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Thesis Summary 

Chronic lymphocytic leukemia (CLL) is a cancer of B cells and is the most common 

leukemia in North America. Current therapies are fraught with challenges, and drug resistance 

and disease relapse remain common occurrences. Therefore, novel therapies and novel 

therapeutic strategies are needed to improve CLL therapy. Better yet, therapies targeted at 

specific weaknesses of CLL cells will ensure maximum efficacy and minimum adverse toxicity. 

To this end, this thesis focuses on targeting the susceptible BCR pathway and lysosome-

mediated cell death pathway using gefitinib and lysosomotropic agents, respectively.   

Firstly, the novel use of the tyrosine kinase inhibitor gefitinib was explored. This drug 

was most effective in aggressive ZAP-70+ CLL cells and cell lines. A similar inhibitor, erlotinib, 

had no effect in CLL. Gefitinib inhibited phosphorylation of Syk and ZAP-70, prevented 

downstream kinase activation, and supressed the pro-survival BCR response. ZAP-70 is 

implicated in the mechanism of action of gefitinib as introduction of ZAP-70 into a B cell line 

increased their sensitivity to gefitinib.  

Secondly, the novel strategy of targeting lysosomes was explored. The lysosomotropic 

drugs siramesine, nortriptyline, desipramine, mefloquine, and tafenoquine were all found to 

induce cytotoxicity and lysosome permeabilization. Lysosome permeabilization was 

accompanied with lipid peroxidation and followed by loss of mitochondrial membrane potential. 

Compared with healthy B cells, CLL cells were more sensitive to this cell death pathway. This 

was potentially due to the overexpression of SPP1 and overproduction of sphingosine, which 

destabilized lysosomes.  

Lastly, this thesis explored the clinical utility of these targeted therapies. Both gefitinib 

and siramesine were more effective in CLL cells than patient T cells. Furthermore, they retained 

efficacy amid protective stromal cells. Clinical correlations revealed that gefitinib and siramesine 
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were effective in CLL cells with poor prognostic features. Siramesine was more effective in male 

cells and in previously-treated cells. Gefitinib was most effective in young patients.  

Overall, work presented herein demonstrates the efficacy of the tyrosine kinase inhibitor 

gefitinib and lysosomotropic agents in primary CLL cells. This work investigates the altered 

biology of the BCR pathway and lysosomes in CLL cells, and takes advantage of these 

weaknesses using targeted therapies.  
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Chapter 1  

1. Introduction   

1.1. Cancer 

Cancer is a disease that 2 of every 5 Canadians will fight in their lifetime, and 1 of every 

4 Canadians will fight and lose 1. Cancer is the leading cause of death for Canadians. Research 

has defined cancer as a group of diseases characterized by un-controlled cell growth. It is the 

only disease known that can affect any cell at any time.  

A cancer of blood cells is termed a leukemia. White blood cells of both myeloid and 

lymphoid origin can transform into a leukemia, and these can be acute or chronic in nature. An 

acute leukemia has rapid onset and progression. In contrast, a chronic leukemia has slower 

progression. There are four major types of leukemia: acute myeloid leukemia (AML), chronic 

myeloid leukemia (CML), acute lymphocytic leukemia (ALL), and chronic lymphocytic 

leukemia (CLL). AML includes myeloblastic leukemia, promyelocytic leukemia, 

myelomonocytic leukemia, monocytic leukemia, erythroleukemia, and megakaryocytic 

leukemia. CML can include chronic myelomonocytic leukemia and chronic granulocytic 

leukemia. Rare leukemia include large granular lymphocyte leukemia, prolymphocytic leukemia, 

and hairy cell leukemia 2–4. Of all these leukemia, chronic lymphocytic leukemia (CLL) is the 

most common.  

1.2. Chronic Lymphocytic Leukemia 

Chronic Lymphocytic Leukemia (CLL) is a cancer of B lymphocytes and is the most 

common leukemia in North America and Europe 5. In 2010 approximately 2,195 Canadians were 

diagnosed with this disease 1; this is a rate of approximately 6 in every 100,000 Canadians. 

However, a higher incidence rate has been noted in some provinces, such as Manitoba 6. This 
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disease is predominant in the elderly population of European descent and is twice as common in 

males as in females. The median age of diagnosis can vary depending on the center and the 

country and ranges from 65 to 73 years of age 5,7. The annual cost per American patient can 

range up to 44,000 US dollars 8,9, and thus CLL presents a large economic burden to the health 

care system. Furthermore, CLL patients have a significantly lower survival and health-related 

quality of life as compared to age-matched population 6,8–10.  

CLL is defined by a clonal B cell population of at least 5 x 109 B cells per litre of 

peripheral blood 4. These B cells are shown by diagnostic flow cytometry to express markers of 

activated and antigen-experienced B cells such as the typical B cell surface proteins CD19, 

CD23, and CD20 and the T cell surface protein CD5 11,12.These cells are determined by flow 

cytometry to be monoclonal by the presence of the same immunoglobulin light chain 13. In the 

case where a clonal population of B cells is observed in an enlarged lymph node but has not 

exceeded 5 x 109 cells/litre in the peripheral blood, this disease is termed Small Lymphocytic 

Leukemia (SLL). Many consider SLL and CLL to be the same entity, clinically 4,14.   

CLL is divided into different stages based on its presentation. These stages are termed 

Rai stages after Dr. Kanti Rai who developed the staging system in North America in 1975 15. 

Rai stage 0 is the least advanced stage and is defined by only high lymphocyte count, termed 

lymphocytosis. Rai stage I is defined by lymphocytosis and enlarged lymph nodes. Rai stage II is 

defined by lymphocytosis, enlarged spleen, and possibly enlarged lymph nodes and liver. Rai 

stage III is defined by lymphocytosis, anemia, and possibly enlarged lymph nodes, spleen, and 

liver. Rai stage IV is the most advanced stage and is defined by lymphocytosis; 

thrombocytopenia; enlarged spleen, lymph nodes, and liver; and possibly anemia. Upon physical 

examination, patients with lymph nodes of greater than 5 cm in diameter and spleen greater than 
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6 cm below the costal margin are said to have bulky disease 16. A similar system using the Binet 

stages A, B, and C was developed in 1981 and is used in Europe 17. Of note, the Rai stages define 

anemia as < 11 g/dl of hemoglobin while the Binet stages define anemia as < 10 g/dl of 

hemoglobin. Both staging systems define thrombocytopenia as a platelet count of <100 x 109/L. 

These staging systems are summarized in Table 1.1.  

Table 1.1. Risk, clinical characteristics, and median survival of Rai stages 0, I, II, III, and 

IV and Binet stages A, B, and C in CLL, adapted from 18.  

Stage Risk Clinical Characteristics Median 

Survival ii 

Rai - 0 Low Lymphocytosis   > 10 years 

Rai - I 
Intermediate 

Lymphocytosis, lymphadenopathy 
6-7 years 

Rai - II Lymphocytosis, hepatomegaly/splenomegaly 

Rai - III 
High 

Lymphocytosis, anemia 
2-3 years 

Rai - IV Lymphocytosis, thrombocytopenia 

Binet - A Low Lymphocytosis and < 3 areasi involved > 10 years 

Binet - B Intermediate Lymphocytosis and > 3 areas involved 5-6 years 

Binet - C High Lymphocytosis, anemia, and thrombocytopenia 3-4 years 

i – Areas are defined as lymph nodes, spleen, and liver. 

ii – Data obtained from reference 18 

 

CLL was once thought to be a disease where the cells resisted cell death and thus 

accumulated 19. However, a recent study has shown that CLL is indeed a proliferative disease. 

All CLL patients studied had at least 109 new CLL cells born each day. Birth rates varied from 

0.1 to over 1.0% of the CLL clone each day 20. With proliferation, CLL cells can acquire new 

features and evolve. This clonal evolution can occur in 17% 21 to 19% 22 of CLL cases and this 

frequency increases in drug-treated cohorts 23. Furthermore, it is not rare for CLL cases to 

harbour more than one CLL clone; small cohort studies have found that 13-14% of CLL cases 

are not monoclonal 24,25. Researchers have proposed that CLL subclones compete 23,26,27 and can 

become the dominate clone with time and after treatment intervention 28. These clones were 

identified as CLL but harboured distinct immunoglobulin variable heavy chain genes, and thus 
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were distinct clones. These small CLL subclones can harbour adverse features and negatively 

correlate with patient overall survival 29.  

In 5-10% of CLL cases, the leukemia can transform into an aggressive lymphoma. Of 

these cases, 80% of the aggressive lymphoma are derived from the CLL clone, whereas 20% are 

distinct 30. This transformation, called Richter’s transformation, is frequently a transformation 

from CLL to Diffuse Large B Cell Lymphoma (DLBL or DLBCL). Rarely, CLL transforms into 

Non-Hodgkin’s lymphoma 31.  

CLL can present with various comorbidities, additional cancers, and autoimmune 

diseases. At diagnosis, up to 89% of CLL patients present with at least one comorbidity. The 

most common comorbidities are coronary artery disease/peripheral vascular disease, 

hypertension, heart disease, diabetes mellitus, chronic obstructive pulmonary disorder, 

gastrointestinal complications, joint problems, and an additional cancer 32. These are expected 

due to the elderly age of patients. The most common second cancer is non-melanoma skin 

cancer, followed by gastrointestinal cancers, breast cancer, prostate cancer, and lung cancer 32,33. 

Even when compared with another similar disease, follicular lymphoma, CLL patients had a 

nearly two-fold increased risk of second cancers. Treatment further increased the risk 33. In 5-

10% of CLL cases autoimmune diseases are present. These include autoimmune hemolytic 

anemia, immune thrombocytopenia, pure red cell aplasia, and autoimmune granulocytopenia. 

These demonstrate further breakdown of the immune system, particularly of immune tolerance. 

The primary causes of death to CLL patients are progressive disease, second cancers, and 

infections 7,33–35.  

Approximately one third of CLL patients will require treatment upfront, while others may 

never requirement treatment at all 36. A meta-analysis of trials investigated immediate or delayed 
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treatment intervention and found no advantage to early treatment versus delayed treatment for 

early stage CLL 37. Signs that treatment should begin include disease progression characterized 

by anemias, massive/symptomatic organ and lymph node involvement, increase in serum lactate 

dehydrogenase, and other disease-related symptoms including unintentional weight loss, extreme 

fatigue, and fevers 38,39. The choice of treatment is made based on a number of different factors 

such as fitness, disease aggressiveness, and the quality-adjusted life years (QALYs). Fitness can 

be assessed using the Cumulative Illness Rating Scale (CIRS) for comorbidities and Eastern 

Cooperative Oncology Group (ECOG) system for performance status. Disease aggressiveness is 

indicated by advanced Rai stage, lymphocyte doubling time of less than 6 months 36, and the 

presence of poor prognostic markers. QALY captures the health gains by cancer treatments and 

can be used for cost-effectiveness analysis. For relatively young and fit patients, treatment with 

fludarabine + cyclophosphamide + rituximab (FCR) is the standard approach. For unfit patients, 

treatment includes a different anti-CD20 antibody in combination with chlorambucil. For elderly 

patients, treatment includes an anti-CD-20 antibody and bendamustine. Upon relapse, patients 

can be treated with a different combination therapy, perhaps including novel agents such as 

kinase inhibitors. Patients with refractory disease that has relapsed multiple times may be 

candidates for an allogeneic stem cell transplant 36,39. These treatments will be discussed in detail 

in sections 1.11 and 1.12.  

1.3. CLL Etiology 

CLL is preceded by Monoclonal B cell Lymphocytosis (MBL, Figure 1.1), which is 

defined when a clonal population of B cells exists but is less than 5 x 109 B cells per litre of 

peripheral blood 40. In a landmark prospective study, MBL was found in blood samples months 

to years prior to the diagnosis of CLL in 44 of the 45 CLL cases 41. The prevalence of MBL is 



6 
 

3.5% of adults over the age of 40 42,43, and 5.5% in adults over the age of 60 43. However, a more 

sensitive flow cytometry technique found a MBL frequency of 12% over the age of 40 44. 

Depending on gene expression, MBL cells can harbour a classic CLL phenotype, an atypical 

CLL phenotype, or an non-CLL phenotype 42,45. An MBL clone can harbour many genetic 

features of CLL 46. The rate of transformation from MBL into CLL is 1-2% each year. The 

majority of individuals with MBL will never develop a hematological malignancy 45. 

 
Figure 1.1. Development of CLL. Within the bone marrow, a hematopoietic stem cell (HSC) 

can give rise to a common lymphoid progenitor (CLP) which can give rise to B cells, T cells, and 

NK cells. CLL develops from the malignant transformation of B cells.  First, B cells within 3-

12% of adults transform into monoclonal B cell lymphocytosis (MBL). Next, 1-2% of MBL 

cases transform into CLL cells annually. In 17-19% of CLL cases, the CLL clone can change and 

evolve. Finally, 5-10% of CLL cases can transform into more aggressive lymphomas, such as 

diffuse large B cell lymphoma (DLBL or DLBCL).  

 

The cause of MBL and CLL is unknown, although genetic factors are implicated because 

up to 5% of CLL patients have a family history of leukemia 47,48. However, to date no genetic 

study has found any polymorphism or mutation to explain all familial CLL. Early candidate gene 

association studies created much debate as some studies found positive genetic links between a 

gene or mutated gene and risk of CLL, which did not hold true in subsequent studies. One such 
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study identified chromosome 2q21.2 as being associated with inherited CLL, but no causative 

genes at this locus have been elucidated. In addition to chromosome 2q21.2, chromosomes 

6p22.1 and 18q21.1 were also statistically significant. These correspond to major 

histocompatibility (MHC) locus and SMAD family member genes, respectively 49. The first 

Genome-Wide Association Study (GWAS) in CLL identified 6 loci that were associated with the 

risk of developing this disease: 2q13, 2q37.1, 6p25.3, 11q24.1, 15q23, and 19q13.32 50. A 

follow-up study added another 4 loci: 2q37.3, 8q24.21, 15q21.3, and 16q24.1 51. The products of 

only 4 of these 10 loci are known: SP140, IRF4 PRKD2, and FARP2. A later GWAS found risk 

loci that corresponded to ACTA2/FAS, BCL2, C11orf21, LEF1, CASP10/8, CDKN2B-AS1, 

PMAIP1, BMF, QPCT, and ACOXL 52. A recent meta-analysis of GWAS, the largest to date, 

found additional risk loci including those that corresponded to EOMES, SERPINB6, LPP, 

BCL2L11, BANK1, and CSRNP1 53. In addition to the identification of risk alleles, additional 

studies have performed whole-exome sequencing and deep sequencing to identify putative CLL 

cancer drivers: DDX3X, IKZF3, MYD88, NOTCH1, POT1, RPS15, SF3B1, XPO1, among 

others 27,54,55. Much work remains to be done to assess the role of the protein products in the 

development and progression of CLL. All of these genetic studies demonstrate that CLL genetics 

are not simple, and no single gene accounts for CLL heredity or risk.  

1.4. B cell and CLL cell Immunobiology 

 Within the bone marrow, hematopoietic stem cells (HSCs) can differentiate into a 

common myeloid progenitor or a common lymphoid progenitor (CLP; Figure 1.1). Exposure of a 

CLP to IL-7 generates a pro-B cell 56,57. This cell expresses B220/CD45R. Upon rearrangement 

of the immunoglobulin heavy chain genes, as discussed later, the pro-B cell becomes a pre-B 

cell. This pre-B cell expresses the immunoglobulin heavy chain on its surface with a surrogate 

light chain, and signaling through this complex is requirement for further B cell development 58. 
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Upon rearrangement of the immunoglobulin light chain genes, this pre-B cell becomes an 

immature B cell. If a rearrangement does not result in a productive protein product, the genes on 

the second allele are rearranged. If the first rearrangement is productive, allelic exclusion ensures 

that the second allele is silenced thus ensuring that each B cell only expresses one BCR 59. 

Provided that each rearrangement is productive and the cell receives pro-survival BCR signals, 

this immature B cell can exit the bone marrow and migrate throughout the periphery into the 

spleen, lymph nodes, and elsewhere. Initially, the immature B cell only expresses IgM on its 

surface. However; upon exit from the bone marrow the mature B cell also expresses IgD 60. A 

mature B cell can develop into either a memory B cell or antibody-secreting plasma cells. Mature 

B cells can be subdivided into different innate-like B cell subsets in mice such as marginal zone 

B cells, follicular B2 cells, and CD5+ B1a and CD5- B1b cells. Within these subsets, there are 

also IL-10-secreting B regulatory cells. In humans, these subdivisions have yet to be fully 

defined particularly in the case of B1 cells, as differences in protein expression and isolation 

difficulties have made this task a challenge 61–64.  

 This B cell development is altered in CLL. The alterations begin at the HSC. One group 

found CLL-driver mutations in multipotent hematopoietic progenitors 65. Indeed, isolated 

hematopoietic stem cells (HSCs) from CLL patients produce monoclonal or oligoclonal B cells 

when engrafted into mice 66. It is still an open question as to whether the HSCs become altered 

after CLL progression, or if this is an initiating step in tumorigenesis. Another study found 

higher frequencies of pro-B cells in the bone marrow of 12 out of 13 CLL patients 66. CLL cells 

alter two key B cell immunobiological functions: the ability to process and present antigen; and 

the ability to select unmutated, stereotyped, and poly-reactive immunoglobulins. 
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1.4.1. CLL Antigen Presentation   

 Antigen presentation involves the presentation of a peptide antigen in the groove of an 

MHC molecule to a T cell receptor (TCR). All nucleated cells in the human body, except for 

neurons, express MHC class I and present antigens to a TCR on a CD8+ T cell. However, only 

antigen-presenting cells (APCs) express MHC class II and present antigens to a TCR on a CD4+ 

T cell. Professional APCs are dendritic cells, macrophages, and B cells. The least efficient of 

these is the B cell. B cells are able to re-activate T cells but unlike dendritic cells, B cells are 

unable to present antigen and activate naïve T cells 67,68. Compared with dendritic cells, B cells 

have a lower density of MHC class II protein and costimulatory molecules 67. CLL cells are even 

further inefficient due to the decreased expression of costimulatory molecules such as B7 69 and 

the increased expression of inhibitory ligands such as CD200, CD270, CD274, and CD276 70. 

CD40 stimulation of CLL cells can improve their antigen presentation ability by increasing the 

expression of co-stimulatory molecules and adhesion molecules 71. Furthermore, while CLL cells 

have normal expression of the Fc receptors CD32 and CD23 72 and the lipid antigen presentation 

molecule CD1d 73, they lack expression of the BCR 72 which may limit their ability to bind and 

endocytose soluble antigens for the purpose of antigen presentation. CLL cells have less than 

10% of the surface BCRs found on normal B cells 72. Despite this deficiency, a well-designed 

experiment using anti-light chain antibodies showed that CLL cells and normal B cells could 

uptake and present the same amount of soluble antigen by their BCR 72. CLL cells can also 

present various different types of antigens including HSV antigen 74, Rh protein 75, and the most 

common antigen in autoimmune hemolytic anemia: erythrocyte protein band 3 76. However, CLL 

cells cannot present and stimulate tetanus toxoid-specific T cells 69. Healthy B cells and healthy 

T cells can bind and communicate by forming an effective immune synapse. However, CLL T 
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cells with healthy B cells or healthy T cells with CLL B cells both form defective immune 

synapses 77. Overall, CLL cells are not inefficient antigen presenters, but are defective 

communicators.  

1.4.2. CLL Immunoglobulin 

 An immunoglobulin is expressed on the surface of a B cell as the B cell receptor (BCR) 

or secreted as an antibody. The immunoglobulin is unique to each B cell clone. It dictates the 

antigen reactivity of that clone. As each B cells develops they combine a unique set of BCR 

genes, employ numerous mechanisms to create diversity, and then induce somatic 

hypermutations in a process of affinity maturation. Each immunoglobulin has two chains: heavy 

chain and light chain. Each chain is composed of a variable domain and a constant region.  

The variable domain on the heavy chain is composed of a V gene, D gene, and J gene. 

The variable region on a light chain is composed of a V gene and a J gene. This V(D)J 

recombination is mediated by Recombination-Activating Genes 1 and 2 (RAG1 and 2). The 

heavy chain genes are on chromosome 14 in the human. The light chain has two flavours: kappa 

genes found on chromosome 2 and lambda genes found on chromosome 22. As with normal B 

cells, CLL cells use kappa light chain more frequently than lambda 78. Within these gene groups, 

there are numerous different V, D, or J genes to choose from. This selection itself creates 

diversity. Additional diversity is generated by the imprecise joining of these regions; random 

deletions, insertions, or palindromic additions can be made at the D and J junction, and the V and 

D junction. In 20-30% of CLL cases, certain immunoglobulin genes are more frequently used 

and thus those BCRs are considered stereotyped 79. The largest report to date found 952 subsets; 

however, only 19 of these were deemed major subsets which defined 41% of the stereotypes 80. 
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In addition to stereotypy of heavy chain genes, there is also stereotypy of light chain genes in 

CLL 78 (Figure 1.2).   

Aside from gene rearrangement, diversity can be further achieved in a process termed 

affinity maturation. Following antigen exposure, a B cell can somatically hypermutate the 

variable region of its immunoglobulin genes. This somatic hypermutation is used to increase 

affinity for the target antigen and occurs within germinal centers in secondary lymphoid organs 

81. Approximately 40% of CLL patients harbour clones that do not somatically hypermutate their 

BCR, and are thus termed unmutated. Interestingly, somatic hypermutation decreases with age 82, 

which may help explain why CLL is only a disease of adults. Un-mutated CLL BCRs are poly-

reactive, and when mutated BCRs are reverted back to their germline sequence, they are also 

poly-reactive 83. Several groups have shown that CLL BCRs can bind to internal epitopes 84,85, 

instead of external antigens, thus creating a model where the BCR is autoreactive and can 

crosslink with other BCRs on the surface of the same CLL cell or on neighbouring CLL cells. 

Normally, autoreactive B cells can edit and mutate their receptor, die, or become anergic 86–89.  

The sites with concentrated hypermutation are termed complementarity-determining 

regions (CDRs). The V genes encodes CDR1 and CDR2, while the V-D-J joining creates CDR3 

(Figure 1.2). The heavy chain CDRs and light chain CDRs form the antigen-binding site 90. Two 

different types of CDR3 sequence patterns are present in CLL. The first type is termed “mainly 

combinatorial” and is encoded by unmutated sequences in the D region and the J region. This 

CDR3 pattern is present in stereotype subset 8. The second is termed “combinatorial and 

junctional” and is encoded by mutated sequences in the D region, but similar sequences in the 

non-templated (N) regions between V-D and D-J regions. This CDR3 pattern is seen in 

stereotype subset 4 80. 
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Constant domains dictate the class of antibody be it IgM, IgD, IgG, IgA, or IgE. Each B 

cell begins with IgM and IgD, and can then class switch to any other immunoglobulin class. This 

class switch is a permanent change, as the other possible constant regions are deleted in the 

process. Class switch recombination and somatic hypermutation are both mediated by 

Activation-Induced cytidine Deaminase (AID, Figure 1.2). Some CLL cells express AID, and 

while some researchers have found a correlation between AID expression and mutational status 

91, others have not 92,93. However, AID expression is associated with class switch recombination 

94. CLL cells express IgM or IgM and IgD, and can class switch to IgA or IgG 95–97. 

 

 
Figure 1.2. Immunoglobulin gene rearrangements and CLL alterations. V(D)J genes are 

rearranged to produce the heavy and light chains of an immunoglobulin. CLL cells alter this 

process by using selective V(D)J genes (stereotypy) and avoiding somatic hypermutations 

(yellow lines), which results in poly-reactive and auto-reactive immunoglobulins. These 

alterations are shown in red.  
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CLL cells resemble mature B cells, not the antibody factories that are plasma cells. 

Therefore, there is a low expectation of CLL cells to secrete antibody. CLL cells can secrete 

antibody upon stimulation with the toll-like receptor (TLR) 9 ligand CpG 98, interferon (IFN)-α 

99, IFN-γ 99, phorbol ester 99–103, CD40 + TLR7 ligand 104, CD40 + TLR9 ligand 104, normal 

allogeneic helper T cells 102,105, and pokeweed mitogen 106. CLL cells can secrete anti-

erythrocyte antibodies, but this does not account for all cases of autoimmune hemolytic anemia 

107. In addition, CLL cells have been shown to secrete poly-reactive antibodies that can bind to 

double stranded DNA 102,103, single stranded DNA 102,103, histones 103, cardiolipin 103, constant 

domain of IgG 103,104,108, and B-(1,6)-glucan of yeast and fungi 104. Both IgVH mutated and 

unmutated CLL cases can secrete antibodies 104,109. CLL cells have been shown to differentiate 

into plasma cells in vivo 97,110.  

1.5. Cell of Origin 

The cell of origin for MBL and CLL is not known. Some believe the cell of origin of 

CLL is a memory B cell due to their gene expression 111 and methylation patterns 112; however, 

one study used CD27 as a marker of memory cells 111 which is also a marker for marginal zone B 

cells. Others believe the cell of origin is splenic marginal zone B cells or B1 cells due to their 

poly-reactive BCRs and antibodies 113. Likewise, the autoreactive BCRs may indicate that the 

CLL cell of origin is a pre B cell, as 55-75% of these B cells produce autoreactive 

immunoglobulins 89. Still others believe that CLL cells originated from regulatory B cells due to 

their expression of IL-10 114. The expression of the BAFF receptor on CLL cells 115 indicates that 

these cells may arise from immature or mature B cells which express BAFF receptor (BAFFR), 

and not pre B cells which lack BAFFR 63,116,117. One study found that CLL cells have numerous 

different methylation signatures, similar to the continuum found in different B cells types 118. 
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Therefore, CLL cells may have different cells of origin. There is also the theory that unmutated 

CLL and mutated CLL derive from different B cell types. Overall, there is much debate over the 

cellular origin of CLL and this requires significant further study.  

1.6. B Cell Receptor Pathway 

 The B cell receptor (BCR) pathway (Figure 2.1) is a series of signaling events initiated by 

the BCR. This pathway results in either apoptosis, anergy, or activation and proliferation 62,119. 

Its function is to regulate B cell fate and to activate the B cell in response to its target antigen. 

The pro-survival BCR response is mediated through PI3K and Akt, Erk, and NFκB 120,121. The 

pro-cell death BCR response is mediated by phosphatase and tensin homolog (PTEN) 122 and 

involves mitochondrial dysfunction and caspase-dependent apoptosis 122,123. This cell death 

occurs during negative selection which removes auto-reactive B cells 122, or during activation-

induced cell death which ensues after prolonged BCR crosslinking without T cell help 124. A 

basal low level of BCR signaling is required for B cell maintenance 125; however, the role of 

antigen in this process is debated and requires further investigation. 

The BCR pathway is initiated by ligation of the BCR by antigen. The BCR can bind to 

soluble antigens, antigens that are tethered by complement 126, or presented by macrophages 

127,128. Upon crosslinking, the BCRs are recruited to lipid rafts where the co-receptors CD79a and 

CD79b, also known as Igα and Igβ, and CD19 are phosphorylated by the lipid-anchored kinase 

Lyn 129. A single BCR is associated with a single Igα/Igβ heterodimer 130. This phosphorylation 

occurs on tyrosine residues within Immunoreceptor Tyrosine-based Activation Motifs (ITAMs). 

These tandem phosphorylated tyrosines provide docking sites for the SH2 domain of the kinase 

Syk, which can then autophosphorylate and phosphorylate other targets such as the adaptor 

proteins BLNK/SLP65, Shc, Grb2, and BCAP 131,132. Src kinases such as Lyn can also 



15 
 

phosphorylate adaptor proteins such as Bam32 133. These events serve to amplify the signaling 

cascade by providing numerous binding sites for other adaptors and enzymes. BLNK recruits the 

tyrosine kinase Btk, the lipid kinase PLCγ which leads to calcium mobilization, and the adaptor 

Vav which induces actin reorganization. Shc binds Grb2 131, and Grb2 binds the Ras guanine 

nucleotide exchange factor Sos which leads to activation of the Ras-Raf-Mek-Erk pathway 134. 

BCAP and the membrane protein CD19 recruit PI3K. Bam32 leads to Erk activation, and Rac 

and cdc42 activation which induces cytoskeletal rearrangements 135. Activated Erk, NFκB, and 

NFAT translocate into the nucleus to activate gene transcription.  

 CLL cells highjack this BCR pathway to induce constitutive activation and prolong their 

survival (Figure 2.1). This is accomplished by alterations in the B cell receptor and in its 

downstream signaling kinases. CLL cells ectopically express kinases such as Lck 136 and ZAP-70 

137. CLL cells overexpress the adaptor protein BLNK 138 and the kinase Lyn 139. In addition, CLL 

cells have been shown to overexpress the kinase Syk 140, but this has been disputed 141. However, 

Syk is constitutively phosphorylated on tyrosine 352 142. Moreover, CLL cells can mutate IκBe, 

an inhibitor of NFκB, rendering NFκB more active 143.   

Therefore, CLL cells alter the BCR and several downstream adaptors and kinases (Figure 

1.3). The numerous alterations downstream of the BCR are not necessarily redundant in function 

and serve to amplify different aspects of the BCR pathway, and also serve to amplify other 

pathways such as those responding to cytokines and growth signals. This highlights the BCR 

pathway as a therapeutic target in CLL.  
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Figure 1.3. B cell receptor signaling in a normal B cell and a CLL cell. In a normal B cell, 

engagement of the BCR on the plasma membrane with antigen results in crosslinking and 

recruitment into a lipid raft. There, Lyn phosphorylates the immunoreceptor tyrosine-based 

activation motif (ITAM) on the co-receptors CD79a and CD79b. These phosphorylates tyrosines 

provide docking sites for Syk, which can then in turn autophosphorylate and phosphorylate 

downstream adaptors such as BLNK and kinases such as Btk. The membrane protein CD19 is 

also phosphorylated by Lyn, and provides docking sites for the lipid kinase PI3K. The pathway 

is amplified and results in the downstream activation of the transcription factors Erk, NFAT, and 

NFκB. CLL cells alter this pathway by expressing BCRs that are often stereotyped and/or 

unmutated. In addition, they ectopically express kinases Lck and ZAP-70, and over-express and 

constitutively activate many downstream kinases and adaptors, resulting in tonic signaling.   
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1.7. Zeta chain-associated protein 70 

Zeta chain-associated protein 70 (ZAP-70) is a tyrosine kinase and homolog of Syk. This 

kinase is normally expressed in T cells, Natural Killer (NK) cells 144,145, and in pro/pre-B cells. 

These early B cell precursors express ZAP-70 which is later replaced by Syk in mature B cells 

146–148. However, some small mature B cell subsets in the tonsils and spleen can express ZAP-70 

148,149, and this expression can increase with stimulation of the BCR 150, CD40L, and CpG 

stimulation of TLR9 149. In addition, knockdown of Syk does not remove all B cells; knockdown 

of both Syk and ZAP-70 is required to prevent all B cell development in mice 146,148. This shows 

that although Syk is the dominant kinase in B cells, ZAP-70 still may play a role.  

The role of ZAP-70 in CLL cells has been debated. ZAP-70 associates with CD79b after 

BCR stimulation 151 and increases tyrosine phosphorylation and BCR signaling 151–153; however, 

one group showed that expression of ZAP-70 with or without its kinase domain both increased 

BCR signaling 154. Furthermore, ZAP-70 is inefficiently activated in CLL cells as compared to 

Syk, but its ability to recruit downstream mediators such as PI3K and Shc is intact 155. Moreover, 

ZAP-70 can prolong the activation of kinases such as ERK and Akt 155. Thus, the kinase function 

of ZAP-70 may not mediate the increased BCR signaling; instead it is possible that ZAP-70 

could play the role of an adaptor protein. 

In addition to promoting BCR signaling, ZAP-70 expression in CLL can promote 

migration. ZAP-70+ CLL cells are more responsive to chemokines signals, such as CXCL12 156. 

ZAP-70+ CLL cells migrate and adhere better to stromal cells 157,158. The role of the ZAP-70 

kinase domain in the migration response has yet to be elucidated.  
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1.8. Cell Death Pathways in CLL 

 Not only do CLL cells depend on the BCR pathway for survival, but they alter many 

different cell death pathways to prolong their survival. These cell death pathways include 

apoptosis, necroptosis, and autophagic cell death (Figure 1.4).  

 

Figure 1.4. CLL cells alter apoptosis, necroptosis, and autophagic cell death pathways. CLL 

cells alter apoptosis by overexpressing Bcl-2 and IAPs while downregulating Smac. CLL cells 

alter necroptosis by overexpressing IAPs and downregulating CYLD and RIP3. CLL cells alter 

autophagy by overexpressing ATG4, UVRAG, and ULK1. For illustrative purposes, 

upregulations are shown in green and downregulations are shown in red. 

 

1.8.1. Apoptosis 

Apoptosis is the most common and well-studied form of programmed cell death. This 

form of cell death is energy-dependent and involves distinct morphological and biochemical 

features. During apoptosis, the morphology of the cell changes as it begins to shrink and 

chromatin condenses and fragments. This eventually results in membrane blebbing and the 
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production of apoptotic bodies. There are three main biochemical pathways that initiate 

apoptosis: the extrinsic pathway involving death receptors, the intrinsic pathway involving 

mitochondria, and the perforin/granzyme pathway 159,160.  

 The extrinsic pathway begins with ligation of a death receptor and subsequent activation 

of caspase 8. Death receptors include Fas ligand (FasL), tumor necrosis factor receptor 1 

(TNFR1), and death receptors 3, 4, 5, and 6 161,162. The protein Fas-associated protein with death 

domain (FADD) recruits pro-caspase 8 to the receptor for the death-induced signaling complex 

163. This allows for dimerization, proteolytic cleavage, and activation of caspase 8 164. Activated 

caspase 8 can then in turn cleave numerous substrates within the cell, such as the executioner 

caspase 3, and initiate loss of mitochondrial membrane potential. The anti-apoptotic inhibitor of 

apoptosis proteins (IAPs) bind and inhibit caspases 159.  

The intrinsic pathway begins with loss of mitochondrial membrane potential induced by 

reactive oxygen species, growth factor withdrawal, irradiation, or therapeutic agents. Pro-

apoptotic proteins such as Bad, Bax, and Bid oligomerize in the outer mitochondrial membrane 

and form pores. This can be inhibited by Bcl-2 family members. As mitochondrial membrane 

potential is loss, proteins such as cytochrome C, Smac, and apoptosis-induced factor (AIF) are 

released into the cytoplasm 165. Cytochrome C facilitates the binding of APAF-1 and procaspase 

9, which allows for the cleavage and activation of caspase 9 166. Caspase 9 can proceed to cleave 

many substrates within the cell, such as caspase 3. Smac inhibits IAPs, preventing their 

inhibition of caspases 167. AIF enters the nucleus and degrades DNA 168. Therefore, intrinsic 

apoptosis can depend on the actions of either caspases or AIF.  

Lastly, apoptosis can be initiated by perforin and granzymes released by Natural Killer 

(NK) cells or cytotoxic CD8+ T cells. Perforin introduces pores within membranes, allowing the 
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entry of granzymes into the cell. Like caspases, granzymes are proteases which cleave numerous 

cellular substrates including Bid and caspases 169,170.  

CLL cells are more susceptible to apoptosis due to the altered expression of numerous 

apoptotic machineries. The anti-apoptotic proteins Bcl-2 and IAPs are up-regulated 171,172, while 

the pro-apoptotic protein Smac is downregulated in CLL cells compared to healthy B cells 173 

(Figure 3.1). Bcl-2 can bind and inhibit pro-apoptotic proteins that are responsible for forming 

pores in the mitochondrial membrane, causing loss of mitochondrial membrane potential. IAPs 

can inhibit the pro-apoptotic proteases caspases. Smac is a protein released from permeabilized 

mitochondria which inhibits IAPs.  

1.8.2. Necroptosis 

Necroptosis is a modified and regulated form of necrosis. By definition, it requires either 

receptor interacting protein kinase 1 (RIP1) or RIP3 and results in morphological changes 

including rounding of the cell, swelling of the cytoplasm, and rupture of the plasma membrane 

174,175.  

Like the extrinsic apoptotic pathway, necroptosis is initiated by the ligation of FasL or 

TNFR1. Unlike apoptosis, necroptosis can only ensue if caspase 8 is inhibited, deleted, or not 

functional. IAPs ubiquitinate RIPK1, while cylindromatosis (CYLD) removes the ubiquitin 

chains 176. RIP3 phosphorylates and binds RIP1 thus forming the necrosome 174. This complex 

phosphorylates and activates the mixed lineage kinase domain-like (MLKL), which plays a 

pivotal in mediating calcium influx during necroptosis 177–179.  

CLL cells may be capable of undergoing necroptosis, a regulated form of necrosis that 

functions in the absence or inhibition of caspase 8. It has been shown that PI3K promotes 

survival of CLL cells by preventing caspase 8 activation 180. However, CLL cells may avoid 



21 
 

necroptosis by down-regulating two key components: RIP3 and CYLD 181 (Figure 3.1). CYLD 

deubiquitinates RIP1 allowing it to bind with RIP3 forming the necrosome 174,182,183. The 

formation of the necrosome is vital to phosphorylating and activating MLKL 177–179.  

1.8.3. Autophagy  

Autophagy is the cellular process of self-digestion. In moderation, autophagy helps the 

cell to recycle and reuse components. However, excess autophagy can destroy vital cellular 

resources and result in cell death. Autophagy can be stimulated by starvation, reactive oxygen 

species, endoplasmic reticulum stress, or inhibition of mammalian target of rapamycin (mTOR) 

or class I phosphatidylinositol 3-kinase PI3K 184,185. Autophagy initiation requires UNC51-like 

kinase (ULK1), autophagy-related protein 13 (ATG13), ATG101, and FAK family kinase 

interacting protein of 200 kDa. Further nucleation around the cytoplasmic contents targeted for 

degradation involves the class III PI3K complex, Beclin-1, and Barkor. This is blocked if Bcl-2 

binds to Beclin-1. The elongating phagophore membrane requires the ATG5-ATG12 complex, 

which recruits LC3-I, which is converted to LC3-II by ATG3 184. LC3-II, or LC3-PE, is formed 

when the soluble cytosolic LC3-I is lapidated with phosphatidylethanolamine (PE) 186,187. Fusion 

of the autophagosome with a lysosome accomplishes the degradation of the autophagosome 

contents 184,188.  

CLL cells express all the required machineries for functional autophagy 189, and in some 

instances this can promote drug resistance 190. CLL cells alter the pathway of autophagy by 

overexpressing three vital component of autophagy: ATG4C, ULK1, and UVRAG 189 (Figure 

3.1). ATG4 cleaves LC3 producing LC3I thus priming it for lipidation. ULK1 phosphorylates 

Beclin-1 and promotes autophagosome formation. UVRAG binds to phosphorylated Beclin-1 
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and promotes autophagosome maturation 184. Furthermore, high expression of PIK3C3, PIK3R4, 

and Beclin-1 is associated with poor patient prognosis and aggressive disease 191.  

Thus, CLL cells have devised many ways to avoid apoptosis and necroptosis, and they 

may upregulate autophagy-related genes as a way to use this pathway for survival and drug 

resistance (Figure 1.4). One form of cell death that has yet to be investigated in CLL is 

lysosome-mediated cell death.  

1.9. Lysosome Biology 

 Lysosomes are the most acidic vesicles within the cell. This acidic pH is maintained by 

the action of a proton pump which hydrolyzes ATP to ADP in order to pump an H+ ion into the 

lumen of the lysosome 192. The lysosomal membrane consists of a lipid bilayer and membrane 

proteins. The most abundant lysosomal membrane proteins are lysosome-associated membrane 

proteins 1 and 2 (LAMP1 and 2). The inner lumen of these proteins is highly glycosylated and 

protects the lysosomal membrane from the digestive enzymes within 193,194. These enzymes can 

digest DNA, RNA, sugars, lipids, and proteins. Among these enzymes is the diverse cathepsin 

protease family. Cathepsins A and G are serine proteases, meaning that their active site contains 

a vital serine. Cathepsins B, C, F, H, K, L, O, S, V, X, and W are cysteine proteases. Cathepsins 

D and E are aspartic protease. Cysteine cathepsins are most stable and active at an acidic pH. 

Like caspases, cathepsins have a wide range of cellular substrates. Cystatins, thyropins, and 

serpins prevent cathepsin substrates from binding and are thus endogenous inhibitors of 

cathepsins 195.   

 Lysosome biogenesis is controlled by master regulators transcription factor EB (TFEB) 

and microphthalmia-associated transcription factor (MITF). These proteins receive cues in the 

cytoplasm and translocate into the nucleus to induce the transcription of lysosome biogenesis 
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genes 196–198. TFEB and MITF are phosphorylated by mTOR in the cytoplasm and retained there 

by binding 14-3-3 proteins 199. The cues that initiate their nuclear translocation are autophagy 

and lysosome permeabilization, but the complex signaling biology is not completely understood.  

 The function of the lysosome is dictated by its contents: digestive enzymes. Lysosomes 

can fuse with endosomes to degrade material bound by receptors. Lysosomes can fuse with 

phagosomes or autophagosomes to degrade extracellular or intracellular material, respectively. 

Lysosomes can fuse with the plasma membrane to deliver enzymes to degrade the surrounding 

matrix. Lysosomes can also be permeabilized and lead to cell death 200,201.  

Lysosome Membrane Permeabilization (LMP) involves either the slight or the complete 

permeabilization of the lysosome. This permeabilization can cause lipid peroxidation and a 

partial or complete release of lysosomal contents. Cell death can be mediated by the reactive 

oxygen species and/or lysosomal cathepsins 202–204. Various cellular components can protect the 

lysosome from permeabilization such as cholesterol 205, lysosomal-localization of heat shock 

protein 70 206, and lipid peroxidation scavengers. Tocopherols are endogenous inhibitors of lipid 

peroxidation. Among tocopherols is α-tocopherol, otherwise known as vitamin E 207,208.  

Cancer cells are sensitive to LMP by a variety of mechanisms. Cell lines transformed 

with oncogenic Src and Ras display altered lysosome localization and decreases in LAMP-1 and 

LAMP-2 209. Decreases in the LAMP proteins prime cells for LMP. Other cancer cells increase 

lysosome biogenesis 198,210,211 and alter heat shock protein 70 (HSP-70) localization creating 

destabilized lysosomes 206. Due to these numerous alterations to this pathway, LMP is an 

effective way to kill many different cancer cell types. These include breast cancer 207,212,213, 

ovarian cancer 212, cervical cancer 212, colon cancer 209,212–214, prostate cancer 212, lung cancer 

213,215,216, bone cancer 212, skin cancer 213, and AML 210.   
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LMP can be induced by numerous different stimuli that are collectively called 

lysosomotropic agents. Characteristics of a chemical that can cause lysosomotropism include a 

neutral partition coefficient and a basic pKa between 6.5 and 11 217. Lysosomotropic agents 

include metal nanoparticles 218, kinase inhibitors ML-9 219, and numerous different types of 

pharmaceuticals. Pharmaceutical lysosomotropic agents include the anti-depressants siramesine, 

nortriptyline, desipramine, imipramine, and clomipramine 212; anti-malarials mefloquine and 

chloroquine 210,220; anti-allergy terfenadine 212; the stilbenoid antioxidant pterostilbene 213,221, and 

anti-psychotics chlorpromazine, thioridazine, and aripiprazole 212. The use of these agents is 

summarized in Table 1.2. Aside from chloroquine 222,223, none of these lysosomotropic agents 

have been investigated in lymphoid cancers. The use of chloroquine in cancer has been reviewed 

elsewhere 220,224 and was not included in Table 1.2. 
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Table 1.2. The use of lysosomotropic agents as therapeutics in cancer. A literature search of 

lysosomotropic agents tested in different in vitro and in vivo models at different doses.  

Lysosomotropic 

Agent 

Model Effective 

Doses 

References 

Siramesine 

 

In vitro Breast cancer cell lines MCF-7, MCF-

10A, and MDA-MB-468 

1-10 µM 207,212,225 

Cervix carcinoma cell line HeLa and 

ME-180 

1-10 µM 207,212 

 Colorectal cancer cell lines Hkh2 and 

HCT116 

8 µM 209,212 

Fibroblast cell line NIH3T3-SrcY527F 

cell line 

4-10 µM 207,209,225 

 Fibrosarcoma cell lines WEHI-S and R4 5 µM 207,225 

Mast cells (primary) 2-20 µM 226 

 Osteosarcoma cell line U2OS 1-10 µM 212,225 

Ovarian carcinoma cell line SKOV3 8-10 µM 212 

 Prostate cancer cell lines PC3 and 

Du145-P  

5-10 µM 212 

 In vivo WEHI-R4 in Balb-c mice 25-100 mg/kg/d 207 

Mcf-7 in SCID mice 30-100 mg/kg/d 207,212,225 

 PC3-MDR in SCID mice 30 mg/kg 212 

Desipramine In vitro Breast cancer cell lines MCF-7 and 

MCF-10A 

25 µM 212 

  Cervix carcinoma cell line HeLa 25-50 µM 212 

  Colorectal cancer cell lines Hkh2 and 

HCT116 

8 µM 212 

  Fibroblast cell line NIH3T3-SrcY527F 8-25 µM 212 

  Osteosarcoma cell line U2OS 25-50 µM 212 

  Ovarian carcinoma cell line SKOV3 75-100 µM 212 

  Prostate cancer cell lines PC3 and 

Du145-P 

5-10 µM 212 

 In vivo MCF-7 in SCID mice 30 mg/kg 2x wk 212 

Nortriptyline In vitro Breast cancer cell lines MCF-7 25-50 µM 212 

  Cervix carcinoma cell line HeLa 25-50 µM 212 

  Colorectal cancer cell lines Hkh2 and 

HCT116 

8 µM 212 

  Fibroblast cell line NIH3T3-SrcY527F 

cell line 

10-25 µM 212 

  Osteosarcoma cell line U2OS 25-50 µM 212 

  Ovarian carcinoma cell line SKOV3 40-60 µM 212 

  Prostate cancer cell lines PC3 and 

Du145-P 

40-80 µM 212 

Amlodipine In vitro Breast cancer cell lines MCF-7 25-50 µM 212 

  Fibroblast cell line NIH3T3-SrcY527F 

cell line 

10-30 µM 212 

  Ovarian carcinoma cell line SKOV3 37.5-50 µM 212 

  Prostate cancer cell lines PC3 and 

Du145-P  

 

40-50 µM 212 
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Terfenadine In vitro Breast cancer cell line MCF-7 5-10 µM  212 

 Colorectal cancer cell lines Hkh2 and 

HCT116 

8 µM 212 

  Fibroblast cell line NIH3T3-SrcY527F 

cell line 

2.5-5 µM 212 

  Ovarian carcinoma cell line SKOV3 6-8 µM 212 

  Prostate cancer cell lines PC3 and 

Du145-P 

1-10 µM 212 

 In vivo MCF-7 in SCID mice 10 mg/kg 2x wk 212 

Mefloquine In vitro AML cells (primary) 5-15 µM 210 

  AML cell lines HL60, KG1A OCI-

AML2, and TEX 

1-10 µM 210 

  APL cell line NB4 5-7 µM 210 

  CML cell line K562 6-10 µM 210 

  Dendritic cells (primary) 25-50 µM 210 

  Erythroleukemic cell line OCI-M2 7-9 µM 210 

  Gastric cancer cell lines AGS, Hs746T,  

MKN45, MKN74, NCI-N87, SNU1, 

SNU16, TCC1, YCC10, and YCC11. 

0.5-5 µM 227 

  Lymphosarcoma cell line MDAY-D2  3-5 µM 210 

  Macrophage/monocyte cell lines THP-1 

and U937 

5-18 µM 210 

  Oral cancer cell line KVB20C 5 µM 228 

  Prostate cancer cell line PC3 5-40 µM 229 

 In vivo K562, MDAY-D2, OCI-AML2 in NOD-

SCID mice 

50 mg/kg 210 

  Primary AML cells in NOD-SCID mice 100 mg/kg/d 210 

  YCC1 or SNU1 in SCID mice Unknown 227 

  PC3 in C57Bl/6J mice 200 µg/25 mg 229 

Primaquine In vitro Breast cancer cell line Mcf-7 7 µM 230,231 

  Colon cancer cell lines Caco-2, HT-29 40-70 µM 230 

  Oral cancer cell line KVB20C 50-75 µM 228 

Atovaquone In vitro  Oral cancer cell line KVB20C 2-12.5 μM 228 

Ciprofloxacin In vitro Cervix carcinoma cell line HeLa 10 µg/ml 232 

  Colorectal cancer cell line HCT116 1-5 µM 214 

Pterostilbene In vitro AML cell lines HL-60, MV4-11, and 

OCI 

25-75 µM 221 

  Macrophage cell lines THP-1 and U937 25-75 µM 221 

  Melanoma cell line A375 10-50 µM 213 

  Lung cancer cell line A549 10-50 µM 213 

NOD: non-obese diabetic  

SCID: severe combined immunodeficiency  

wk: week 
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1.10. Disease Biomarkers and Prognostic Indicators 

 CLL is not a uniform disease and has a heterogeneous clinical course. Aside from the 

clinical Rai stage, CLL can be divided into aggressive and indolent categories based on 

biomarkers. These biomarkers include cytogenetics, serum proteins, plasma membrane proteins, 

kinase expression, and immunoglobulin status.  

 Cytogenetics are determined by Fluorescent In-Situ Hybridization (FISH) which detects 

chromosomal abnormalities in interphase nuclei. Chromosomal abnormalities can involve an 

entire chromosome, or just the long (q) arm or short (p) arm. These are present in up to 85% of 

patients. The most common cytogenetic abnormality in CLL cells is the loss of 13q14 which 

occurs in 45-55% of cytogenetically-abnormal cases. The next most common aberration is the 

loss of 11q23 which occurs in 15-18% of patients and results in a deletion of the DNA repair 

enzyme ATM gene. The third most common abnormality is trisomy 12 occurs in 13-16% of 

patients. The fourth most common abnormality is loss of 17p13 occurs in 7-10% of patients and 

results in deletion of the tumor suppressor p53 gene. Rare cytogenetic abnormalities include loss 

of 6q21. Patients with no cytogenetic abnormality or loss of 13q14 as the only abnormality have 

the best prognosis. Patients with loss of 11q23 or 17p12 have the most aggressive disease and 

worst survival 233,234. These cytogenetics can change over time 235 as CLL cells are exposed to 

additional stresses, such as therapy.   

 Serum proteins levels can also serve as biomarkers in CLL. In particular, the level of β2 

microglobulin (β2M) independently predicts progression-free survival 236. Levels above 3.5 

mg/L are considered high. This protein is associated with the α chain of MHC class I molecules, 

but can be found in a soluble form in serum. In vitro stimulation of CLL cells induces β2M 

secretion 237. Elevated levels of any protein in the serum may indicate kidney malfunction, and 
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thus levels of β2M are often adjusted according to serum creatinine or glomerular filtration rate. 

When adjusted for the glomerular filtration rate, high levels of β2M predicted a shorter 

treatment-free survival 238. Levels can also be useful for predicting patient outcome when treated 

with FCR 239. Levels of β2M are higher in patients with bulky disease 240.  

Aside from β2M levels, the levels of other proteins such as cytokines can also serve as 

biomarkers in CLL. One group showed that ratios of different cytokine groups predicted time to 

first treatment and overall survival 241. Prognosis can also be predicted by specific levels of 

cytokines such as IL-6 242,243, IL-8 243,244, B cell activating factor (BAFF) 245, tumor necrosis 

factor α (TNFα) 246,247, vascular endothelial growth factor (VEGF) 248, and thymidine kinase 

236,249.  

Expression of certain plasma membrane proteins also has predictive value in CLL. The 

most studied is CD38. This protein is a cyclic ADP-ribose hydrolase which catalyzes the 

production of cyclic ADP ribose 250. CD38 is expressed on the surface of numerous different 

lymphocytes, but high CD38 expression on CLL cells is associated with aggressive disease and 

mortality 251 particularly in low Rai stage patients 252,253. Various different cut-off values have 

been employed. A common cut-off is if >30% of cells express CD38 then that disease is CD38+, 

and if <30% of cells express CD38 then that disease is CD38- 254. However, one group has 

shown that irrespective of cut-off value, presence of CD38+ CLL cells indicated progressive 

disease 255. While some have shown that CD38 expression can change over the course of the 

disease 255, others have shown that they do not 256.  

Kinase expression can also dictate important biological and clinical information about 

CLL. The most studied kinase in this regard is zeta chain-associated protein 70 (ZAP-70). The 

CLL clone is consider to be ZAP-70+ if at least 20% of the cells express ZAP-70 as determined 
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by intracellular staining and flow cytometry. However, methylation of the ZAP-70 gene, 

specifically at 223 nucleotides downstream of the transcription start site, is a better predictor than 

protein expression of time to first treatment and overall survival 257. ZAP-70 expression dictates 

shorter time to treatment 258, shorter progression-free survival 259, and shorter overall survival 137. 

Many have suggested that ZAP-70 expression is a surrogate maker for IgVH mutational status as 

the majority of IgVH unmutated CLL cases are ZAP-70+ 137,258. The slight discordance can be 

explained by the presence other high-risk characteristics such as 11q or 17p deletion 260. ZAP-70 

expression is 4.3-5.5 times higher in unmutated CLL cells than in mutated CLL cells 261,262 and it 

is the most tightly discriminating gene between these two subsets 261.  

Lastly, one of the most useful biomarkers in CLL is immunoglobulin status. As 

mentioned previously, B cells somatically hypermutate immunoglobulin genes to improve the 

affinity for the target antigen, particularly in the variable region of the immunoglobulin heavy 

chain (IgVH). However, some CLL clones can retain germline or unmutated IgVH, while others 

have mutated IgVH 263,264. This mutational status is determined by diagnostic polymerase chain 

reactions (PCR) and DNA sequencing; samples that have at least 98% sequence homolog with 

the nearest germline are considered un-mutated while samples with more than 2% discordance 

are considered mutated 254,265. IgVH Un-mutated CLL have more aggressive disease and a worse 

prognosis compared to mutated CLL 254,265,266. Interestingly, the gene expression profiles of 

unmutated CLL and mutated CLL cases are strikingly similar and intermingled 111,261. One study 

found only 175 genes differentially-expressed between unmutated and mutated cases. The most 

tightly discriminating gene between unmutated and mutated cases was zeta chain-associated 

protein 70 (ZAP-70) 261.   
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While some biomarkers can change over the course of disease, the IgVH does not; CLL 

clones can acquire additional cytogenetic abnormalities 235 and gain expression of ZAP-70 267 

and CD38 255 over time but never change their mutational status. In contrast, MBL clones can 

show signs of continual ongoing mutation 268.   

1.11. Chemotherapies and Immunotherapies in CLL 

Fludarabine use was the first big advance in CLL treatment 269,270. Fludarabine is a 

nucleoside analog that mimics the purine nucleotide deoxyadenosine 5’triphosphate. Upon DNA 

replication, ligation, or transcription, the active metabolite of fludarabine incorporates into the 

growing chain of nucleic acids and prevents DNA enzymes from completing their tasks. This 

prevents DNA replication, transcription, and repair thus inducing cell death 271–274.   

 The addition of cyclophosphamide to fludarabine (FC) greatly increased patient response 

and survival 275,276. Cyclophosphamide is a nitrogen mustard which crosslinks DNA by adding 

alkyl groups to guanine bases. This causes DNA damage, prevents DNA replication, and causes 

cell death 277.  

 The addition of rituximab to fludarabine and cyclophosphamide (FCR) further improved 

patient response and survival, and resulted in a lower level of minimal residual disease 278,279. 

These positive results occurred in both treatment-naïve cohorts 279 and previously-treated cohorts 

280,281. Although the achievement of minimal residual disease is an independent predictor of 

overall and progression-free survival 278, many argue that MRD is not enough 282, and instead a 

cure should be the aim. Rituximab is an anti-CD20 antibody which binds to CD20 on the surface 

of CLL cells. This facilitates complement fixation and phagocytosis 283.  

Therefore, the first-line standard of care in CLL is FCR 279,281. Although FCR is the 

standard of care, drug resistance is common and toxicities limit its use in elderly and unfit 
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patients 39,284. Regimens appropriate FCR-ineligible patients include chlorambucil, 

bendamustine, and other antibodies.   

 Chlorambucil is a nitrogen mustard and acts as an alkylating agent like 

cyclophosphamide. It is not often used as monotherapy, but instead is used in combination with 

anti-CD20 antibodies to treat elderly, unfit patients 285.  

Bendamustine is a unique drug in CLL as it contains a chemical group of an alkylating 

agent and also a chemical group of a nucleoside analog 286. As a single agent, it is superior than 

chlorambucil for untreated patients ineligible for FCR 287,288. Bendamustine is also used in 

combination with rituximab 289, other antibodies 290, or novel agents 291 for fit relapsed patients.  

Like rituximab, ofatumumab is a type I human anti-CD20 antibody. However, this 

antibody has a completely unique binding site on CD20. Both of these type I antibodies 

redistribute CD20 molecules into lipid rafts and promote complexes with BCR and complement. 

Ofatumumab alone is effective in fludarabine-refractory CLL 292. This antibody induces the 

highest degree of complement fixation, and results in complement exhaustion in the patient.  

Obinutuzumab is another anti-CD20 antibody. Unlike rituximab and ofatumumab, 

obinutuzumab is a glycoengineered type II antibody. Glycoengineered antibodies have an 

increased affinity for Fc receptors and thus promote greater antibody-dependent cellular 

cytotoxicity. They also promote homotypic adhesion and lysosome-mediated cell death. 

Obinutuzumab shows activity in previously treated and relapsed patients 293. Type II antibodies 

bind to half as many CD20 molecules as type I antibodies. This may be because type II 

antibodies bind to CD20 in a cyclic conformation, while type I antibodies bind to the naïve 

conformation 294.  
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Alemtuzumab is an anti-CD52 antibody. It promotes greater antibody-dependent 

phagocytosis compared with anti-CD20 antibodies 295. However, due to the widespread 

expression of CD52 on immune cells, this antibody presents greater toxicities than CD20 

antibodies 296. This therapy is used in relapsed/refractory CLL and shows promise in 

combination with FC for upfront treatment of high risk CLL 297–299.  

Other antibodies that have been tested in CLL but have yet to receive FDA approval 

include type II anti-CD20 tositumumab 300, radio-labeled anti-CD20 ibritumomab 301, anti-CD22 

epratuzumab, anti-CD23 lumiliximab, and anti-CD44 RG7356 302. Complement deficiencies, 

present in 38% of CLL patients, can limit the use of antibodies in CLL 303.  

Of all these therapies, none have been shown to cure CLL. The only chance of a cure is 

through bone marrow stem cell transplant. Autologous transplantation using the donor’s own 

cells has high relapse rates and is not curative; only allogeneic transplant using cells from a 

donor has the potential to cure 304–306 thanks to the graft versus leukemia effect. The graft versus 

leukemia effect can effectively eliminate the CLL cells 307,308 and provide long-term remission. 

However, rates of acute and chronic graft versus host disease (GVHD) are high in allogeneic 

transplant; chronic GVHD can occur in up to 75% of transplant patients 307,309 and mortality rates 

can reach up to 40% 305,308. Therefore, allogeneic transplant is preceded with myeloablative 

conditioning. Several studies have shown that reduced intensity non-myeloablative conditioning 

can still maintain the graft-versus-leukemia effect 310–312. In all of these studies it is important to 

assess minimal residual disease in the most precise manner possible 278. Overall, stem cell 

transplant is a challenging therapeutic option due to the lack of a suitable donor, the poor fitness 

of the patient, and the high rates of GVHD and mortality.   
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1.12. Kinase Inhibitors 

 In addition to chemoimmunotherapy options in CLL, numerous targeted therapies have 

been investigated. Many targeted therapies are kinase inhibitors which prevent activation of the 

BCR pathway and other pathways including those in response to growth factors and cytokines. 

These inhibitors are small molecules that bind to the active pocket of kinases thus preventing the 

phosphorylation of key amino acid residues on the kinase itself or other targets. Inhibitors that 

have shown efficacy in CLL include ibrutinib, idelalisib, ruxolitinib, sorafenib, dasatinib, and 

fostamatinib (Figure 1.5). Until this study, gefitinib and erlotinib had yet to be tested in CLL.  

 

Figure 1.5. Tyrosine kinase inhibitors target the BCR and cytokine pathways. Dasatinib can 

inhibit Src family tyrosine kinases such as Lck and Lyn. Fostamatinib can inhibit Syk. Ibrutinib 

can inhibit Btk. Sorafenib can inhibit multiple kinases, including Raf. Idelalisib can inhibit PI3K. 

Ruxolitinib can inhibit JAK.  

 

Ibrutinib is a small molecule inhibitor of the tyrosine kinase Btk. It was recently 

approved by the FDA in 2014 for use in CLL patients that have received at least one prior 
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therapy. It is also approved for use in Mantle cell lymphoma and Waldestrom 

macroglobulinemia. Within 24 hours of treatment there is an increase in lymphocytosis due to 

the release of CLL cells from the lymph nodes. The lymphocytosis is not associated with any 

adverse effects and is not associated with an inferior patient response 313,314.  Combination 

treatment with rituximab can reduce this. Despite the efficacy of ibrutinib, CLL cells are 

developing resistance mechanisms. Mutation of Btk 315 and mutation of the downstream enzyme 

PLCγ 316 are two known mechanisms of ibrutinib resistance. Furthermore, due to the fact that 

ibrutinib is a long-term treatment, adverse side effects accumulate. A recent study found that hair 

and nail abnormalities occur with prolonged ibrutinib treatment 317.  

Idelalisib is a small molecule inhibitor of the lipid kinase PI3K. It was recently approved 

by the FDA in 2014 for use along with rituximab in relapsed CLL. It is also approved for use in 

follicular lymphoma. This came after results of a phase 3 study showed that adding idelalisib to 

rituximab significantly improved patient response rate, progression-free survival, and overall 

survival 318. Like ibrutinib, there is an initial lymphocytosis that peaks within the first 8 weeks of 

treatment 319. Early phase I clinical trials results of idelalisib alone reported that 54% of patients 

discontinued treatment due to progressive disease or adverse effects 319. This number dropped to 

19% when idelalisib was combined with rituximab 318. However, adverse effects are still 

common and can be serious in nature, particularly diarrhea and colitis which can be fatal 320.   

Ruxolitinib is a small molecular inhibitor of the Jak tyrosine kinases. It is FDA approved 

for use in myelofibrosis and polycythemia vera. This drug inhibits BCR-induced and cytokine-

induced Jak/STAT signaling which then leads to apoptosis 321. This drug is currently being tested 

in a phase I/II (NCT02015208) and a phase II (NCT02131584) clinical trials. Like other tyrosine 

kinase inhibitors, ruxolitinib treatment induces lymphocytosis accompanied by decreased 
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lymphadenopathy 322. Results of a small phase II study showed that anemia worsened with 

ruxolitinib treatment, and 10 of the 13 trial patients required transfusions 322.  

Dasatinib is a small molecule inhibitor of the Abl and Src tyrosine kinase families. It was 

first developed as an inhibitor of the fusion protein BCR-Abl which is aberrantly expressed in 

CML cells. It received FDA approval for this purpose in 2006. Dasatinib is also approved for use 

in adults with BCR-Abl+ ALL. In CLL dasatinib was found to inhibit autophosphorylation of the 

Src kinases Lyn and Lck and inhibits phosphorylation of downstream proteins such as Erk, Akt, 

and p38 323,324. This treatment can sensitize CLL cells to fludarabine 323,325, chlorambucil 325, and 

dexamethasone 326; and is effective even in CLL samples with unmutated IgVH 323,327. Dasatinib 

efficacy can be predicted by the downstream kinases Syk 324,328 and PLCγ 328. Resistance is 

mediated by p53 and autophagy 190. Dasatinib has progressed through Phase II clinical trials 329.  

Sorafenib is a multi-kinase inhibitor that has been shown to inhibit Raf, VEGFR, and 

insulin-like growth factor-1 receptor. Sorafenib is FDA-approved for use in renal cell carcinoma 

and hepatocellular carcinoma, and has entered clinical trials for use in CLL. The exact targets for 

sorafenib in CLL are unknown, but the Raf kinase is necessary for cytokine-induced survival 156 

and it is mutated in 2.8% of CLL cases 330. In CLL sorafenib can inhibit cytokine-induced Raf 

signaling, reduce Mcl-1 levels, and initiate apoptosis 156,331,332. It can block CXCL12-induced 

migration 333 and can overcome protection from stroma 331,332,334 and from nurse-like cells 332. 

Sorafenib can also limit leukemia progression in mouse models 335.   

Fostamatinib is a small molecule inhibitor of the tyrosine kinase Syk. This kinase has 

been shown to regulate the survival of CLL cells 336. Fostamatinib prodrug is termed R788 and 

the active metabolite is termed R406. In vitro fostamatinib inhibits BCR signaling 337, decreases 

Mcl-1 142, and prevents migration 337. It kills even in the presence of nurse-like cells 337 and 
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stromal cells 140,338. In vivo it inhibits BCR signaling, prolongs survival in mice 339, and has 

efficacy in a Phase I/II clinical trial 340. Due to the off-target effects of fostamatinib, novel Syk 

inhibitors have been developed such as PRT318 341, P505-15 341, and GS-9973 342. P505-15 is 

effective in vitro and synergizes with fludarabine 343. GS-9973 is effective in vitro 342 and has 

been tested in Phase II clinical trials 344. However, 29% of patients tested had serious adverse 

events.  

Gefitinib and erlotinib are small molecule inhibitors of the epidermal growth factor 

receptor (EGFR). This kinase is often mutated and involved in the pathogenesis of numerous 

cancers, such as non-small cell lung cancer (NSCLC). In 2003 gefitinib was approved by the 

FDA for use as a monotherapy in NSCLC 345. A year later, erlotinib received FDA approval for 

use as a monotherapy in NSCLC. In addition to inhibiting EGFR, gefitinib and erlotinib can also 

inhibit other kinases, such as Syk 346,347 in AML cells and Myelodysplastic Syndrome (MDS) 

cells. However, gefitinib and erlotinib have yet to be tested in CLL. It is possible that these 

tyrosine kinase inhibitors may inhibit both Syk and its homolog ZAP-70 in CLL cells.  

1.13. CLL Microenvironments 

Therapeutics are often tested on only CLL cells, thus ignoring the numerous other cell 

types in contact with CLL cells. Although CLL is defined by excess B cells in the peripheral 

blood, these cells are also abundant in other sites in the body. CLL cells commonly occupy 

lymph nodes, bone marrow 348, spleen, kidneys, and liver 349. Less common sites include adrenal 

glands 349, heart 349,350, pancreas 349, lungs 351, and skin 352,353. The lymph nodes and bone marrow 

are the most common sites of CLL infiltration; 100% of patients have infiltration to some degree 

349.  
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Within the lymph node, there is an increased quantity of high endothelial venules which 

mediates the extravasation of CLL cells from the peripheral blood into the lymph node. This 

process is mediated by L-selectin 354. The influx of CLL cells into lymph nodes can disturb the 

normal architecture and increase the physical size of the node causing lymphadenopathy 355. 

Proliferation centers also may be increased 356; however, the article reporting this finding was 

later retracted for an unknown reason. The lymph node is the site for CLL proliferation 357. 

Within the lymph node and peripheral blood, T cells have been shown to respond to CLL 

antigens 358–360. Patients with anti-CLL T cell responses have an improved survival 361. However, 

numerous therapies eliminate T cells along with CLL cells 362–364, thus hindering any beneficial 

anti-tumor immune response and instead promoting infections 365.  

Within the bone marrow, there is increased angiogenesis 366 and disrupted architecture 

367. Infiltration of CLL cells into the bone marrow can take two different patterns: nodular or 

diffuse. Nodular bone marrow infiltration is associated with mutated IgVH and ZAP-70- 368, 

while the diffuse bone marrow infiltration is associated with unmutated IgVH and ZAP-70+ 

368,369. Furthermore, ZAP-70 expression promotes CLL infiltration into the bone marrow. The 

mechanism of this infiltration relies on the enhanced signaling and migration post CXCR4 

stimulation 370. In addition, ZAP-70+ CLL cells have stronger adhesion to bone marrow stromal 

cells than do ZAP-70- CLL cells 157. These bone marrow-derived stromal cells protect CLL cells 

from cell death and promote drug resistance 222,371.  

Overall, CLL is not just a disease of blood, but also of bone marrow and lymph nodes. 

CLL cells establish a bidirectional crosstalk with numerous different cells within these 

microenvironments resulting in immune dysregulation.  
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1.14. Immune Dysregulation 

A recently recognized hallmark of cancer is the reprogramming of their surrounding 

environment to create a tumor microenvironment 372. CLL cells have a large impact on their 

surrounding microenvironments. CLL cells can distort the structure of lymphoid environments 

367 and can adversely affect stromal cells, DCs, nurse-like cells, endothelial cells, B cells, T cells, 

and NK cells.  

Stromal cells are a diverse family of different cell types that form the support in many 

different organs. CLL cells signal through the lymphotoxin-β-receptor to remodel the stromal 

environment for their benefit 373. In addition, CLL cells can release exosomes to induce the 

transition of stromal cells into cancer-associated fibroblasts which promote a tumor-supportive 

environment 374. Stromal cells can protect CLL cells from apoptosis 371,375, and likewise CLL 

cells can also protect stromal cells from apoptosis. This requires integrins 376, CD27 377, cysteine 

378, growth factors such as VEGF 379, and chemokines such as SDF-1 380. CLL cell chemotaxis to 

stromal cells can result in pseudoemperipolesis: the migration of CLL cells beneath stromal cells 

380. The benefit of this form of migration is not known. Bone marrow stromal cells not only 

protect CLL cells from apoptosis, but they also promote CLL cell metabolism, particularly 

glycolysis 381.  

Dendritic cells (DCs) are also altered in CLL patients. Dendritic cells (DCs) have been 

shown to recruit CLL cells through the chemokine receptor CXCR5 373 and protect them from 

apoptosis which was dependent on the adhesion molecule CD44 382. CLL patients have reduced 

numbers of plasmacytoid DCs and the plasmacytoid DC-derived cytokine IFNα 383. Maturation 

of DCs from peripheral blood monocytes of CLL patients is inhibited by the presence of CLL 

cells. Furthermore, these DCs have lower expression of CD80 and CD40 compared to DCs 
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matured from healthy monocytes. This DC dysfunctions increases as disease progresses 384. 

However, a group that used a similar protocol to generate monocyte-derived dendritic cells found 

similar antigen processing capabilities, surface molecules, and cytokine expression on healthy 

and CLL-derived dendritic cells 385. When an alternative method was employed to negatively 

select mature DCs from peripheral blood, a deficiency of CD80 expression compared to healthy 

donors was identified. These CLL DCs also produce less IL-10 and IL-12 386. Therefore, DC 

dysfunction exists in CLL but it is not fully defined.  

Nurse-like cells are blood-derived cells that have fibroblast-like appearance. They secrete 

SDF-1 which promotes the survival and drug-resistance of CLL cells 387. This survival is 

contact-dependent and involves the up-regulation of anti-apoptotic genes in CLL cells 388. These 

nurse-like cells are considered by some to be tumor-associated macrophages 389. Increased 

numbers of nurse-like cells in lymph nodes correlates with increased proliferation of CLL cells 

390.  

Endothelial cells are found lining blood vessels. These cells can interact with CLL cells 

during the process of extravasation when CLL cells exit the peripheral blood and enter the 

surrounding tissue 354. They produce BAFF, APRIL, CD40 391, and IL-6 392 which promote the 

survival of CLL cells 393,394.  

B cells are outcompeted and inhibited by malignant CLL B cells. One proposed 

mechanism for this inhibition is through CD95 on plasma cells and CD95L on CLL cells 395,396. 

CLL patients often present with hypogammaglobulinemia and thus there is a humoral defect in 

CLL 397,398. This is present in up to 30-50% of CLL patients, and can worsen as disease 

progresses 399. It can predict early death 400. This deficiency is the same for unmutated and 

mutated IgVH CLL 401. This defect can be reversed by drugs such as lenalidomide 397, ibrutinib 
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402, and rituximab 403. Healthy B cells can secrete anti-CLL antibodies such as anti-ROR1 397,404 

and anti-immature laminin receptor (iLR) 405. Quantities of anti-ROR1 antibodies 397 and anti-

iLR antibodies 405 can correlate with patient disease progression. CLL patients have intact anti-

CMV humoral immune response 398.  

T cells are severely impaired in CLL patients. These cells have diminished helper activity 

406,407, less proliferation 408, and reduced signaling. Diminished helper activity may be caused by 

impaired cell:cell contact 409 due to defective immune synapse formation 70,410. Impaired immune 

synapse formation may be caused by the expression of the inhibitory ligands CTLA-4 411, 

CD200, CD270, CD274 (PD-L1), and CD276 70. Blockade of CD200 can restore T cell activity 

412. Lack of proliferation may be caused by less IL-2 secretion 77,413, although the later study has 

cited this finding as data not shown, and an additional study has shown normal IL-2 production 

414. Reduced signaling may be caused by decreased expression of the T cell receptor co-receptor 

CD3ζ and the costimulatory molecule CD28 415,416. Furthermore, T cells exhibit signs of 

exhaustion 414. Some T cell abnormalities are not present in MBL 417,418. T cells can be 

stimulated by the immune-stimulatory drug lenalidomide 410 and by the bi-specific anti-CD3 and 

anti-CD19 antibody blinatumomab 419. CLL cells have more regulatory T cells 420. Aside from 

CLL-mediated immunosuppression, nurse-like cells can also contribute. Nurse-like cells inhibit 

T cell proliferation but support expansion of T regulatory cells 421.   

NK cells are expanded in CLL patients 422; however, their activity is impaired. Some 

groups have shown that NK cells from CLL patients have reduced cytolytic activity against NK-

sensitive cell types 408,423,424, but others disagree 425. The reason for this discrepancy cannot be 

the target cells used, as each study uses the NK-sensitive K-562 target cell line. Despite this 

disagreement on whether CLL NK cells are impaired in killing known NK-sensitive cell lines, 
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researchers agree that CLL NK cells cannot kill CLL cells 425,426. In addition, CLL cells cannot 

be killed by healthy donor NK cells 425. This demonstrates that CLL cells evade NK cell-

mediated lysis. CLL cells may evade recognition by NK cells by producing soluble BAG3 425,427 

which engages the activating receptor NKp30. This soluble receptor can act as a decoy 427. CLL 

NK cells have reduced expression of the activating receptor NKG2D 422. However, another 

group found no difference in NKG2D, but a slight decrease in NKp30 425. In addition, CLL NK 

cells have fewer cytotoxic granules than healthy NK cells 424. NK cell activity can be restored by 

therapies such as anti-CD20 therapy 425,428,429, lenalidomide 422, and cytokines such as IL-2, IL-

15, IL-21 422, and IFN 430.  

Overall, CLL cells have shaped the microenvironments and the cells within (Figure 1.6) 

to promote their survival, proliferation, and drug resistance. The cells within these 

microenvironments should be considered when testing novel therapies.  

 
 

Figure 1.6. Immune dysregulation in CLL. CLL cells secrete extracellular vesicles and 

numerous soluble factors, such as IL-10, which remodels its surrounding microenvironment. 

This environment includes T cells, NK cells, plasma cells, dendritic cells, stromal cells, 

endothelial cells, and nurse-like cells. These cells can all promote the recruitment, proliferation, 

and/or survival of CLL cells.    
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1.15. Study Rationale, Hypothesis, and Objectives  

CLL is a common and rarely curable cancer. Disease relapse and drug resistance remain 

common occurrences. This underscores the importance of investigating novel therapies and 

therapeutic targets. Therefore, the aim of this thesis project is to investigate novel targeted 

therapies in CLL. First, this thesis will examine the novel use of Gefitinib targeting a known 

susceptibility: the BCR pathway. Secondly, this thesis will investigate the use of novel 

lysosomotropic agents to target an unexplored susceptibility of CLL cells: the lysosome. Lastly, 

this thesis will focus on the clinical applicability of these targeted therapies by assessing the 

immune impact and clinical correlations. Overall, these therapeutic strategies are focused on 

inhibiting the pro-survival BCR pathway, and promoting the pro-cell death pathway initiated by 

lysosome membrane permeabilization.  

I hypothesize that the altered biology of CLL cells will render them sensitive to gefitinib 

and to lysosomotropic agents. Specifically, I hypothesize that gefitinib will inhibit the BCR 

pathway and kill ZAP-70+ CLL cells, and that lysosomotropic agents will induce lysosome 

permeabilization and kill CLL cells, regardless of poor prognostic indicators. These studies will 

confirm that the BCR pathway is a susceptibility of CLL cells, and will provide evidence that the 

lysosome is a novel susceptibility of CLL cells.  

The specific objectives of my research are divided into the following three chapters and 

are outlined below. 

Chapter 2 

 Investigate gefitinib in CLL cells. 

 Determine the impact of gefitinib on the BCR pathway. 

 Explore the role of ZAP-70 in gefitinib mechanism of action.  
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Chapter 3 

 Investigate lysosomotropic agents in CLL cells. 

 Determine how lysosomotropic agents kill CLL cells. 

 Explore the ways in which lysosomes and metabolism are altered in CLL. 

Chapter 4 

 Investigate the effect of targeted therapies on T cells. 

 Investigate the effect of targeted therapies on CLL cells in the presence of stromal cells. 

 Calculate clinical correlations of patient characteristics with drug response.  

This thesis will conclude with Chapter 5 which presents final conclusions and future directions.  
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Chapter 2 

2. Targeting the B Cell Receptor Pathway in Chronic Lymphocytic 

Leukemia. 

Information presented in this chapter has been previously published in the article entitled 

“Gefitinib targets ZAP-70-expressing chronic lymphocytic leukemia cells and inhibits B-cell 

receptor signaling” (Dielschneider et al., Cell Death and Disease, 2014). 

2.1. Abstract 

Chronic Lymphocytic Leukemia (CLL) cells alter the pro-survival B cell receptor (BCR) 

pathway by changing the BCR itself and upregulating many downstream signaling components. 

CLL cells frequently have un-mutated immunoglobulin heavy chain (IgVH), over-express Syk, 

and ectopically express the Syk homolog ZAP-70. Both un-mutated IgVH and ZAP-70 enhance 

BCR signaling and are indicators of aggressive disease and poor patient prognosis. Although 

tyrosine kinase inhibitors have been shown to effectively inhibit the BCR pathway, none target 

ZAP-70 and none are without toxicities and limitations. The tyrosine kinase inhibitors gefitinib 

and erlotinib were previously shown to inhibit Syk in acute myeloid leukemia; however, their 

effects on ZAP-70 and their effects in CLL cells have yet to be investigated. Therefore, the 

purpose of this work is to investigate gefitinib and erlotinib in ZAP-70+ and ZAP-70- cell lines 

and CLL cells. MTT viability assays and Annexin V apoptosis assay both demonstrated an 

increased susceptibility of ZAP-70+ CLL cells to gefitinib, but not erlotinib. This increased 

sensitivity was not seen with fludarabine. This trend persisted when investigating cell lines; the 

ZAP-70+ Jurkat cell line responded significantly better as compared to the ZAP-70- cell lines 

BJAB, NALM6, and I83. Western blot analysis demonstrated that gefitinib inhibited both Syk 
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and ZAP-70 phosphorylation in ZAP-70+ CLL cells and ZAP-70 phosphorylation in the Jurkat 

cell line. Furthermore, gefitinib inhibited downstream BCR signaling by preventing Erk and Akt 

phosphorylation, and preventing the pro-survival response. Introduction of ZAP-70 into the B 

cell line Raji by lentiviral transduction significantly increased their sensitivity to gefitinib as 

measured by two independent viability assays. Therefore, gefitinib is an effective BCR pathway 

inhibitor in ZAP-70+ cells, and shows promise as an effective treatment for aggressive ZAP-70+ 

CLL patients.                                                                                                                                                                                                
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2.2. Introduction 

 Chronic Lymphocytic Leukemia (CLL) is a cancer of B cells. These cells exhibit several 

immunobiological differences as compared to their healthy counterparts. CLL cells have altered 

immunoglobulins which are stereotyped and/or un-mutated, and have altered expression and 

activation of numerous proteins downstream of the BCR. One such alteration in the BCR 

pathway is the ectopic expression of ZAP-70 in CLL cells. This kinase is normally expressed in 

T cells, Natural Killer (NK) cells 144,145, and in pro/pre-B cells; however, its expression in mature 

B cells found within the peripheral blood is abnormal.  

The role of ZAP-70 in CLL cells has been debated. ZAP-70 associates with CD79b after 

BCR stimulation 151 and increases tyrosine phosphorylation and BCR signaling 151–153; however, 

one group showed that expression of ZAP-70 with or without its kinase domain both increased 

BCR signaling 154. Furthermore, ZAP-70 is inefficiently activated in CLL cells as compared to 

Syk, but its ability to recruit downstream mediators such as PI3K and Shc is intact 155. Moreover, 

ZAP-70 can prolong the activation of kinases such as ERK and Akt 155. Thus, the kinase function 

of ZAP-70 may not mediate the increased BCR signaling; instead it is possible that ZAP-70 

could play the role of an adaptor protein. 

In addition to promoting BCR signaling, ZAP-70 expression in CLL can promote 

migration. ZAP-70+ CLL cells are more responsive to chemokine signals, such as CXCL12 156. 

ZAP-70+ CLL cells migrate and adhere better to stromal cells as compared to ZAP-70- CLL 

cells 157,158. Furthermore, ZAP-70+ CLL cells transferred into mice preferentially migrate to the 

bone marrow.  
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Aside from complicating CLL biology, ZAP-70 expression has prognostic value in CLL. 

Indeed, CLL patients that express ZAP-70 in at least 20% of their cells have shorter time to 

treatment 258, shorter progression-free survival 259, and shorter overall survival 137.  

 Overall, abnormal ZAP-70 expression in CLL promotes BCR signaling and migration, 

leading to aggressive disease. This supports the notion of ZAP-70 as a therapeutic target in CLL. 

Several targeted therapies have been investigated in CLL; however, none have focused on ZAP-

70. Based on evidence that gefitinib and erlotinib can inhibit Syk, the homolog of ZAP-70, in 

AML and MDS 346,431,432 we hypothesize that these drugs will be effective in CLL cells, 

particularly those expressing ZAP-70. Therefore, the purpose of this study was to investigate the 

efficacy of gefitinib and erlotinib in ZAP-70+ and ZAP-70- CLL cells, and to determine the 

impact of these drugs on BCR signaling.  
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2.3. Materials and Methods 

2.3.1. Cell Processing and Culture 

 The malignant B cell lines BJAB (ATCC), NALM6 (DSMZ), I83 (kind gift from Dr. 

Panasci, McGill University), and Raji +/- ZAP-70 (kind gifts from Dr. Aaron Marshall, 

University of Manitoba) and the malignant T cell line Jurkat (ATCC) were all cultured in RPMI 

(Hyclone) with 10% Fetal Bovine Serum (FBS; Thermo Fisher Scientific) and 1X penicillin and 

streptomycin (Gibco, Thermo Fisher Scientific). Raji- ZAP-70 and Raji-Vector cells were made 

by lentiviral transduction 157. 

Primary CLL cells were processed from peripheral blood samples within 24 hours of 

blood draw. Patient samples were collected following their informed consent in accordance with 

the Research Ethics Board of the University of Manitoba. Blood was mixed with RosetteSep 

(Stemcell Technologies) for 30 minutes if lymphocyte count < 40 x 109 cells/L, then purified by 

centrifugation on a Ficoll-Paque gradient (GE Healthcare). Red Blood Cells (RBCs) were lysed 

using the RBC lysis buffer (eBioscience) for 10 minutes. Purified cells were cultured in 

Hybridoma Serum-Free Medium (SFM; Life Technologies) with no additives. All cells were 

kept in a humid 37ºC incubator with 5% CO2.  

2.3.2. Drugs and Stimuli 

 The following drugs were dissolved in DMSO and stock solutions were kept at -80 ºC: 

gefitinib (LC Laboratories), dasatinib (LC Laboratories), erlotinib (LC Laboratories), ibrutinib 

(SelleckBio), and fludarabine (Sigma).  

 B cells were stimulated with biotinylated Fab2 anti-IgM (Southern Biotech). For western 

blot experiments, 10 µg/ml anti-IgM was added and the cells were lysed within an hour. For cell 

viability analysis, 0.1 µg/ml anti-IgM in Hanks’ Buffered Salt Solution (HBSS; Life 
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Technologies) was immobilized in a 96-well Falcon plate (BD) for 24 hours, then washed prior 

to CLL cell addition. T cells were stimulated with 2 µg/ml LEAF-purified anti-CD3 

(BioLegend).  

2.3.3. Flow Cytometry 

For intracellular staining of ZAP-70 in cell death experiments, RosetteSep and ficoll-

purified CLL cells were first surface stained with Annexin V-APC and 7AAD, then fixed with 

solution A (Beckman Coulter) for 12 min at 37 °C, washed with PBS, permeabilized with 

solution B (Beckman Coulter) for 5 min at room temperature, and then stained with mouse anti-

human ZAP-70-FITC (Beckman Coulter) for 15 min at room temperature. Mouse IgG1-FITC 

(BD) was used as an isotype control. Unstained and single-stained controls were always included 

in all flow cytometry experiments. All sample data were acquired on BD FACSCalibur and 

analyzed using CellQuest Pro software (BD). CLL cell samples were considered ZAP-70+ if 

≥20% of the cells stained positive. 

The ZAP-70 status of each patient sample was determined by diagnostic flow cytometry. 

Whole blood was stained with anti-CD19, anti-CD5, anti-CD38, and anti-ZAP-70. The negative 

control is a normal blood sample that should not have CD19+CD5+ leukemic cells. The positive 

control is the autologous CD19-CD5+ZAP-70+ T cells. 

2.3.4. Cell Viability Assays 

 Cell viability was measured by two different methods: MTT assays and Annexin 

V/7AAD flow cytometry assay. The former assay was performed with 3 x 107 CLL cells in 3 ml 

Hybridoma SFM in round bottom tubes (Sarstedt). Cells were treated with 1, 2, 5, 10, or 15 µM 

gefitinib, erlotinib, or fludarabine for 24 hours. Cells were then washed in HBSS, seeded into 96-

well U-bottom plates, and cultured. Cells were seeded in 1, 2, 3, or 4 x 106 cells per well in 
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quadruplicate. Three days later, MTT (Sigma) was added at a final concentration of 0.25 mg/ml 

and incubated for 5 hours. Absorbance was measured at a wavelength of 540 nm. The inhibitory 

concentration of at 50% (IC50) was calculated from the absorbance of drug or solvent-treated 

cells. The survival curves for each drug treatment seeded in the 4 different cell concentrations 

were plotted and the slope of the trend line was determined. The surviving cell fraction (SCF) 

was determined by dividing the slope of the trend line of the DMSO-treated sample to the slope 

of the trend line of each drug-treated sample. Therefore, the SCF of DMSO sample was always 

1. The SCF values were plotted on a log scale versus the concentration of drug, and the 

concentration at 0.5 was determined from the equation of the trend line.  

 For flow cytometry assay, 5 x 105 cells were collected and washed with 1X Annexin V 

binding buffer (BD Biosciences). Washed cells were stained with 7AAD (BD) and Annexin V-

FITC (BD) or Annexin V-APC (BD). The decision to use FITC or APC was made based on the 

expression, or not, of a GFP vector. Samples were acquired on the BD FACSCalibur and 

analyzed using CellQuest Pro software (BD).  

2.3.5. Western Blot and Immunoprecipitation 

Cell lysates were collected at the indicated times in 1% NP-40 lysis buffer. This buffer 

contained 1% NP-40, 20 mM Tris base (Sigma), 150 mM NaCl, 10% glycerol, 2 mM EDTA, 

complete protease inhibitor tablet (Roche), 1 mM phenylmethanesulfonylfluoride (PMSF), and 

2 mM sodium orthovanadate (New England BioLabs). The later three ingredients were always 

added immediately prior to use. Protein levels were quantified with a Pierce BCA kit (Thermo 

Fisher Scientific) according to the manufacturer's instructions. Prior to gel loading, samples were 

mixed with gel loading buffer containing a final concentration of 20 mM Tris, 2% SDS, 5% 

glycerol, 1% β-mercaptoethanol (Sigma), and 0.05% bromophenol blue (Sigma). Samples were 
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run on 8% or 10% polyacrylamide gels, transferred onto 0.45 µm nitrocellulose membranes 

(Bio-Rad), and then blocked in 5% BSA (Sigma) or milk in TBS-T for 1 hour at room 

temperature.  

Primary antibodies included rabbit or mouse anti-ZAP-70 (Cell Signaling), rabbit anti-

Syk/ZAP-70-P (Cell Signaling), rabbit anti-Lyn (Cell Signaling), rabbit anti-Lyn-P (Epitomics), 

mouse anti-Lck (Cell Signaling), rabbit anti-Btk (Cell Signaling), rabbit anti-Btk-P (Cell 

Signaling), rabbit anti-ERK1/2 (Cell Signaling), rabbit or mouse anti-ERK1/2-P (Cell Signaling), 

rabbit anti-Akt (Cell Signaling), rabbit anti-Akt Ser-P (Cell Signaling), mouse anti-tyrosine-P 

(Millipore), rabbit anti-Mcl-1 (Cell Signaling), rabbit anti-PARP (Cell Signaling), rabbit anti-

cleaved caspase 3 (Cell Signaling), mouse anti-glyceraldehyde-3-phosphate dehydrogenase (anti-

GAPDH; Sigma), rabbit anti-α-tubulin (Cell Signaling), and rabbit or mouse anti-β-actin 

(Sigma). Secondary antibodies were goat anti-rabbit-HRP or anti-mouse-HRP (Bio-Rad). 

Detection of protein on nitrocellulose membranes was done using Pierce ECL or Pierce 

Supersignal Pico (Thermo Fisher Scientific) reagents.  

Co-immunoprecipitation was carried out with 500 μg of protein in 0.2% CHAPS lysis 

buffer containing 150 mM NaCl, 20 mM Tris, 10% glycerol, 2 mM EDTA, 1 mM PMSF, 2 mM 

sodium orthovanadate, and complete protease inhibitor tablet (Roche). Lysates were incubated at 

4 °C with primary antibody mouse anti-Syk (Abcam) or mouse anti-ZAP-70 (Cell Signaling) on 

a rotator overnight. Pierce protein G plus agarose bead slurry (Thermo Fisher Scientific) was 

added in a final dilution of 1:10 for 2 hours and the procedure for western blot was followed. 

Entire immunoprecipitate supernatant was loaded on to a gel lane. Immunoprecipitations were 

done in the same way, with the exception of using 1% NP-40 lysis buffer. 

2.3.6. Statistical Analysis 
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All graphs were created and statistics were performed using GraphPad Prism4 software 

(GraphPad Software Inc.). Unless otherwise noted, a paired or unpaired two-tailed t-test was 

performed according to the nature of data. Statistical significance was noted in the figures as 

*p<0.05, **p<0.01, or ***p<0.001. Densitometry was calculated using ImageJ (Wayne 

Rasband; National Institute of Mental Health, Bethesda, MD, USA). 
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2.4. Results 

2.4.1. Gefitinib kills ZAP-70+ CLL cells and malignant lymphoid cell lines. 

 The EGFR inhibitors gefitinib and erlotinib have inhibited Syk and shown cytotoxicity in 

AML; however, their activity in CLL is unknown. Therefore, we investigated gefitinib and 

erlotinib in CLL cells that were positive or negative for the Syk homolog ZAP-70. CLL cells 

were treated with various concentrations of each drug or the standard of care fludarabine. 

Viability was assessed by MTT assay and the inhibitory concentration at 50% (IC50) was 

determined. The median IC50 of gefitinib was 4.5 µM in ZAP-70+ CLL cells, and was > 15 µM 

in ZAP-70- CLL cells (Table 2.1). Overall, 30% of ZAP-70- and 77% of ZAP-70+ CLL samples 

responded to gefitinib treatment with an IC50 value < 10 μM (Figure 2.1 A). Analysis of the IC50 

values of all patients, excluding non-responders, revealed a significant difference between ZAP-

70+ CLL samples and ZAP-70- CLL samples (Figure 2.1 B). The number of non-responders to 

gefitinib decreased as ZAP-70 expression increased (Figure 2.1 C). This trend was not observed 

with another EGFR inhibitor erlotinib as the IC50 was > 40.0 µM in both ZAP-70+ and ZAP-70- 

samples. Furthermore this trend was not observed with the standard of care fludarabine (Table 

2.1). In addition, there was no cross-resistance to fludarabine in the ZAP-70+ samples; most 

fludarabine-resistant cases were sensitive to gefitinib.  

Table 2.1. Gefitinib is most effective in ZAP-70+ CLL. Gefitinib, erlotinib, and fludarabine 

IC50 values determined by MTT assays in ZAP-70+, ZAP-70-, mutated (M) IgVH, and unmutated 

(U) IgVH primary CLL cells treated for 24 hours.  

 

CLL Patients Gefitinib Median IC50 Erlotinib Median IC50 Fludarabine Median IC50 

ZAP-70+ 4.5 μM (n=22)* > 40.0 μM (n=8) 5.4 μM (n=14) 

ZAP-70- > 15.0 μM (n=23) > 40.0 μM (n=10) 7.0 μM (n=16) 

ZAP-70+ & M- IgVH 4.0 μM (n=9) > 40.0 μM (n=2) 13.2 μM (n=6) 

ZAP-70+ & U-IgVH 6.0 μM (n=11) > 40.0 μM (n=5) 5.4 μM (n=8) 

* represents statistical significance of gefitinib median IC50 (p<0.05) between ZAP-70+ and 

ZAP-70- cells.   
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Figure 2.1. Gefitinib is most effective in ZAP-70+ CLL cells. CLL cells were treated with 1, 2, 

5, 10, or 15 µM gefitinib for 24 hours and viability was assessed by MTT assay (A-C) or 

Annexin V and 7AAD staining (D-E). (A) Gefitinib IC50 values as determined by MTT assay can 

be divided into >10 and <10 µM groups. (B) MTT IC50 values in ZAP-70+ and ZAP-70- CLL 

samples, excluding non-responders. (C) Number of non-responders to gefitinib treatment versus 

the ZAP-70 expression. (D) Annexin V staining after gefitinib treatment in ZAP-70+ and ZAP-

70- CLL samples. (E) After treatment, CLL cells were also stained with anti-ZAP-70. (F) CLL 

cells were treated with 1, 5, or 10 µM Gefitinib for 72 hours then stained with Annexin V and 

7AAD.  

 

MTT results were confirmed by another independent viability assay: Annexin V and 

7AAD. CLL cells were treated with gefitinib in vitro and after 24 hours cell death was analyzed 

by flow cytometry. The trend observed in the MTT assay results held true: ZAP-70+ CLL cells 

were more sensitive to gefitinib than ZAP-70- CLL cells. After 24 hours, gefitinib at a dose of 10 

µM killed between 25% and 85% of ZAP-70+ CLL cells (Figure 2.1 D). Despite classification of 

a sample as ZAP-70+, not all cells may express ZAP-70. To be considered ZAP-70+, at least 
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20% of the cell must express the protein as determined by intracellular staining and flow 

cytometry. Intracellular staining for ZAP-70 confirmed that viable ZAP-70-expressing CLL cells 

decreased after gefitinib treatment (Figure 2.1 E). Gefitinib-induced cell death was dose-

dependent, starting with as little as 1 µM of drug (Figure 2.1 F).   

 The preference of gefitinib for ZAP-70+ CLL cells could not be explained by the 

expression of another target of gefitinib; CLL cells do not express EGFR and do not 

differentially express RIP2 or GAK1 (Figure 2.2).  

 
Figure 2.2. CLL cells differentially express ZAP-70 but not EGFR, RIP2, or GAK. CLL 

samples (1-6) were lysed and protein expression of EGFR, ZAP-70, RIP2, and GAK were 

determined by western blot analysis. Actin serves as loading control. HS-5 cells serve as a 

positive control for EGFR.  

 

 To further investigate the trend of gefitinib efficacy in ZAP-70+ cells, we examined four 

different leukemia/lymphoma cell lines: BJAB, NAML6, I83, and Jurkat. The cell lines BJAB, 

NAML6, and I83 are B cell-derived and express Syk but not ZAP-70. The cell line Jurkat is T 

cell-derived and expresses ZAP-70 but not Syk. This expression was confirmed by western blot. 

The HEK293 cell line was used as a negative control for both Syk and ZAP-70 expression 

(Figure 2.3 A). Doses of 0.1 to 30.0 µM gefitinib were tested in all cell lines, and the Jurkat cell 

line was the most responsive. After 18 hours a dose of 30.0 µM gefitinib killed >80% Jurkat cells 

and <40% of the ZAP-70- B cell lines (Figure 2.3 B, C). Likewise, gefitinib treatment over an 18 

hour time course revealed that only the Jurkat cell line showed significant cell death (Figure 2.3 
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C). As a control experiment, the four cell lines were treated with the Src tyrosine kinase inhibitor 

dasatinib which showed no bias for the Jurkat cell line (Figure 2.3 D).  

 
Figure 2.3. Gefitinib is most effective in ZAP-70+ cell lines. (A) Lymphoid cell lines Jurkat, 

NALM6, I83, and BJAB were lysed and analyzed by western blot for ZAP-70 and Syk 

expression. (B) Lymphoid cell lines were treated with various dosing of gefitinib for 24 hours, 

(C) or with 30 µM and collected at various times. (D) Lymphoid cell lines were treated with 30 

µM dasatinib and collected at various times. Cell viability was assessed with Annexin V and 

7AAD staining and analyzed by flow cytometry.  

 

2.4.2. Gefitinib inhibits BCR signaling. 

To determine the effect of gefitinib on signaling within cells, western blot experiments 

were performed. In cell lines, gefitinib treatment did not reduce Syk phosphorylation in BCR-

stimulated BJAB cells (Figure 2.4 A, C), but did reduce tyrosine phosphorylation of ZAP-70 in a 

dose-dependent manner in CD3-stimulated Jurkat T cells (Figure 2.4 B, C). There was no 

decrease in Lyn or Lck phosphorylation in BJAB or Jurkat cells, respectively.  
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Figure 2.4. Gefitinib inhibits ZAP-70 phosphorylation in Jurkat cells, but not Syk in BJAB 

cells. BJAB cells (A) and Jurkat cells (B) were stimulated with anti-IgM or anti-CD3 

respectively for 10 minutes and were then untreated (Control or C as shown in figure), or treated 

with vehicle control DMSO, or treated with 5, 10, or 20 µM Gefitinib for 1 hour then lysed. 

Phosphorylations of Syk, ZAP-70, Lyn, and Lck were determined by western blot analysis. (C) 

Densitometry was done using ImageJ and represents 3 independent biological experiments.  

 

In primary CLL cells, we found gefitinib treatment reduced BCR-stimulated total cellular 

tyrosine phosphorylation in ZAP-70+ CLL cells over a range of gefitinib concentrations and 

incubation times (Figure 2.5 A, B). However, this was not observed in ZAP-70− CLL cells. The 

decrease in overall cellular tyrosine phosphorylation was evident after 1 h, and decreased further 

after 24 hours (Figure 2.5 B). Unlike cell lines, there were decreases in both Syk/ZAP-70 and 

Lyn/Lck phosphorylation in ZAP-70+ CLL cells after 1 hour of gefitinib treatment (Figure 2.5 

C). Quantification of these decreases showed that Syk/ZAP-70 phosphorylation decreased more 

than Lyn/Lck phosphorylation (Figure 2.5 D).  

To compare the impact of gefitinib on downstream BCR signaling to that of other 

tyrosine kinase inhibitors, CLL cells were treated with gefitinib, the Src inhibitor dasatinib, or 

the Btk inhibitor ibrutinib. The downstream effect of gefitinib was the same as these other two 

drugs; all three drugs prevented Akt and Erk phosphorylation after BCR stimulation. This 

inhibition was not observed with fludarabine that was used as a negative control. BCR 

stimulation alone served as a positive control (Figure 2.5 E, F). 
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Figure 2.5. Gefitinib inhibits BCR signaling in ZAP-70+ CLL cells. (A) A ZAP-70+ CLL cell 

sample was left unstimulated and untreated or stimulated with anti-IgM and treated with 10, 20, 

or 30 µM gefitinib for 1 hour. Representative blot is shown from n=3 different CLL samples. (B) 

Lysates of a ZAP-70+ and a ZAP-70- CLL patient sample treated with 10 μM gefitinib for 3, 6, 

16 and 24 hours analyzed by slot blot for tyrosine phosphorylation. (C) ZAP-70+ CLL cells were 

left unstimulated and untreated, or stimulated with anti-IgM and treated with 10, 20, or 30 µM 

gefitinib for 1 hour. (D) Densitometry of Syk/ZAP-70 and Lyn/Lck phosphorylation in n=4. (E) 

ZAP-70+ CLL cells were left unstimulated and untreated or stimulated with anti-IgM and treated 

with DMSO, 30 µM gefitinib (lane G), 10 µM Dasatinib (lane D), 10 µM ibrutinib (lane I), or 10 

µM fludarabine (lane F) for 1 hour. (F) Densitometry of Erk and Akt phosphorylation in n=3. All 

protein expression was analyzed by western blot and densitometry was calculated using ImageJ 

software. 
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The phospho-antibodies used detect both Syk and ZAP-70 phosphorylation due to protein 

homology. Therefore, immunoprecipitation was used to discern the effect on Syk and on ZAP-70 

separately. Gefitinib treatment decreased the phosphorylation of both Syk and ZAP-70 equally in 

CLL cells (Figure 2.6).  

 
Figure 2.6. Gefitinib inhibits both Syk and ZAP-70 phosphorylation. (A) ZAP-70+ CLL 

cells were stimulated with anti-IgM and treated with DMSO or 30 µM gefitinib for 1 hour then 

lysed for immunoprecipitation of ZAP-70 or Syk and western blot analysis of phosphorylations. 

(B) Densitometry was performed on n=3 using Image J software.  

 

As signaling through the BCR can promote cell survival, we determined whether 

inhibition of this signaling pathway by gefitinib decreased survival. Primary CLL cells were 

treated with 10 μM gefitinib, cultured on immobilized anti-IgM for 30 minutes to stimulate the 

BCR, and then cultured alone for 24 hours. We found that anti-IgM protected CLL cells from 

spontaneous apoptosis, a common occurrence in CLL cells ex vivo, but failed to protect CLL 

cells from gefitinib treatment (Figure 2.7).  
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Figure 2.7. Gefitinib inhibits BCR-induced survival. CLL cells were pretreated with 10 μM 

gefitinib for 30 minutes, stimulated with plate-immobilized anti-IgM for 30 minutes, and 

cultured for 24 hours. Samples were stained with Annexin V-FITC and 7AAD and analyzed by 

flow cytometry (unpaired t test). Single representative experiment done in triplicate with 

standard deviations is shown. Experiment repeated with 3 different patient samples.   

 

2.4.3. ZAP-70 overexpression increases sensitivity to gefitinib. 

To further elucidate the role of ZAP-70 in the susceptibility to gefitinib, we tested the 

response of the ZAP-70-negative lymphoma-derived B-cell line Raji transduced with GFP-

expressing vector or ZAP-70-expressing vector. Expression of ZAP-70 was confirmed by both 

western blot (Figure 2.8 A) and intracellular staining and expression of GFP was confirmed by 

flow cytometry. Gefitinib treatment lowered Syk/ZAP-70 phosphorylation but not Lyn 

phosphorylation only in ZAP-70-expressing Raji (Figure 2.8 B). Western blot analysis showed 

constitutive phosphorylation of Syk/ZAP-70 in Raji cells overexpressing ZAP-70 (Figure 2.8 B), 

which agrees with previously published literature.  

Upon BCR activation, Syk/ZAP-70 binds to the tyrosine phosphorylated co-receptor 

CD79a. Therefore, we performed co-immunoprecipitation experiments to investigate the binding 

of Syk and ZAP-70 to CD79a after gefitinib treatment. There was no difference in Syk or ZAP-

70 binding to CD79a after gefitinib treatment (Figure 2.8 C). This suggests that gefitinib does 

not interfere with Syk or ZAP-70 binding to CD79a, but rather interferes with downstream 

signaling and cell survival.  
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We next investigated the sensitivity of gefitinib in ZAP-70-overexpressing Raji cells. 

Raji cells overexpressing ZAP-70 had increased sensitivity to gefitinib compared with cells with 

vector alone as measured by greater DNA fragmentation indicated by sub-G1 peak analysis 

(Figure 2.8 D) and greater Annexin V and 7AAD staining (Figure 2.8 E). In addition, gefitinib 

treatment was compared with dasatinib and ibrutinib. Gefitinib had the greatest effect of all the 

drugs on Raji cells overexpressing ZAP-70, as compared with Raji cells with vector alone. 

Dasatinib had little effect on Raji cells, whether they overexpressed ZAP-70 or not, only 

increasing cell death by 3–10%. Ibrutinib had a greater effect on ZAP-70-overexpressing Raji 

cells, as compared with the non-ZAP-70-expressing cells, but there was less cell death than seen 

with gefitinib using this same drug dosage (20 μM). This increased sensitivity of the ZAP-70-

expressing Raji cells was not seen with fludarabine treatment, which was used as a negative 

control (Figure 2.8 F).  
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Figure 2.8. ZAP-70 expression sensitizes B cells to gefitinib treatment. (A) Raji cells were 

transduced to express GFP vector or ZAP-70 vector. Expression was confirmed by western blot. 

(B) Raji-Vector and Raji-ZAP-70 were treated with DMSO, 20, or 30 µM gefitinib for 20 

minutes and lysed for western blot analysis of Syk/ZAP-70 and Lyn phosphorylation. (C) ZAP-

70 and Syk were immunoprecipitated from Raji-ZAP-70 cells treated with 30 µM gefitinib for 1 

hour. Mouse isotype serves as a negative control and lysate serves as positive control for western 

blot. Raji vector and Raji-ZAP-70 cells were treated with DMSO or 20 µM gefitinib for 24 hours 

and cell viability was assessed by propidium iodide (D) and Annexin V and 7AAD staining (E). 

(F) These cells were also treated with 30 μM dasatinib, 20 μM ibrutinib, or 20 μM fludarabine 

for 24 hours and then stained with Annexin V-APC and 7-AAD and analyzed by flow cytometry. 

Cell death of Raji-ZAP-70 cells normalized to Raji-vector cells. Results from 3 independent 

experiments are shown. The Raji-Vector and Raji-ZAP-70 cell lines were transduced by 

collaborators Hongzhao Li and Dr. Aaron Marshall (University of Manitoba).  
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2.5. Discussion 

In this study the tyrosine kinase inhibitor gefitinib, originally used to inhibit EGFR kinase 

activation in lung cancer, is also cytotoxic to primary CLL cells that overexpress ZAP-70. When 

these cells undergo BCR activation, gefitinib can inhibit phosphorylation of Lyn/Lck, Syk/ZAP-

70, Erk1/2, and Akt within 1 hour. These results are similar to those seen with 5–10 μM gefitinib 

in AML and MDS cells 432,433, where gefitinib functions through an EGFR-independent 

mechanism targeting Syk activation. Using the MTT assay, which we and others have shown to 

be predictive of clinical response to fludarabine and chlorambucil 434, the median IC50 of gefitinib 

was 4.5 μM in ZAP-70+ CLL cells but >15 μM in ZAP-70− cells. 

The therapeutic approach of targeting the BCR pathway in CLL has been well explored. 

This pathway is implicated in the pathogenesis of CLL 85,435,436. Due to the numerous alterations 

to the BCR itself, and to downstream kinases, there has been considerable interest in the 

evaluation of tyrosine kinase inhibitors for the treatment of CLL. However, each kinase inhibitor 

comes with challenges. Whether it be drug resistance, toxicity, cost, or lack of activity in 

aggressive cells, no agent is without disadvantages. The long-term toxicity and efficacy of some 

of these tyrosine kinase inhibitors in CLL is unknown, as many of these agents such as Idelalisib 

and Ibrutinib have only received FDA approval in the last 2 years. In contrast, gefitinib is already 

approved by the FDA for the treatment of NSCLC and has been used for over a decade in the 

clinic. It has the advantage in CLL of having more cytotoxicity towards ZAP-70+ CLL cells, and 

it is not myelo- or immuno-suppressive. This is the first instance of a targeted therapy toward 

ZAP-70 (Figure 2.9).  
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Figure 2.9. Tyrosine kinase inhibitors in CLL. Dasatinib can inhibit the Src kinases such as 

Lck and Lyn. Gefitinib can inhibit ZAP-70 and Syk, and potentially other kinases. Fostamatinib 

can inhibit Syk. Ibrutinib can inhibit Btk. Idelalisib can inhibit PI3K.  

 

Gefitinib has recently been shown to accumulate in solid tumors. Haura et al. found 

22 μM in lung tumor 437, and McKillop et al. found 16.7 μM in breast tumor 438. These doses 

were 40 and 42 times higher than the concentration observed in the plasma, respectively. We 

predict that this accumulation of gefitinib at the cancer site would also occur in leukemia 

patients. Therefore, low plasma concentrations from patients with solid tumors may not be 

appropriate values to consider when testing doses of gefitinib on leukemic cells that reside in the 

blood and lymphoid tissues. In addition, in vitro experiments cannot recapitulate the dosing 

scheme that would be used in vivo. Gefitinib cytotoxic concentrations in ZAP-70+ CLL cells 

were similar to its concentrations that induce apoptosis in AML cells 432,433.  

The exact target of gefitinib and the precise mechanism by which it inhibits the BCR 

pathway remains unknown. This work implicates ZAP-70; however, further investigation into 

the binding of gefitinib to Syk and ZAP-70 is needed. Furthermore, the role of other kinase 

targets cannot be ignored. Although gefitinib decreased ZAP-70 phosphorylation but not Syk, 

Lyn, or Lck phosphorylation in cell lines, this was not the case in CLL cells: the 
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phosphorylations of Lyn/Lck and Syk/ZAP-70 all decreased after gefitinib treatment. It is known 

that Syk and ZAP-70 have different abilities and dependencies on Src family kinases: Syk can 

phosphorylate ITAMs independent of Src kinases and still transmit the BCR signal, albeit 

delayed, but ZAP-70 does not have this ability. This creates great complexity within the BCR 

pathway in CLL cells. The complex interplay between these kinases, and the exact target and 

binding of gefitinib warrants future investigation.  

Despite inefficient tyrosine kinase activity in CLL, ZAP-70 still plays an important role 

in the over-activation of the BCR pathway. Although the kinase domain is not required for 

enhanced signaling, inhibition of its kinase activity may cause steric hindrance or prevent 

conformational changes of signaling complexes preventing downstream signaling events. Indeed, 

binding of small molecule or of a non-hydrolyzable form of ATP can stabilize the active 

conformation of the kinase 439. Furthermore, small molecules can prevent protein-protein 

interactions 440,441.  

Although kinases present alluring targets for therapy, adaptor proteins have also been 

recognized as therapeutic targets 442. Adaptor proteins can play pivotal roles in the malignant 

transformation and actions of cancer cells. Examples of critical adaptor proteins include NEDD9 

in melanoma, Crk in epithelial cancers, and insulin receptor substrate proteins in endometrial 

carcinoma. Thus, targeting ZAP-70 as an adaptor in CLL cells is not an unfounded notion.  

Cells expressing ZAP-70 used in this study, namely ZAP-70+ CLL cells and ZAP-70+ 

Raji cells, tended to have higher basal cell death compared to ZAP-70- CLL cells and ZAP-70- 

Raji cells, respectively. This may be caused by the enhanced ability of ZAP-70, and not Syk, in 

inducing caspase activation in the process of activation-induced cell death 443.   
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Overall, gefitinib selectively kills CLL cells expressing ZAP-70. This indicates that 

tyrosine kinase inhibitors could be used to selectively treat patients with high ZAP-70-expressing 

CLL cells. As gefitinib is already in clinical use in lung cancer patients, and lacks suppression of 

the bone marrow or immune system, further studies are warranted to investigate the clinical 

activity of gefitinib in ZAP-70+ CLL patients. 
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Chapter 3 

3. Targeting the Lysosome in Chronic Lymphocytic Leukemia. 

Information presented in this chapter has been previously published in the article entitled 

“Lysosomotropic agents selectively target chronic lymphocytic leukemia cells due to altered 

sphingolipid metabolism” (Dielschneider et al., Leukemia, 2016). 

3.1. Abstract  

Chronic Lymphocytic Leukemia (CLL) cells alter many different cell death pathways to 

accomplish their survival goals. These pathways include apoptosis, necroptosis, and autophagic 

cell death. An unexplored cell death pathway in CLL is lysosome-mediated cell death. Thus, the 

purpose of this work was to investigate lysosome-mediated cell death in CLL cells with known 

drugs such as the anti-depressants siramesine, nortriptyline, and desipramine; the antibiotic 

ciprofloxacin; and the anti-malarial drugs mefloquine, tafenoquine, primaquine, and atovaquone. 

All of these drugs except ciprofloxacin, primaquine, and atovaquone permeabilized lysosomes 

and killed CLL cells. Siramesine was one of the most effective at the lowest doses, and was 

investigated further. Lysosome permeabilization was confirmed with flow cytometry and 

confocal microscopy. Furthermore, loss of lysosome integrity was shown by the translocation of 

TFEB into the nucleus. Lysosome permeabilization was accompanied with lipid peroxidation 

within minutes of drug treatment. Downstream events include loss of mitochondrial membrane 

potential and release of soluble reactive oxygen species. Only inhibition of lipid peroxidation, 

but not cathepsins nor soluble reactive oxygen species, prevented cell death. CLL cells were 

more sensitive to lysosome disruption compared to healthy B cells, and this may be due to the 

over-expression of SPP1 and its product sphingosine in CLL cells. The addition of this 

sphingolipid induced rapid lysosome permeabilization and cell death, but only in CLL cells and 
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not healthy B cells. This work demonstrates for the first time that CLL cells are sensitive to 

lysosome disruption induced by well characterized anti-depressants and anti-malarial drugs. 

Furthermore, this work has found that CLL cells are more sensitive than their healthy 

counterparts to lysosome-mediated cell death perhaps due at least in part to their altered 

sphingolipid metabolism.  
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3.2. Introduction 

Drug resistance and drug toxicity in CLL highlight the need for different therapeutic 

approaches. CLL cells evade cell death by upregulating the pro-survival BCR pathway and 

altering the expression of numerous cell death proteins. A cell death pathway that has yet to be 

investigated in CLL cells is the pathway initiated by lysosome membrane permeabilization.  

Lysosome membrane permeabilization (LMP) has been shown to be an effective 

therapeutic strategy in many cancer models. Despite the ubiquitous nature of lysosomes in all 

mammalian cell types, cancer cells have been shown to increase lysosome biogenesis 198,210,211 

and alter cellular biology 209,212 thus affecting lysosomes. One such biological process that 

impacts lysosomes is sphingolipid metabolism.  

Sphingolipids are lipids based from sphingosine. They are found in cellular membranes 

and play important functions in cell signaling and recognition. Sphingolipid metabolism 

comprises numerous dynamic pathways that form and destroy sphingolipids. Altered 

sphingolipid metabolism has been found in many cancers 444–446. Different cancer cell types over-

express sphingosine kinase (SK) 447–451 and down-regulate acidic sphingomyelinase (ASM) 212. 

Alterations of ASM in transformed cells, including breast cancer cells, was shown to sensitize 

cells to lysosome disruption 212. Changes in lipid metabolism have been investigated in IgVH 

mutated versus unmutated CLL cases 452, but has never been compared in CLL cells versus their 

healthy B cell counterparts.  

Sphingosine is the most simple of all sphingolipids. Sphingosine is the backbone onto 

which many other chemical groups can be added to generate more complex sphingolipids. 

Sphingosine can be phosphorylated to form the signaling molecule sphingosine 1-phosphate, or a 

fatty acid can be added to form ceramide. Recently, sphingosine has been shown to induce LMP 
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453. Like many lysosomotropic agents, sphingosine is protonated and trapped within lysosomes 

where it acts like a detergent. It can permeabilize lysosomes within minutes and leads to loss of 

mitochondrial membrane potential 454. Sphingosine can rigidify membranes 455,456 and form 

transient channels of < 2 nm in diameter 457. These channels are weakly anion selective and are 

not large enough to allow passage of large proteins. The role of sphingosine in LMP has been 

investigated in T cell lines 454, macrophage cell lines 454, prostate cancer cell lines 458, and liver 

cancer cell lines 453. The role of sphingosine has yet to be tested in B cells.  

Thus, little is known about lysosomes and sphingolipid metabolism in CLL. Furthermore, 

it is not known if these cells are selectively susceptible to lysosome disruption. Therefore, in the 

present study we have investigated lysosomotropic agents as potential therapeutics in CLL cells, 

and examined the role of sphingolipid metabolism in this process.  
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3.3. Materials and Methods 

3.3.1. Drugs and Stimuli 

Siramesine (kindly provided by Lundbeck) was dissolved in DMSO and kept at room 

temperature. Nortriptyline (Sigma) was dissolved in ethanol and stored at 4 ºC. Desipramine 

(Sigma) was dissolved in water and stored at 4 ºC. Fludarabine (Sigma) was dissolved in DMSO 

and frozen stocks were stored at -80 °C. Ciprofloxacin (Sigma) was dissolved in 1 mM acetic 

acid and stored at 4°C. Mefloquine (Sigma) was dissolved in DMSO and stored at -20 °C. 

Tafenoquine (Sigma) was dissolved in DMSO and stored at -20 °C. Primaquine (Sigma) was 

dissolved in DMSO and stored at -20 °C. Atovaquone (Sigma) was dissolved in DMSO and 

stored at -20 °C. D-Sphingosine (Sigma) was dissolved in DMSO and stored in single-use 

aliquots at -20 ºC.  

Various inhibitors were added 1 hour prior to drug treatment: α-tocopherol (Sigma) was 

dissolved in ethanol and prepared fresh for each experiment; lycopene (Sigma) was dissolved in 

ethanol; N-acetyl cysteine (NAC, Sigma) was dissolved in 1X phosphate-buffered saline (PBS) 

at pH 7.4 and made fresh for each experiment; Glutathione (Sigma) was dissolved in 1X PBS 

and made fresh for each experiment; Ca-074-Me (Enzo Life Sciences) was dissolved in DMSO; 

Chymostatin (Sigma) was dissolved in DMSO; E64 (Sigma) was dissolved in water; zVAD-fmk 

(Caspase Inhibitor VI, Millipore) was dissolved in DMSO; and SKI II (Sigma) was dissolved in 

DMSO. Unless preparations were made fresh, drug stocks were frozen at -20 °C.  

3.3.2. Western Blot 

Cell lysates were collected at the indicated times in 1% NP-40 lysis buffer. This buffer 

contained 1% NP-40, 20 mM Tris base, 150 mM NaCl, 10% glycerol, 2 mM EDTA, complete 

protease inhibitor tablet (Roche), 1 mM PMSF, and 2 mM sodium orthovanadate (New England 



72 
 

BioLabs). The later three ingredients were always added immediately prior to use. Protein levels 

were quantified in triplicate with Pierce BCA kit (Thermo Scientific) according to 

manufacturer’s instructions. Samples were run on 10% polyacrylamide gels and transferred onto 

0.45 µm nitrocellulose membranes (BioRad) blocked in 5% BSA (Sigma) in tris-buffered saline 

with 0.1% tween-20 (TBS-T, Sigma). Primary antibodies included anti-rabbit SPP1 (#108435, 

Abcam), anti-TFEB (#4240, Cell Signaling), anti-Sp1 (#07-645, Millipore), anti-hexanoyl lysine 

(HEL, #93056, Abcam), anti-GADPH (#G8795, Sigma), and anti-actin (#A2066 or A3853, 

Sigma). Secondary antibodies were goat anti-rabbit-HRP or goat anti-mouse-HRP (BioRad). 

Detection of protein was with Pierce ECL or Pierce Supersignal Pico (Thermo Scientific) 

reagents.  

3.3.3. Flow Cytometry 

For cell viability analysis, cells were stained with Annexin V-FITC (BD) and 7AAD 

(BD) for 15 minutes at room temperature. For lysosome staining, cells were stained with 50 nM 

Lysotracker Red DND-99 (Invitrogen) for 30 minutes at 37 °C. For mitochondrial membrane 

potential and soluble reactive oxygen species analysis, cells were stained with 25 nM DiOC6 

(Sigma) and 3.2 µM dihydroethidium (DHE, Sigma) together for 30 minutes at 37 °C. For lipid 

peroxidation analysis, cells were stained with 1 µM BODIPY 581/591 (Invitrogen) for 30 

minutes at 37 °C. Prior to analysis, all stained cells were diluted in 1X PBS or 1X Annexin V 

Binding Buffer (Invitrogen). Flow cytometry experiments were done alongside unstained and 

single stained controls using a BD FACSCalibur machine and CellQuestPro software.  

3.3.4. Confocal Microscopy 

CLL cells were isolated from patient peripheral blood and cultured in Nunc Lab-Tek II 

chambered coverglass (Thermo Scientific) overnight. The following morning, after adhering to 
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the coverglass, cells were stained with 50 nM Lysotracker for 30 minutes in a humid incubator at 

37 ºC. Staining solution was removed and Live Cell Imaging Solution (Life Technologies) was 

added prior to viewing under the Olympus IX82 confocal microscope and viewed using 

FLUOVIEW 4.3 software.  

3.3.5. Lipid Analysis 

Cell pellets were re-suspended in LC/MS-grade water, vortexed for 15 seconds and 

sonicated for 20 minutes. Then 50 µl of a 1 µM solution containing each of the internal standards 

(IS) C17:1-Sphingosine, C17:0-Sphinganine, C17:1-Sphingosine-1-phosphate, C17:0-

Sphinganine-1-phosphate, C17:0-Ceramide, C17:0-Glucosylceramide was added to 80 µl of the 

cell solution. To this solution was added 300 µL of extraction solvent (chloroform/methanol, 

1:2).  The mixture was vortexed, centrifuged at 2500 rpm for 15 minutes and the resultant 

supernatant was transferred into a separate glass vial. The extraction procedure was repeated and 

the two supernatants were combined. The final extract was dried under a nitrogen stream, re-

dissolved into 500 µL of methanol and then filtered through a 0.22 µm membrane for subsequent 

analysis. 

The analysis of sphingolipids was performed on an Agilent 1200 series HPLC (Agilent 

Technologies) coupled to a 3200 QTRAP mass spectrometer (AB SCIEX) with Analyst 1.4.2 

software. The identification of individual sphingolipid molecules in the cell extracts was 

achieved by comparison of their retention times to the known standards, accurate mass 

measurements, and fragmentation patterns. Their quantification was achieved via calibration 

curves of analyte to IS peak area ratio vs. the concentration for each sphingolipid molecule. 

Sphingosine-1-phosphate (S1P) was measured by ELISA (Echelon Biosciences). 

Experiment was done exactly according to kit manual. Cell were lysed in lysis buffer at pH 7.0 
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containing 1% Triton X-100 (Sigma), 20 mM PIPES (Sigma), 150 mM NaCl (Sigma), 1mM 

EGTA (Sigma), 1.5 mM MgCl2 (Sigma), 0.1% SDS (Sigma), and 1mM sodium orthovanadate. 

Lysates were quantified using the Pierce BCA kit (Thermo Scientific) according to 

manufacturer’s instructions and 30 µg was used for the S1P ELISA.  

3.3.6. Statistical Analysis 

All graphs were created and statistics were performed using GraphPad Prism4 software 

(GraphPad Software Inc.). Unless otherwise noted, a paired or unpaired, non-parametric two-

tailed t-test was performed according to the nature of data. Statistical significance was noted in 

the figures as *p<0.05, **p<0.01, or ***p<0.001. Densitometry was calculated using ImageJ 

(Wayne Rasband; National Institute of Mental Health, Bethesda, MD, USA). 

 

 

  



75 
 

3.4. Results 

3.4.1. CLL cells are sensitive to lysosome disruption.  

Lysosome membrane permeabilization (LMP) has been recognized as a novel therapeutic 

strategy in cancer 459, but little is known regarding its efficacy in CLL cells. In the present study 

we treated primary CLL cells with a variety of known lysosomotropic agents: siramesine 207,225, 

ciprofloxacin 214,232, nortriptyline 212, desipramine 212, mefloquine 210, primaquine 230,231, and 

atovaquone 230. Tafenoquine was also chosen but its lysosomotropism was unknown. All agents 

except ciprofloxacin, primaquine, and atovaquone induced cell death (Figure 3.1) at doses 

reported in the literature (Table 1.1) as measured by the Annexin V apoptotic assay. The doses of 

drugs required to kill 50% of CLL cells were 5 µM siramesine, 100 µM desipramine, 100 µM 

nortriptyline, 20 µM mefloquine, and 5 μM tafenoquine (Figure 3.1). Since siramesine had the 

greatest activity at the lowest doses, it was chosen for follow-up study. Siramesine induced cell 

death was an early event as measured after 1 hour and remained the same after 24 hours. MTT 

assays were done on 4 different CLL samples to confirm the loss of cell viability. The IC50 

values for siramesine within these four samples was 2.4, 2.8, 5.4, and 6.0 µM. Thus, the dose of 

5 µM siramesine was effective at killing CLL cells as measured by Annexin V staining and MTT 

assay and was used in subsequent experiments.  
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Figure 3.1. CLL cells are sensitive to lysosomotropic agents. CLL cells were treated with 

siramesine (A, n=8), nortriptyline (B, n=6), desipramine (C, n=6), ciprofloxacin (D, n=4), 

tafenoquine (E, n=6), mefloquine (F, n=8), primaquine (G, n=4), or atovaquone (H, n=5) for one 

hour. Cell viability was measured by Annexin V and 7AAD staining and analyzed by flow 

cytometry.  

 

To confirm that these agents were acting through LMP, primary CLL cells were stained 

with lysotracker and the staining intensity was measured using flow cytometry both before and 

after drug treatment in 5 minute time intervals. All drugs which caused cell death induced 

permeabilization of lysosomes (Figure 3.2). Primaquine was unable to be investigated in this 

way as it emitted fluorescence which directly overlapped with the emission of Lysotracker. 

Atovaquone induced a slight permeabilization of lysosomes immediately upon addition; 

however, lysosomes recovered by 5 minutes post addition (Figure 3.2 G).  LMP was further 

confirmed using confocal microscopy (Figure 3.3 A) and western blot for the nuclear 

translocation of transcription factor EB (TFEB), a master regulator of lysosome biogenesis 197. 

Approximately 50% of the cytosolic TFEB moved into the nucleus at 30 minutes post-drug 
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treatment (Figure 3.3 B, C). This confirms that lysosomotropic agents rapidly induce LMP in 

CLL cells which is followed by cell death.  

 
Figure 3.2. Anti-depressants and anti-malarials permeabilize lysosomes. CLL cells were 

stained with 50 nM Lysotracker for 30 minutes and fluorescence was acquired on the flow 

cytometer in 5 minute intervals before, during, and after treatment with 5 µM siramesine (A, 

representative of n=5), 100 μM desipramine (B, representative of n=3), 100 μM nortriptyline (C, 

representative of n=3), 20 μg/ml ciprofloxacin (D, representative of n=2), 1 μM tafenoquine (E, 

representative of n=5), 15 μM mefloquine (F, representative of n=4), or 60 μM atovaquone (G, 

representative of n=3). In each case, CLL cells were stained and treated in triplicate. Standard 

deviations are shown. 
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Figure 3.3. Siramesine permeabilizes lysosomes and induces TFEB translocation. (A) CLL 

cells were stained with 50 nM Lysotracker for 30 minutes. Images were acquired under 40X 

magnification and 2X zoom 1 minute before and 1 minute after 5 µM siramesine treatment. (B) 

CLL cells were treated with DMSO (lane D) or 5 µM siramesine (lane S) and lysed after 30 

minutes. Lysates were fractionated into cytoplasm and nucleus and analyzed by western blot for 

the translocation of TFEB. Sp1 and actin were used as loading controls. (C) Densitometry (n=4) 

was calculated using Image J.  

 

Among these drugs, siramesine is the most well-studied lysosomotropic agent and was 

the most effective at the lowest doses. Thus, this drug was used for subsequent mechanistic 

studies. A total of 123 different CLL patient samples were tested in various experiments.  

3.4.2. Siramesine-induced LMP causes mitochondrial dysfunction and subsequent cell death.  

As the mechanism of cell death with lysosome disruption appears to depend on the type 

of cell studied 202,214,232,460, we evaluated the biological changes leading to cell death following 

siramesine treatment of CLL cells. Primary CLL cells were stained with lysotracker, BODIPY 

581/591, DiOC6, or DHE which identify intact lysosomes, lipid peroxidation, mitochondrial 

membrane potential, and soluble reactive oxygen species (ROS), respectively. Staining intensity 
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was measured by flow cytometry in 5 minute intervals before and after drug treatment. Within 5 

minutes of drug treatment, lysotracker (Figure 3.4 A) and BODIPY red fluorescence decreased 

(Figure 3.4 B) while BODIPY green fluorescence increased (Figure 3.4 C), indicating lysosome 

permeability and lipid peroxidation. At the same time, the lipid peroxidation product hexanoyl 

lysine (HEL) adduct on proteins was slightly increased by western blot. This slight increase in 

HEL adduct formation was observed after 5 minutes of siramesine treatment (Figure 3.4 D, E).  

Over a 60 minute time course, there was a gradual decrease in DiOC6 (Figure 3.4 F) and 

increase in DHE fluorescence (Figure 3.4 E), indicating a loss of mitochondrial membrane 

potential and increased levels of soluble ROS, respectively. These results indicate that LMP with 

siramesine in CLL cells occurs prior to mitochondrial dysfunction.  

 
Figure 3.4. Siramesine permeabilizes lysosomes, and induces lipid peroxidation and loss of 

mitochondrial membrane potential. Primary CLL cells were stained with lysotracker (A) or 

BODIPY 581/591 (B and C) and fluorescence was measured in 5 minute intervals before, at the 

time of, and after treatment with drug or control. Both red (B) and green (C) fluorescence was 

measured in BODIPY stained cells. Representative experiments of n=3 are shown. D) CLL cells 

were treated with DMSO or 5 µM siramesine for 30 minutes at which time cells were lysed and 

lysates were probed by western blot with anti-hexanoyl lysine (HEL) and anti-actin (E, n=4). 

CLL cells were stained with DIOC6 (F) or DHE (G) and fluorescence was measured in 5 minute 

intervals before, at the time of, and after treatment with drug or control. Representative 

experiment of n=3 is shown. 
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3.4.3. Siramesine-induced cell death requires lipid peroxidation.  

 It has previously been shown that siramesine-induced cell death is mediated by proteases 

and ROS 207,460. Furthermore, the protease cathepsin B is required by valproic acid and 

fludarabine to kill CLL cells 461. To investigate the role of proteases and ROS in siramesine-

induced CLL cell death, CLL cells were pretreated with various inhibitors and scavengers for 1 

hour. Scavengers of lipid ROS, such as α-tocopherol and to a lesser extent lycopene, blocked 

siramesine-induced cell death, whereas soluble ROS scavengers N-acetyl cysteine (NAC) and 

glutathione failed to prevent cell death (Figure 3.5 A-D). In contrast, protease inhibitors CA-074-

Me, Chymostatin, E64, and z-VAD-fmk did not prevent siramesine-induced cell death (Figure 

3.5 E-I). To determine if lipid peroxidation involved oxidases, inhibitors of xanthine oxidase and 

NADPH oxidase were tested. These failed to prevent siramesine-induced cell death (Figure 3.5 J, 

K). 
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Figure 3.5. Siramesine-induced cell death requires lipid ROS. CLL cells were pretreated with 

α-tocopherol (A), lycopene (B), glutathione (C), N-acetyl cysteine (NAC, D), Ca-074-Me (E and 

F), E64 (G), Chymostatin (H), zVADfmk (I), allopurinol (J), diphenyleneiodoium (DPI, K), or 

neopterin (K) for 1 hour, then treated with 5 µM siramesine for 1 hour. Cell viability was 

assessed by Annexin V and 7AAD staining measured by flow cytometry (A-D, F-K). Cathepsin 

B activity was assessed using fluorescent cathepsin B substrate (E).  

 

To further investigate the role of lipid ROS in the process of siramesine-induced cell 

death, we evaluated the effect of α-tocopherol on LMP and mitochondrial membrane potential in 

CLL cells treated with siramesine. α-Tocopherol failed to prevent LMP (Figure 3.6 A, B) but 

blocked lipid peroxidation (Figure 3.6 C, D), changes in mitochondrial membrane potential 

(Figure 3.6 E, F), and the increase in soluble ROS (Figure 3.6 G, H). These results indicate that 

lipid ROS are not required for LMP but are a consequence of LMP, leading to mitochondria 

dysfunction and cell death. 
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Figure 3.6. Early lipid peroxidation is required to affect mitochondria.  CLL cells were 

either not pretreated (A,C,E,G) or pretreated with α-tocopherol (B,D,F,H) for one hour, then 

stained with lysotracker (A,B), BODIPY (C,D), DIOC6 (E,F), or DHE (G,H) for 30 minutes then 

analyzed in 5 minute intervals before, at the time of, and after treatment with drug or control. 

Representative experiment of n=3 is shown. 

 

3.4.4. CLL cells are more sensitive than healthy B cells to LMP.  

To determine whether CLL cells are more sensitive than normal B cells to siramesine 

treatment, peripheral blood mononuclear cells (PBMCs) from CLL patients and age-matched 

normal donors were isolated and treated with 5 μM siramesine. Results showed that CLL cells 

were more sensitive to siramesine treatment than normal B cells. A median of 15% of normal B 

cells or 40% of CLL cells were killed by 5 µM siramesine (Figure 3.7 A). To confirm these 

results with another drug, PBMCs from CLL patients and age-matched normal donors were 
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isolated and treated with various doses of tafenoquine. Like with siramesine, CLL cells were 

more sensitive than healthy B cells to tafenoquine (Figure 3.7 B). A median of 32% of normal B 

cells or 80% of CLL cells were killed by 3 μM tafenoquine. Thus, CLL cells are more sensitive 

than normal B cells to lysosome-mediated cell death mediated by siramesine and by tafenoquine.  

 
Figure 3.7. Lysosomotropic agents target CLL cells over healthy B cells. Peripheral blood 

mononuclear cells from healthy donors or CLL donors were treated with 5 µM siramesine for 1 

hour (A) or 3 µM tafenoquine for 24 hours (B) and stained with Annexin V, 7AAD, and anti-

CD19-APC. B cell death was analyzed by flow cytometry.  

 

3.4.5. Altered sphingolipid metabolism in CLL cells primes the lysosomes for disruption.  

 To investigate the possible mechanisms for the enhanced sensitivity of CLL cells to 

LMP, we first determined the number of lysosomes in cells. Lysosomes from 100 CLL cells or 

normal B cells were counted from images acquired using confocal microscopy. Lysosomes were 

counted from a single focal plane. CLL cells were found to have a slight, but statistically-

significant, higher average number of lysosomes per cell than normal B cells, with means of 6 

lysosomes/cell and 4 lysosomes/cell, respectively (Figure 3.8 A, C, D). Furthermore, there were 

more lysosomes in cells from male donors compared to female donors (Figure 3.8 B). This 

difference lost its significance when males and females were divided into CLL and healthy 

groups, possibly due to low sample size.  
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Figure 3.8. CLL cells and male B cells have more lysosomes per cell than healthy/normal B 

cells and female B cells, respectively. Lysosomes were counted from a single plane view under 

the confocal microscope using 40X objective and 2X zoom from 100 lysotracker-stained cells 

from normal age-matched donors (dark grey squares or bars) or CLL donors (light grey triangles 

or bars). Average counts (A) of healthy B cells and CLL cells, and of male cells and female cells 

(B) stained with Lysotracker (C), and individual counts per donor (D) are shown.  

 

 Sphingolipid metabolism was compared in CLL and healthy/normal B cells as the 

lysosome is a major storage site for lipids in the cell and alterations in lipid metabolism have 

profound effects on lysosome function 462–464. To determine differences between normal B and 

CLL cells, the GEO and ONCOMINE databases were mined for differences in lysosome or lipid 

metabolism genes. One alteration that was found consistently was an over-expression of 

sphingosine 1-phosphate phosphatase 1 (SGPP1 or SPP1) in CLL cells compared to normal B 

cells 465 (Figure 3.9 A, B). Western blot analysis confirmed this over-expression at the protein 

level (Figure 3.9 C). In addition, the product of this enzyme, C18:1 sphingosine, was also 

increased in CLL cells, as compared to healthy/normal B cells (Figure 3.9 D). Levels of other 

sphingolipids such as sphingosine-1-phosphate (Table 3.1), C18:0 ceramide, C16:0 
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glucosylceramide, and C20:0 glucosylceramide (Table 3.2) did not differ between CLL and 

normal B cells.  

 
Figure 3.9. CLL cells have more SPP1 and its product sphingosine. Compared with 

normal/healthy B cells, CLL cells have more SGPP1 mRNA (A and B) as measured by 

microarray, SPP1 protein (C) as measured by western blot, and its product sphingosine (D) as 

measured by HPLC-MS. Normal sample sizes are n=11 (B), n=10 (C), and n=4 (D). CLL sample 

sizes are n=44 (B), n=14 (C), and n=5 (D). HPLC-MS experiments were performed by 

collaborators Lisa Mi and Dr. Jonathan Curtis (University of Alberta). Analysis performed by 

myself. 

 

 

Table 3.1. CLL cells and B cells have similar sphingosine-1-phosphate levels. Sphingosine-1-

phosphate levels were determined in lysates from CLL cells (n=8) and healthy/normal B cells 

(n=8) by ELISA. Both mean and median values are shown. Statistical Mann Whitney test 

(unpaired, non-parametric t test) showed that differences between the medians were non-

significant (ns).  

 

 

CLL Cells 

n=8 

 B Cells 

n=8 

Statistical significance 

(p value) Mean Median Mean Median 

Sphingosine-1P 0.943 µM 0.479 µM  0.558 µM 0.077 µM ns (0.0650) 
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Table 3.2. CLL cells have more C18:1 sphingosine and more C24:1 glucosylceramide than 

B cells.  Sphingolipid levels were measured in lipid extracts from CLL cells (n=5) and 

healthy/normal B cells (n=4) by HPLC-MS. Both mean and median values are shown. Mann 

Whitney test (unpaired, non-parametric t test) determined if differences in the medians were 

significant or non-significant (ns). HPLC-MS experiments were performed by collaborators Lisa 

Mi and Dr. Jonathan Curtis (University of Alberta). Analysis performed by myself.  

Sphingolipid CLL Cells 

n=5 

 B Cells 

n=4 

Statistical 

significance 

(p value) 
Mean Median Mean Median 

C18:1 Sphingosine 22.7 nM 19.8 nM  5.6 nM 4.0 nM * (0.0317) 

C16:0 Glucosylceramide 31.5 nM 31.9 nM  22.7 nM 19.0 nM ns (0.2857) 

C18:0 Glucosylceramide 4.6 nM 4.5 nM  3.9 nM 2.0 nM ns (0.5714) 

C20:0 Glucosylceramide 6.8 nM 5.0 nM  8.7 nM 7.3 nM ns (0.5556) 

C22:0 Glucosylceramide 17.5 nM 17.6 nM  12.1 nM 12.3 nM ns (0.1905) 

C24:1 Glucosylceramide 89.7 nM 80.8 nM  34.3 nM 29.8 nM * (0.0317) 

C24:0 Glucosylceramide 5.9 nM 4.8 nM  3.9 nM 3.4 nM ns (0.1905) 

C16:0 Ceramide 143.9 nM 135.6 nM  98.5 nM 49.3 nM ns (0.2857) 

C18:0 Ceramide 14.9 nM 13.1 nM  12.5 nM 5.1 nM ns (0.2857) 

C20:0 Ceramide 10.0 nM 8.6 nM  6.6 nM 3.0 nM ns (0.2857) 

C22:1 Ceramide 16.0 nM 10.5 nM  3.8 nM 2.1 nM ns (0.1111) 

C22:0 Ceramide 28.8 nM 23.2 nM  12.2 nM 9.0 nM ns (0.1111) 

C24:1 Ceramide 261.1 nM 227.3 nM  80.2 nM 48.5 nM ns (0.0635) 

C24:0 Ceramide 26.7 nM 19.8 nM  13.0 nM 9.6 nM ns (0.1905) 

 

To confirm the role of sphingosine in sensitizing lysosomes to disruption, we treated CLL 

cells directly with sphingosine. The addition of sphingosine significantly increased siramesine-

induced cell death (Figure 3.10 A). Likewise, increasing sphingosine levels by inhibiting 

sphingosine kinase (SK) with sphingosine kinase inhibitor (SKI) II also increased siramesine-

induced cell death (Figure 3.10 B). A lower dose of 3 µM siramesine was used for these 

experiments. Similar to siramesine (Figure 3.10 C, D), sphingosine was found to disrupt 

lysosomes and cause permeabilization within minutes which led to a later effect on mitochondria 

(Figure 3.10 E, F). In addition, 5 and 10 µM sphingosine caused significant cell death in CLL 

cells within 1 hour but was not toxic to healthy/normal B cells (Figure 3.10 G, H).  This effect 
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was presumably because CLL cells already have high levels of sphingosine. These results show 

that sphingolipid metabolism, particularly sphingosine metabolism, is altered in CLL cells and 

the high levels of sphingosine increase lysosomal disruption.  
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Figure 3.10. Excess sphingosine causes lysosome disruption. CLL cells were pretreated with 

0.5 µM sphingosine (A) or 20 µM Sphingosine Kinase Inhibitor II (SKI II) (B) for one hour, 

followed by 3 µM siramesine for one hour. The cells were then stained with Annexin V-FITC 

and 7AAD and analyzed by flow cytometry. CLL cells were stained with lysotracker (C, E) or 

DiOC6 (D, F) then analyzed in 5 minute intervals before, at the time of, and after treatment with 

siramesine or sphingosine or control. Results shown are representative of n=3. Primary CLL 

cells (G, n=4) or healthy/normal PBMCs (H, n=4) were treated with 1.0, 5.0, or 10.0 µM 

sphingosine for one hour then stained with Annexin V-FITC, 7AAD, and anti-CD19-APC then 

analyzed by flow cytometry. 
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3.5. Discussion 

 Since their discovery as the suicide bags of the cell, lysosomes have been explored as 

therapeutic targets in cancer. However, little is known about lysosomes and lysosome-mediated 

cell death in CLL. The results of the present study demonstrate that CLL cells are susceptible to 

lysosome-mediated cell death, particularly to siramesine treatment. In addition, we demonstrated 

that following siramesine induced LMP, lipid peroxidation occurs which leads to mitochondrial 

permeabilization and cell death. Moreover, siramesine had little effect on normal B cells and the 

selective killing of CLL cells may be related to the increased number of lysosomes in these cells 

and increased lysosome fragility due to altered sphingolipid metabolism.  

 Clinically-tested agents were chosen for evaluation in CLL cells. Siramesine was 

originally developed as a sigma receptor antagonist for the treatment of depression 466. 

Nortriptyline and desipramine are FDA-approved anti-depressants 467. Ciprofloxacin is a FDA-

approved antibiotic 468. Mefloquine, primaquine, and atovaquone are all FDA-approved anti-

malarial drugs 469; tafenoquine has received FDA breakthrough therapy status 470. All these 

agents have been shown to induce LMP in cancer cells (Table 3.1) except for tafenoquine whose 

lysosomotropism was unknown. Thus, this work is the first to report that tafenoquine can 

permeabilize lysosomes. Furthermore, this report was the first to test tafenoquine in a cancer 

model. These agents induced a rapid permeabilization of lysosomes followed by relatively early 

signs of cell death. This rapid response may lead to tumor lysis syndrome in vivo; however, this 

has not been noted in any of the published in vivo animal studies in other cancer models.   

Lysosomotropic agents induce cell death through increased ROS and activation of 

cathepsins. We found that siramesine caused lipid peroxidation leading to cell death. The pivotal 

role of lipid peroxidation in siramesine-induced cell death has been demonstrated in other 
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models 207,209,460. CLL cells may be particularly sensitive to lipid peroxidation, as one report 

found that they lack endogenous inhibitors of lipid peroxidation: tocopherols 471; while healthy B 

cells were found to have 6.0 µg of tocopherols/109 cells, CLL cells were found to have 2.6 

µg/109 cells. Thus, CLL cells have less than half of the tocopherols found in healthy 

counterparts. Furthermore, B cells have previously been shown to be more sensitive to oxidative 

stress than other cells, including T cells 472.   

Lysosomotropic agents, such as siramesine, activate cathepsins leading to degradation of 

anti-apoptotic proteins in a variety of different cancer cells. In CLL cells, it was previously 

demonstrated that valproic acid and fludarabine in combination increases cathepsin B expression 

and cathepsin B-mediated cell death in CLL cells 461. Despite the role of cathepsin B in 

siramesine treatment in other cancer cells 212,466,473, we found that cathepsin B was not required 

for siramesine-induced cell death in CLL cells. This suggests the main mechanism of action for 

siramesine in CLL cells is through lipid peroxidation and not cathepsin B. Although, it is 

possible that other cathepsins could contribute.  

The direct mechanism by which lysosome permeabilization leads to loss of mitochondrial 

membrane potential is unknown in CLL cells. We speculate that lipid peroxidation generated at 

the lysosomal membrane could directly oxidize and open the mitochondrial permeability 

transition pore, as this has been shown in other models 474. The exact mechanism of lysosome-

mitochondria crosstalk is unknown.    

Aside from characterizing the efficacy and the mechanism of action of siramesine, we 

investigated alterations in lysosomes that could explain the differential sensitivity of CLL cells to 

normal B cells. To this end, we showed that CLL cells tend to have more lysosomes compared 

with normal B cells. An increase in lysosome size or biogenesis has been noted in other cancers 
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such as AML 210 which contributes to their sensitization to lysosomotropic agent treatment. CLL 

cells may have more lysosomes as a result of activation; lysosomes are required to extract and 

present antigens 475,476 but their biogenesis in activated B cells and cancerous B cells remains to 

be studied. The role of CLL lysosome numbers in response to siramesine is unknown, and would 

require future investigation.  

Similar to the slight increase in lysosome number, a slight increase in mitochondria has 

been noted in CLL cells compared to normal B cells 477. Mitochondrial functions are also altered 

in cancer cells, including CLL cells, contributing to increased ROS levels 477,478. However, the 

role of mitochondria in siramesine-induced cell death is controversial. Indeed, one study has 

suggested that siramesine functions through mitochondria rather than through lysosomes to 

induce cell death 460. In CLL cells, siramesine permeabilized lysosome membranes before 

changes in mitochondrial function occur, and blocking caspases or mitochondrial soluble ROS 

production did not prevent siramesine-induced cell death. This suggested that although 

mitochondria are involved in cell death, lysosome permeabilization is the initiating event.   

Aside from alterations in lysosome numbers, lysosome function could be affected by 

altered sphingolipid metabolism. Altered sphingolipid metabolism has been described in cancer 

cells 212,444,445, however this is the first study that has found an increased expression of 

sphingosine-1-phosphate phosphatase (SPP1). Studies have found alterations in sphingosine 

kinase (SK)447,449,450,479 and acidic sphingomyelinase (ASM)212,445 in cancer cells; however, 

according to cancer expression databases these proteins are not altered in CLL cells. Although 

siramesine inhibits ASM, it is unlikely that this plays a role in the enhanced sensitivity of CLL 

cells to lysosome disruption compared to normal B cells. Instead, the elevated sphingosine 

content appears to make CLL cells more sensitive to sphingosine or siramesine, as compared to 
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normal B cells. This agrees with published studies that have shown that addition of sphingosine 

causes cell death 453,454,458.   

Sphingolipid metabolism is a complex process which centers on the reversible 

metabolism of sphingosine-1-phosphate into sphingosine, then into ceramide, and onto more 

complex glucosylceramides. Many of these components, particularly sphingosine-1-phosphate 

and ceramide, act as second messengers to promote signaling and affect the balance between cell 

survival and cell death 464. Sphingosine, but not sphingosine-1-phosphate or ceramide, was 

elevated in CLL cells compared to normal B cells. Excess sphingosine could affect all 

membranes within the cell, but the lysosome membrane can be specifically permeabilized with a 

pH-activated drug like siramesine.  It is unclear at this point if excess sphingosine confers any 

benefit to the CLL cells, and this will be the focus of future investigation.  

Sphingolipid analysis revealed that aside from sphingosine, the only other sphingolipid 

altered in CLL cells was C24:1 glucosylceramide. Furthermore, GEO and ONCOMINE 

databases reveal that a glucosylceramide-generating enzyme UGCG is over-expressed in CLL 

cells compared to healthy B cells. This enzyme was shown to be controlled by BCR signaling 480. 

Excess glucosylceramides have been linked to drug resistance and cancer progression 445,481,482. 

Interestingly, the accumulation of glucosylceramides in Gaucher’s disease, a lysosomal storage 

disease, has been linked to the development of B cell cancers 483. The biological implications of 

excess glucosylceramide in CLL cells requires confirmation and future investigation.  

Overall, this work identifies yet another cell death pathway that is altered in CLL (Figure 

3.11). Taken together, our findings provide evidence that lysosomotropic agents such as 

siramesine selectively induce cell death in primary CLL cells compared to normal B cells. This 

selectivity is at least partially due to alterations in sphingolipid metabolism and provides 
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rationale to develop lysosomotropic agents for treatment of CLL. Using lysosomotropic agents in 

combination with chemotherapeutic agents is the focus of future investigation.  

 

 
Figure 3.11. CLL cells alter many cell death mechanisms. CLL cells alter apoptosis by 

overexpressing Bcl-2 and IAPs while downregulating Smac. CLL cells alter necroptosis by 

overexpressing IAPs and downregulating CYLD and RIP3. CLL cells alter autophagy by 

overexpressing ATG4, UVRAG, and ULK1. CLL cells alter the pathway of lysosome-mediated 

cell death by an overabundance of sphingosine, and a decreased quantity of tocopherols. For 

illustrative purposes, upregulations are shown in green and downregulations are shown in red. 
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Chapter 4 

4. Immune Impact and Clinical Correlation of Targeted Therapies. 

Information presented in this chapter has been previously published in the articles entitled 

“Gefitinib targets ZAP-70-expressing chronic lymphocytic leukemia cells and inhibits B-cell 

receptor signaling” (Dielschneider et al., Cell Death and Disease, 2014) and “Lysosomotropic 

agents selectively target chronic lymphocytic leukemia cells due to altered sphingolipid 

metabolism” (Dielschneider et al., Leukemia, 2016). 

4.1. Abstract 

Chronic Lymphocytic Leukemia (CLL) is a cancer plagued with drug resistance and disease 

relapse. Thus, novel therapies are needed. These novel therapies must target susceptibilities of 

the leukemic cells while sparing healthy cells. Therefore, the purpose of this work is to assess 

impact on immune cells and to perform clinical correlations of the targeted therapies gefitinib 

and lysosomotropic agents. Firstly, the toxicity of these therapies towards T cells and towards 

CLL cells in the protective presence of the bone-marrow stromal cell line HS-5 was assessed. 

Gefitinib and siramesine were both more effective in CLL cells compared to T cells isolated 

from CLL patients. Both of these treatments were also effective in the presence of stromal cells, 

unlike fludarabine. Secondly, these therapies were investigated in various CLL samples with 

different prognostic indicators, treatment histories, ages, and genders. Gefitinib was equally 

effective in CLL cells of different Rai stages and IgVH mutational status, but was more effective 

in ZAP-70+ CLL cells and its effectiveness increased as ZAP-70 expression increased. 

Siramesine was effective in CLL cells of all Rai stages, IgVH mutated and unmutated, and ZAP-

70- and ZAP-70+. Gefitinib was effective in both treatment naïve and previously-treated CLL 

cells; in contrast, siramesine was more effective in previously-treated CLL cells. Gefitinib was 
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least effective in CLL cells from elderly patients, while siramesine was equally effective in CLL 

cells regardless of patient age. Gefitinib was effective in CLL cells from both male and female 

patients, but siramesine was more effective in CLL cells from male patients. Therefore, this work 

demonstrates that the targeted therapies gefitinib and siramesine have favourable preclinical 

characteristics and show promise as CLL therapeutic agents.   
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4.2. Introduction 

 Chronic Lymphocytic Leukemia (CLL) is a heterogeneous cancer of B cells; patients can 

present with various different prognostic markers and some patients require aggressive treatment 

while others do not. Furthermore, this cancer is not uniform in its distribution around the body; 

CLL cells accumulate not only in the blood but also in the bone marrow and lymph nodes.  

 CLL cells interact with numerous cell types within the body, and these interactions 

should be considered during therapeutic investigation. T cells are the most abundant lymphocyte 

population in the human body, and these cells are impaired in CLL patients 70,77,406,407,484. In spite 

of these functional impairments, T cells from some CLL patients can mount an effective anti-

CLL immune response 358,359,361,404 improving patient survival 361. However, treatment can 

reduce T cell numbers causing toxicity 362 and reducing the potential anti-tumor effect. In 

addition, stromal cells can reduce the effect of therapy by protecting CLL cells from cell death. 

Therefore, the cytotoxicity toward T cells and the efficacy amid protective stromal cells should 

be investigated.   

 CLL can be indolent or aggressive, and these different clinical courses can be defined by 

poor prognostic markers. Patients vary in disease characteristics such as Rai stage, IgVH 

mutational status, ZAP-70 expression, and more. Patients can also vary in age, gender, and 

treatment status. All these variables can impact patient management and treatment decisions 36,38. 

Male patients and those with advanced Rai stage, unmutated IgVH, and ZAP-70 expression are 

likely to have aggressive disease and will have a shorter time to first treatment 137,259,266,485. In 

addition, those who were previously-treated may be eligible for treatments that are unavailable to 

treatment-naïve patients 36,38,486. Similarly, elderly patients are not eligible for as many 

treatments as more young and fit patients 487–489. Therefore, biomarkers of poor prognosis, 
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treatment status, age, and gender are all variables that should be considered when evaluating 

drug efficacy.  

The targeted therapies gefitinib and siramesine have now been tested in CLL cells, but 

little is known about their efficacy on other cell types in CLL patients, and in CLL cells from 

patients with different clinical characteristics. Therefore, the purpose of this study was to focus 

on the targeted agents gefitinib and siramesine and assess their T cell toxicity, investigate 

efficacy amid stromal cells, and correlate drug toxicity with clinical characteristics.  
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4.3. Materials and Methods 

4.3.1. Cell Cultures and Co-cultures 

Primary CLL cells were processed from peripheral blood samples within 24 hours of 

blood draw. Patient samples were collected following their informed consent in accordance with 

the Research Ethics Board of the University of Manitoba. Blood was mixed with RosetteSep 

(Stemcell Technologies) for 30 minutes if lymphocyte count < 40 x 109 cells/L, then purified by 

centrifugation on a Ficoll-Paque gradient (GE Healthcare). If T cells were required, the 

RosetteSep was omitted. Red Blood Cells (RBCs) were lysed using the RBC lysis buffer 

(eBioscience) for 10 minutes. Purified cells were cultured in Hybridoma Serum-Free Medium 

(SFM; Life Technologies) with no additives. All cells were kept in a humid 37ºC incubator with 

5% CO2.  

The human bone marrow-derived stromal cell line HS-5 (kind gift from Dr. Peng Huang, 

MD Anderson Cancer Center, USA) was cultured in DMEM (Hyclone) with 10% FBS (Thermo 

Fisher Scientific) and 1X penicillin and streptomycin (Gibco, Thermo Fisher Scientific). Cells 

were seeded into 48-well plates at a concentration of 5 x 105 cells/well 1 day prior to CLL 

addition. Primary CLL cells were added onto HS-5 cells at a co-culture ratio of 100 CLL:1 HS-5 

cell; therefore, 5 x 106 CLL cells were added to 5 x 104 HS-5 cells. All cells were kept in a 

humid 37ºC incubator with 5% CO2. 

4.3.2. Drugs and Stimuli 

The following drugs were dissolved in DMSO: Gefitinib (LC Laboratories), Dasatinib 

(LC Laboratories), Fludarabine (Sigma), Siramesine (kindly provided by Lundbeck), Mefloquine 

(Sigma), and Tafenoquine (Sigma). All drugs stocks were stored at -20 °C except for siramesine 

which was stored at room temperature.  
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4.3.3. Flow Cytometry 

For extracellular staining of T and B cells, peripheral mononuclear cells were stained 

with Annexin V-FITC, anti-CD3-PE, 7AAD, and anti-CD19-APC (BD Biosciences). Cells gated 

on either CD19+ or CD3+ were then analyzed for expression of Annexin V and 7AAD. 

Likewise, CLL cells from co-cultures were collected and stained for Annexin V-FITC, 7AAD, 

and anti-CD19-APC. Cells were gated on CD19 and then analyzed for Annexin V and 7AAD. 

All flow cytometry experiments were done using the BD FACSCalibur and analyzed using 

CellQuest Pro software.  

4.3.4. Clinical Correlations 

 Drug efficacy was measured by MTT assay for gefitinib and Annexin V staining for 

siramesine. These experiments were done blinded to clinical characteristics of samples, except in 

the case of ZAP-70 expression. Drug efficacy was compared with the age, sex, treatment status, 

Rai stage, and presence of poor prognostic factors such as ZAP-70 expression and IgVH 

mutational status. Treatment status was denoted as treatment naïve or previously treated. 

Previously-treated samples were donated from patients that had received treatment, but was at 

least 6 months prior to the blood sample donation; this previous treatment was given to the 

patient in vivo, not given to the cells in vitro.  

4.3.5. Statistical Analysis 

All graphs were created and statistics were performed using GraphPad Prism4 software 

(GraphPad Software Inc.). Unless otherwise noted, a paired or unpaired two-tailed non-

parametric t-test was performed according to the nature of data. Statistical significance was noted 

in the figures as *p<0.05, **p<0.01, or ***p<0.001. Densitometry was calculated using ImageJ 

(Wayne Rasband; National Institute of Mental Health, Bethesda, MD, USA).   
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4.4. Results 

4.4.1. Targeted therapies spare T cells.  

 Targeted therapies should not only be able to kill malignant cells, but should do so 

without harming healthy cells. To test if the targeted therapies investigated in this study affect 

healthy cells, PBMCs from CLL patients were treated with drug then cell death of T cells and 

CLL cells was analyzed. Both gefitinib (Figure 4.1 A) and siramesine (Figure 4.1 B) are 

significantly more effective in CD19+ CLL cells than they were in CD3+ T cells from CLL 

patients. Gefitinib and siramesine were both 6X more effective in CLL cells compared to 

autologous and non-malignant T cells. 

 
Figure 4.1. Targeted therapies spare autologous T cells. Peripheral blood mononuclear cells 

from CLL patients were treated with 10 µM gefitinib (n=4, A) or 5 µM siramesine (n=4, B) and 

stained with Annexin V-FITC, anti-CD3-PE, 7AAD, and anti-CD19-APC. Cell viability of 

CD3+ T cells and CD19+ CLL cells was measured by flow cytometry.  

 

4.4.2. Stromal cells protect from drug toxicity. 

ZAP-70+ CLL cells migrate into the bone marrow more efficiently than ZAP-70- CLL 

cells. Furthermore, bone marrow-derived stromal cells promote drug resistance in CLL cells. 

Thus, we decided to investigate the effect of the ZAP-70-targeted therapy gefitinib, as well as 

other targeted therapies, in a co-culture model of CLL cells with the human bone marrow-
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derived stromal cell line HS-5 (Figure 4.2 A). The presence of HS-5 cells protected from 

spontaneous cell death in DMSO-treated cells and fludarabine-induced cell death (Figure 4.2 B, 

E). However, HS-5 cells did not protect from gefitinib or dasatinib-induced cell death (Figure 4.2 

C, D). There is a trend for HS-5 protection from siramesine-induced cell death; however, this did 

not reach statistical significance as it did with tafenoquine and mefloquine (Figure 4.2 F-H). 

Results shown are normalized to DMSO treatment, meaning that cell death from CLL + DMSO 

was subtracted from CLL + Gefitinib, and cell death in HS-5 + CLL + DMSO was subtracted 

from HS-5 + CLL + Gefitinib, and so on.  

 
Figure 4.2. Kinase inhibitors are just as effective in the presence of stromal cells. CLL cells 

were co-cultured with the HS-5 cell line (A) and treated with DMSO (B), gefitinib (C), Dasatinib 

(D), fludarabine (E), siramesine (F), tafenoquine (G), or mefloquine (H). Cell viability was 

assessed by flow cytometric analysis of cells stained with Annexin V-FITC and 7AAD. All 

results for drug treatments are normalized to DMSO vehicle control.  

 

4.4.3. Efficacy of targeted therapies in CLL subsets.  

 It is advantageous to know the efficacy of therapies in subsets of CLL. Treatment 

decisions depend on variables such as poor prognostic indicators like Rai stage, IgVH mutational 
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status, and ZAP-70 expression; previously treatments; patient age; and patient gender. 

Knowledge of drug response in these patients can guide drug use and application.  

 Advanced Rai stage indicates aggressive and metastatic disease. To investigate the 

response of low Rai stage and high Rai stage CLL patients to gefitinib and siramesine, the 

patients of various Rai stages were treated with these therapies. Response to gefitinib was 

measured by MTT assay. Response to siramesine was measured by flow cytometric analysis of 

Annexin V and 7AAD staining. There was no significant difference between the responses of 

patients with different Rai stages to gefitinib or siramesine; patients with advanced Rai stage 3 or 

4 responded equally as well as patients with Rai stage 0 or 1 (Figure 4.3 A, B).  

As previously discussed, one of the most robust poor prognostic indicators is IgVH 

mutational status; CLL patients with unmutated IgVH have a significantly worse outcome than 

those with mutated IgVH. The efficacy of gefitinib and siramesine were tested in CLL cases of 

differing mutational status. Data from gefitinib MTT assays and from siramesine viability flow 

cytometry assays demonstrate that both targeted therapies are equally effective in unmutated and 

mutated CLL cases (Figure 4.3 C, D).  

Aside from Rai stage and IgVH mutational status, the expression of ZAP-70 is an 

indicator of aggressive CLL disease with increased BCR signaling and a high migratory 

potential. The response to the targeted therapies gefitinib and siramesine was compared in ZAP-

70+ and ZAP-70- CLL samples. As previously shown, gefitinib was more effective in ZAP-70+ 

CLL cells as the IC50 was lowest in these samples. In contrast, siramesine was equally effective 

in both ZAP-70+ and ZAP-70- CLL cells (Figure 4.3 E, F). In addition, there is a trending 

correlation between high ZAP-70 expression and low gefitinib IC50. This demonstrates that 
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gefitinib efficacy increased with increasing percentage of ZAP-70 expression CLL cells. 

Siramesine was effective regardless of the percentage of ZAP-70 expression (Figure 4.3 G, H).  

 

 
Figure 4.3. Targeted therapies are effective in good and poor prognostic CLL cases. CLL 

cells of various Rai stages (A and B), of unmutated and mutated IgVH (C and D), and with or 

without ZAP-70 expression (E - H) were treated with gefitinib or siramesine. Gefitinib IC50 was 

measured by MTT assay. Cell death from 5 µM siramesine was measured by flow cytometric 

analysis of Annexin V-FITC and 7AAD staining. (G) n=20. (H) n=68. 
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CLL patients that have been previously treated may be difficult to treat again due to drug 

resistance. It is important that new therapies are effective in these patients. Thus, the efficacy of 

the targeted therapies gefitinib and siramesine were investigated in treatment naïve and in 

previously-treated CLL cells. Both treatments were effective in each subgroup; however, 

siramesine was more effective in cells from previously-treated CLL patients (Figure 4.4).  

 
Figure 4.4. Targeted therapies are effective in treatment naïve and previously-treated CLL 

cases. Both previously treated and untreated, or treatment naïve, CLL cells were treated with 

gefitinib (A) or siramesine (B). Gefitinib IC50 was measured by MTT assay. Cell death from 5 

µM siramesine was measured by flow cytometric analysis of Annexin V-FITC and 7AAD 

staining. 

  

 Elderly CLL patients are difficult to treat due to comorbidities and lack of fitness. The 

standard of care FCR has been deemed too toxic for these patients 284. Thus, new agents should 

be effective in elderly patients to provide more therapeutic options in this population. The 

targeted therapy siramesine was effective in CLL samples, regardless of age. In contrast, the 

targeted therapy gefitinib was effective in CLL cells from patients of all ages, but less effective 

in cells from elderly patients as indicated by a higher IC50 value (Figure 4.5).  
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Figure 4.5. Targeted therapies are effective in CLL samples regardless of age. CLL cells of 

various ages were treated with gefitinib (A, n=29) or siramesine (B, n=70). Gefitinib IC50 was 

measured by MTT assay. Cell death from 5 µM siramesine was measured by flow cytometric 

analysis of Annexin V-FITC and 7AAD staining. 

 

Males have a higher incidence of CLL and respond poorly to treatments as compared to 

females 490,491. Therefore, it is necessary to determine the effectiveness of targeted treatments in 

both female and male cells. Results show that gefitinib was equally effective in CLL cells 

regardless of gender; however, siramesine was more effective in CLL cells from male patients 

those CLL cells from female patients (Figure 4.6).  

 
Figure 4.6. Targeted therapies are effective in CLL samples regardless of gender. Both male 

and female CLL cells were treated with gefitinib (A) or siramesine (B). Gefitinib IC50 was 

measured by MTT assay. Cell death from 5 µM siramesine was measured by flow cytometric 

analysis of Annexin V-FITC and 7AAD staining. 
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4.5. Discussion 

 This work investigates the impact on immune cells and clinical correlations of targeted 

therapies against ZAP-70 and the lysosome. These were measured by the response of these drugs 

in CLL T cells; in stromal cell co-cultures; in CLL cells with poor prognostic indicators such as 

advanced Rai stage, unmutated IgVH, and ZAP-70 expression; in CLL cells that were previously 

treated; in CLL cells from elderly patients; and in CLL cells from male and female patients. 

These are all important parameters to consider before translation of a therapy in a clinical setting.  

 Many treatments, such as fludarabine and anti-CD52 therapy 362–364, that are effective in 

CLL cells unfortunately also target T cells. This toxicity toward T cells results in exaggerated 

cytopenia and infections 365. It is imperative that T cells remain viable and functional, as they are 

necessary for numerous immune responses, such as those against tumors and viruses. Infections 

are a common cause of death in CLL 365,492. Furthermore, it is important to ensure that T cells 

remain intact and viable because they have the capacity to mount an anti-CLL immune response. 

T cells can be provoked, activated, and will respond to live and apoptotic CLL cells 358–360. One 

study found 5 out of 8 360, while another study found 6 out of 11 358 CLL patients had T cells that 

could mount an anti-CLL response. In fact, when T cells from CLL patients respond to at least 2 

different CLL-associated antigens, patient survival is profoundly improved 361. Therefore, it is 

advantageous for therapies, such as gefitinib and siramesine, to selectively kill CLL cells and 

spare T cells. Gefitinib may be more effective in CLL cells compared to healthy T cells due to 

the overexpression of gefitinib targets, such as Syk and ZAP-70. It is not known if autologous T 

cells from CLL donors share the same abnormal lysosome numbers and sphingolipid metabolism 

as CLL cells, but these investigations could explain the higher efficacy of siramesine in CLL 

cells compared to T cells.  
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 The co-culture system can recapitulate the direct and indirect contact between CLL cells 

and stromal cells. Various different co-culture stroma:CLL ratios of 1:20, 1:50, and 1:100 have 

all shown similar levels of protection to the CLL cells from fludarabine-induced apoptosis 371. 

Similar to the tyrosine kinase inhibitor ibrutinib 493, the effects gefitinib and dasatinib were not 

abrogated by the presence of stromal cells.  

 IgVH mutational status, ZAP-70 expression, and high Rai stage are all indicators of a 

poor prognosis in CLL. The targeted therapies investigated in this study are all effective, if not 

more effective, in CLL cases that have high Rai stage, unmutated IgVH, and ZAP-70 expression. 

In the case of gefitinib, as shown previously, it was more effective in aggressive ZAP-70+ CLL 

cells.  

 Previously-treated CLL cases are often drug resistant and require different therapeutic 

options. Although only one third of CLL cases will require treatment, many of these will receive 

more than one treatment regimen in the course of their disease 494–496. The targeted therapies in 

this study, gefitinib and siramesine, are effective in previously-treated CLL cells, and siramesine 

is more effective in previously-treated CLL cells. Previously-treated cells may have increased 

levels of autophagy and thus may have increased lysosome number, which has been 

demonstrated in many cancer models of drug resistance 497,498. This could possibly account for 

their increased sensitivity to the lysosomotropic agent siramesine. Siramesine has been shown to 

have efficacy in models of drug resistance 212.   

 With a median age of diagnosis of 71 years, CLL is a disease that can affect elderly 

adults. Elderly CLL patients are frequently frail and difficult to treat due to low fitness 39,488,499. 

These patients cannot tolerate the standard of care of FCR 284, and thus other treatment options 

are necessary. Gefitinib and siramesine were effective in CLL cells of all different ages, but 
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gefitinib was less effective in CLL samples from elderly CLL patients. This may not be a 

universal finding of tyrosine kinase inhibitors as ibrutinib is effective and improves survival in 

elderly frail CLL patients 500. Like gefitinib, rituximab is most effective in young patients 501.  

 Not only are more men diagnosed with CLL than women 436, but men also have more 

aggressive disease and respond poorly to treatment 490,491. Therefore, it is necessary to determine 

the effectiveness of targeted treatments in both female and male cells. While gefitinib was 

equally effective in cells from men and women, siramesine was more effective in cells from men 

than from women. This may be due to the fact that male cells had more lysosomes- the targets of 

siramesine. Thus, male patients may benefit more from siramesine treatment than female 

patients. This finding should be explored further, particularly with a larger sample size and 

different lysosomotropic agents. The male:female ratio of approximately 1.5-2:1 that is observed 

in large CLL cohorts 6,492,502 is confirmed in this study.  

 In conclusion, this work demonstrates that the tyrosine kinase inhibitor gefitinib and the 

lysosomotropic agent siramesine show promising preclinical activity. Both gefitinib and 

siramesine spared patient T cells and retained efficacy in the presence of stromal cells. 

Furthermore, these drugs were effective regardless of poor prognostic factors. Lastly, siramesine 

was more effective in previously-treated CLL cells and in male CLL cells. This work supports 

further development of gefitinib and siramesine as therapeutics in CLL, and can guide future 

clinical investigation.  
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Chapter 5 

5. Conclusions 

5.1. Synthesis 

The overarching theme of this thesis is drug repurposing for novel uses in CLL. There are 

great advantages in testing known therapies for novel purposes, compared to de novo novel drug 

testing. Drugs that have already been tested clinically and those that have received regulatory 

approval have known safety and pharmacological profiles. Knowledge of these features reduces 

cost and saves time because dosing schedules, drug formulations, routes of administration, and 

the maximum tolerated dose are already optimized and established. De novo drug development is 

a 10-12 year process from idea to a marketable drug; however, drug repurposing can take as few 

as 3 years 503. Thus, the application and translation of already-approved drugs into the clinic can 

be expedited. This repurposing and repositioning of drugs is a common strategy in numerous 

research fields, and has led to the optimal use of drugs such as Viagra (originally developed to 

treat angina) for erectile dysfunction, and Thalidomide (originally developed to treat morning 

sickness) for multiple myeloma 504 and for an inflammatory leprosy condition termed erythema 

nodosum laprosum 503.  

The repurposed therapies investigated in this thesis were used to inhibit susceptible 

signaling pathways in CLL (Figure 5.1). Firstly, this thesis identifies the novel use of gefitinib to 

target a known susceptibility in CLL cells: the BCR pathway. Secondly, this thesis identifies 

novel agents that target a novel susceptibility in CLL cells: the lysosome. Lastly, this thesis 

explores the effect of targeted therapies in regards to the immune system and different patient 

clinical characteristics.  
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Figure 5.1. CLL cells are uniquely sensitive to gefitinib and lysosomotropic agents. CLL 

cells ectopically express ZAP-70, which renders them sensitive to gefitinib treatment. Likewise, 

CLL cells overexpress SPP1 which produces more sphingosine (blue line) and renders the 

lysosome more easily permeabilized by lysosomotropic drugs. Gefitinib inhibits the pro-survival 

BCR pathway while lysosomotropic drugs permeabilize lysosomes, leading to cell death.  

 

 It is established that the BCR pathway is overactive in CLL cells. Not only do CLL cells 

have an altered BCR, often un-mutated 254,265 and stereotyped 79,80,84, but CLL cells also 

overexpress many of the downstream signaling proteins 136,139,191,336 and ectopically express 

additional kinases such as ZAP-70 137. This protein identifies a subset of CLL cases that have 

aggressive disease due to increased BCR signaling 151,154,155 and increased migratory potential 

370,505. Until this study, there was no targeted therapy for CLL that over-expressed ZAP-70. This 

thesis identifies that the tyrosine kinase inhibitor gefitinib is more effective in ZAP-70+ CLL 

cells and cell lines as compared to ZAP-70- CLL cells and cell lines. Gefitinib inhibited Syk and 

ZAP-70 phosphorylation and downstream BCR signaling, ultimately preventing the pro-survival 
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BCR response. Furthermore, ectopic expression of ZAP-70 into a malignant B cell line increased 

their sensitivity to gefitinib.  

 It is established that permeabilization of lysosomes leads to cell death 202,204. Moreover, 

the lysosome has been shown to be altered in many cancer cell types; increased lysosome 

biogenesis has been noted in AML 210, bladder cancer 506, melanoma 198, and pancreatic cancer 

211. Until this study, it was not known if lysosomes were altered in CLL cells. Furthermore, it 

was not known if CLL cells were susceptible to lysosome-mediated cell death. This thesis has 

demonstrated that CLL cells are susceptible to lysosome-mediated cell death induced by several 

different anti-depressants and anti-malarial drugs. This study confirmed the lysosomotropism of 

siramesine, nortriptyline, desipramine, and mefloquine, and showed for the first time that 

tafenoquine is also a lysosomotropic agent. CLL cells are more sensitive to this form of cell 

death as compared to their healthy B cell counterparts. This sensitivity is due, at least in part, to 

the excess sphingosine produced by the over-expressed SPP1. Altered sphingolipid metabolism 

has been identified in several cancers 212,444,449; however, the overexpression of SPP1 and 

overproduction of sphingosine may be unique to CLL.  

 The overall readout in several experiments performed in this thesis was cell death. This 

was often measured by Annexin V/7AAD staining, and results were shown as Annexin V+ as it 

was felt that Annexin V+7AAD+ underestimated the loss of cell viability. Therefore, although 

Annexin V+ cells may not be dead yet, they are not viable either. However, because Annexin V 

staining alone is not conclusive, complementary MTT assays and trypan blue staining were 

performed with gefitinib and siramesine to confirm Annexin V results.  

 This work goes beyond the identification of novel susceptibilities in CLL by identifying 

novel targeted therapies. All of the therapies used in this thesis have been previously tested in 
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human patients, and some like gefitinib and mefloquine have been used for decades. Gefitinib is 

an FDA-approved drug as an EGFR inhibitor for NSCLC 345. Siramesine was developed as a 

sigma-2 receptor antagonist and entered clinical trials as an anti-depressant 466. Nortriptyline and 

desipramine are FDA-approved tricyclic anti-depressants that inhibit the re-uptake of the 

neurotransmitters serotonin and norepinephrine, respectively 467,507. Ciprofloxacin is an FDA-

approved antibiotic that inhibits bacterial DNA enzymes 468. Mefloquine, primaquine, and 

atovaquone are all FDA-approved anti-malarial drugs that inhibit metabolism and the 

mitochondrial transport chain in malaria parasites 469,508. Tafenoquine is an emerging anti-

malarial drug which inhibits metabolism in malarial parasites. It has received FDA breakthrough 

therapy status 470,509. In order to repurpose these drugs in CLL, additional investigation is needed.  

5.2. Future Directions 

The future directions of this work are to investigate the benefit of excess sphingosine, 

role of excess glucosylceramides, lysosome biology in different sexes, drug efficacy in 

combination, drug efficacy in an in vivo mouse model, and lastly drug efficacy in a clinical trial.  

This thesis exploits two susceptibilities of CLL cells: ZAP-70 expression and 

sphingosine-destabilized lysosomes. The benefit of ZAP-70 to the CLL cell is the boost in pro-

survival BCR signaling and migration into protective microenvironments 151,370. Unlike ZAP-70, 

the benefit of excess sphingosine is unknown. I hypothesize that excess sphingosine may form 

more lipid rafts and thus support the excessive signaling in CLL cells. I expect that the addition 

of non-toxic concentrations of sphingosine will promote lipid raft formation and enhance BCR 

signaling in CLL cells. In the event that this is not the case, it may be necessary to study forms of 

sphingosine that cannot be readily metabolized, or whose metabolism can be monitored. Thus, 

the role of sphingosine can be separated from that of sphingosine-1-phosphate and ceramide.  
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Like sphingosine, the role of excess glucosylceramide is unknown in CLL. Excess 

glucosylceramides may uniquely promote cancers, because the accumulation of 

glucosylceramides in Gaucher’s disease is specifically linked to increased rate of cancers 510–512. 

Among the cancers in this population, those of B cell origin are the most common. When the 

synthesis of glucosylceramides is inhibited in a mouse model of the disease, the onset of B cell 

cancers is prevented 483. Thus, glucosylceramides may play a role in promoting the onset of the B 

cell cancer CLL. Inhibition of a glucosylceramide-producing enzyme has been shown to kill 

CLL cells 480, but this has not been tested in vivo and its effect on preventing leukemia 

development is unknown. I expect that the addition of glucosylceramides will promote cell cycle 

progression and proliferation in CLL cells. A possible pitfall with this experiment is the 

complexity of glucosylceramides. To address this, different glucosylceramides, in particular 

C24:1 glucosylceramide which is in excess in CLL cells, could be tested and compared.  

Further work is needed to determine the differences in lysosome numbers in healthy 

donors and CLL donors. In addition, lysosome counts should be done in more male and female 

samples, as the preliminary counts in this study found that male B cells had more lysosomes 

compared with female B cells. Interestingly, siramesine was marginally more effective in male 

CLL cells compared to female CLL cells. As this was the only lysosomotropic drug tested in a 

sufficient number of samples, it is unknown if the other lysosomotropic agents have this efficacy 

in male cells. Sophisticated multivariate analysis with a larger sample cohort is needed to 

determine if gender and/or lysosome number is correlated with response to lysosomotropic 

drugs. 

One therapy alone may not cure CLL, and instead may lead to drug resistance. These 

malignant cells have proven that they have the ability to mutate kinase targets, such as Btk, to 
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resist ibrutinib treatment. Thus, gefitinib may not be suitable as a monotherapy. Mutations in 

ZAP-70 and Syk have not been identified in CLL; however, mutations in Btk were only found in 

ibrutinib-treated patients. Thus, gefitinib treatment could push CLL cells to adopt novel 

mechanisms of resistance, such as mutation of ZAP-70 or Syk. As half of the patients that 

developed Btk mutations were treated with ibrutinib as a single agent 315, the use of combination 

therapies may help prevent the development of resistance mutations.  I propose testing the 

combination of gefitinib and lysosomotropic agents with each other, and also with treatments 

already approved for use in CLL such as fludarabine, rituximab, obinutuzumab, and ibrutinib. 

The combination of tyrosine kinase inhibitors and lysosomotropic agents has shown synergism in 

other cancer models (unpublished data), and therefore this combination warrants investigation in 

CLL. Furthermore, the combination of the targeted therapies in this study with 

chemoimmunotherapies already used in CLL is justified because these are standard treatments 

used in CLL and this data could guide in vivo testing and clinical trial design.  

 Following in vitro characterization, the targeted therapies should be evaluated in vivo first 

in mouse models, and then in human clinical trials. The most commonly-used animal models of 

CLL involve mice. Although the disease is found in other animals such as dogs 513,514, mice are 

often the most easily-accessible and cost-effective models to use. Mouse models include the 

xenograft model, New Zealand Black (NZB) model, Tcl-1 oncogene model, and p53-/- Tcl-1 

model. The xenograft model is beneficial in that it uses human cells in vivo and has a fast disease 

establishment, but the effect of the immune system is absent due to the immunocompromised 

mouse 515. The NZB model has the benefit of natural CLL development, but is complicated by 

the simultaneous development of autoimmune diseases 516–518. The Tcl-1 model has the benefit of 

consistent phenotype with 100% penetrance, but only represents aggressive disease 519–522. This 



115 
 

model, whether with wildtype p53 or deleted p53, is the most studied model of CLL 523. I 

propose testing gefitinib in the NZB model or Tcl-1 model as the CLL cells in both models 

express ZAP-70 523,524. I propose testing lysosomotropic agents in the p53-/- Tcl-1 model, as this 

model recapitulates aggressive CLL disease that is often drug resistant. I expect that each 

targeted therapy will decrease CLL disease burden in these mouse models. The possible pitfall of 

lack of efficacy can be resolved with optimization of dosing and routes of administration.  

 Clinical trials are required to determine if a treatment is safe in humans and effective in 

the desired patients. I propose Phase I/II dose escalation and efficacy study in a CLL cohort to 

determine the safety, maximum tolerated dose, and efficacy of a given targeted therapy: gefitinib 

or mefloquine. The lysosomotropic agent of choice for this proposed study is mefloquine due to 

the promising in vitro results and its FDA and Health Canada approvals. For the investigation of 

gefitinib, ZAP-70 expression of CLL cells (>20% of cells expressing ZAP-70) will be an 

enrollment criterion because work presented in this thesis indicated that gefitinib is most 

effective in ZAP-70+ CLL cells. Patients will be stratified based on percentage of ZAP-70 

expression (20-100%) and the study will be powered to investigate whether gefitinib is more 

effective in ZAP-70 high expressers as compared to ZAP-70 low expressers, as suggested by 

preliminary data presented in this thesis. For the investigation of mefloquine, relapsed/refractory 

CLL patients will be enrolled because these patients are most in need of novel therapies. This 

study will be powered to investigate whether mefloquine has more benefit in male patients, as 

suggested by preliminary data presented in this thesis. Blood will be collected at various time 

points to ensure that the drug is decreasing the CLL burden and acting on target, whether that 

target be ZAP-70 in the case of gefitinib or the lysosome in the case of lysosomotropic agents. 

This type of trial will provide valuable information needed for further clinical study. I expect that 
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clinically-achievable doses of gefitinib and mefloquine can decrease the quantity of CLL cells in 

the peripheral blood. In addition, I expect that gefitinib and mefloquine will act on target by 

either decreasing ZAP-70 phosphorylation or inducing lysosome permeabilization, respectively.  

5.3. Conclusion 

 In conclusion, the work presented in this thesis identifies novel susceptible signaling 

pathways of CLL cells and exploits these using targeted therapies. The findings of this work 

show that the expression of ZAP-70 and enhanced BCR signaling in aggressive CLL cells can be 

exploited with gefitinib treatment. In addition, the fragile lysosomes due to excess sphingosine of 

CLL cells can be exploited with lysosomotropic agents. Ultimately, this work enhances the 

biological understanding of ZAP-70, lysosomes, and sphingolipid metabolism in CLL cells. 

Furthermore, this work provides promising evidence for the use of gefitinib and lysosomotropic 

agents as therapeutics in CLL. This work can guide future investigation of gefitinib and 

lysosomotropic agents in CLL, and in other cancers.  

 

  



117 
 

Chapter 6 

6. References 

 
1. Canadian Cancer Society’s Advisory Committee on Cancer Statistics. Canadian Cancer 

Statistics 2013. (2013). 

2. van Eys, J. et al. The French-American-British (FAB) classification of leukemia. The 

Pediatric Oncology Group experience with lymphocytic leukemia. Cancer 57, 1046–51 

(1986). 

3. Vardiman, J. W. et al. The 2008 revision of the World Health Organization (WHO) 

classification of myeloid neoplasms and acute leukemia: rationale and important changes. 

Blood 114, 937–51 (2009). 

4. Campo, E. et al. The 2008 WHO classification of lymphoid neoplasms and beyond: 

evolving concepts and practical applications. Blood 117, 5019–32 (2011). 

5. Nabhan, C. & Rosen, S. T. Chronic lymphocytic leukemia: a clinical review. JAMA 312, 

2265–76 (2014). 

6. Seftel, M. D. et al. High incidence of chronic lymphocytic leukemia (CLL) diagnosed by 

immunophenotyping: a population-based Canadian cohort. Leuk. Res. 33, 1463–8 (2009). 

7. Chiorazzi, N., Rai, K. R. & Ferrarini, M. Chronic lymphocytic leukemia. N. Engl. J. Med. 

352, 804–15 (2005). 

8. Frey, S., Blankart, C. R. & Stargardt, T. Economic Burden and Quality-of-Life Effects of 

Chronic Lymphocytic Leukemia: A Systematic Review of the Literature. 

Pharmacoeconomics (2016). doi:10.1007/s40273-015-0367-7 

9. Stephens, J. M., Gramegna, P., Laskin, B., Botteman, M. F. & Pashos, C. L. Chronic 

lymphocytic leukemia: economic burden and quality of life: literature review. Am. J. Ther. 

12, 460–6 

10. Holzner, B. et al. Quality of life of patients with chronic lymphocytic leukemia: results of 

a longitudinal investigation over 1 yr. Eur. J. Haematol. 72, 381–9 (2004). 

11. Damle, R. N. et al. B-cell chronic lymphocytic leukemia cells express a surface membrane 

phenotype of activated, antigen-experienced B lymphocytes. Blood 99, 4087–93 (2002). 

12. Hallek, M. et al. Guidelines for the diagnosis and treatment of chronic lymphocytic 

leukemia: a report from the International Workshop on Chronic Lymphocytic Leukemia 

updating the National Cancer Institute-Working Group 1996 guidelines. Blood 111, 5446–

56 (2008). 

13. Craig, F. E. et al. Flow cytometric immunophenotyping for hematologic neoplasms. Blood 

111, 3941–67 (2008). 

14. Santos, F. P. S. & O’Brien, S. Small lymphocytic lymphoma and chronic lymphocytic 

leukemia: are they the same disease? Cancer J. 18, 396–403 (2012). 

15. Rai, K. R. et al. Clinical staging of chronic lymphocytic leukemia. Blood 46, 219–34 

(1975). 

16. Zent, C. S. & Kay, N. E. Management of patients with chronic lymphocytic leukemia with 

a high risk of adverse outcome: the Mayo Clinic approach. Leuk. Lymphoma 52, 1425–34 

(2011). 

17. Binet, J. L. et al. A new prognostic classification of chronic lymphocytic leukemia derived 

from a multivariate survival analysis. Cancer 48, 198–206 (1981). 



118 
 

18. Cramer, P. & Hallek, M. Prognostic factors in chronic lymphocytic leukemia—what do 

we need to know? Nat. Rev. Clin. Oncol. 8, 38–47 (2011). 

19. Dörmer, P., Theml, H. & Lau, B. Chronic lymphocytic leukemia: a proliferative or 

accumulative disorder? Leuk. Res. 7, 1–10 (1983). 

20. Messmer, B. T. et al. In vivo measurements document the dynamic cellular kinetics of 

chronic lymphocytic leukemia B cells. J. Clin. Invest. 115, 755–64 (2005). 

21. Stilgenbauer, S. et al. Clonal evolution in chronic lymphocytic leukemia: acquisition of 

high-risk genomic aberrations associated with unmutated VH, resistance to therapy, and 

short survival. Haematologica 92, 1242–5 (2007). 

22. Ouillette, P. et al. Clonal evolution, genomic drivers, and effects of therapy in chronic 

lymphocytic leukemia. Clin. Cancer Res. 19, 2893–904 (2013). 

23. Landau, D. A. et al. Evolution and impact of subclonal mutations in chronic lymphocytic 

leukemia. Cell 152, 714–26 (2013). 

24. Kriangkum, J. et al. Single-Cell Analysis and Next-Generation Immuno-Sequencing Show 

That Multiple Clones Persist in Patients with Chronic Lymphocytic Leukemia. PLoS One 

10, e0137232 (2015). 

25. Sanchez, M.-L. et al. Incidence and clinicobiologic characteristics of leukemic B-cell 

chronic lymphoproliferative disorders with more than one B-cell clone. Blood 102, 2994–

3002 (2003). 

26. Schuh, A. et al. Monitoring chronic lymphocytic leukemia progression by whole genome 

sequencing reveals heterogeneous clonal evolution patterns. Blood 120, 4191–6 (2012). 

27. Ojha, J. et al. Deep sequencing identifies genetic heterogeneity and recurrent convergent 

evolution in chronic lymphocytic leukemia. Blood 125, 492–8 (2015). 

28. Rossi, D. et al. Clinical impact of small TP53 mutated subclones in chronic lymphocytic 

leukemia. Blood 123, 2139–47 (2014). 

29. Nadeu, F. et al. Clinical impact of clonal and subclonal TP53, SF3B1, BIRC3, NOTCH1 

and ATM mutations in chronic lymphocytic leukemia. Blood (2016). doi:10.1182/blood-

2015-07-659144 

30. Rossi, D. et al. The genetics of Richter syndrome reveals disease heterogeneity and 

predicts survival after transformation. Blood 117, 3391–401 (2011). 

31. Parikh, S. A., Kay, N. E. & Shanafelt, T. D. How we treat Richter syndrome. Blood 123, 

1647–57 (2014). 

32. Thurmes, P. et al. Comorbid conditions and survival in unselected, newly diagnosed 

patients with chronic lymphocytic leukemia. Leuk. Lymphoma 49, 49–56 (2008). 

33. Beiggi, S. et al. Increased risk of second malignancies in chronic lymphocytic leukaemia 

patients as compared with follicular lymphoma patients: a Canadian population-based 

study. Br. J. Cancer 109, 1287–90 (2013). 

34. Beiggi, S. et al. Comparison of outcome of patients with CLL who are referred or 

nonreferred to a specialized CLL clinic: a Canadian population-based study. Cancer Med. 

n/a–n/a (2015). doi:10.1002/cam4.559 

35. Robertson, T. I. Complications and causes of death in B cell chronic lymphocytic 

leukaemia: a long term study of 105 patients. Aust. N. Z. J. Med. 20, 44–50 (1990). 

36. Hallek, M. et al. Guidelines for the diagnosis and treatment of chronic lymphocytic 

leukemia: a report from the International Workshop on Chronic Lymphocytic Leukemia 

updating the National Cancer Institute-Working Group 1996 guidelines. Blood 111, 5446–

56 (2008). 



119 
 

37. CollaborativeGroup, C. T. Chemotherapeutic options in chronic lymphocytic leukemia: a 

meta-analysis of the randomized trials. CLL Trialists’ Collaborative Group. J. Natl. 

Cancer Inst. 91, 861–8 (1999). 

38. Gribben, J. G. How I treat CLL up front. Blood 115, 187–97 (2010). 

39. Hallek, M. Chronic lymphocytic leukemia: 2015 Update on diagnosis, risk stratification, 

and treatment. Am. J. Hematol. 90, 446–460 (2015). 

40. Strati, P. & Shanafelt, T. D. Monoclonal B-cell lymphocytosis and early-stage chronic 

lymphocytic leukemia: diagnosis, natural history, and risk stratification. Blood 126, 454–

62 (2015). 

41. Landgren, O. et al. B-cell clones as early markers for chronic lymphocytic leukemia. N. 

Engl. J. Med. 360, 659–67 (2009). 

42. Ghia, P. et al. Monoclonal CD5+ and CD5- B-lymphocyte expansions are frequent in the 

peripheral blood of the elderly. Blood 103, 2337–42 (2004). 

43. Rawstron, A. C. et al. Monoclonal B lymphocytes with the characteristics of ‘indolent’ 

chronic lymphocytic leukemia are present in 3.5% of adults with normal blood counts. 

Blood 100, 635–9 (2002). 

44. Nieto, W. G. et al. Increased frequency (12%) of circulating chronic lymphocytic 

leukemia-like B-cell clones in healthy subjects using a highly sensitive multicolor flow 

cytometry approach. Blood 114, 33–7 (2009). 

45. Shanafelt, T. D., Ghia, P., Lanasa, M. C., Landgren, O. & Rawstron, A. C. Monoclonal B-

cell lymphocytosis (MBL): biology, natural history and clinical management. Leukemia 

24, 512–20 (2010). 

46. Ojha, J. et al. Monoclonal B-cell lymphocytosis is characterized by mutations in CLL 

putative driver genes and clonal heterogeneity many years before disease progression. 

Leukemia 28, 2395–8 (2014). 

47. Houlston, R. S., Sellick, G., Yuille, M., Matutes, E. & Catovsky, D. Causation of chronic 

lymphocytic leukemia--insights from familial disease. Leuk. Res. 27, 871–6 (2003). 

48. Goldin, L. R., Slager, S. L. & Caporaso, N. E. Familial chronic lymphocytic leukemia. 

Curr. Opin. Hematol. 17, 350–5 (2010). 

49. Sellick, G. S. et al. A high-density SNP genome-wide linkage search of 206 families 

identifies susceptibility loci for chronic lymphocytic leukemia. Blood 110, 3326–33 

(2007). 

50. Di Bernardo, M. C. et al. A genome-wide association study identifies six susceptibility 

loci for chronic lymphocytic leukemia. Nat. Genet. 40, 1204–10 (2008). 

51. Crowther-Swanepoel, D. et al. Common variants at 2q37.3, 8q24.21, 15q21.3 and 16q24.1 

influence chronic lymphocytic leukemia risk. Nat. Genet. 42, 132–6 (2010). 

52. Berndt, S. I. et al. Genome-wide association study identifies multiple risk loci for chronic 

lymphocytic leukemia. Nat. Genet. 45, 868–76 (2013). 

53. Berndt, S. I. et al. Meta-analysis of genome-wide association studies discovers multiple 

loci for chronic lymphocytic leukemia. Nat. Commun. 7, 10933 (2016). 

54. Landau, D. A. et al. Mutations driving CLL and their evolution in progression and relapse. 

Nature 526, 525–30 (2015). 

55. Puente, X. S. et al. Non-coding recurrent mutations in chronic lymphocytic leukaemia. 

Nature 526, 519–24 (2015). 

56. Kikuchi, K., Kasai, H., Watanabe, A., Lai, A. Y. & Kondo, M. IL-7 specifies B cell fate at 

the common lymphoid progenitor to pre-proB transition stage by maintaining early B cell 



120 
 

factor expression. J. Immunol. 181, 383–92 (2008). 

57. Wolf, M. L., Weng, W. K., Stieglbauer, K. T., Shah, N. & LeBien, T. W. Functional effect 

of IL-7-enhanced CD19 expression on human B cell precursors. J. Immunol. 151, 138–48 

(1993). 

58. Clark, M. R., Mandal, M., Ochiai, K. & Singh, H. Orchestrating B cell lymphopoiesis 

through interplay of IL-7 receptor and pre-B cell receptor signalling. Nat. Rev. Immunol. 

14, 69–80 (2013). 

59. Jones, P. P., Cebra, J. J. & Herzenberg, L. A. Restriction of gene expression in B 

lymphocytes and their progeny. I. Commitment to immunoglobulin allotype. J. Exp. Med. 

139, 581–99 (1974). 

60. LeBien, T. W. & Tedder, T. F. B lymphocytes: how they develop and function. Blood 

112, 1570–80 (2008). 

61. Zhang, X. Regulatory functions of innate-like B cells. Cell. Mol. Immunol. 10, 113–21 

(2013). 

62. Niiro, H. & Clark, E. A. Decision making in the immune system: Regulation of B-cell fate 

by antigen-receptor signals. Nat. Rev. Immunol. 2, 945–956 (2002). 

63. Rowland, S. L., Leahy, K. F., Halverson, R., Torres, R. M. & Pelanda, R. BAFF receptor 

signaling aids the differentiation of immature B cells into transitional B cells following 

tonic BCR signaling. J. Immunol. 185, 4570–81 (2010). 

64. Allman, D. & Pillai, S. Peripheral B cell subsets. Curr. Opin. Immunol. 20, 149–57 

(2008). 

65. Damm, F. et al. Acquired initiating mutations in early hematopoietic cells of CLL 

patients. Cancer Discov. 4, 1088–101 (2014). 

66. Kikushige, Y. et al. Self-renewing hematopoietic stem cell is the primary target in 

pathogenesis of human chronic lymphocytic leukemia. Cancer Cell 20, 246–59 (2011). 

67. Masten, B. J. & Lipscomb, M. F. Comparison of lung dendritic cells and B cells in 

stimulating naive antigen-specific T cells. J. Immunol. 162, 1310–7 (1999). 

68. Lassila, O., Vainio, O. & Matzinger, P. Can B cells turn on virgin T cells? Nature 334, 

253–5 (1988). 

69. Dazzi, F. et al. Failure of B cells of chronic lymphocytic leukemia in presenting soluble 

and alloantigens. Clin. Immunol. Immunopathol. 75, 26–32 (1995). 

70. Ramsay, A. G., Clear, A. J., Fatah, R. & Gribben, J. G. Multiple inhibitory ligands induce 

impaired T-cell immunologic synapse function in chronic lymphocytic leukemia that can 

be blocked with lenalidomide: establishing a reversible immune evasion mechanism in 

human cancer. Blood 120, 1412–21 (2012). 

71. Buhmann, R., Nolte, A., Westhaus, D., Emmerich, B. & Hallek, M. CD40-activated B-cell 

chronic lymphocytic leukemia cells for tumor immunotherapy: stimulation of allogeneic 

versus autologous T cells generates different types of effector cells. Blood 93, 1992–2002 

(1999). 

72. Os, A. et al. Chronic lymphocytic leukemia cells are activated and proliferate in response 

to specific T helper cells. Cell Rep. 4, 566–77 (2013). 

73. Fais, F. et al. CD1d is expressed on B-chronic lymphocytic leukemia cells and mediates 

alpha-galactosylceramide presentation to natural killer T lymphocytes. Int. J. Cancer 109, 

402–11 (2004). 

74. Yasukawa, M., Shiroguchi, T., Inatsuki, A. & Kobayashi, Y. Antigen presentation in an 

HLA-DR-restricted fashion by B-cell chronic lymphocytic leukemia cells. Blood 72, 102–



121 
 

8 (1988). 

75. Hall, A. M., Vickers, M. A., McLeod, E. & Barker, R. N. Rh autoantigen presentation to 

helper T cells in chronic lymphocytic leukemia by malignant B cells. Blood 105, 2007–15 

(2005). 

76. Galletti, J. et al. Chronic lymphocytic leukemia cells bind and present the erythrocyte 

protein band 3: possible role as initiators of autoimmune hemolytic anemia. J. Immunol. 

181, 3674–83 (2008). 

77. Ramsay, A. G. et al. Chronic lymphocytic leukemia T cells show impaired immunological 

synapse formation that can be reversed with an immunomodulating drug. J. Clin. Invest. 

118, 2427–37 (2008). 

78. Stamatopoulos, K. et al. Immunoglobulin light chain repertoire in chronic lymphocytic 

leukemia. Blood 106, 3575–83 (2005). 

79. Stamatopoulos, K. et al. Over 20% of patients with chronic lymphocytic leukemia carry 

stereotyped receptors: Pathogenetic implications and clinical correlations. Blood 109, 

259–70 (2007). 

80. Agathangelidis, A. et al. Stereotyped B-cell receptors in one-third of chronic lymphocytic 

leukemia: a molecular classification with implications for targeted therapies. Blood 119, 

4467–75 (2012). 

81. Dudley, D. D., Chaudhuri, J., Bassing, C. H. & Alt, F. W. Mechanism and control of 

V(D)J recombination versus class switch recombination: similarities and differences. Adv. 

Immunol. 86, 43–112 (2005). 

82. Troutaud, D., Drouet, M., Decourt, C., Le Morvan, C. & Cogné, M. Age-related 

alterations of somatic hypermutation and CDR3 lengths in human Vkappa4-expressing B 

lymphocytes. Immunology 97, 197–203 (1999). 

83. Hervé, M. et al. Unmutated and mutated chronic lymphocytic leukemias derive from self-

reactive B cell precursors despite expressing different antibody reactivity. J. Clin. Invest. 

115, 1636–43 (2005). 

84. Binder, M. et al. Stereotypical chronic lymphocytic leukemia B-cell receptors recognize 

survival promoting antigens on stromal cells. PLoS One 5, e15992 (2010). 

85. Dühren-von Minden, M. et al. Chronic lymphocytic leukaemia is driven by antigen-

independent cell-autonomous signalling. Nature 489, 309–12 (2012). 

86. Tiegs, S. L., Russell, D. M. & Nemazee, D. Receptor editing in self-reactive bone marrow 

B cells. J. Exp. Med. 177, 1009–1020 (1993). 

87. Nemazee, D. A. & Bürki, K. Clonal deletion of B lymphocytes in a transgenic mouse 

bearing anti-MHC class I antibody genes. Nature 337, 562–6 (1989). 

88. Goodnow, C. C. et al. Altered immunoglobulin expression and functional silencing of 

self-reactive B lymphocytes in transgenic mice. Nature 334, 676–82 (1988). 

89. Wardemann, H. et al. Predominant autoantibody production by early human B cell 

precursors. Science 301, 1374–7 (2003). 

90. Calis, J. J. A. & Rosenberg, B. R. Characterizing immune repertoires by high throughput 

sequencing: strategies and applications. Trends Immunol. 35, 581–590 (2014). 

91. Heintel, D. et al. High expression of activation-induced cytidine deaminase (AID) mRNA 

is associated with unmutated IGVH gene status and unfavourable cytogenetic aberrations 

in patients with chronic lymphocytic leukaemia. Leukemia 18, 756–62 (2004). 

92. Leuenberger, M. et al. AID protein expression in chronic lymphocytic leukemia/small 

lymphocytic lymphoma is associated with poor prognosis and complex genetic alterations. 



122 
 

Mod. Pathol. 23, 177–86 (2010). 

93. Patten, P. E. M. et al. IGHV-unmutated and IGHV-mutated chronic lymphocytic leukemia 

cells produce activation-induced deaminase protein with a full range of biologic functions. 

Blood 120, 4802–11 (2012). 

94. Oppezzo, P. et al. Chronic lymphocytic leukemia B cells expressing AID display 

dissociation between class switch recombination and somatic hypermutation. Blood 101, 

4029–32 (2003). 

95. Efremov, D. G., Ivanovski, M., Batista, F. D., Pozzato, G. & Burrone, O. R. IgM-

producing chronic lymphocytic leukemia cells undergo immunoglobulin isotype-

switching without acquiring somatic mutations. J. Clin. Invest. 98, 290–8 (1996). 

96. Cerutti, A. et al. Ongoing in vivo immunoglobulin class switch DNA recombination in 

chronic lymphocytic leukemia B cells. J. Immunol. 169, 6594–603 (2002). 

97. Rubartelli, A., Sitia, R., Zicca, A., Grossi, C. E. & Ferrarini, M. Differentiation of chronic 

lymphocytic leukemia cells: correlation between the synthesis and secretion of 

immunoglobulins and the ultrastructure of the malignant cells. Blood 62, 495–504 (1983). 

98. Gutierrez, A. et al. Differentiation of chronic lymphocytic leukemia B cells into 

immunoglobulin secreting cells decreases LEF-1 expression. PLoS One 6, e26056 (2011). 

99. Tötterman, T. H., Danersund, A., Carlsson, M. & Nilsson, K. Effects of recombinant 

interferon-alpha and -gamma on B-CLL cells in serum-free medium: expression of 

activation, differentiation, and CALLA antigens. Leukemia 1, 667–72 (1987). 

100. Carlsson, M. et al. Phorbol ester and B cell-stimulatory factor synergize to induce B-

chronic lymphocytic leukemia cells to simultaneous immunoglobulin secretion and DNA 

synthesis. Leukemia 2, 734–44 (1988). 

101. Cossman, J. et al. In vitro enhancement of immunoglobulin gene expression in chronic 

lymphocytic leukemia. J. Clin. Invest. 73, 587–92 (1984). 

102. Sthoeger, Z. M. et al. Production of autoantibodies by CD5-expressing B lymphocytes 

from patients with chronic lymphocytic leukemia. J. Exp. Med. 169, 255–68 (1989). 

103. Bröker, B. M. et al. Chronic lymphocytic leukemic (CLL) cells secrete multispecific 

autoantibodies. J. Autoimmun. 1, 469–81 (1988). 

104. Hoogeboom, R. et al. A mutated B cell chronic lymphocytic leukemia subset that 

recognizes and responds to fungi. J. Exp. Med. 210, 59–70 (2013). 

105. Kunicka, J. E. & Platsoucas, C. D. Immunoglobulin synthesis and secretion by leukemic B 

cells from patients with chronic lymphocytic leukemia. Leuk. Res. 10, 1101–7 (1986). 

106. Johnstone, A. P., Jensenius, J. C., Millard, R. E. & Hudson, L. Mitogen-stimulated 

immunoglobulin production by chronic lymphocytic leukaemic lymphocytes. Clin. Exp. 

Immunol. 47, 697–705 (1982). 

107. Centola, M. et al. Production of anti-erythrocyte antibodies by leukemic and nonleukemic 

B cells in chronic lymphocytic leukemia patients. Leuk. Lymphoma 20, 465–69 (1996). 

108. Borche, L., Lim, A., Binet, J. L. & Dighiero, G. Evidence that chronic lymphocytic 

leukemia B lymphocytes are frequently committed to production of natural 

autoantibodies. Blood 76, 562–9 (1990). 

109. Hoogeboom, R. et al. A novel chronic lymphocytic leukemia subset expressing mutated 

IGHV3-7-encoded rheumatoid factor B-cell receptors that are functionally proficient. 

Leukemia 27, 738–40 (2013). 

110. Fu, S. M., Winchester, R. J., Feizi, T., Walzer, P. D. & Kunkel, H. G. Idiotypic Specificity 

of Surface Immunoglobulin and the Maturation of Leukemic Bone-marrow-derived 



123 
 

Lymphocytes. Proc. Natl. Acad. Sci. 71, 4487–4490 (1974). 

111. Klein, U. et al. Gene Expression Profiling of B Cell Chronic Lymphocytic Leukemia 

Reveals a Homogeneous Phenotype Related to Memory B Cells. J. Exp. Med. 194, 1625–

1638 (2001). 

112. Smith, E. N. et al. Genetic and epigenetic profiling of CLL disease progression reveals 

limited somatic evolution and suggests a relationship to memory-cell development. Blood 

Cancer J. 5, e303 (2015). 

113. Chiorazzi, N. & Ferrarini, M. Cellular origin(s) of chronic lymphocytic leukemia: 

cautionary notes and additional considerations and possibilities. Blood 117, 1781–91 

(2011). 

114. DiLillo, D. J. et al. Chronic lymphocytic leukemia and regulatory B cells share IL-10 

competence and immunosuppressive function. Leukemia 27, 170–82 (2013). 

115. Nishio, M. et al. Nurselike cells express BAFF and APRIL, which can promote survival of 

chronic lymphocytic leukemia cells via a paracrine pathway distinct from that of SDF-

1alpha. Blood 106, 1012–20 (2005). 

116. Batten, M. et al. BAFF mediates survival of peripheral immature B lymphocytes. J. Exp. 

Med. 192, 1453–66 (2000). 

117. Schiemann, B. et al. An essential role for BAFF in the normal development of B cells 

through a BCMA-independent pathway. Science 293, 2111–4 (2001). 

118. Oakes, C. C. et al. DNA methylation dynamics during B cell maturation underlie a 

continuum of disease phenotypes in chronic lymphocytic leukemia. Nat. Genet. (2016). 

doi:10.1038/ng.3488 

119. Kurosaki, T., Shinohara, H. & Baba, Y. B cell signaling and fate decision. Annu. Rev. 

Immunol. 28, 21–55 (2010). 

120. Okkenhaug, K. et al. Impaired B and T cell antigen receptor signaling in p110delta PI 3-

kinase mutant mice. Science 297, 1031–4 (2002). 

121. Datta, S. R. et al. Akt phosphorylation of BAD couples survival signals to the cell-

intrinsic death machinery. Cell 91, 231–41 (1997). 

122. Cheng, S. et al. BCR-mediated apoptosis associated with negative selection of immature 

B cells is selectively dependent on Pten. Cell Res. 19, 196–207 (2009). 

123. Eeva, J. & Pelkonen, J. Mechanisms of B cell receptor induced apoptosis. Apoptosis 9, 

525–531 (2004). 

124. DONJERKOVIć, D. & SCOTT, D. W. Activation-induced cell death in B lymphocytes. 

Cell Res. 10, 179–192 (2000). 

125. Kraus, M., Alimzhanov, M. B., Rajewsky, N. & Rajewsky, K. Survival of resting mature 

B lymphocytes depends on BCR signaling via the Igalpha/beta heterodimer. Cell 117, 

787–800 (2004). 

126. Phan, T. G., Grigorova, I., Okada, T. & Cyster, J. G. Subcapsular encounter and 

complement-dependent transport of immune complexes by lymph node B cells. Nat. 

Immunol. 8, 992–1000 (2007). 

127. Junt, T. et al. Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses 

and present them to antiviral B cells. Nature 450, 110–4 (2007). 

128. Carrasco, Y. R. & Batista, F. D. B cells acquire particulate antigen in a macrophage-rich 

area at the boundary between the follicle and the subcapsular sinus of the lymph node. 

Immunity 27, 160–71 (2007). 

129. Fujimoto, M. et al. CD19 Regulates Src Family Protein Tyrosine Kinase Activation in B 



124 
 

Lymphocytes through Processive Amplification. Immunity 13, 47–57 (2000). 

130. Schamel, W. W. . & Reth, M. Monomeric and Oligomeric Complexes of the B Cell 

Antigen Receptor. Immunity 13, 5–14 (2000). 

131. Nagai, K., Takata, M., Yamamura, H. & Kurosaki, T. Tyrosine phosphorylation of Shc is 

mediated through Lyn and Syk in B cell receptor signaling. J. Biol. Chem. 270, 6824–9 

(1995). 

132. Kulathu, Y., Hobeika, E., Turchinovich, G. & Reth, M. The kinase Syk as an adaptor 

controlling sustained calcium signalling and B-cell development. EMBO J. 27, 1333–44 

(2008). 

133. Niiro, H. et al. The B lymphocyte adaptor molecule of 32 kilodaltons (Bam32) regulates B 

cell antigen receptor internalization. J. Immunol. 173, 5601–9 (2004). 

134. Ravichandran, K. S. Signaling via Shc family adapter proteins. Oncogene 20, 6322–30 

(2001). 

135. Han, A., Saijo, K., Mecklenbräuker, I., Tarakhovsky, A. & Nussenzweig, M. C. Bam32 

links the B cell receptor to ERK and JNK and mediates B cell proliferation but not 

survival. Immunity 19, 621–32 (2003). 

136. Talab, F., Allen, J. C., Thompson, V., Lin, K. & Slupsky, J. R. LCK is an important 

mediator of B-cell receptor signaling in chronic lymphocytic leukemia cells. Mol. Cancer 

Res. 11, 541–54 (2013). 

137. Orchard, J. A. et al. ZAP-70 expression and prognosis in chronic lymphocytic leukaemia. 

Lancet (London, England) 363, 105–11 (2004). 

138. Mittal, A. K. et al. Chronic lymphocytic leukemia cells in a lymph node 

microenvironment depict molecular signature associated with an aggressive disease. Mol. 

Med. 20, 290–301 (2014). 

139. Contri, A. et al. Chronic lymphocytic leukemia B cells contain anomalous Lyn tyrosine 

kinase, a putative contribution to defective apoptosis. J. Clin. Invest. 115, 369–78 (2005). 

140. Buchner, M. et al. Spleen tyrosine kinase is overexpressed and represents a potential 

therapeutic target in chronic lymphocytic leukemia. Cancer Res. 69, 5424–32 (2009). 

141. Semichon, M., Merle-Béral, H., Lang, V. & Bismuth, G. Normal Syk protein level but 

abnormal tyrosine phosphorylation in B-CLL cells. Leukemia 11, 1921–8 (1997). 

142. Gobessi, S. et al. Inhibition of constitutive and BCR-induced Syk activation 

downregulates Mcl-1 and induces apoptosis in chronic lymphocytic leukemia B cells. 

Leukemia 23, 686–97 (2009). 

143. Mansouri, L. et al. Functional loss of IκBε leads to NF-κB deregulation in aggressive 

chronic lymphocytic leukemia. J. Exp. Med. 212, 833–43 (2015). 

144. Chan, A. C., Iwashima, M., Turck, C. W. & Weiss, A. ZAP-70: a 70 kd protein-tyrosine 

kinase that associates with the TCR zeta chain. Cell 71, 649–62 (1992). 

145. Wang, H. et al. ZAP-70: an essential kinase in T-cell signaling. Cold Spring Harb. 

Perspect. Biol. 2, a002279 (2010). 

146. Schweighoffer, E., Vanes, L., Mathiot, A., Nakamura, T. & Tybulewicz, V. L. J. 

Unexpected requirement for ZAP-70 in pre-B cell development and allelic exclusion. 

Immunity 18, 523–33 (2003). 

147. Fallah-Arani, F., Schweighoffer, E., Vanes, L. & Tybulewicz, V. L. J. Redundant role for 

Zap70 in B cell development and activation. Eur. J. Immunol. 38, 1721–33 (2008). 

148. Crespo, M. et al. ZAP-70 expression in normal pro/pre B cells, mature B cells, and in B-

cell acute lymphoblastic leukemia. Clin. Cancer Res. 12, 726–34 (2006). 



125 
 

149. Nolz, J. C. et al. ZAP-70 is expressed by a subset of normal human B-lymphocytes 

displaying an activated phenotype. Leukemia 19, 1018–24 (2005). 

150. Scielzo, C. et al. ZAP-70 is expressed by normal and malignant human B-cell subsets of 

different maturational stage. Leukemia 20, 689–95 (2006). 

151. Chen, L. et al. Expression of ZAP-70 is associated with increased B-cell receptor 

signaling in chronic lymphocytic leukemia. Blood 100, 4609–14 (2002). 

152. Chen, L. et al. ZAP-70 directly enhances IgM signaling in chronic lymphocytic leukemia. 

Blood 105, 2036–41 (2005). 

153. Dielschneider, R. F. et al. Gefitinib targets ZAP-70-expressing chronic lymphocytic 

leukemia cells and inhibits B-cell receptor signaling. Cell Death Dis. 5, e1439 (2014). 

154. Chen, L. et al. ZAP-70 enhances IgM signaling independent of its kinase activity in 

chronic lymphocytic leukemia. Blood 111, 2685–92 (2008). 

155. Gobessi, S. et al. ZAP-70 enhances B-cell-receptor signaling despite absent or inefficient 

tyrosine kinase activation in chronic lymphocytic leukemia and lymphoma B cells. Blood 

109, 2032–9 (2007). 

156. Messmer, D. et al. Chronic lymphocytic leukemia cells receive RAF-dependent survival 

signals in response to CXCL12 that are sensitive to inhibition by sorafenib. Blood 117, 

882–9 (2011). 

157. Lafarge, S. T. et al. ZAP70 expression directly promotes chronic lymphocytic leukaemia 

cell adhesion to bone marrow stromal cells. Br. J. Haematol. 168, 139–42 (2015). 

158. Lafarge, S. T., Johnston, J. B., Gibson, S. B. & Marshall, A. J. Adhesion of ZAP-70+ 

chronic lymphocytic leukemia cells to stromal cells is enhanced by cytokines and blocked 

by inhibitors of the PI3-kinase pathway. Leuk. Res. 38, 109–15 (2014). 

159. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol. Pathol. 35, 495–516 

(2007). 

160. Fulda, S. & Debatin, K.-M. Extrinsic versus intrinsic apoptosis pathways in anticancer 

chemotherapy. Oncogene 25, 4798–811 (2006). 

161. Guicciardi, M. E. & Gores, G. J. Life and death by death receptors. FASEB J. 23, 1625–

1637 (2009). 

162. Ashkenazi, A. Targeting death and decoy receptors of the tumour-necrosis factor 

superfamily. Nat. Rev. Cancer 2, 420–30 (2002). 

163. Chinnaiyan, A. M., O’Rourke, K., Tewari, M. & Dixit, V. M. FADD, a novel death 

domain-containing protein, interacts with the death domain of Fas and initiates apoptosis. 

Cell 81, 505–12 (1995). 

164. Weber, C. H. & Vincenz, C. A docking model of key components of the DISC complex: 

death domain superfamily interactions redefined. FEBS Lett. 492, 171–6 (2001). 

165. Tait, S. W. G. & Green, D. R. Mitochondria and cell death: outer membrane 

permeabilization and beyond. Nat. Rev. Mol. Cell Biol. 11, 621–32 (2010). 

166. Bratton, S. B. & Salvesen, G. S. Regulation of the Apaf-1-caspase-9 apoptosome. J. Cell 

Sci. 123, 3209–14 (2010). 

167. Du, C., Fang, M., Li, Y., Li, L. & Wang, X. Smac, a mitochondrial protein that promotes 

cytochrome c-dependent caspase activation by eliminating IAP inhibition. Cell 102, 33–42 

(2000). 

168. Daugas, E. et al. Mitochondrio-nuclear translocation of AIF in apoptosis and necrosis. 

FASEB J. 14, 729–39 (2000). 

169. Froelich, C. J., Metkar, S. S. & Raja, S. M. Granzyme B-mediated apoptosis--the elephant 



126 
 

and the blind men? Cell Death Differ. 11, 369–71 (2004). 

170. Rousalova, I. & Krepela, E. Granzyme B-induced apoptosis in cancer cells and its 

regulation (review). Int. J. Oncol. 37, 1361–78 (2010). 

171. Mackus, W. J. M. et al. Chronic lymphocytic leukemia cells display p53-dependent drug-

induced Puma upregulation. Leukemia 19, 427–34 (2005). 

172. Balakrishnan, K. et al. Abstract 3325: Role of smac-mimetic in restoring apoptosis in 

chronic lymphocytic leukemia . Cancer Res. 73, 3325–3325 (2014). 

173. Grzybowska-Izydorczyk, O., Cebula, B., Robak, T. & Smolewski, P. Expression and 

prognostic significance of the inhibitor of apoptosis protein (IAP) family and its 

antagonists in chronic lymphocytic leukaemia. Eur. J. Cancer 46, 800–10 (2010). 

174. Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. & Kroemer, G. Molecular mechanisms 

of necroptosis: an ordered cellular explosion. Nat. Rev. Mol. Cell Biol. 11, 700–14 (2010). 

175. Vanden Berghe, T. et al. Necroptosis, necrosis and secondary necrosis converge on 

similar cellular disintegration features. Cell Death Differ. 17, 922–30 (2010). 

176. Moquin, D. M., McQuade, T. & Chan, F. K.-M. CYLD deubiquitinates RIP1 in the 

TNFα-induced necrosome to facilitate kinase activation and programmed necrosis. PLoS 

One 8, e76841 (2013). 

177. Wu, J. et al. Mlkl knockout mice demonstrate the indispensable role of Mlkl in 

necroptosis. Cell Res. 23, 994–1006 (2013). 

178. Sun, L. et al. Mixed Lineage Kinase Domain-like Protein Mediates Necrosis Signaling 

Downstream of RIP3 Kinase. Cell 148, 213–227 (2012). 

179. Cai, Z. et al. Plasma membrane translocation of trimerized MLKL protein is required for 

TNF-induced necroptosis. Nat. Cell Biol. 16, 55–65 (2014). 

180. Plate, J. M. D. PI3-kinase regulates survival of chronic lymphocytic leukemia B-cells by 

preventing caspase 8 activation. Leuk. Lymphoma 45, 1519–29 (2004). 

181. Liu, P. et al. Dysregulation of TNFα-induced necroptotic signaling in chronic lymphocytic 

leukemia: suppression of CYLD gene by LEF1. Leukemia 26, 1293–300 (2012). 

182. Han, J., Zhong, C.-Q. & Zhang, D.-W. Programmed necrosis: backup to and competitor 

with apoptosis in the immune system. Nat. Immunol. 12, 1143–9 (2011). 

183. Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H. & Vandenabeele, 

P. Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nat. 

Rev. Mol. Cell Biol. 15, 135–47 (2014). 

184. Kaur, J. & Debnath, J. Autophagy at the crossroads of catabolism and anabolism. Nat. 

Rev. Mol. Cell Biol. 16, 461–472 (2015). 

185. Kroemer, G., Mariño, G. & Levine, B. Autophagy and the integrated stress response. Mol. 

Cell 40, 280–93 (2010). 

186. Yu, Z.-Q. et al. Dual roles of Atg8-PE deconjugation by Atg4 in autophagy. Autophagy 8, 

883–92 (2012). 

187. Tanida, I., Ueno, T. & Kominami, E. LC3 and Autophagy. Methods Mol. Biol. 445, 77–88 

(2008). 

188. Ishdorj, G., Li, L. & Gibson, S. B. Regulation of autophagy in hematological 

malignancies: role of reactive oxygen species. Leuk. Lymphoma 53, 26–33 (2012). 

189. Mahoney, E. et al. ER stress and autophagy: new discoveries in the mechanism of action 

and drug resistance of the cyclin-dependent kinase inhibitor flavopiridol. Blood 120, 

1262–73 (2012). 

190. Amrein, L., Soulières, D., Johnston, J. B. & Aloyz, R. p53 and autophagy contribute to 



127 
 

dasatinib resistance in primary CLL lymphocytes. Leuk. Res. 35, 99–102 (2011). 

191. Kristensen, L. et al. High expression of PI3K core complex genes is associated with poor 

prognosis in chronic lymphocytic leukemia. Leuk. Res. 39, 555–60 (2015). 

192. Bowers, W. E. Christian de Duve and the discovery of lysosomes and peroxisomes. 

Trends Cell Biol. 8, 330–3 (1998). 

193. Chen, J. W., Murphy, T. L., Willingham, M. C., Pastan, I. & August, J. T. Identification of 

two lysosomal membrane glycoproteins. J. Cell Biol. 101, 85–95 (1985). 

194. Kundra, R. & Kornfeld, S. Asparagine-linked oligosaccharides protect Lamp-1 and Lamp-

2 from intracellular proteolysis. J. Biol. Chem. 274, 31039–46 (1999). 

195. Turk, V. et al. Cysteine cathepsins: from structure, function and regulation to new 

frontiers. Biochim. Biophys. Acta 1824, 68–88 (2012). 

196. Settembre, C., Fraldi, A., Medina, D. L. & Ballabio, A. Signals from the lysosome: a 

control centre for cellular clearance and energy metabolism. Nat. Rev. Mol. Cell Biol. 14, 

283–96 (2013). 

197. Sardiello, M. et al. A gene network regulating lysosomal biogenesis and function. Science 

325, 473–7 (2009). 

198. Ploper, D. et al. MITF drives endolysosomal biogenesis and potentiates Wnt signaling in 

melanoma cells. Proc. Natl. Acad. Sci. U. S. A. 112, E420–9 (2015). 

199. Roczniak-Ferguson, A. et al. The transcription factor TFEB links mTORC1 signaling to 

transcriptional control of lysosome homeostasis. Sci. Signal. 5, ra42 (2012). 

200. Saftig, P. & Klumperman, J. Lysosome biogenesis and lysosomal membrane proteins: 

trafficking meets function. Nat. Rev. Mol. Cell Biol. 10, 623–35 (2009). 

201. Xu, H. & Ren, D. Lysosomal physiology. Annu. Rev. Physiol. 77, 57–80 (2015). 

202. Aits, S. & Jäättelä, M. Lysosomal cell death at a glance. J. Cell Sci. 126, 1905–12 (2013). 

203. Kroemer, G. & Jäättelä, M. Lysosomes and autophagy in cell death control. Nat. Rev. 

Cancer 5, 886–97 (2005). 

204. Boya, P. & Kroemer, G. Lysosomal membrane permeabilization in cell death. Oncogene 

27, 6434–51 (2008). 

205. Appelqvist, H. et al. Sensitivity to lysosome-dependent cell death is directly regulated by 

lysosomal cholesterol content. PLoS One 7, e50262 (2012). 

206. Gyrd-Hansen, M., Nylandsted, J. & Jäättelä, M. Heat shock protein 70 promotes cancer 

cell viability by safeguarding lysosomal integrity. Cell Cycle 3, 1484–5 (2004). 

207. Ostenfeld, M. S. et al. Effective tumor cell death by sigma-2 receptor ligand siramesine 

involves lysosomal leakage and oxidative stress. Cancer Res. 65, 8975–83 (2005). 

208. ZALKIN, H., TAPPEL, A. L. & JORDAN, J. P. Studies of the mechanism of vitamin E 

action. V. Selenite and tocopherol inhibition of lipid peroxidation in the chick. Arch. 

Biochem. Biophys. 91, 117–22 (1960). 

209. Fehrenbacher, N. et al. Sensitization to the lysosomal cell death pathway by oncogene-

induced down-regulation of lysosome-associated membrane proteins 1 and 2. Cancer Res. 

68, 6623–33 (2008). 

210. Sukhai, M. A. et al. Lysosomal disruption preferentially targets acute myeloid leukemia 

cells and progenitors. J. Clin. Invest. 123, 315–28 (2013). 

211. Perera, R. M. et al. Transcriptional control of autophagy-lysosome function drives 

pancreatic cancer metabolism. Nature 524, 361–5 (2015). 

212. Petersen, N. H. T. et al. Transformation-associated changes in sphingolipid metabolism 

sensitize cells to lysosomal cell death induced by inhibitors of acid sphingomyelinase. 



128 
 

Cancer Cell 24, 379–93 (2013). 

213. Mena, S. et al. Pterostilbene-induced tumor cytotoxicity: a lysosomal membrane 

permeabilization-dependent mechanism. PLoS One 7, e44524 (2012). 

214. Erdal, H. et al. Induction of lysosomal membrane permeabilization by compounds that 

activate p53-independent apoptosis. Proc. Natl. Acad. Sci. U. S. A. 102, 192–7 (2005). 

215. Chen, Q.-Y. et al. Lysosomal membrane permeabilization is involved in curcumin-

induced apoptosis of A549 lung carcinoma cells. Mol. Cell. Biochem. 359, 389–98 (2012). 

216. Mijatovic, T. et al. Cardenolide-induced lysosomal membrane permeabilization 

demonstrates therapeutic benefits in experimental human non-small cell lung cancers. 

Neoplasia 8, 402–12 (2006). 

217. Nadanaciva, S. et al. A high content screening assay for identifying lysosomotropic 

compounds. Toxicol. In Vitro 25, 715–23 (2011). 

218. Sabella, S. et al. A general mechanism for intracellular toxicity of metal-containing 

nanoparticles. Nanoscale 6, 7052–61 (2014). 

219. Kondratskyi, A. et al. Identification of ML-9 as a lysosomotropic agent targeting 

autophagy and cell death. Cell Death Dis. 5, e1193 (2014). 

220. Zhang, Y., Liao, Z., Zhang, L. & Xiao, H. The utility of chloroquine in cancer therapy. 

Curr. Med. Res. Opin. 31, 1009–13 (2015). 

221. Hsiao, P.-C. et al. Pterostilbene simultaneously induced G0/G1-phase arrest and MAPK-

mediated mitochondrial-derived apoptosis in human acute myeloid leukemia cell lines. 

PLoS One 9, e105342 (2014). 

222. Lagneaux, L. et al. Early induction of apoptosis in B-chronic lymphocytic leukaemia cells 

by hydroxychloroquine: activation of caspase-3 and no protection by survival factors. Br. 

J. Haematol. 112, 344–52 (2001). 

223. Lagneaux, L. et al. Hydroxychloroquine-induced apoptosis of chronic lymphocytic 

leukemia involves activation of caspase-3 and modulation of Bcl-2/bax/ratio. Leuk. 

Lymphoma 43, 1087–95 (2002). 

224. Vlahopoulos, S. et al. New use for old drugs? Prospective targets of chloroquines in 

cancer therapy. Curr. Drug Targets 15, 843–51 (2014). 

225. Ostenfeld, M. S. et al. Anti-cancer agent siramesine is a lysosomotropic detergent that 

induces cytoprotective autophagosome accumulation. Autophagy 4, 487–99 (2008). 

226. Spirkoski, J. et al. Mast cell apoptosis induced by siramesine, a sigma-2 receptor agonist. 

Biochem. Pharmacol. 84, 1671–80 (2012). 

227. Liu, Y., Chen, S., Xue, R., Zhao, J. & Di, M. Mefloquine effectively targets gastric cancer 

cells through phosphatase-dependent inhibition of PI3K/Akt/mTOR signaling pathway. 

Biochem. Biophys. Res. Commun. 470, 350–5 (2016). 

228. Choi, A.-R., Kim, J.-H., Woo, Y. H., Kim, H. S. & Yoon, S. Anti-malarial Drugs 

Primaquine and Chloroquine Have Different Sensitization Effects with Anti-mitotic Drugs 

in Resistant Cancer Cells. Anticancer Res. 36, 1641–8 (2016). 

229. Yan, K.-H. et al. Mefloquine exerts anticancer activity in prostate cancer cells via ROS-

mediated modulation of Akt, ERK, JNK and AMPK signaling. Oncol. Lett. 5, 1541–1545 

(2013). 

230. Fernandes, I. et al. Anti-tumoral activity of imidazoquines, a new class of antimalarials 

derived from primaquine. Bioorg. Med. Chem. Lett. 19, 6914–7 (2009). 

231. Rossi, T. et al. Effects of anti-malarial drugs on MCF-7 and Vero cell replication. 

Anticancer Res. 27, 2555–9 



129 
 

232. Boya, P. et al. Lysosomal Membrane Permeabilization Induces Cell Death in a 

Mitochondrion-dependent Fashion. J. Exp. Med. 197, 1323–1334 (2003). 

233. Döhner, H. et al. Genomic aberrations and survival in chronic lymphocytic leukemia. N. 

Engl. J. Med. 343, 1910–6 (2000). 

234. Van Dyke, D. L. et al. The Dohner fluorescence in situ hybridization prognostic 

classification of chronic lymphocytic leukaemia (CLL): the CLL Research Consortium 

experience. Br. J. Haematol. (2016). doi:10.1111/bjh.13933 

235. Shanafelt, T. D. et al. Cytogenetic abnormalities can change during the course of the 

disease process in chronic lymphocytic leukemia. J. Clin. Oncol. 24, 3218–9; author reply 

3219–20 (2006). 

236. Hallek, M. et al. Serum beta(2)-microglobulin and serum thymidine kinase are 

independent predictors of progression-free survival in chronic lymphocytic leukemia and 

immunocytoma. Leuk. Lymphoma 22, 439–47 (1996). 

237. Berrebi, A., Bassous, L., Haran, M., Shtalrid, M. & Shvidel, L. The significance of 

elevated beta 2-microglobulin (b2-m) in chronic lymphocytic leukemia (CLL): Evidence 

of in vitro secretion following activation of CLL cells. Leuk. Res. 34, e248–9 (2010). 

238. Delgado, J. et al. Beta2-microglobulin is a better predictor of treatment-free survival in 

patients with chronic lymphocytic leukaemia if adjusted according to glomerular filtration 

rate. Br. J. Haematol. 145, 801–5 (2009). 

239. Tsimberidou, A. M. et al. Beta-2 microglobulin (B2M) is an independent prognostic factor 

for clinical outcomes in patients with CLL treated with frontline fludarabine, 

cyclophosphamide, and rituximab (FCR) regardless of age, creatinine clearance (CrCl). 

ASCO Meet. Abstr. 25, 7034 (2007). 

240. Di Giovanni, S., Valentini, G., Carducci, P. & Giallonardo, P. Beta-2-microglobulin is a 

reliable tumor marker in chronic lymphocytic leukemia. Acta Haematol. 81, 181–5 

(1989). 

241. Yan, X.-J. et al. Identification of outcome-correlated cytokine clusters in chronic 

lymphocytic leukemia. Blood 118, 5201–10 (2011). 

242. Lai, R. et al. Prognostic value of plasma interleukin-6 levels in patients with chronic 

lymphocytic leukemia. Cancer 95, 1071–5 (2002). 

243. Yoon, J.-Y. et al. Association of interleukin-6 and interleukin-8 with poor prognosis in 

elderly patients with chronic lymphocytic leukemia. Leuk. Lymphoma 53, 1735–42 

(2012). 

244. Wierda, W. G. et al. Plasma interleukin 8 level predicts for survival in chronic 

lymphocytic leukaemia. Br. J. Haematol. 120, 452–6 (2003). 

245. Molica, S. et al. Baff serum level predicts time to first treatment in early chronic 

lymphocytic leukemia. Eur. J. Haematol. 85, 314–20 (2010). 

246. Lech-Maranda, E. et al. Serum tumor necrosis factor-α and interleukin-10 levels as 

markers to predict outcome of patients with chronic lymphocytic leukemia in different risk 

groups defined by the IGHV mutation status. Arch. Immunol. Ther. Exp. (Warsz). 60, 

477–86 (2012). 

247. Ferrajoli, A. et al. The clinical significance of tumor necrosis factor-alpha plasma level in 

patients having chronic lymphocytic leukemia. Blood 100, 1215–9 (2002). 

248. Ferrajoli, A. et al. High levels of vascular endothelial growth factor receptor-2 correlate 

with shortened survival in chronic lymphocytic leukemia. Clin. Cancer Res. 7, 795–9 

(2001). 



130 
 

249. Magnac, C. et al. Predictive value of serum thymidine kinase level for Ig-V mutational 

status in B-CLL. Leukemia 17, 133–7 (2003). 

250. Sauve, A. A., Munshi, C., Lee, H. C. & Schramm, V. L. The reaction mechanism for 

CD38. A single intermediate is responsible for cyclization, hydrolysis, and base-exchange 

chemistries. Biochemistry 37, 13239–49 (1998). 

251. Del Poeta, G. et al. Clinical significance of CD38 expression in chronic lymphocytic 

leukemia. Blood 98, 2633–9 (2001). 

252. Domingo-Domènech, E. et al. CD38 expression in B-chronic lymphocytic leukemia: 

association with clinical presentation and outcome in 155 patients. Haematologica 87, 

1021–7 (2002). 

253. Ibrahim, S. et al. CD38 expression as an important prognostic factor in B-cell chronic 

lymphocytic leukemia. Blood 98, 181–6 (2001). 

254. Damle, R. N. et al. Ig V gene mutation status and CD38 expression as novel prognostic 

indicators in chronic lymphocytic leukemia. Blood 94, 1840–7 (1999). 

255. Ghia, P. et al. The pattern of CD38 expression defines a distinct subset of chronic 

lymphocytic leukemia (CLL) patients at risk of disease progression. Blood 101, 1262–9 

(2003). 

256. D’Arena, G. et al. CD38 expression does not change in B-cell chronic lymphocytic 

leukemia. Blood 100, 3052–3 (2002). 

257. Claus, R. et al. Validation of ZAP-70 methylation and its relative significance in 

predicting outcome in chronic lymphocytic leukemia. Blood 124, 42–8 (2014). 

258. Wiestner, A. et al. ZAP-70 expression identifies a chronic lymphocytic leukemia subtype 

with unmutated immunoglobulin genes, inferior clinical outcome, and distinct gene 

expression profile. Blood 101, 4944–51 (2003). 

259. Dürig, J. et al. ZAP-70 expression is a prognostic factor in chronic lymphocytic leukemia. 

Leukemia 17, 2426–34 (2003). 

260. Kröber, A. et al. Additional genetic high-risk features such as 11q deletion, 17p deletion, 

and V3-21 usage characterize discordance of ZAP-70 and VH mutation status in chronic 

lymphocytic leukemia. J. Clin. Oncol. 24, 969–75 (2006). 

261. Rosenwald, A. et al. Relation of Gene Expression Phenotype to Immunoglobulin Mutation 

Genotype in B Cell Chronic Lymphocytic Leukemia. J. Exp. Med. 194, 1639–1648 

(2001). 

262. Wiestner, A. et al. ZAP-70 expression identifies a chronic lymphocytic leukemia subtype 

with unmutated immunoglobulin genes, inferior clinical outcome, and distinct gene 

expression profile. Blood 101, 4944–51 (2003). 

263. Oscier, D. G., Thompsett, A., Zhu, D. & Stevenson, F. K. Differential rates of somatic 

hypermutation in V(H) genes among subsets of chronic lymphocytic leukemia defined by 

chromosomal abnormalities. Blood 89, 4153–60 (1997). 

264. Fais, F. et al. Chronic lymphocytic leukemia B cells express restricted sets of mutated and 

unmutated antigen receptors. J. Clin. Invest. 102, 1515–25 (1998). 

265. Hamblin, T. J., Davis, Z., Gardiner, A., Oscier, D. G. & Stevenson, F. K. Unmutated Ig 

V(H) genes are associated with a more aggressive form of chronic lymphocytic leukemia. 

Blood 94, 1848–54 (1999). 

266. Oscier, D. G. et al. Multivariate analysis of prognostic factors in CLL: clinical stage, 

IGVH gene mutational status, and loss or mutation of the p53 gene are independent 

prognostic factors. Blood 100, 1177–84 (2002). 



131 
 

267. Vroblova, V. et al. Significant change in ZAP-70 expression during the course of chronic 

lymphocytic leukemia. Eur. J. Haematol. 84, 513–7 (2010). 

268. Klinger, M. et al. Next-generation IgVH sequencing CLL-like monoclonal B-cell 

lymphocytosis reveals frequent oligoclonality and ongoing hypermutation. Leukemia 

(2015). doi:10.1038/leu.2015.351 

269. Keating, M. J. et al. Fludarabine: a new agent with major activity against chronic 

lymphocytic leukemia. Blood 74, 19–25 (1989). 

270. Chun, H. G., Leyland-Jones, B. & Cheson, B. D. Fludarabine phosphate: a synthetic 

purine antimetabolite with significant activity against lymphoid malignancies. J. Clin. 

Oncol. 9, 175–88 (1991). 

271. Ricci, F., Tedeschi, A., Morra, E. & Montillo, M. Fludarabine in the treatment of chronic 

lymphocytic leukemia: a review. Ther. Clin. Risk Manag. 5, 187–207 (2009). 

272. Robertson, L. E. et al. Induction of apoptotic cell death in chronic lymphocytic leukemia 

by 2-chloro-2’-deoxyadenosine and 9-beta-D-arabinosyl-2-fluoroadenine. Blood 81, 143–

50 (1993). 

273. Huang, P., Sandoval, A., Van Den Neste, E., Keating, M. J. & Plunkett, W. Inhibition of 

RNA transcription: a biochemical mechanism of action against chronic lymphocytic 

leukemia cells by fludarabine. Leukemia 14, 1405–13 (2000). 

274. Yamauchi, T., Nowak, B. J., Keating, M. J. & Plunkett, W. DNA repair initiated in 

chronic lymphocytic leukemia lymphocytes by 4-hydroperoxycyclophosphamide is 

inhibited by fludarabine and clofarabine. Clin. Cancer Res. 7, 3580–9 (2001). 

275. Catovsky, D. et al. Assessment of fludarabine plus cyclophosphamide for patients with 

chronic lymphocytic leukaemia (the LRF CLL4 Trial): a randomised controlled trial. 

Lancet (London, England) 370, 230–9 (2007). 

276. Eichhorst, B. F. et al. Fludarabine plus cyclophosphamide versus fludarabine alone in 

first-line therapy of younger patients with chronic lymphocytic leukemia. Blood 107, 885–

91 (2006). 

277. Hemminki, K. & Kallama, S. Reactions of nitrogen mustards with DNA. IARC Sci. Publ. 

55–70 (1986). at <http://www.ncbi.nlm.nih.gov/pubmed/3583398> 

278. Böttcher, S. et al. Minimal residual disease quantification is an independent predictor of 

progression-free and overall survival in chronic lymphocytic leukemia: a multivariate 

analysis from the randomized GCLLSG CLL8 trial. J. Clin. Oncol. 30, 980–8 (2012). 

279. Hallek, M. et al. Addition of rituximab to fludarabine and cyclophosphamide in patients 

with chronic lymphocytic leukaemia: a randomised, open-label, phase 3 trial. Lancet 376, 

1164–74 (2010). 

280. Robak, T. et al. Rituximab plus fludarabine and cyclophosphamide prolongs progression-

free survival compared with fludarabine and cyclophosphamide alone in previously 

treated chronic lymphocytic leukemia. J. Clin. Oncol. 28, 1756–65 (2010). 

281. Fischer, K. et al. Long term remissions after FCR chemoimmunotherapy in previously 

untreated patients with CLL: updated results of the CLL8 trial. Blood blood–2015–06–

651125 (2015). doi:10.1182/blood-2015-06-651125 

282. Thompson, P. A. & Wierda, W. G. Eliminating minimal residual disease as a therapeutic 

end point: working toward cure for patients with CLL. Blood 127, 279–86 (2016). 

283. Weiner, G. J. Rituximab: mechanism of action. Semin. Hematol. 47, 115–23 (2010). 

284. Shah, N., Tam, C., Seymour, J. F. & Rule, S. How applicable is fludarabine, 

cyclophosphamide and rituximab to the elderly? Leuk. Lymphoma 56, 1599–610 (2015). 



132 
 

285. Goede, V. et al. Obinutuzumab plus chlorambucil in patients with CLL and coexisting 

conditions. N. Engl. J. Med. 370, 1101–10 (2014). 

286. Aivado, M. et al. Bendamustine in the treatment of chronic lymphocytic leukemia: results 

and future perspectives. Semin. Oncol. 29, 19–22 (2002). 

287. Knauf, W. U. et al. Phase III randomized study of bendamustine compared with 

chlorambucil in previously untreated patients with chronic lymphocytic leukemia. J. Clin. 

Oncol. 27, 4378–84 (2009). 

288. Knauf, W. U. et al. Bendamustine compared with chlorambucil in previously untreated 

patients with chronic lymphocytic leukaemia: updated results of a randomized phase III 

trial. Br. J. Haematol. 159, 67–77 (2012). 

289. Ninkovic, M. et al. Routine Use of Bendamustine in Patients with Chronic Lymphocytic 

Leukemia: An Observational Study. Anticancer Res. 35, 5129–39 (2015). 

290. Cortelezzi, A. et al. Bendamustine in combination with Ofatumumab in relapsed or 

refractory chronic lymphocytic leukemia: a GIMEMA Multicenter Phase II Trial. 

Leukemia 28, 642–648 (2014). 

291. Chanan-Khan, A. et al. Ibrutinib combined with bendamustine and rituximab compared 

with placebo, bendamustine, and rituximab for previously treated chronic lymphocytic 

leukaemia or small lymphocytic lymphoma (HELIOS): a randomised, double-blind, phase 

3 study. Lancet. Oncol. (2015). doi:10.1016/S1470-2045(15)00465-9 

292. Wierda, W. G. et al. Ofatumumab as single-agent CD20 immunotherapy in fludarabine-

refractory chronic lymphocytic leukemia. J. Clin. Oncol. 28, 1749–55 (2010). 

293. Byrd, J. C. et al. Randomized phase 2 study of obinutuzumab monotherapy in 

symptomatic, previously untreated chronic lymphocytic leukemia. Blood 127, 79–86 

(2016). 

294. Cragg, M. S. CD20 antibodies: doing the time warp. Blood 118, 219–20 (2011). 

295. Church, A. K. et al. Anti-CD20 monoclonal antibody-dependent phagocytosis of chronic 

lymphocytic leukaemia cells by autologous macrophages. Clin. Exp. Immunol. 183, 90–

101 (2016). 

296. Fraser, G., Smith, C. A., Imrie, K. & Meyer, R. Alemtuzumab in chronic lymphocytic 

leukemia. Curr. Oncol. 14, 96–109 (2007). 

297. Stilgenbauer, S. et al. Subcutaneous alemtuzumab in fludarabine-refractory chronic 

lymphocytic leukemia: clinical results and prognostic marker analyses from the CLL2H 

study of the German Chronic Lymphocytic Leukemia Study Group. J. Clin. Oncol. 27, 

3994–4001 (2009). 

298. Mauro, F. R. et al. Fludarabine plus alemtuzumab (FA) front-line treatment in young 

patients with chronic lymphocytic leukemia (CLL) and an adverse biologic profile. Leuk. 

Res. 38, 198–203 (2014). 

299. Geisler, C. H. et al. Frontline low-dose alemtuzumab with fludarabine and 

cyclophosphamide prolongs progression-free survival in high-risk CLL. Blood 123, 3255–

62 (2014). 

300. Beers, S. A. et al. Type II (tositumomab) anti-CD20 monoclonal antibody out performs 

type I (rituximab-like) reagents in B-cell depletion regardless of complement activation. 

Blood 112, 4170–7 (2008). 

301. Jain, N. et al. A phase 2 study of yttrium-90 ibritumomab tiuxetan (Zevalin) in patients 

with chronic lymphocytic leukemia. Cancer 115, 4533–9 (2009). 

302. Zhang, S. et al. Targeting chronic lymphocytic leukemia cells with a humanized 



133 
 

monoclonal antibody specific for CD44. Proc. Natl. Acad. Sci. U. S. A. 110, 6127–32 

(2013). 

303. Middleton, O. et al. Complement deficiencies limit CD20 monoclonal antibody treatment 

efficacy in CLL. Leukemia 29, 107–14 (2015). 

304. Ben-Bassat, I., Raanani, P. & Gale, R. P. Graft-versus-leukemia in chronic lymphocytic 

leukemia. Bone Marrow Transplant. 39, 441–6 (2007). 

305. Dreger, P. & Montserrat, E. Autologous and allogeneic stem cell transplantation for 

chronic lymphocytic leukemia. Leukemia 16, 985–92 (2002). 

306. Böttcher, S., Ritgen, M. & Dreger, P. Allogeneic stem cell transplantation for chronic 

lymphocytic leukemia: lessons to be learned from minimal residual disease studies. Blood 

Rev. 25, 91–6 (2011). 

307. Schetelig, J. et al. Evidence of a graft-versus-leukemia effect in chronic lymphocytic 

leukemia after reduced-intensity conditioning and allogeneic stem-cell transplantation: the 

Cooperative German Transplant Study Group. J. Clin. Oncol. 21, 2747–53 (2003). 

308. Dreger, P. et al. Treatment-related mortality and graft-versus-leukemia activity after 

allogeneic stem cell transplantation for chronic lymphocytic leukemia using intensity-

reduced conditioning. Leukemia 17, 841–8 (2003). 

309. Machaczka, M. et al. High incidence of chronic graft-versus-host disease after 

myeloablative allogeneic stem cell transplantation for chronic lymphocytic leukemia in 

Sweden: graft-versus-leukemia effect protects against relapse. Med. Oncol. 30, 762 

(2013). 

310. Boyiadzis, M., Foon, K. A. & Pavletic, S. Hematopoietic stem cell transplantation for 

chronic lymphocytic leukemia: potential cure for an incurable disease. Expert Opin. Biol. 

Ther. 7, 1789–97 (2007). 

311. Brown, J. R. et al. Long-term follow-up of reduced-intensity allogeneic stem cell 

transplantation for chronic lymphocytic leukemia: prognostic model to predict outcome. 

Leukemia 27, 362–9 (2013). 

312. Khouri, I. F. et al. Nonmyeloablative allogeneic stem cell transplantation in 

relapsed/refractory chronic lymphocytic leukemia: long-term follow-up, prognostic 

factors, and effect of human leukocyte histocompatibility antigen subtype on outcome. 

Cancer 117, 4679–88 (2011). 

313. Herman, S. E. M. et al. Ibrutinib-induced lymphocytosis in patients with chronic 

lymphocytic leukemia: correlative analyses from a phase II study. Leukemia 28, 2188–96 

(2014). 

314. Woyach, J. A. et al. Prolonged lymphocytosis during ibrutinib therapy is associated with 

distinct molecular characteristics and does not indicate a suboptimal response to therapy. 

Blood 123, 1810–1817 (2014). 

315. Woyach, J. A. et al. Resistance mechanisms for the Bruton’s tyrosine kinase inhibitor 

ibrutinib. N. Engl. J. Med. 370, 2286–94 (2014). 

316. Liu, T.-M. et al. Hypermorphic mutation of phospholipase C, γ2 acquired in ibrutinib-

resistant CLL confers BTK independency upon B-cell receptor activation. Blood 126, 61–

8 (2015). 

317. Bitar, C. et al. Hair and Nail Changes During Long-term Therapy With Ibrutinib for 

Chronic Lymphocytic Leukemia. JAMA dermatology (2016). 

doi:10.1001/jamadermatol.2016.0225 

318. Furman, R. R. et al. Idelalisib and Rituximab in Relapsed Chronic Lymphocytic 



134 
 

Leukemia. N. Engl. J. Med. 370, 997–1007 (2014). 

319. Brown, J. R. et al. Idelalisib, an inhibitor of phosphatidylinositol 3-kinase p110δ, for 

relapsed/refractory chronic lymphocytic leukemia. Blood 123, 3390–7 (2014). 

320. Coutré, S. E. et al. Management of adverse events associated with idelalisib treatment: 

expert panel opinion. Leuk. Lymphoma 56, 2779–86 (2015). 

321. Rozovski, U. et al. Stimulation of the B-cell receptor activates the JAK2/STAT3 signaling 

pathway in chronic lymphocytic leukemia cells. Blood 123, 3797–802 (2014). 

322. Spaner, D. E. et al. Activity of the janus kinase inhibitor Ruxolitinib in chronic 

lymphocytic leukemia: results of a phase II trial. Haematologica haematol.2015.135418– 

(2016). doi:10.3324/haematol.2015.135418 

323. Veldurthy, A. et al. The kinase inhibitor dasatinib induces apoptosis in chronic 

lymphocytic leukemia cells in vitro with preference for a subgroup of patients with 

unmutated IgVH genes. Blood 112, 1443–52 (2008). 

324. McCaig, A. M., Cosimo, E., Leach, M. T. & Michie, A. M. Dasatinib inhibits B cell 

receptor signalling in chronic lymphocytic leukaemia but novel combination approaches 

are required to overcome additional pro-survival microenvironmental signals. Br. J. 

Haematol. 153, 199–211 (2011). 

325. Amrein, L. et al. Dasatinib sensitizes primary chronic lymphocytic leukaemia 

lymphocytes to chlorambucil and fludarabine in vitro. Br. J. Haematol. 143, 698–706 

(2008). 

326. Harr, M. W. et al. Inhibition of Lck enhances glucocorticoid sensitivity and apoptosis in 

lymphoid cell lines and in chronic lymphocytic leukemia. Cell Death Differ. 17, 1381–91 

(2010). 

327. Tavolaro, S. et al. Gene expression profile of protein kinases reveals a distinctive 

signature in chronic lymphocytic leukemia and in vitro experiments support a role of 

second generation protein kinase inhibitors. Leuk. Res. 34, 733–41 (2010). 

328. Song, Z. et al. Activities of SYK and PLCgamma2 predict apoptotic response of CLL 

cells to SRC tyrosine kinase inhibitor dasatinib. Clin. Cancer Res. 16, 587–99 (2010). 

329. Amrein, P. C. et al. Phase II study of dasatinib in relapsed or refractory chronic 

lymphocytic leukemia. Clin. Cancer Res. 17, 2977–86 (2011). 

330. Jebaraj, B. M. C. et al. BRAF mutations in chronic lymphocytic leukemia. Leuk. 

Lymphoma 54, 1177–82 (2013). 

331. Huber, S. et al. Sorafenib induces cell death in chronic lymphocytic leukemia by 

translational downregulation of Mcl-1. Leukemia 25, 838–47 (2011). 

332. Fecteau, J.-F. et al. Sorafenib-induced apoptosis of chronic lymphocytic leukemia cells is 

associated with downregulation of RAF and myeloid cell leukemia sequence 1 (Mcl-1). 

Mol. Med. 18, 19–28 (2012). 

333. López-Guerra, M. et al. Sorafenib targets BCR kinases and blocks migratory and 

microenvironmental survival signals in CLL cells. Leukemia 26, 1429–32 (2012). 

334. Kuckertz, M. et al. Comparison of the effects of two kinase inhibitors, sorafenib and 

dasatinib, on chronic lymphocytic leukemia cells. Onkologie 35, 420–6 (2012). 

335. Yaktapour, N. et al. Insulin-like growth factor-1 receptor (IGF1R) as a novel target in 

chronic lymphocytic leukemia. Blood 122, 1621–33 (2013). 

336. Baudot, A. D. et al. The tyrosine kinase Syk regulates the survival of chronic lymphocytic 

leukemia B cells through PKCdelta and proteasome-dependent regulation of Mcl-1 

expression. Oncogene 28, 3261–73 (2009). 



135 
 

337. Quiroga, M. P. et al. B-cell antigen receptor signaling enhances chronic lymphocytic 

leukemia cell migration and survival: specific targeting with a novel spleen tyrosine 

kinase inhibitor, R406. Blood 114, 1029–37 (2009). 

338. Buchner, M. et al. Spleen tyrosine kinase inhibition prevents chemokine- and integrin-

mediated stromal protective effects in chronic lymphocytic leukemia. Blood 115, 4497–

506 (2010). 

339. Suljagic, M. et al. The Syk inhibitor fostamatinib disodium (R788) inhibits tumor growth 

in the Eμ- TCL1 transgenic mouse model of CLL by blocking antigen-dependent B-cell 

receptor signaling. Blood 116, 4894–905 (2010). 

340. Friedberg, J. W. et al. Inhibition of Syk with fostamatinib disodium has significant clinical 

activity in non-Hodgkin lymphoma and chronic lymphocytic leukemia. Blood 115, 2578–

85 (2010). 

341. Hoellenriegel, J. et al. Selective, novel spleen tyrosine kinase (Syk) inhibitors suppress 

chronic lymphocytic leukemia B-cell activation and migration. Leukemia 26, 1576–83 

(2012). 

342. Burke, R. T. et al. A potential therapeutic strategy for chronic lymphocytic leukemia by 

combining Idelalisib and GS-9973, a novel spleen tyrosine kinase (Syk) inhibitor. 

Oncotarget 5, 908–15 (2014). 

343. Spurgeon, S. E. et al. The selective SYK inhibitor P505-15 (PRT062607) inhibits B cell 

signaling and function in vitro and in vivo and augments the activity of fludarabine in 

chronic lymphocytic leukemia. J. Pharmacol. Exp. Ther. 344, 378–87 (2013). 

344. Sharman, J. et al. An open-label phase 2 trial of entospletinib (GS-9973), a selective 

spleen tyrosine kinase inhibitor, in chronic lymphocytic leukemia. Blood 125, 2336–43 

(2015). 

345. Muhsin, M., Graham, J. & Kirkpatrick, P. Gefitinib. Nat. Rev. Drug Discov. 2, 515–6 

(2003). 

346. Weber, C., Schreiber, T. B. & Daub, H. Dual phosphoproteomics and chemical 

proteomics analysis of erlotinib and gefitinib interference in acute myeloid leukemia cells. 

J. Proteomics 75, 1343–56 (2012). 

347. Hahn, C. K. et al. Proteomic and genetic approaches identify Syk as an AML target. 

Cancer Cell 16, 281–94 (2009). 

348. Han, T. et al. Bone marrow infiltration patterns and their prognostic significance in 

chronic lymphocytic leukemia: correlations with clinical, immunologic, phenotypic, and 

cytogenetic data. J. Clin. Oncol. 2, 562–570 (1984). 

349. Schwartz, J. B. & Shamsuddin, A. M. The effects of leukemic infiltrates in various organs 

in chronic lymphocytic leukemia. Hum. Pathol. 12, 432–440 (1981). 

350. Applefeld, M. M., Milner, S. D., Vigorito, R. D. & Shamsuddin, A. M. Congestive heart 

failure and endocardial fibroelastosis caused by chronic lymphocytic leukemia. Cancer 

46, 1479–1484 (1980). 

351. Hill, B. T., Weil, A. C., Kalaycio, M. & Cook, J. R. Pulmonary involvement by chronic 

lymphocytic leukemia/small lymphocytic lymphoma is a specific pathologic finding 

independent of inflammatory infiltration. Leuk. Lymphoma 53, 589–95 (2012). 

352. Colburn, D. E., Welch, M.-A. & Giles, F. J. Skin infiltration with chronic lymphocytic 

leukemia is consistent with a good prognosis. Hematology 7, 187–8 (2002). 

353. Robak, E. & Robak, T. Skin lesions in chronic lymphocytic leukemia. Leuk. Lymphoma 

48, 855–65 (2007). 



136 
 

354. Lafouresse, F. et al. L-selectin controls trafficking of chronic lymphocytic leukemia cells 

in lymph node high endothelial venules in vivo. Blood 126, 1336–45 (2015). 

355. Ponzoni, M., Doglioni, C. & Caligaris-Cappio, F. Chronic lymphocytic leukemia: the 

pathologist’s view of lymph node microenvironment. Semin. Diagn. Pathol. 28, 161–6 

(2011). 

356. Giné, E. et al. Expanded and highly active proliferation centers identify a histological 

subtype of chronic lymphocytic leukemia (‘accelerated’ chronic lymphocytic leukemia) 

with aggressive clinical behavior. Haematologica 95, 1526–33 (2010). 

357. Herishanu, Y. et al. The lymph node microenvironment promotes B-cell receptor 

signaling, NF-kappaB activation, and tumor proliferation in chronic lymphocytic 

leukemia. Blood 117, 563–74 (2011). 

358. Gitelson, E. et al. Chronic Lymphocytic Leukemia-reactive T Cells during Disease 

Progression and after Autologous Tumor Cell Vaccines. Clin. Cancer Res. 9, 1656–1665 

(2003). 

359. Kokhaei, P. et al. Apoptotic tumor cells are superior to tumor cell lysate, and tumor cell 

RNA in induction of autologous T cell response in B-CLL. Leukemia 18, 1810–5 (2004). 

360. Rezvany, M. R. et al. Autologous T lymphocytes may specifically recognize leukaemic B 

cells in patients with chronic lymphocytic leukaemia. Br. J. Haematol. 111, 608–17 

(2000). 

361. Kowalewski, D. J. et al. HLA ligandome analysis identifies the underlying specificities of 

spontaneous antileukemia immune responses in chronic lymphocytic leukemia (CLL). 

Proc. Natl. Acad. Sci. U. S. A. 112, E166–75 (2015). 

362. Gassner, F. J. et al. Fludarabine modulates composition and function of the T cell pool in 

patients with chronic lymphocytic leukaemia. Cancer Immunol. Immunother. 60, 75–85 

(2011). 

363. Kiaii, S. et al. Signaling molecules and cytokine production in T cells of patients with B-

cell chronic lymphocytic leukemia: long-term effects of fludarabine and alemtuzumab 

treatment. Leuk. Lymphoma 47, 1229–38 (2006). 

364. Lundin, J. et al. Cellular immune reconstitution after subcutaneous alemtuzumab (anti-

CD52 monoclonal antibody, CAMPATH-1H) treatment as first-line therapy for B-cell 

chronic lymphocytic leukaemia. Leukemia 18, 484–90 (2004). 

365. Nosari, A. Infectious complications in chronic lymphocytic leukemia. Mediterr. J. 

Hematol. Infect. Dis. 4, e2012070 (2012). 

366. Molica, S. et al. Prognostic value of enhanced bone marrow angiogenesis in early B-cell 

chronic lymphocytic leukemia. Blood 100, 3344–51 (2002). 

367. Vega, F. et al. The stromal composition of malignant lymphoid aggregates in bone 

marrow: variations in architecture and phenotype in different B-cell tumours. Br. J. 

Haematol. 117, 569–76 (2002). 

368. Schade, U. et al. Bone marrow infiltration pattern in B-cell chronic lymphocytic leukemia 

is related to immunoglobulin heavy-chain variable region mutation status and expression 

of 70-kd zeta-associated protein (ZAP-70). Hum. Pathol. 37, 1153–61 (2006). 

369. Zanotti, R. et al. ZAP-70 expression, as detected by immunohistochemistry on bone 

marrow biopsies from early-phase CLL patients, is a strong adverse prognostic factor. 

Leukemia 21, 102–9 (2007). 

370. Calpe, E. et al. ZAP-70 promotes the infiltration of malignant B-lymphocytes into the 

bone marrow by enhancing signaling and migration after CXCR4 stimulation. PLoS One 



137 
 

8, e81221 (2013). 

371. Kurtova, A. V et al. Diverse marrow stromal cells protect CLL cells from spontaneous 

and drug-induced apoptosis: development of a reliable and reproducible system to assess 

stromal cell adhesion-mediated drug resistance. Blood 114, 4441–50 (2009). 

372. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646–

74 (2011). 

373. Heinig, K. et al. Access to follicular dendritic cells is a pivotal step in murine chronic 

lymphocytic leukemia B-cell activation and proliferation. Cancer Discov. 4, 1448–65 

(2014). 

374. Paggetti, J. et al. Exosomes released by chronic lymphocytic leukemia cells induce the 

transition of stromal cells into cancer-associated fibroblasts. Blood 126, 1106–17 (2015). 

375. Panayiotidis, P., Jones, D., Ganeshaguru, K., Foroni, L. & Hoffbrand, A. V. Human bone 

marrow stromal cells prevent apoptosis and support the survival of chronic lymphocytic 

leukaemia cells in vitro. Br. J. Haematol. 92, 97–103 (1996). 

376. Lagneaux, L., Delforge, A., De Bruyn, C., Bernier, M. & Bron, D. Adhesion to bone 

marrow stroma inhibits apoptosis of chronic lymphocytic leukemia cells. Leuk. Lymphoma 

35, 445–53 (1999). 

377. Lafarge, S. T. et al. Differential expression and function of CD27 in chronic lymphocytic 

leukemia cells expressing ZAP-70. Leuk. Res. 39, 773–8 (2015). 

378. Zhang, W. et al. Stromal control of cystine metabolism promotes cancer cell survival in 

chronic lymphocytic leukaemia. Nat. Cell Biol. 14, 276–86 (2012). 

379. Gehrke, I., Gandhirajan, R. K., Poll-Wolbeck, S. J., Hallek, M. & Kreuzer, K.-A. Bone 

marrow stromal cell-derived vascular endothelial growth factor (VEGF) rather than 

chronic lymphocytic leukemia (CLL) cell-derived VEGF is essential for the apoptotic 

resistance of cultured CLL cells. Mol. Med. 17, 619–27 (2011). 

380. Burger, J. A., Burger, M. & Kipps, T. J. Chronic lymphocytic leukemia B cells express 

functional CXCR4 chemokine receptors that mediate spontaneous migration beneath bone 

marrow stromal cells. Blood 94, 3658–67 (1999). 

381. Jitschin, R. et al. Stromal cell-mediated glycolytic switch in CLL cells involves Notch-c-

Myc signaling. Blood 125, 3432–6 (2015). 

382. Pedersen, I. M. et al. Protection of CLL B cells by a follicular dendritic cell line is 

dependent on induction of Mcl-1. Blood 100, 1795–801 (2002). 

383. Saulep-Easton, D. et al. Cytokine-driven loss of plasmacytoid dendritic cell function in 

chronic lymphocytic leukemia. Leukemia 28, 2005–15 (2014). 

384. Orsini, E. et al. Phenotypic and functional characterization of monocyte-derived dendritic 

cells in chronic lymphocytic leukaemia patients: influence of neoplastic CD19 cells in 

vivo and in vitro. Br. J. Haematol. 125, 720–8 (2004). 

385. Messmer, D. et al. Dendritic cells from chronic lymphocytic leukemia patients are normal 

regardless of Ig V gene mutation status. Mol. Med. 10, 96–103 (2004). 

386. Orsini, E., Guarini, A., Chiaretti, S., Mauro, F. R. & Foa, R. The circulating dendritic cell 

compartment in patients with chronic lymphocytic leukemia is severely defective and 

unable to stimulate an effective T-cell response. Cancer Res. 63, 4497–506 (2003). 

387. Burger, J. A. et al. Blood-derived nurse-like cells protect chronic lymphocytic leukemia B 

cells from spontaneous apoptosis through stromal cell-derived factor-1. Blood 96, 2655–

63 (2000). 

388. Filip, A. A., Ciseł, B. & Wąsik-Szczepanek, E. Guilty bystanders: nurse-like cells as a 



138 
 

model of microenvironmental support for leukemic lymphocytes. Clin. Exp. Med. 15, 73–

83 (2015). 

389. Boissard, F., Fournié, J.-J., Laurent, C., Poupot, M. & Ysebaert, L. Nurse like cells: 

chronic lymphocytic leukemia associated macrophages. Leuk. Lymphoma 56, 1570–2 

(2015). 

390. Boissard, F. et al. Nurse-like cells impact on disease progression in chronic lymphocytic 

leukemia. Blood Cancer J. 6, e381 (2016). 

391. Cols, M. et al. Stromal endothelial cells establish a bidirectional crosstalk with chronic 

lymphocytic leukemia cells through the TNF-related factors BAFF, APRIL, and CD40L. 

J. Immunol. 188, 6071–83 (2012). 

392. Moreno, A. et al. Interleukin-6 dimers produced by endothelial cells inhibit apoptosis of 

B-chronic lymphocytic leukemia cells. Blood 97, 242–9 (2001). 

393. Walsby, E. et al. Development and characterization of a physiologically relevant model of 

lymphocyte migration in chronic lymphocytic leukemia. Blood 123, 3607–17 (2014). 

394. Hamilton, E. et al. Mimicking the tumour microenvironment: three different co-culture 

systems induce a similar phenotype but distinct proliferative signals in primary chronic 

lymphocytic leukaemia cells. Br. J. Haematol. 158, 589–99 (2012). 

395. Sampalo, A. & Brieva, J. A. Humoral immunodeficiency in chronic lymphocytic 

leukemia: role of CD95/CD95L in tumoral damage and escape. Leuk. Lymphoma 43, 881–

4 (2002). 

396. Sampalo, A. et al. Chronic lymphocytic leukemia B cells inhibit spontaneous Ig 

production by autologous bone marrow cells: role of CD95-CD95L interaction. Blood 96, 

3168–74 (2000). 

397. Lapalombella, R. et al. Lenalidomide treatment promotes CD154 expression on CLL cells 

and enhances production of antibodies by normal B cells through a PI3-kinase-dependent 

pathway. Blood 115, 2619–29 (2010). 

398. Vanura, K. et al. Chronic lymphocytic leukemia patients have a preserved 

cytomegalovirus-specific antibody response despite progressive hypogammaglobulinemia. 

PLoS One 8, e78925 (2013). 

399. Ben-Bassat, I., Many, A., Modan, M., Peretz, C. & Ramot, B. Serum immunoglobulins in 

chronic lymphocytic leukemia. Am. J. Med. Sci. 278, 4–9 

400. Andersen, M. A. et al. Hypogammaglobulinemia in newly diagnosed chronic lymphocytic 

leukemia is a predictor of early death. Leuk. Lymphoma 1–8 (2016). 

doi:10.3109/10428194.2016.1142082 

401. Sinisalo, M. et al. Similar humoral immunity parameters in chronic lymphocytic leukemia 

patients independent of VH gene mutation status. Leuk. Lymphoma 45, 2451–4 (2004). 

402. Sun, C. et al. Partial reconstitution of humoral immunity and fewer infections in patients 

with chronic lymphocytic leukemia treated with ibrutinib. Blood 126, 2213–9 (2015). 

403. Alexandrescu, D. T. & Wiernik, P. H. Serum globulins as marker of immune restoration 

after treatment with high-dose rituximab for chronic lymphocytic leukemia. Med. Oncol. 

25, 309–14 (2008). 

404. Hojjat-Farsangi, M. et al. Spontaneous Immunity Against the Receptor Tyrosine Kinase 

ROR1 in Patients with Chronic Lymphocytic Leukemia. PLoS One 10, e0142310 (2015). 

405. Friedrichs, B. et al. Humoral immune responses against the immature laminin receptor 

protein show prognostic significance in patients with chronic lymphocytic leukemia. J. 

Immunol. 180, 6374–84 (2008). 



139 
 

406. Chiorazzi, N. et al. T cell helper defect in patients with chronic lymphocytic leukemia. J. 

Immunol. 122, 1087–90 (1979). 

407. Lauria, F. et al. T-cell functional abnormality in B-chronic lymphocytic leukaemia: 

evidence of a defect of the T-helper subset. Br. J. Haematol. 54, 277–83 (1983). 

408. Burton, J. D., Weitz, C. H. & Kay, N. E. Malignant chronic lymphocytic leukemia B cells 

elaborate soluble factors that down-regulate T cell and NK function. Am. J. Hematol. 30, 

61–7 (1989). 

409. Kneitz, C. et al. Inhibition of T cell/B cell interaction by B-CLL cells. Leukemia 13, 98–

104 (1999). 

410. Shanafelt, T. D. et al. Long-term repair of T-cell synapse activity in a phase II trial of 

chemoimmunotherapy followed by lenalidomide consolidation in previously untreated 

chronic lymphocytic leukemia (CLL). Blood 121, 4137–41 (2013). 

411. Motta, M. et al. Increased expression of CD152 (CTLA-4) by normal T lymphocytes in 

untreated patients with B-cell chronic lymphocytic leukemia. Leukemia 19, 1788–93 

(2005). 

412. Pallasch, C. P. et al. Disruption of T cell suppression in chronic lymphocytic leukemia by 

CD200 blockade. Leuk. Res. 33, 460–4 (2009). 

413. Kay, N. E. & Kaplan, M. E. Defective T cell responsiveness in chronic lymphocytic 

leukemia: analysis of activation events. Blood 67, 578–81 (1986). 

414. Riches, J. C. et al. T cells from CLL patients exhibit features of T-cell exhaustion but 

retain capacity for cytokine production. Blood 121, 1612–21 (2013). 

415. Rossi, E. et al. Zeta chain and CD28 are poorly expressed on T lymphocytes from chronic 

lymphocytic leukemia. Leukemia 10, 494–7 (1996). 

416. Rossmann, E. D., Jeddi-Tehrani, M., Osterborg, A. & Mellstedt, H. T-cell signaling and 

costimulatory molecules in B-chronic lymphocytic leukemia (B-CLL): an increased 

abnormal expression by advancing stage. Leukemia 17, 2252–4 (2003). 

417. te Raa, G. D. et al. Chronic lymphocytic leukemia specific T-cell subset alterations are 

clone-size dependent and not present in monoclonal B lymphocytosis. Leuk. Lymphoma 

53, 2321–5 (2012). 

418. Kimby, E., Mellstedt, H., Nilsson, B., Björkholm, M. & Holm, G. Differences in blood T 

and NK cell populations between chronic lymphocytic leukemia of B cell type (B-CLL) 

and monoclonal B-lymphocytosis of undetermined significance (B-MLUS). Leukemia 3, 

501–4 (1989). 

419. Wong, R. et al. Blinatumomab induces autologous T-cell killing of chronic lymphocytic 

leukemia cells. Haematologica 98, 1930–8 (2013). 

420. D’Arena, G. et al. Regulatory T-cell number is increased in chronic lymphocytic leukemia 

patients and correlates with progressive disease. Leuk. Res. 35, 363–8 (2011). 

421. Giannoni, P. et al. Chronic lymphocytic leukemia nurse-like cells express hepatocyte 

growth factor receptor (c-MET) and indoleamine 2,3-dioxygenase and display features of 

immunosuppressive type 2 skewed macrophages. Haematologica 99, 1078–87 (2014). 

422. Huergo-Zapico, L. et al. Expansion of NK cells and reduction of NKG2D expression in 

chronic lymphocytic leukemia. Correlation with progressive disease. PLoS One 9, 

e108326 (2014). 

423. Herrmann, F. et al. Further evidence for T cell abnormalities in chronic lymphocytic 

leukaemia of the B cell type. Clin. Exp. Immunol. 53, 109–14 (1983). 

424. Kay, N. E. & Zarling, J. M. Impaired natural killer activity in patients with chronic 



140 
 

lymphocytic leukemia is associated with a deficiency of azurophilic cytoplasmic granules 

in putative NK cells. Blood 63, 305–9 (1984). 

425. Veuillen, C. et al. Primary B-CLL resistance to NK cell cytotoxicity can be overcome in 

vitro and in vivo by priming NK cells and monoclonal antibody therapy. J. Clin. Immunol. 

32, 632–46 (2012). 

426. Maki, G. et al. NK resistance of tumor cells from multiple myeloma and chronic 

lymphocytic leukemia patients: implication of HLA-G. Leukemia 22, 998–1006 (2008). 

427. Reiners, K. S. et al. Soluble ligands for NK cell receptors promote evasion of chronic 

lymphocytic leukemia cells from NK cell anti-tumor activity. Blood 121, 3658–65 (2013). 

428. Le Garff-Tavernier, M. et al. Analysis of CD16+CD56dim NK cells from CLL patients: 

evidence supporting a therapeutic strategy with optimized anti-CD20 monoclonal 

antibodies. Leukemia 25, 101–9 (2011). 

429. Rafiq, S. et al. Comparative assessment of clinically utilized CD20-directed antibodies in 

chronic lymphocytic leukemia cells reveals divergent NK cell, monocyte, and macrophage 

properties. J. Immunol. 190, 2702–11 (2013). 

430. Pattengale, P. K. et al. Lysis of fresh human B-lymphocyte-derived leukemia cells by 

interferon-activated natural killer (NK) cells. Int. J. Cancer 29, 1–7 (1982). 

431. Boehrer, S. et al. Erlotinib exhibits antineoplastic off-target effects in AML and MDS: a 

preclinical study. Blood 111, 2170–80 (2008). 

432. Boehrer, S. et al. Erlotinib and gefitinib for the treatment of myelodysplastic syndrome 

and acute myeloid leukemia: a preclinical comparison. Biochem. Pharmacol. 76, 1417–25 

(2008). 

433. Stegmaier, K. et al. Gefitinib induces myeloid differentiation of acute myeloid leukemia. 

Blood 106, 2841–8 (2005). 

434. Begleiter, A. et al. Comparison of antitumor activities of 2-chlorodeoxyadenosine and 9-

beta-arabinosyl-2-fluoroadenine in chronic lymphocytic leukemia and marrow cells in 

vitro. Leukemia 9, 1875–81 (1995). 

435. Kil, L. P., Yuvaraj, S., Langerak, A. W. & Hendriks, R. W. The role of B cell receptor 

stimulation in CLL pathogenesis. Curr. Pharm. Des. 18, 3335–55 (2012). 

436. Fabbri, G. & Dalla-Favera, R. The molecular pathogenesis of chronic lymphocytic 

leukaemia. Nat. Rev. Cancer 16, 145–162 (2016). 

437. Haura, E. B., Sommers, E., Song, L., Chiappori, A. & Becker, A. A pilot study of 

preoperative gefitinib for early-stage lung cancer to assess intratumor drug concentration 

and pathways mediating primary resistance. J. Thorac. Oncol. 5, 1806–14 (2010). 

438. McKillop, D. et al. Tumor penetration of gefitinib (Iressa), an epidermal growth factor 

receptor tyrosine kinase inhibitor. Mol. Cancer Ther. 4, 641–9 (2005). 

439. Di Michele, M. et al. Limited Proteolysis Combined with Stable Isotope Labeling Reveals 

Conformational Changes in Protein (Pseudo)kinases upon Binding Small Molecules. J. 

Proteome Res. 14, 4179–4193 (2015). 

440. Johnson, D. K. & Karanicolas, J. Selectivity by small-molecule inhibitors of protein 

interactions can be driven by protein surface fluctuations. PLoS Comput. Biol. 11, 

e1004081 (2015). 

441. Arkin, M. R. & Wells, J. A. Small-molecule inhibitors of protein–protein interactions: 

progressing towards the dream. Nat. Rev. Drug Discov. 3, 301–317 (2004). 

442. Yee, D. Adaptor proteins as targets for cancer prevention. Cancer Prev. Res. (Phila). 3, 

263–5 (2010). 



141 
 

443. Zhong, L., Wu, C.-H., Lee, W.-H. & Liu, C.-P. Zeta-Associated Protein of 70 kDa (ZAP-

70), but Not Syk, Tyrosine Kinase Can Mediate Apoptosis of T Cells through the Fas/Fas 

Ligand, Caspase-8 and Caspase-3 Pathways. J. Immunol. 172, 1472–1482 (2004). 

444. Ryland, L. K., Fox, T. E., Liu, X., Loughran, T. P. & Kester, M. Dysregulation of 

sphingolipid metabolism in cancer. Cancer Biol. Ther. 11, 138–49 (2011). 

445. Don, A. S., Lim, X. Y. & Couttas, T. A. Re-configuration of sphingolipid metabolism by 

oncogenic transformation. Biomolecules 4, 315–53 (2014). 

446. Truman, J.-P., García-Barros, M., Obeid, L. M. & Hannun, Y. A. Evolving concepts in 

cancer therapy through targeting sphingolipid metabolism. Biochim. Biophys. Acta 1841, 

1174–88 (2014). 

447. Kawamori, T. et al. Sphingosine kinase 1 is up-regulated in colon carcinogenesis. FASEB 

J. 20, 386–8 (2006). 

448. Johnson, K. R. et al. Immunohistochemical distribution of sphingosine kinase 1 in normal 

and tumor lung tissue. J. Histochem. Cytochem. 53, 1159–66 (2005). 

449. Le Scolan, E. et al. Overexpression of sphingosine kinase 1 is an oncogenic event in 

erythroleukemic progression. Blood 106, 1808–16 (2005). 

450. Nava, V. E., Hobson, J. P., Murthy, S., Milstien, S. & Spiegel, S. Sphingosine kinase type 

1 promotes estrogen-dependent tumorigenesis of breast cancer MCF-7 cells. Exp. Cell 

Res. 281, 115–27 (2002). 

451. Xia, P. et al. An oncogenic role of sphingosine kinase. Curr. Biol. 10, 1527–30 (2000). 

452. Trojani, A. et al. Gene expression profiling identifies ARSD as a new marker of disease 

progression and the sphingolipid metabolism as a potential novel metabolism in chronic 

lymphocytic leukemia. Cancer Biomark. 11, 15–28 (2011). 

453. Ullio, C. et al. Sphingosine mediates TNFα-induced lysosomal membrane 

permeabilization and ensuing programmed cell death in hepatoma cells. J. Lipid Res. 53, 

1134–43 (2012). 

454. Kågedal, K., Zhao, M., Svensson, I. & Brunk, U. T. Sphingosine-induced apoptosis is 

dependent on lysosomal proteases. Biochem. J. 359, 335–43 (2001). 

455. Goñi, F. M. & Alonso, A. Effects of ceramide and other simple sphingolipids on 

membrane lateral structure. Biochim. Biophys. Acta 1788, 169–77 (2009). 

456. Contreras, F.-X., Sot, J., Alonso, A. & Goñi, F. M. Sphingosine increases the permeability 

of model and cell membranes. Biophys. J. 90, 4085–92 (2006). 

457. Siskind, L. J., Fluss, S., Bui, M. & Colombini, M. Sphingosine forms channels in 

membranes that differ greatly from those formed by ceramide. J. Bioenerg. Biomembr. 37, 

227–36 (2005). 

458. Nava, V. E. et al. Sphingosine enhances apoptosis of radiation-resistant prostate cancer 

cells. Cancer Res. 60, 4468–74 (2000). 

459. Fehrenbacher, N. & Jäättelä, M. Lysosomes as targets for cancer therapy. Cancer Res. 65, 

2993–5 (2005). 

460. Česen, M. H., Repnik, U., Turk, V. & Turk, B. Siramesine triggers cell death through 

destabilisation of mitochondria, but not lysosomes. Cell Death Dis. 4, e818 (2013). 

461. Yoon, J.-Y. et al. Synergistic apoptotic response between valproic acid and fludarabine in 

chronic lymphocytic leukaemia (CLL) cells involves the lysosomal protease cathepsin B. 

Blood Cancer J. 3, e153 (2013). 

462. Settembre, C. & Ballabio, A. Lysosome: regulator of lipid degradation pathways. Trends 

Cell Biol. 24, 743–50 (2014). 



142 
 

463. Hamer, I., Van Beersel, G., Arnould, T. & Jadot, M. Lipids and lysosomes. Curr. Drug 

Metab. 13, 1371–87 (2012). 

464. Pralhada Rao, R. et al. Sphingolipid metabolic pathway: an overview of major roles 

played in human diseases. J. Lipids 2013, 178910 (2013). 

465. Gutierrez, A. et al. LEF-1 is a prosurvival factor in chronic lymphocytic leukemia and is 

expressed in the preleukemic state of monoclonal B-cell lymphocytosis. Blood 116, 2975–

83 (2010). 

466. Heading, C. Siramesine H Lundbeck. Curr. Opin. Investig. Drugs 2, 266–70 (2001). 

467. Hollister, L. E. Plasma concentrations of tricyclic antidepressants in clinical practice. J. 

Clin. Psychiatry 43, 66–9 (1982). 

468. Meyerhoff, A. et al. US Food and Drug Administration approval of ciprofloxacin 

hydrochloride for management of postexposure inhalational anthrax. Clin. Infect. Dis. 39, 

303–8 (2004). 

469. Fernando, D., Rodrigo, C. & Rajapakse, S. Primaquine in vivax malaria: an update and 

review on management issues. Malar. J. 10, 351 (2011). 

470. St Jean, P. L. et al. Tafenoquine treatment of Plasmodium vivax malaria: suggestive 

evidence that CYP2D6 reduced metabolism is not associated with relapse in the Phase 2b 

DETECTIVE trial. Malar. J. 15, 97 (2016). 

471. Kayden, H. J. et al. Reduced tocopherol content of B cells from patients with chronic 

lymphocytic leukemia. Blood 63, 213–5 (1984). 

472. Farber, C. M., Liebes, L. F., Kanganis, D. N. & Silber, R. Human B lymphocytes show 

greater susceptibility to H2O2 toxicity than T lymphocytes. J. Immunol. 132, 2543–6 

(1984). 

473. Boya, P. et al. Lysosomal membrane permeabilization induces cell death in a 

mitochondrion-dependent fashion. J. Exp. Med. 197, 1323–34 (2003). 

474. Brenner, C. & Moulin, M. Physiological roles of the permeability transition pore. Circ. 

Res. 111, 1237–47 (2012). 

475. Yuseff, M.-I., Pierobon, P., Reversat, A. & Lennon-Duménil, A.-M. How B cells capture, 

process and present antigens: a crucial role for cell polarity. Nat. Rev. Immunol. 13, 475–

86 (2013). 

476. Yuseff, M.-I. et al. Polarized secretion of lysosomes at the B cell synapse couples antigen 

extraction to processing and presentation. Immunity 35, 361–74 (2011). 

477. Jitschin, R. et al. Mitochondrial metabolism contributes to oxidative stress and reveals 

therapeutic targets in chronic lymphocytic leukemia. Blood 123, 2663–72 (2014). 

478. Carew, J. S. et al. Increased mitochondrial biogenesis in primary leukemia cells: the role 

of endogenous nitric oxide and impact on sensitivity to fludarabine. Leukemia 18, 1934–

40 (2004). 

479. Chen, M.-B. et al. MicroRNA-101 down-regulates sphingosine kinase 1 in colorectal 

cancer cells. Biochem. Biophys. Res. Commun. (2015). doi:10.1016/j.bbrc.2015.06.041 

480. Schwamb, J. et al. B-cell receptor triggers drug sensitivity of primary CLL cells by 

controlling glucosylation of ceramides. Blood 120, 3978–85 (2012). 

481. Marsh, N. L., Elias, D. M. & Holleran, W. M. Glucosylceramides Stimulate Murine 

Epidermal Hyperproliferation. Journal of Clinical Investigation 2903–2909 (1995). at 

<http://dm5migu4zj3pb.cloudfront.net/manuscripts/117000/117997/JCI95117997.pdf> 

482. Lucci, A. et al. Glucosylceramide: a marker for multiple-drug resistant cancers. 

Anticancer Res. 18, 475–80 



143 
 

483. Pavlova, E. V et al. Inhibition of UDP-glucosylceramide synthase in mice prevents 

Gaucher disease-associated B-cell malignancy. J. Pathol. 235, 113–24 (2015). 

484. Gassner, F. J. et al. Chronic lymphocytic leukaemia induces an exhausted T cell 

phenotype in the TCL1 transgenic mouse model. Br. J. Haematol. 170, 515–22 (2015). 

485. Shanafelt, T. D. et al. Age at diagnosis and the utility of prognostic testing in patients with 

chronic lymphocytic leukemia. Cancer 116, 4777–87 (2010). 

486. Byrd, J. C. et al. Three-year follow-up of treatment-naïve and previously treated patients 

with CLL and SLL receiving single-agent ibrutinib. Blood 125, 2497–506 (2015). 

487. Shanafelt, T. Treatment of older patients with chronic lymphocytic leukemia: key 

questions and current answers. Hematology Am. Soc. Hematol. Educ. Program 2013, 158–

67 (2013). 

488. Satram-Hoang, S., Reyes, C., Hoang, K. Q., Momin, F. & Skettino, S. Treatment practice 

in the elderly patient with chronic lymphocytic leukemia-analysis of the combined SEER 

and Medicare database. Ann. Hematol. 93, 1335–44 (2014). 

489. Molica, S. et al. Treatment of elderly patients with chronic lymphocytic leukemia: an 

unmet cinical need. Expert Rev. Hematol. 6, 441–9 (2013). 

490. Catovsky, D., Wade, R. & Else, M. The clinical significance of patients’ sex in chronic 

lymphocytic leukemia. Haematologica 99, 1088–94 (2014). 

491. Nabhan, C. et al. The impact of race, ethnicity, age and sex on clinical outcome in chronic 

lymphocytic leukemia: a comprehensive Surveillance, Epidemiology, and End Results 

analysis in the modern era. Leuk. Lymphoma 55, 2778–84 (2014). 

492. Beiggi, S. et al. Increased risk of second malignancies in chronic lymphocytic leukaemia 

patients as compared with follicular lymphoma patients: a Canadian population-based 

study. Br. J. Cancer 109, 1287–90 (2013). 

493. Trimarco, V. et al. Cross-talk between chronic lymphocytic leukemia (CLL) tumor B cells 

and mesenchymal stromal cells (MSCs): implications for neoplastic cell survival. 

Oncotarget 6, 42130–49 (2015). 

494. Brown, J. R. The treatment of relapsed refractory chronic lymphocytic leukemia. 

Hematology Am. Soc. Hematol. Educ. Program 2011, 110–8 (2011). 

495. Veliz, M. & Pinilla-Ibarz, J. Treatment of relapsed or refractory chronic lymphocytic 

leukemia. Cancer Control 19, 37–53 (2012). 

496. Tam, C. S. et al. Long-term results of first salvage treatment in CLL patients treated 

initially with FCR (fludarabine, cyclophosphamide, rituximab). Blood 124, 3059–64 

(2014). 

497. Chen, S. et al. Autophagy is a therapeutic target in anticancer drug resistance. Biochim. 

Biophys. Acta 1806, 220–9 (2010). 

498. Sui, X. et al. Autophagy and chemotherapy resistance: a promising therapeutic target for 

cancer treatment. Cell Death Dis. 4, e838 (2013). 

499. Tadmor, T. & Polliack, A. Optimal management of older patients with chronic 

lymphocytic leukemia: some facts and principles guiding therapeutic choices. Blood Rev. 

26, 15–23 (2012). 

500. Burger, J. A. et al. Ibrutinib as Initial Therapy for Patients with Chronic Lymphocytic 

Leukemia. N. Engl. J. Med. 373, 2425–37 (2015). 

501. Xu, Z. et al. Younger patients with chronic lymphocytic leukemia benefit from rituximab 

treatment: A single center study in China. Oncol. Lett. 5, 1266–1272 (2013). 

502. Cantú, E. S. et al. Male-to-female sex ratios of abnormalities detected by fluorescence in 



144 
 

situ hybridization in a population of chronic lymphocytic leukemia patients. Hematol. 

Rep. 5, 13–7 (2013). 

503. Ashburn, T. T. & Thor, K. B. Drug repositioning: identifying and developing new uses for 

existing drugs. Nat. Rev. Drug Discov. 3, 673–683 (2004). 

504. Palumbo, A. et al. Thalidomide for treatment of multiple myeloma: 10 years later. Blood 

111, 3968–77 (2008). 

505. Richardson, S. J. et al. ZAP-70 expression is associated with enhanced ability to respond 

to migratory and survival signals in B-cell chronic lymphocytic leukemia (B-CLL). Blood 

107, 3584–92 (2006). 

506. Menashe, I. et al. Large-scale pathway-based analysis of bladder cancer genome-wide 

association data from five studies of European background. PLoS One 7, e29396 (2012). 

507. Arieff, A. J. Desipramine and nortriptyline in mental depression. Am. J. Psychiatry 122, 

1291–2 (1966). 

508. Kitchen, L. W., Vaughn, D. W. & Skillman, D. R. Role of US military research programs 

in the development of US Food and Drug Administration--approved antimalarial drugs. 

Clin. Infect. Dis. 43, 67–71 (2006). 

509. Held, J., Jeyaraj, S. & Kreidenweiss, A. Antimalarial compounds in Phase II clinical 

development. Expert Opin. Investig. Drugs 24, 363–82 (2015). 

510. Cox, T. M., Rosenbloom, B. E. & Barker, R. A. Gaucher disease and comorbidities: B-cell 

malignancy and parkinsonism. Am. J. Hematol. 90 Suppl 1, S25–8 (2015). 

511. Rosenbloom, B. E. et al. Gaucher disease and cancer incidence: a study from the Gaucher 

Registry. Blood 105, 4569–72 (2005). 

512. Taddei, T. H. et al. The underrecognized progressive nature of N370S Gaucher disease 

and assessment of cancer risk in 403 patients. Am. J. Hematol. 84, 208–14 (2009). 

513. Comazzi, S. et al. Immunophenotype predicts survival time in dogs with chronic 

lymphocytic leukemia. J. Vet. Intern. Med. 25, 100–6 (2011). 

514. Breen, M. & Modiano, J. F. Evolutionarily conserved cytogenetic changes in 

hematological malignancies of dogs and humans--man and his best friend share more than 

companionship. Chromosome Res. 16, 145–54 (2008). 

515. Bertilaccio, M. T. S. et al. Xenograft models of chronic lymphocytic leukemia: problems, 

pitfalls and future directions. Leukemia 27, 534–40 (2013). 

516. Salerno, E. et al. The New Zealand black mouse as a model for the development and 

progression of chronic lymphocytic leukemia. Cytometry B. Clin. Cytom. 78 Suppl 1, 

S98–109 (2010). 

517. Mellors, R. C. Autoimmune disease in NZB-Bl mice. II. Autoimmunity and malignant 

lymphoma. Blood 27, 435–48 (1966). 

518. Talal, N. & Steinberg, A. D. The pathogenesis of autoimmunity in New Zealand black 

mice. Curr. Top. Microbiol. Immunol. 64, 79–103 (1974). 

519. Liu, J. et al. Loss of p53 and altered miR15-a/16- -1 pathway in CLL: insights 

from TCL1-Tg:p53(-/-) mouse model and primary human leukemia cells. Leukemia 28, 

118–28 (2014). 

520. Herling, M. et al. TCL1 shows a regulated expression pattern in chronic lymphocytic 

leukemia that correlates with molecular subtypes and proliferative state. Leukemia 20, 

280–5 (2006). 

521. Nganga, V. K. et al. Accelerated progression of chronic lymphocytic leukemia in Eμ-

TCL1 mice expressing catalytically inactive RAG1. Blood 121, 3855–66, S1–16 (2013). 



145 
 

522. Bresin, A. et al. TCL1 transgenic mouse model as a tool for the study of therapeutic 

targets and microenvironment in human B-cell chronic lymphocytic leukemia. Cell Death 

Dis. 7, e2071 (2016). 

523. Simonetti, G., Bertilaccio, M. T. S., Ghia, P. & Klein, U. Mouse models in the study of 

chronic lymphocytic leukemia pathogenesis and therapy. Blood 124, 1010–9 (2014). 

524. Scaglione, B. J. et al. Murine models of chronic lymphocytic leukaemia: role of 

microRNA-16 in the New Zealand Black mouse model. Br. J. Haematol. 139, 645–57 

(2007). 

 


