM1 in endothelial cells may by regulated by diverse mechanisms.  

Additionally, TNF regulates the expression of VEGF receptor to modulate 

angiogenesis in endothelial cells (Sainson et al., 2008). Kdr transcript, 

alternatively named VEGF-receptor-2, was upregulated in SCA1+ BMECs in our 

RNASeq analysis in KEGG cytokine-cytokine receptor interaction (Figure 47A, 

middle). VEGFR-2 receptors were found to be upregulated in the BM of AML and 

CLL patients (Gutiérrez-González et al., 2019; Padró et al., 2002). Despite this, I 

did not observe increased vascular density in the mouse model. The regulation of 

VEGFR-2 receptors, or alternative inflammatory induced phenotype in ECs may be 

of high relevance in patients, where increased vascular density is observed 

(Badoux et al., 2011; Kini et al., 2000; Maffei et al., 2010).  

TNF-a response genes such as Tnfrsf8, Tnfsf8, Tnfsf10 and Tnfrsf13c were also 

upregulated in sBMECSCA1low of TCL1 leukemic mice. TNF-a is produced by a variety 

of malignant cells, in acute and chronic myeloid leukaemia (Gallipoli et al., 2013; 

Sanchez-Correa et al., 2013)  as well as lymphoid leukaemia, such as ALL 

(Potapnev et al., 2003), hairy cell leukaemia (Foa et al., 1990) and CLL (Lech-

Maranda et al., 2012). The crosstalk between CLL and microvascular endothelial 

cells (MVECs) mediated by the CD40L-CD40 axis induces the activation of BAFF 

and APRIL, two TNF family members. Their activation contributes to CLL survival 

in vitro (Cols et al., 2012). TNF-a stimulation by B-ALL induces the expression of 

MMP-9 in BMSCs and, to a lesser extent, in endothelial cells, mediated by the 

activation of NF-kB downstream of TNFR1 (Verma et al., 2020), and this 

mechanism regulated the invasiveness of the leukemic cells, through increased 
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degradation of the ECM. TNF-a was also found to activate Etk and VEGF2 through 

TNFR2 (Pan et al., 2002), enhance PI3K-Akt signalling (Zhang et al., 2003), 

ultimately leading to increased endothelial cells migration and angiogenesis in 

vitro. 

In AML, leukemic cells located in endosteal niches of the BM, express high levels 

of TNF-a and CXCL2, and were associated with a decrease of vascular density in 

endosteal areas (Duarte et al., 2018), consistent with a proposed role of TNF-a in 

vascular destruction (Kammertoens et al., 2017).  

In light of the evidence that endothelial cells respond to TNF and IFN induced 

inflammatory stimuli in the BM of TCL1 mice, I can speculate that perhaps these 

same mechanisms are responsible for inducing the myeloid differentiation bias in 

HSPC observed in patients. Experiments in mouse models complemented by 

experiments in patient derived samples are required to elucidate these 

mechanisms.  

In conclusion, malignant B cells display an affinity for endothelial niches, and 

endothelial cells are activated by tumour-induced inflammatory stimuli and may 

play a role in sustaining malignant progression. These interaction mechanisms are 

mediated by adhesion, as well as secreted factors in diverse endothelial 

subpopulations. I propose that these interactions may be drivers of EMDR and 

therefore are targets of interest for therapeutic intervention.  

 The crosstalk between endothelial cells and CLL and 

the role of PKCb during drug resistance  

Our findings in the TCL1 mouse model revealed that the endothelial cells are active 

participants in the CLL microenvironment. The results prompted us to use an in 

vitro model to study the mechanism of interaction between human CLL cells and 

human endothelial cells. Our results confirmed previous findings demonstrating 

that HUVEC are able to support CLL cells in vitro (Badoux et al., 2011; Cols et al., 

2012; Maffei et al., 2012, 2014a, 2014b). I investigated whether HUVECs protect 

CLL cells from drug induced apoptosis, as has been previously observed. Our 

results showed that HUVECs protect CLL cells from increasing doses of Fludarabine 

induced apoptosis, and to a lesser extent, to Venetoclax. These results partly agree 

with others’ findings demonstrating that HUVECs protect against Fludarabine 

(Maffei et al., 2012, 2014a) and Idelasib (Maffei et al., 2014a). The concentration 
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of Ibrutinib used were not sufficient to induce cell death in CLL cells in 

monoculture. Therefore, the difference observed in CLL survival in monoculture 

compared to coculture, reflect the loss of cyto-protection from HUVECs from 

spontaneous apoptosis rather than being induced by Ibrutinib. In addition, cells 

were kept in coculture in Endothelial cell growth medium, and I can speculate that 

the composition of the media used contains a variety of growth factors and 

cytokines which may rescue CLL cells from drug apoptosis in monoculture, 

therefore masking the effects of chemotherapies. Ongoing experiments aim to 

increase the concentration of compounds used, in agreement with our latest 

publication (Park et al., 2020) , to investigate whether higher doses of the drugs 

are required to observe the protective effect mediated by endothelial cells.  

Previous work in our lab demonstrated that malignant B cells actively remodel the 

microenvironment via PKCb activation in MSCs, but also in endothelial cells, as 

evidenced in the BM of patients with CLL, ALL and MCL (Lutzny et al., 2013). I 

therefore considered of exploiting PKCb as a therapeutic target. I demonstrated 

that the pharmacological inhibition of PKCb through Enzastaurin targets endothelial 

cells and is important for CLL survival, similar to what was observed in MSCs, or 

murine genetic PKCb deficient stromal cells (Park et al., 2020). Nevertheless, PKCb 

is also expressed in CLL cells (El-Gamal et al., 2014), and although my 

experiments showed little effect of PKCb inhibition on CLL survival in monoculture, 

I cannot exclude the possibility that the pharmacological treatment introduces off 

target effects in the coculture settings. Previous work in our lab demonstrated that 

Enzastaurin did not affect the survival of CLL cells cultured on PKCb KO stromal 

cells and did not enhance the cytotoxic effects of Venetoclax (Park et al., 2020). 

Nevertheless, it is important to confirm these observations using alternative co-

culture approaches that involve the generation and use of PKCb genetically 

deficient HUVEC, or alternatively, washout co-culture experiments whereby pre-

treatment of HUVEC with PKCb inhibitor Enzastaurin precedes the co-culture with 

CLL cells.  

I hypothesised that PKCb inhibition may interfere with the adhesion of CLL to the 

endothelial cells. Contrary to our hypothesis, I did not find any statistical 

significance, due to the number of samples analysed, with the results suggesting 

that Enzastaurin treatment reduced the adhesion of CLL cells to HUVEC. A higher 

number of samples analysed is required to confirm these findings.  
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Subsequently, I hypothesised that PCKb inhibition could sensitise CLL cells to 

chemotherapy if used in combination with other chemotherapeutic agents. 

Interestingly, I found that pharmacological inhibition of PKCb in HUVEC synergises 

with cytotoxic drugs to induce apoptosis in CLL cells, similarly to what observed in 

BM MSCs (Park et al., 2020).  

However, it remains to be confirmed how HUVEC mediate drug resistance 

mechanisms. Our previous work (Park et al., 2020) and others demonstrated that 

stromal cells mediate drug resistance mechanisms by regulating the expression of 

antiapoptotic proteins in the CLL cells (Jayappa et al., 2017; Kurtova et al., 2009; 

Oppermann et al., 2016). Others have also shown that HUVECs regulate 

transcription and protein expression of the antiapoptotic proteins BCL2, Survivin 

(Maffei 2012), PARP, Mcl-1, BCL-XL (Buggins et al., 2010) in CLL cells as a 

mechanism of protection from drug induced apoptosis. 

Our previous publication showed that PKCb in MSCs regulates lysosome biogenesis 

(Park et al., 2020). I therefore investigated lysosome biogenesis as a mechanism 

for endothelial cell mediated drug resistance. Interestingly, our in vivo data 

suggest that lysosome biogenesis is mainly driven by endothelial cells in the 

stromal cell compartment, supporting our hypothesis that endothelial cells are 

important in EMDR. Additionally, our in vitro results show that pharmacologic 

inhibition of lysosome production sensitises CLL to Venetoclax treatment. Further 

in vitro experiments are required to directly investigate lysosome production in 

HUVEC and whether its regulation is dependent on TFEB, a transcription factor 

regulated by PKCb, as demonstrated in our recent publication or by other MiTF 

family regulators of lysosome biogenesis (Park et al., 2020).  

In addition, from our in vivo data it also emerged that endothelial cells undergo 

remodelling and we describe a new endothelial subpopulation of sinusoidal vessels 

that upregulate the expression of SCA1 in response to TCL1 infiltration (Figures 

Figure 36Figure 38Figure 40Figure 41,Figure 42). It remains unknown whether 

this population is involved in EMDR mechanisms, and whether it similarly 

contributes to lysosome biogenesis.  

Our work proposes that BM endothelial cell compartment is a major contributor of 

drug resistance in CLL. In support of this hypothesis, Lenz et al., reported that 

DLBCL patients presenting with endothelial cells activation transcriptional 

signatures (defined as stroma-2 signature) are associated with adverse outcomes 
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and resistance to conventional therapies (CHOP and R-CHOP) (Lenz et al., 2009). 

Our laboratory reanalysed this gene expression data with transcriptomic data 

generated from CLL-activated PKCb expressing BM MSCs. We found a significant 

enrichment of the stroma-2 signature. Using an overlapping gene-set, which is 

represented in both the stroma-2 and PKC-b gene sets (called stroma-2PKC), we 

then re-calculated the overall survival in the described cohorts in the Lenz et al, 

paper. Importantly, the stroma-2PKC signature remains highly predictive for a 

poor outcome in DLCBL patients treated with R-CHOP.  

  

Figure 65 Analysis of PKCb signature in stromal cells enriched for stroma-2 signature identified 

in(Lenz et al., 2009). Credits: Dr Eugene Park 
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These data reinforce the hypothesis that endothelial PKCb is important in EMDR 

and suggest that these mechanisms may be important in a subset of DLBCL 

patients.  

Therefore, I propose that endothelial cells can be effective targets for therapeutic 

intervention. Pharmacologic inhibition of PKCb can be exploited as a combination 

therapy to abrogate EMDR responses. Further investigations of endothelial 

mediated drug resistance responses will clarify the mechanisms of action and 

potentially unravel additional mechanisms that contribute to EMDR. 
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7 FUTURE DIRECTIONS 

 CLL induced aberrant haematopoiesis 

7.1.1 Analysis of paired Bone marrow and peripheral blood samples 

from CLL patients 

I hypothesised that the CLL induced inflammatory environment may alter HSPC 

residency, by (1) mobilising HSPCs into the circulation, and (2) by altering the 

balance of differentiation outputs. These analyses were performed with HSPCs 

isolated from the PB of patients diagnosed with CLL. I found that a specific 

subpopulation of HSPC were mobilised in the PB, and our findings are supported 

by a recent study demonstrating the reduction of BM resident HSPCs (Manso et 

al., 2019). In our study, paired samples from BM and PB were not available 

because BM aspirations for ‘watch& wait’ patients were deemed unethical and 

therefore not IRB approved. Despite a large body of literature supporting the idea 

that changes in PB HSPC composition are preceded by changes in BM HSPC 

composition (Lefrançais et al., 2017; Magnusson and Mikkola, 2008; Massberg et 

al., 2007; Min et al., 2008; Wright et al., 2001), I recognise that paired BM and 

PB samples analyses would provide greater granularity to HSPC characteristics 

across tissues. Future work will investigate the possibility of analysing paired BM 

and PB samples from patients, whenever considered possible. In addition, 

experiment employing mouse models may be useful to assess whether HSPC 

mobilisation occurs and whether it reflects alteration in the composition of BM 

HSPC. 

7.1.2 Investigating inflammatory drivers of imbalanced 

haematopoiesis in CLL  

Our study demonstrated that CLL-circulating haematopoietic progenitors show an 

imbalanced differentiation phenotype whereby a greater number of myeloid 

colonies is generated at the expenses of erythroid colonies when compared to age 

matched healthy controls. I speculate that such alteration is attributable to the 

inflammation induced by CLL infiltration in the BM, rather than intrinsic feature of 

CLL-HSC. Recent findings reported that in AML, IL-6 secretion by human and 

murine malignant cells alters fate choice commitment of haematopoietic 

progenitors (Zhang et al., 2020c). I therefore propose that RNASeq of CLL cells 

and CLL-HSC, as well as multiplexed proteomic screenings from BM aspirates, can 
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reveal putative inflammatory targets that may be responsible for the alteration in 

the differentiation properties of haematopoietic progenitors in CLL.  

7.1.3 Transcriptional regulation of CLL-HSC fate choices  

In addition to investigating the inflammatory drivers of CLL induced aberrant 

haematopoiesis in CLL, it is interesting to uncover the regulatory mechanisms 

activated in response to the inflammatory environment and that ultimately drive 

the unbalanced fate choice commitment in haematopoietic progenitors. To this 

end, single cell sequencing technologies could be useful to address alteration in 

transcriptomic signatures occurring in CLL-HSPC in response to CLL induced 

inflammatory environment. Prospectively isolated circulating single CD34+ cells or 

BM resident CD34+ cells from CLL patients or healthy controls can be sequenced 

through 10X Chromium single cell technologies to investigate transcriptomic 

drivers of fate choice commitment, with the advantage in being able to address 

differences in heterogeneous progenitor subpopulations.  

 The role of the endothelial niche in CLL progression  

7.2.1 Alternative mouse models to investigate the remodelling of the 

endothelial niche in CLL  

In my study I demonstrated that BMECs are remodelled in response to infiltration 

by TCL1 cells. In particular, our findings revealed that SCA1, a surface marker 

normally expressed on the surface of AEC (Hooper et al., 2009b), is upregulated 

in the SEC and associated with inflammatory responses and cytokine production. 

From our study, it still remains unknown whether the occurrence of sBMECSCA1low 

is due to an induction in resident endothelial cells or is due to an expansion of a 

pre-existing subpopulation of sBMECSCA1low. In light of this, future work will exploit 

the use of different mouse models to unravel the function of this newly described 

subpopulation. The SCA1EGFP transgenic mouse model has been widely used to 

investigate the function of endothelial cells within the BM niche (Dobnikar et al., 

2018b; Itkin et al., 2016; Vagnozzi Ronald J. et al., 2018). SCA1EGFP can serve as 

recipient for transplantation of TCL1 cells and the remodelling of the 

heterogeneous pool of endothelial population can be investigated through a 

multitude of outputs, including single cell RNASeq, flow cytometry and 

immunofluorescence. These experiments would indicate plasticity of sBMEC rather 

than expansion of an endothelial subpopulation, underlying tumour-induced 
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remodelling, and providing further insights on the remodelling of the BM 

endothelial niche during disease progression. 

7.2.2 Alteration in endothelial function  

In addition to the experiments proposed above, from our studies it still remains 

unknown whether and how the remodelling of the endothelial cells impacts on the 

functions of heterogenous BMECs. Hypoxia, increased ROS levels, and increased 

vascular leakiness and permeability are phenotypes associated with leukemic 

progression (Passaro et al., 2017). Such alterations have not been addressed in 

our study and can be addressed through in vivo models. Published studies 

investigated the presence of hypoxia by labelling via intravenous injection of 

pimonidazole(Aguilera and Brekken, 2014; Passaro et al., 2017), whereas ROS 

levels can be detected by administration of hydroethidine (Itkin et al., 2016). 

Vascular permeability and diameter can be investigated through injection of 

Dextran(Chen et al., 2019). The results for these experiments can be obtained 

through immunofluorescence. However, 2D imaging of the BM does not capture 

the complexity of the connections between cells within the BM microenvironment 

(Gomariz et al., 2018). Multiscale 3D-quantitative microscopy is a novel imaging 

technique (Gomariz et al., 2018), providing insights into the spatial association 

and distribution of cell types and will be established in an ongoing collaboration 

with Prof. Nombela-Arrieta (University Zurich, Switzerland), allowing for an organ-

wide quantification of remodelled sBMECs and their spatial relation to tumour cells.  

7.2.3 Localisation of malignant B cells within BM endothelial niches 

In my study I demonstrated for the first time that TCL1 cells home to the BM in 

proximity to vascular cells. My experiments were performed by labelling the 

transplanted tumour cells with a proliferation tracker dye that is diluted with each 

cell division. Therefore, this system was unsuitable to investigate TCL1 residency 

during the long course of disease progression. I recently optimised the 

experimental conditions for the use of an anti-human TCL1 antibody that can 

efficiently stain TCL1 cells in the BM of transplanted recipients. Ongoing 

experiments are being performed to locate malignant B cells within the BM over 

the course of disease progression, as well as during drug resistance (as described 

in Figure 59).  
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 The role of the PKCb in endothelial cells mediated 

drug resistance 

7.3.1 PKCb dependent regulation of lysosome biogenesis and VCAM1 

expression 

We previously described that PKCb mediates drug resistance mechanisms in 

BMSCs by regulation of lysosome biogenesis, via activation of TFEB and VCAM1 

expression on the cell surface (Park et al., 2020). Importantly, we demonstrated 

that lysosome biogenesis mainly occurs in BMECs within the global BMSCs 

compartment. Preliminary in vitro experiments employing cocultures of HUVEC 

and CLL cells showed that inhibition of lysosome biogenesis is important for drug 

resistance. Current experiments are focusing on demonstrating the regulation of 

lysosome biogenesis in coculture systems through staining with Lysotracker 

reagent. Additionally, CRISPR protocols are being used to generate TFEB deficient 

HUVEC, in order to also genetically validate the importance of this pathway in 

endothelial cell mediated drug resistance.  

VCAM1 is a marker to identify sBMEC in single cell sequencing studies (Baryawno 

et al., 2019; Kalucka et al., 2020; Tikhonova et al., 2019) and it is physiologically 

expressed in endothelial subpopulations. In addition, its expression is regulated in 

response to TNF-a mediated activation (Karin and Gallagher, 2009; Osborn et al., 

1989; Pober, 2002; Wang et al., 2014). In our publication we also demonstrate 

that PKCb regulates VCAM1 expression and it was identified as a biomarker of drug 

efficacy (Park et al., 2020). Future experiments will investigate whether VCAM1 

expression is also negatively regulated in response to PCKb inhibition in endothelial 

cells in in vitro coculture systems. In light of this, I will also address whether 

VCAM1 inhibition can sensitise CLL to the cytotoxicity of chemotherapies.  

7.3.2 TFEB-KO mouse model to investigate lysosome mediated drug 

resistance  

As described in the previous paragraph, I demonstrate that lysosome biogenesis 

in endothelial cells contributes to EMDR. I hypothesise that, similarly to BMSCs, its 

regulation is mediated by TFEB. Where I aim to investigate this using in vitro 

models, it is also important to functionally define the importance of this mechanism 

in endothelial cells using in vivo models. In light of this, a new mouse model is 

being generated whereby TFEB is selectively deleted from endothelial cells. The 

TFEBTm1a reporter mouse expressing LacZ, previously generated by the Wellcome 
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Sanger Institute, will be crossed into Rosa26-FlipO mice (Farley et al., 2000) 

restoring a floxed Tfeb-wild-type configuration. These mice can then be crossed 

into Tie2-CreERT2-mice(Forde et al., 2002) to allow for the induced deletion 

(induced by administration of Tamoxifen) of TFEB in endothelial cells.  

7.3.3 Optimisation of 3D in vitro cultures to investigate the residency 

of chemoresistant malignant cells 

 My research employed an innovative 3D hydrogel based coculture system 

optimised in collaboration with Professor Werner (Technical University Dresden, 

Germany) to mimic the characteristics of the BM niche for the study of CLL. I 

demonstrate that 3D tri-culture system of CLL HUVEC and MSCs efficiently support 

CLL survival and maintain HUVEC in a functionally active state. Despite this I could 

not demonstrate that CLL are more protected from drug induced apoptosis in 3D 

compared to 2D cultures, I am curious to investigate which cell-type provides 

better protection from drug induces apoptosis. In light of this, I will generate 3D-

tri-cultures, which will be exposed to increasing doses of cytotoxic therapies. 

Tumour cell proximity to MSCs or HUVEC will be assessed by immunofluorescence. 

Similar to 2D-culture experiments, genetically modified (TFEB-deleted) endothelial 

cells will be used in 3D-tri-cultures to further define the significance of BMEC for 

EMDR. 

7.3.4 Addressing residency of chemoresistant cells in the BM of 

patients undergoing treatment 

I demonstrated for the first time in a mouse model that TCL1 cells are associated 

and home to the BM in proximity to endothelial cells. These findings are supported 

by a study showing that  human CLL cells are associated with BMECs (Badoux et 

al., 2011). Similarly to what I outlined in paragraphs 7.2.3 and 7.3.3, I want to 

investigate the localisation of CLL cells during disease progression and after 

treatment, in samples from patients with a diagnosis of CLL. I have access to BM 

trephine samples from CLL, MCL and ALL patients before and after treatment.  

Through immunofluorescence assays, I will assess the localisation of CLL cells 

(labelled by CD5/19, Cyclin-D and Pax5) and their proximity to BMECs (defined by 

the expression of CD31 and CD34).   

  



 159 

SUPPLEMENTARY TABLES  
Patient 

ID 

Gender Age WBC Binet 

stage 

Karyotype Group Treatment 

type 

Current 

T. 

12 M 40 288 B normal Naive  n.a. n.a. 

13 M 65 115 B Del13q 

(92%) 

Naive  n.a. n.a. 

14 F 84 145 A n.a. Naive  n.a. n.a. 

14B  F  170 B n.a. Naive  n.a. n.a. 

15 M 92 250 A n.a. Naive  n.a. n.a. 

16 M 70 232 B Del13q 

(67%) 

Naive  n.a. n.a. 

17 F 52 111 B normal Naive  n.a. n.a. 

17B F  142 A normal Naive  n.a. n.a. 

18 F 48 84 A Trisomy 12 

(80%) 

Naive  n.a. n.a. 

22 M 74 102 A Del13q Naive  n.a. n.a. 

22B M  109.4 C Del13q Naive  n.a. n.a. 

23 M 73 69 A normal  Naive  n.a. n.a. 

23B M  61 A normal  Naive  n.a. n.a. 

23C M  89 A normal  Naive  n.a. n.a. 

24 M 77 138 B Del13q 

(80%) 

Naive  n.a. n.a. 

27 F 83 197 A Del13q 

(96%) 

mono-allelic 

deletion  

Naive  n.a. n.a. 

27B F  203 A Del13q 

(96%) 

mono-allelic 

deletion  

Naive  n.a. n.a. 

29 M 68 59 A Del13q 

(84%) 

Naive  n.a. n.a. 

29B M  78 A Del13q 

(84%) 

Naive  n.a. n.a. 

30 F 83 24 A n.a. Naive  n.a. n.a. 

31 M 66 61 A normal Naive  n.a. n.a. 

31B  M  60.7 A normal Naive  n.a. n.a. 

33 M 65 139.9 B Del17p 

(28%) 

Trisomy 13q 

(25%) 

Naive  n.a. n.a. 

34 F 73 84.4 A normal  Naive  n.a. n.a. 

34B F  83 A normal  Naive  n.a. n.a. 

35 F 64 153 C del13q Naive  n.a. n.a. 

35B F  164 C del13q Naive  n.a. n.a. 

35C F  181 C del13q Naive  n.a. n.a. 
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37 M 78 75 A Del13q 

Biallelic 

(83%) 

Naive  n.a. n.a. 

37B M  78 A Del13q 

Biallelic 

(83%) 

Naive  n.a. n.a. 

37C M  71 A Del13q 

Biallelic 

(83%) 

Naive  n.a. n.a. 

38 M 78 119 A normal  Naive  n.a. n.a. 

39 M 84 38 A normal  Naive  n.a. n.a. 

40 F 80 87 A Del13q 

(87%) 

Naive  n.a. n.a. 

42 M 73 92 C normal Naive  n.a. n.a. 

45 M 84 46 A n.a. Naive  n.a. n.a. 

45B M  80 A n.a. Naive  n.a. n.a. 

46 F 83 58 A normal Naive  n.a. n.a. 

46B F  62 A normal Naive  n.a. n.a. 

47 M 70 61 B Del 13q 

(93%) 

Naive  n.a. n.a. 

47B M  63 B Del 13q 

(93%) 

Naive  n.a. n.a. 

47C M  52 C Del 13q 

(93%) 

Naive  n.a. n.a. 

49 F 74 31 B Del13q 

(68%) 

Naive  n.a. n.a. 

50 F 67 43 A Del13q 

(86%); TP53 

(9%) 

Naive  n.a. n.a. 

51 M 53 32 A Del 13q 

complete 

monoallelic 

deletion 

(42%)/parti

al 

monoallelic 

deletion 

(52%) 

Naive  n.a. n.a. 

52 F 65 120 A Trisomy 12 

(95%)  

Naive  n.a. n.a. 

52B F n.a. 136 A Trisomy 12 

(95%)  

Naive  n.a. n.a. 

53 M 42 145 B Del17p 

(18%) 

Naive  n.a. n.a. 

54 M n.a. 44 A n.a. Naive  n.a. n.a. 

57 F 50 46 A Del13q 

(77%) 

complete 

Naive  n.a. n.a. 
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monoallelic 

deletion 

58 M 70 264 B normal  Naive  n.a. n.a. 

59 M 54 157 B Del13q 

(91%) 

Naive  n.a. n.a. 

62 F 70 146 B Del13q 

(93%) 

Naive  n.a. n.a. 

64 M 70 97 B Del13q 

(69%) 

complete 

monoalellic 

deletion/ 

(20%) bi-

allelic 

deletion 

Naive  n.a. n.a. 

66 M 90 103 C normal Naive  n.a. n.a. 

70 M 67 30 A Del13q 

(73.3% 

monoallelic 

complete 

deletion) and 

partial 

biallelic 

deletion  

Naive  n.a. n.a. 

71 M 68 103 B Del13q 

(14%) 

Naive  n.a. n.a. 

74 F 63 44 A Del13q 

(88%) 

complete 

monoallelic 

deletion 

Naive  n.a. n.a. 

77 M 68 53 B normal Naive  n.a. n.a. 

79 M 57 225 B Del13q 

(80%) 

Naive  n.a. n.a. 

80 M 84 42 C n.a. Naive  n.a. n.a. 

82 M 73 31 A Del13q 

(91%) 

mono-allelic 

deletion  

Naive  n.a. n.a. 

84 F n.a. 60 A Del13q 

(41%) 

complete 

monoallelic 

deletion 

Naive  n.a. n.a. 

86 M 63 33 A Del13q 

(65%): 31% 

monoallelic; 

Naive  n.a. n.a. 



 162 

34% bi-

allelic  

87 M 53 85 A Del 13q 

complete 

monoallelic 

deletion 

(42%)/parti

al 

monoallelic 

deletion 

(52%) 

Naive  n.a. n.a. 

88 M 63 162 B Del13q 

(88%), Del 

11q (93%) 

Naive  n.a. n.a. 

89 M 57 69 A ATM Del 

(15%)  

Naive  n.a. n.a. 

94 M 59 44 A normal Naive  n.a. n.a. 

95 M 60 31 A n.a. Naive  n.a. n.a. 

97 M 61 66 B DEL13q 

(90%) 

Naive  n.a. n.a. 

19 M 55 82  n.a. Previously 

Treated 

4= FCR 

(2010); BR 

(2013); R 

mono (2014) 

Ibrutinib 

20 M 59 59  n.a. Previously 

Treated 

FCR (2009); 

R mono 

(2010); BR 

(2013); 

Ibrutinib 

20B M  72  n.a. Previously 

Treated 

FCR (2009); 

R mono 

(2010); BR 

(2013) 

Ibrutinib 

20C M  55  n.a. Previously 

Treated 

FCR (2009); 

R mono 

(2010); RB 

(2013); 

Ibrutinib 

(July 2014-

January 

2019)) 

Venetoclax 

21 M 76 125  n.a. Previously 

Treated 

BR (2013) Acalabrutin

ib 

25 F 68 104  n.a. Previously 

Treated 

FCRM 

(2011); BR 

(2015) 

Ibrutinib 

26 M 66 59  Del 13q 

(91%) 

mono-allelic 

Previously 

Treated 

FCR (2006); 

Campath 

(2008) 

Ibrutinib 
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26B M  37  Del 13q 

(91%) 

mono-allelic 

Previously 

Treated 

FCR (2006); 

Campath 

(2008) 

Ibrutinib 

26C M  NA  Del 13q 

(91%) 

mono-allelic 

Previously 

Treated 

FCR (2006); 

Campath 

(2008) 

Ibrutinib 

28 M 83 38  Del 13q 

(88%) 

partial del of 

one allele 

and 

complete del 

of 2nd allele  

Previously 

Treated 

Chlorambucil 

(1998) 

W&W 

28B M  53  Del 13q 

(88%) 

partial del of 

one allele 

and 

complete del 

of 2nd allele  

Previously 

Treated 

Chlorambucil 

(1998) 

Chlorambu

cil 

32 F 76 35  n.a. Previously 

Treated 

BR (2014) W&W 

36 F 53 268  n.a. Previously 

Treated 

R-Cbl (2009)  R-

Bendamust

ine 

41 F 71 54  n.a. Previously 

Treated 

R-CHOP 

(2012) 

Ibrutinib 

43 F 74 46  normal Previously 

Treated 

Chlorambucil 

(2017) 

W&W 

43B F  79  normal Previously 

Treated 

Chlorambucil 

(2017) 

W&W 

60 F 79 72  Del13q 

(91%) TP53 

Mut (9%) 

Previously 

Treated 

FCR (2011), 

R-Cbl 

(2017), 

Ibrutinib 

(02-

07/2018) 

Venetoclax 

63 M 66 228  Del13q 

mono-allelic 

deletion 

(96%); TP53 

Mut (24%) 

Previously 

Treated 

FCR (2004); 

FCR (2010) 

Ibrutinib  

72 M 72 54  n.a. Previously 

Treated 

unknown; 

Lenalidomid

e/ Rituximab 

(2014-1016) 

Ibrutinib 

76 M 69 121  Del13q 

(10%) 

Previously 

Treated 

FCR (2013) W&W 



 164 

complete 

monoallelic 

deletion 

76B  M  NA  Del13q 

(10%) 

complete 

monoallelic 

deletion 

Previously 

Treated 

FCR (2013) W&W 

96 F 65 42  normal  Previously 

Treated 

Chlorambucil 

+Obinutuzu

mab (2019), 

VR (2019)  

W&W 

Supplementary Table 1 Patient information relative to Chapter 3. Treatment type column refers to 

previous treatment; Current T= Current Treatment. 

Donor 

ID 

Gender Age 

C01 F 55 

C02 M 85 

C03 M 73 

C04 F 56 

C05 F 32 

C06 F 60 

C07 n.a. 74 

C08  n.a. 75 

C09 n.a. 62 

C10 F 70 

C11 F 68 

C12 F 72 

C13 F 57 

C14 F 64 

C15 F 74 

C16 F 61 

C17 M 75 

C18 n.a. 69 

C19 n.a. 74 

C20 n.a. 67 

C21 F 61 

Supplementary Table 2 Healthy donors information relative to Chapter 3 
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