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IMPACT OF TUMOUR MICROENVIRONMENTAL FACTORS ON B-CELL 

SIGNALLING, MIGRATION AND ADHESION IN CHRONIC LYMPHOCYTIC 

LEUKAEMIA 

By Rachel Colette Dobson 

A key characteristic of chronic lymphocytic leukaemia (CLL) is the accumulation of malignant B-

cells in the patients’ lymph nodes, where the microenvironment promotes CLL cell survival and 

proliferation, in part via B-cell receptor (BCR) signalling and interleukin-4 (IL-4) signalling. BCR 

signalling is pivotal for disease progression and development. CLL prognosis is heterogeneous, with 

patients with unmutated (U-CLL) immunoglobulin heavy chain variable (IGHV) being associated 

with worse prognosis than those with mutated (M-CLL) IGHV. Recently, BCR kinase inhibitors have 

revolutionised CLL treatment. Nevertheless, some patients fail to respond, or develop resistance by 

some known and unknown reasons. IL-4 induced pSTAT6(Y641) (phosphorylated signal transducer 

and activator of transcription 6) signalling enhances BCR expression and signalling in murine splenic 

B-cells. Therefore, IL-4 may drive BCR signalling and resistance against BCR kinase inhibitors in 

CLL. In this thesis, I investigated the hypothesis that IL-4 induced pSTAT6(Y641) signalling promotes 

functional effects associated with disease pathogenesis. 

I demonstrated, via immunoblotting, that whilst IL-4 induced JAK/STAT6 signalling is not clearly 

associated with prognostic factors, the cytokine treatment significantly increased expression of the 

suppressor of cytokine signalling protein 3 more prominently in U-CLL samples. I conclude that IL-

4 induced signalling can differentially regulate target proteins between prognostic subsets.  

Using immunophenotyping, I demonstrated that IL-4 induces sIgM expression on CLL cells, with 

more prominent effects in the U-CLL subset. Intracellular calcium flux analysis demonstrated that 

IL-4 enhances anti-IgM induced signalling and immunoblotting showed that IL-4 increases 

expression of proteins known to promote BCR signalling. The survival factors CD40 ligand and B-

cell activating factor had no clear effects on BCR expression or signalling. I also demonstrated that 

IL-4 can reduce the ability for BCR kinase inhibitors to induce apoptosis and block anti-IgM induced 

signalling. I propose that co-treating CLL patients with BCR kinase inhibitors in combination with 

inhibitors, such as JAK3 inhibitors, targeting IL-4 signalling could have therapeutic potential.  

I further showed, with flow cytometry, that IL-4 reduces chemokine receptor expression and 

enhances the expression of adhesion molecule CD44 on CLL cells. Adhesion assays showed that IL-

4 can enhance anti-IgM induced CLL cell adhesion to the extracellular matrix component fibronectin. 

Collectively, these findings suggest that IL-4 may promote CLL cell localisation and retention in the 

lymph node. 

Together these findings mostly support the hypothesis and suggest that IL-4 induced pSTAT6(Y641) 

signalling may promote CLL pathogenesis in vitro. This thesis advances the field by further 

suggesting that IL-4 may promote disease pathogenesis and showing how small inhibitors targeting 

the cytokine signalling could provide a potential therapeutic target for CLL. 
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1. General Introduction  

1.1 Overview 

B-cell receptor (BCR) signalling is pivotal to the pathogenesis of chronic lymphocytic 

leukaemia (CLL), in part by promoting CLL cell survival, proliferation and retention (via 

adhesion) inside the lymph nodes. BCR kinase inhibitors have revolutionised the treatment 

of CLL, although these agents are not curative and only suppress the disease. However, some 

patients do not tolerate BCR kinase inhibitors and continue to display disease progression. 

Patients can develop resistance to BCR kinase inhibitors due to genetic mutations in Bruton's 

tyrosine kinase (BTK) and Phospholipase C-γ2 (PLCγ)1, or by as yet unknown mechanisms2. 

Therefore, it is vital that we gain a better understanding of the mechanisms by which the 

BCR and BCR kinase inhibitors function, including how the tumour microenvironment 

alters responses to these therapies. This would aid identification of novel treatments or 

treatment strategies for patients with this currently incurable disease.  

CLL cells are located in three main compartments: peripheral blood, bone marrow and 

lymph node. However, it is inside the lymph node where the CLL cells largely respond to 

BCR engagement and are simultaneously exposed to microenvironmental factors such as 

Interleukin-4 (IL-4), B-cell activating factor (BAFF) and CD40 ligand (L). The aims of this 

project evolved from the pivotal finding by Guo et al that IL-4 induced an alternative BCR 

signalling pathway in normal murine B-cells that could overcome BCR inhibition induced 

by the pan PI3K inhibitor LY2940023,4. 

Consequently, the goal of this doctoral thesis was to explore the effects of IL-4 on BCR 

expression and function, apoptosis and adhesion in primary CLL cells. 

1.2 Chronic lymphocytic leukaemia (CLL)  

B lymphocytes (B-cells) carry out vital roles in the immune system following B-cell receptor 

(BCR) encounters with antigen. This includes presenting antigens to T lymphocytes (T-cells) 

and B-cell differentiation into immunoglobulin (Ig) (antibody) secreting plasma cells or long 

living memory cells5. To enable B-cells to recognise specific antigenic epitopes they display 

a diverse selection of Ig receptors on their cell surface.  

Human B-cell development encompasses numerous stages (Figure 1.1), which can be 

distinguished from each other by expression of specific cell surface receptors. Inappropriate 
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B-cell development and differentiation can result in lymphomas and leukaemia6, which are 

thought to be related to various developmental stage counterparts of healthy B-cells7,8,9. 

 

Figure 1.15,8,10: Outline of key stages during B-cell development and the potential healthy 

counterparts of B-cell malignancies. Initial B-cell development occurs inside the bone marrow. 

Hematopoietic stem cells give rise to Progenitor (Pro)-B-cells, which express the Pro-B-cell receptor (BCR) 

(Immunoglobulin (Ig)µ heavy chain and surrogate light chains). Gene rearrangements occur in the Igµ heavy 

chain to give rise to precursor (Pre) B-cells, which express a Pre-BCR. Gene rearrangements in the Pre-BCR 

Ig light chains (κ and λ) gives rise to immature B-cells, which express functional surface (s)IgM. Autoreactive 

immature B-cells are eliminated via receptor editing, clonal deletion, or develop an unresponsiveness state 

(anergy)10,5,11. Remaining immature B-cells travel to follicles located in secondary lymphoid tissues, where 

they differentiate into mature B-cells, expressing sIgM and sIgD. B-cells can reside in marginal zone (Spleen) 

or germinal centre (GC) (Lymph node or spleen). B-cells undergo somatic hypermutation and antibody class 

switching in the GC, and differentiate into memory B-cells or plasma cells. The diagram further indicates 

various B-cell derived malignancies. 

Chronic lymphocytic leukaemia is a malignancy of mature B-lymphocytes (B-cells)12. The 

clinical course displayed by CLL patients is very heterogeneous, and patients can be broadly 

split into two groups based on somatic hypermutations (SHM) in the Ig variable region13,14.  

SHM occur in the germinal centre (GC) as part of the immunoglobulin affinity maturation 

process. CLL cases with <2% SHM (Unmutated-IGHV: U-CLL) are suggested to arise from 

pre-germinal centre naive B-cells. U-CLL cases tend to have a progressive disease course 

which requires intensive therapy and often results in mortality within 2-3 years following 

diagnosis15,16,14. In contrast, CLL cases with >2% SHM (Mutated-IGHV: M-CLL) have been 

suggested to arise from post-germinal centre cells13. M-CLL cases usually have more 

indolent disease, often not requiring treatment for many years14, 16, 17. However, the cell of 

origin for CLL has yet to be identified18. 

CLL is characterised by the accumulation of clonal B-cells in the lymph node, peripheral 

blood and bone marrow19,20,21. CLL is the most common leukaemia in the western world and 

is largely incurable22,23. Heavy water experiments performed by Messmer et al demonstrated 

that CLL is a dynamic disease with patients displaying between 0.1% -1% proliferations of 

the entire clone each day24. However, Defoiche et al25 demonstrated by measuring the 
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incorporation of deuterated glucose into the DNA of dividing cells, that CLL cells 

proliferated at a reduced rate compared to healthy controls25. This suggests a block in 

apoptosis rather than an increase in proliferation which was likely to result in the 

accumulation of CLL cells.  

CLL patients have increased susceptibility to infections26, autoimmune diseases27,28 and 

reactivation of viruses29,26. These complications occur due to immune system suppression 

and promote CLL patient morbidity and mortality. Notably, infections account for around 

60% of CLL patient deaths. Common infections presented by CLL patients include 

pneumonia and septic shock26. Immune dysfunction results from primary disease, as well as 

following use of treatments such as steroids, chemotherapies and monoclonal antibodies26,30. 

In part, immune deregulation occurs due to hypogammaglobulinemia31, causing reduced 

immunoglobulin synthesis30. Meanwhile, CLL patients also display T-cell defects, including 

reduction in activated induced CD40L32, expression of T-cell exhaustion markers33, as well 

as defects in cytoskeleton formation, vesicle trafficking34, and cytotoxicity in CD8+ cells34. 

Furthermore, CLL cells can secrete immunosuppressive factors, such as IL-1035,26. In 

addition, CLL patients are at increased risk of developing secondary cancers, including 

malignant melanoma, soft-tissue sarcomas and lung cancer36. Secondary cancers arise in 

untreated CLL patients, as well as following treatments with chemotherapy37, or 

chemoimmunotherapy38. Although follow up periods are limited, BCR kinase inhibitors 

appear associated with lower rates of infections39,40,41,42 and secondary cancers43. 

Furthermore, between 2-10% of CLL cases44 transform into progressive diffuse large B-cell 

lymphoma Richter syndrome, which results in an extremely poor prognosis45. 

Understanding CLL is of current research interest since CLL is the most common leukaemia 

in the western world46, and is mostly incurable47,22,23. Furthermore, with the increasingly 

ageing population, CLL is likely to become an increased burden on the world’s health care 

system.  

1.3 CLL diagnosis and staging  

CLL has a mean diagnosis age of 72 years48. The majority of people diagnosed with CLL 

are white males originating from Australia, North America and Europe49,22. However, people 

originating from South America or Asia display relatively low incidences of CLL50,51,52. In 

addition, someone with a first degree relative diagnosed with CLL has an 8.5 fold increased 

chance of presenting CLL themselves53. Approximately 1/3rd of patients diagnosed with 
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CLL are classified as U-CLL, while 2/3rd of patients display M-CLL13, with a clear majority 

of unmutated patients being male (11 male:1 female)14.  

CLL accounts for approximately 1% of all new cancers and 37% of all leukaemias diagnosed 

in the UK54. Common symptoms displayed by patients include night sweats, fever, weight 

loss, swollen glands, increased infections, bleeding, thrombocytopenia and anaemia55. Many 

CLL patients are asymptomatic at diagnosis, and are found to have CLL following a routine 

blood test20,19,21. CLL diagnosis requires a cell count >5,000 clonal B-cells/µl to be 

maintained for 3 months in the peripheral blood56. The characteristics of CLL cell surface 

phenotypes include co-expression of the cell surface markers CD19, CD5, and CD2319, 20,21, 

57,58, as well as low surface (s)Ig, CD20, CD79A and CD79B compared to normal B-cells58. 

This is in accordance with iWCLL guidelines20,19,21. CLL cells are distributed throughout the 

body but are largely concentrated in the blood, bone marrow and lymph nodes. Indeed, a 

proportion of patients present at clinic with enlarged lymph nodes and/or spleens resulting 

from infiltration of the tumour cells.  

Patients who also display signs of lymphoproliferative disorder, such as an enlarged spleen 

or lymph node, are diagnosed with Small Lymphocytic Lymphoma (SLL). The world health 

organization has classified CLL and SLL as different versions of the same entity59,21. 

Meanwhile, patients with a clonal CLL phenotype, but which have <5000 cells/µl in 

peripheral blood and display no other symptoms associated with CLL are diagnosed with 

Monoclonal B-cell lymphocytosis (MBL)60,61 (Table 1.1). Indeed, it has been suggested that 

almost all CLL cases are preceded by a latent MBL phase62. 

Table 1.1: Comparisons between diagnosis of MBL, SLL and CLL. 

MBL SLL CLL 

Clonal B-cells with phenotype 

associated with CLL. 

Clonal B-cells with phenotype 

associated with CLL. 

Clonal B-cells with phenotype 

associated with CLL. 

<5×109 B-cells/L in peripheral 

blood 

≥5×109 B-cells/L in peripheral 

blood 

≥5×109 B-cells/L  in peripheral 

blood 

No Retention of CLL cells in 

lymph node, bone marrow and 

spleen. 

Retention of CLL cells mostly in 

lymph node. 

Retention of CLL cells mostly 

in lymph node, bone marrow 

and spleen. 

CLL patients are classified according to either the Rai63 or Binet64 clinical staging systems. 

The Binet staging system is used mainly in Europe, while the Rai staging system is used in 

the United States of America (Table 1.2). They are characterised based on signs of 

lymphocytosis, anaemia, lymphadenopathy and splenomegaly65. The Binet system has 
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three stages (A, B and C)64, while the Rai system has five stages (0, I, II, III, IV)63 although 

often simplified to three (low, intermediate and high risk)66.  

Table 1.2: Comparison between stages of Rai and Binet systems50,67,63,64. 

Rai Staging Clinical features 

Low Risk 

(Rai Stage 0/I) 
Increased number of lymphocytes in the blood with infiltration in 

lymph node. Haemoglobin levels >11g/dL and platelet count >100,000 

per µl. 

Median life expectancy: >13 years 

Intermediate risk 

(Rai stage Stage II) 

 

Increased lymphocytes count in the blood, and enlargement of spleen 

and/or lymph node. 

Haemoglobin levels >11g/dL and platelet count >100,000 per µl. 

Median life expectancy: 8 years 

High risk 

Stage III/IV 
Reduced haemoglobin levels and/or platelet count. 

Haemoglobin levels <11g/dL and platelet count <100,000 per µl. 

Median life expectancy: 2 years 

Binet staging Clinical features 

Stage A <3 lymphoid organs enlarged (cervical, axillary and inguinal nodes, the 

spleen and the liver). 

Haemoglobin levels >10g/dL and platelet count >100,000 per µl. 

Median life expectancy: >13 years 

Stage B >3 lymphoid organs enlarged (cervical, axillary and inguinal nodes, the 

spleen and the liver). 

Haemoglobin levels >10g/dL and platelet count >100,000 per µl. 

Median life expectancy: 8 years 

Stage C Reduced haemoglobin levels and/or platelet count. 

Haemoglobin levels <10g/dL and platelet count <100,000 per µl. 

Median life expectancy: 2 years 

1.4 Prognostic factors  

The heterogeneous nature of CLL has been associated with various prognostic factors, 

including those outlined in Table 1.3. Evaluating the prognostic factors expressed by CLL 

cells can identify high risk patients and help to determine the most appropriate treatment 

option. However, most of these factors are used for research purposes and clinicians only 

use the 17p del or TP53 mutations to determine treatment strategy68,69,70. 
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Table 1.3: Factors identified to correlate with CLL prognosis. 

Factors associated with poorer prognosis in CLL 

IGHV Somatic 

hypermutations 
Approximately 50% of patients display IGHV SHM (Mutated-IGHV: M-CLL). Patients with germline 

IGHV (Unmutated-IGHV: U-CLL) display worse prognosis than patients with SHM13,14. 

Chromosomal alterations 

Deletion of del(13q) 60-80% of patients have deletion of 13q (del(13q). Del(13q) causes the loss of the genes encoding 

miR-15a and miR-161 which act as tumour suppressors by targeting mRNA encoding anti-apoptotic 

MCL-1 and BCL-271,72. 

Deletion of 17p or TP53 

gene mutation 

5-10% of patients display deletion of 17p which causes the loss of the TP53 gene which encodes the 

tumour suppressor p53 and is associated with worse prognosis and response to chemotherapies. 

Deletion of 11q 18% of patients display del(11q), which is associated with worse prognosis73. Del(11q) causes changes 

in Ataxia telangiectasia (ATM) (a gene which encodes a DNA repair protein). ATM mutational status 

provides the most clinically informative genomic lesion del(11q) patients. 1-5% of patients display 

Baculoviral IAP repeat-containing 3 (BIRC3) mutations located in 11q2274. BIRC3 encodes a negative 

regulator of the NF-κB protein and BIRC3 disruptions have been associated with becoming 

increasingly refractory to fludarabine in CLL75. 

Trisomy 12 10-15% of patients display trisomy 12, where 3 copies of chromosome 12 are present rather than the 

conventional 2. It is associated with worse outcome, although the principle genes involved are 

unknown67. 

Telomere length Reduced telomere length (≤5000 bp) has been associated with worse overall treatment treatment free 

survival76. 

Somatic mutations 

SF3B1 10-19% of patients display SF3B1 mutations which is a component of the splicing machinery causing 

changes in RNA splicing and subsequent protein expression77, and is associated with worse prognosis. 

NOTCH1 12-24% of patients display NOTCH1 mutations which constitutively activates Notch signalling and 

reduces patient overall survival78. NOTCH1 mutations are associated with trisomy 1279, Richter 

transformation and reduced responsiveness to chemotherapy80. 

MicroRNAs (miR) 

Mir-15a/mir-16-1 miR-15a and miR-16-1 silence mRNA encoding anti-apoptotic proteins BCL2 and MCL1. Loss of 

these miRNAs results in increased protein expression and consequently decreased apoptosis81. 

miR-150 miR-150 silences expression of GAB1 and FOXP1 proteins, which positively regulate B-cell receptor 
signalling.  Lower miR-150 expression is associated with worse prognosis82. Discussed further in 

chapter 4. 

miR-155 miR-155 prevents expression of SHIP1 protein, a negative regulator of B-cell receptor signalling. 

Consequently, its expression is associated with greater BCR signalling and a worse overall 
prognosis83. Discussed further in chapter 4. 

Epigenetic factors 
DNA methylation DNA methylation status can influence CLL patient prognosis84,16,85. Patients can be divided into three 

subgroups: low (LP), Intermediate (IP) or high (HP) programmed85. Increased DNA maturity is 

associated with more favourable outcome16. LP is mostly composed from U-CLL samples16,84, 85. IP 

and HP are most composed from M-CLL samples. 

Cell surface markers 
CD49d+ CD49d is a molecule which forms the α4 subunit of α4β1, and plays a role in adhesion. CD49d is able 

to bind certain extracellular matrix components, including fibronectin (FN)86. Increased CD49d 
expression is associated with worse prognosis87,88,. CD49d and CXCR4 co-expression is even more 

powerful at determining prognosis compared to CD49d alone89. CD49d function can be impaired by 
BCR kinase inhbitors89,90,91,92. Discussed further in section 1.4.4 and chapter 6. 

CD38+ CD38 is a glycoprotein which binds ligand CD31. High CD38 expression is associated with worse 

prognosis93. CD38 has been suggested to have roles in enhancing B-cell receptor signalling94 and 
adhesion95. Discussed further in section 1.45. 

sIgM expression and 

signalling 

sIgM along with adapter proteins CD79a and CD79b form the B-cell receptor. Increased sIgM and 

anti-IgM induced signalling are associated with worse prognosis16.  Discussed further in section 1.4.2. 

Intracellular expression markers 
Zap-70 Zap-70 is a signalling protein down-stream of the T-cell receptor. Zap-70 is not usually expressed by 

normal B-cells96. However, CLL cells express Zap-70 which is associated with a worse disease 

prognosis97,98,99. Zap-70 has been suggested to enhance B-cell receptor signalling in CLL100,101, 102. 
Discussed further in section 1.4.3. 
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The prognostic factors focused on throughout this thesis include mutational status of IGHV, 

expression levels of sIgM, Zap-70, CD49d and CD38 expression levels and are described in 

more detail below.  

 Immunoglobulin heavy chain variable (IGHV) mutational status  

As previously highlighted, patients can be split into two subgroups, U-CLL and M-CLL, 

based on the presence of SHM in the IGHV chain variable region. Hamblin et al13 and Damle 

et al14 simultaneously demonstrated that U-CLL patients display significantly reduced 

survival compared to M-CLL cases13,14. Furthermore, U-CLL is also associated with worse 

prognosis factors, which include del (11q)103, Trisomy 1216, del (17p)104,105 and NOTCH1 

mutations16 .  

 sIgM expression level and calcium flux 

The BCR on mature normal B-cells usually consists of surface (s)IgM and sIgD. Expression 

levels of sIgM and sIgD on CLL cells are characteristically low compared to normal naïve 

B-cells. In general, U-CLL samples tend to display enhanced BCR signalling in response to 

anti-IgM, whilst M-CLL are more deeply anergised106. D’Avola et al highlighted that 

increased sIgM expression and anti-IgM signalling is associated with worse prognosis and 

reduced survival16. In contrast, sIgD expression and anti-IgD signalling displayed no clear 

effects on prognosis and survival and was not associated with IGHV mutational status16. 

Therefore, sIgM appears to play a more influential role in CLL pathogenesis compared to 

sIgD. 

 Zeta-chain-associated protein kinase 70 

Zeta-chain-associated protein kinase 70 (Zap-70) is a protein tyrosine kinase (PTK) that 

plays a key role in signal transduction107. Zap-70 is expressed in T-cells and natural killer 

cells108. Following T-cell receptor (TCR) ligand binding, Zap-70 is recruited to the ITAMs 

in the cytoplasmic tail of the TCR. Zap-70 becomes phosphorylated, which activates its 

kinase activity, ultimately inducing downstream signalling such as intracellular calcium 

(iCa2+), mitogen-activated protein kinase and NF-κB, leading to T-cell activation, growth 

and differentiation107, 109. In contrast, BCR signalling in B-cells is transduced by spleen 

tyrosine kinase (SYK)110,111. Although Zap-70 expression has been identified in pro/pre B-

cells112, it is rarely expressed by normal mature B-cells96. However, Zap-70 is expressed in 

CLL cells49 and is associated with unmutated IGHV status and progressive disease97,98,99. 

Furthermore, Chen et al have suggested that Zap-70 may act as an adaptor protein to augment 
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BCR signalling in CLL100,101,102. Importantly, the cytokine IL-4 has been shown to 

differentially regulate genes between Zap70 positive and negative samples113.  

 CD49d 

The integrin α4β1 is composed from a heterodimer consisting of CD49d and CD29 (α 

subunit CD49d: β subunit: CD29). Over the past few years, CD49d has emerged as a 

powerful prognostic marker in CLL, with increased expression being associated with worse 

disease prognosis and reduced time to first treatment114,88, 115,89. CLL samples have been 

classified as CD49d positive when ≥30% of cells express the receptor88,89. CD49d expression 

is associated with a number of other prognostic factors, including unmutated IGHV116, Zap-

70, CD38 and CXCR489,117 expression, as well as NOTCH1 and SF3B1 mutations116. 

Furthermore, CD49d positive samples can identify high risk M-CLL samples that are likely 

to progress116. Interestingly, CD49d and CXCR4 expression in combination is more 

powerful at determining CLL prognosis compared to the analysis of each marker alone. M-

CLL cells expressing CXCR4high and CD49dhigh display a similar clinical outcome compared 

with U-CLL cases89. The functional roles of CD49d include promoting CLL cell 

proliferation, regulating cell-cell interactions via vascular cell adhesion protein 1 (VCAM-

1)118 and promoting cell interactions with extracellular matrix molecules, such as with 

fibronectin (FN)119. However, early stage CLL cells display reduced CD49d expression and 

reduced FN adhesion compared to more advanced stage CLL86. Importantly, CXCR4high and 

CD49dhigh samples display increased tendency to undergo transendothelial migration120 

towards CXCL1289.  

 CD38 

CLL samples are classified as CD38 positive when ≥30% of cells express CD3816,121. CD38 

positive expression is associated with an unfavourable clinical course and is associated with 

reduced progression free survival93. CD38 is activated following binding to its ligand CD31, 

which is expressed by nurse-like cells122. CD38 positive CLL cells demonstrate a 

proliferative advantage122, and CD38 is expressed at greater levels on CLL cells from the 

lymph node compared to peripheral blood123. CD38 has been suggested to have functional 

roles in enhancing BCR signalling by forming complexes with CD1994, as well as having 

roles in homing and enhanced adhesion to α4β195. Furthermore, these CD38 positive samples 

also express high levels of matrix metallopeptidase 9 (MMP-9), a molecule required for the 

final stage of the homing cascade to enable degradation of the extracellular matrix124.  
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1.5 BCR engagement  

All mature B-cells express a BCR composed from sIg and adaptor proteins125 CD79A (Igα) 

and CD79B (Igβ)126 (Figure 1.2). 

 

Figure 1.2: The B-cell receptor complex. The B-cell receptor (BCR) is composed from surface (s) 

immunoglobulin (Ig)125 and adaptor proteins CD79a and CD79b126. Ig composed from two Heavy chain and 

two light chain is highlighted. Ig heavy and light chains are composed of constant and variable regions. The 

orange regions highlight the variable regions of the sIg which binds specific antigens. The purple region 

highlights the constant region of Ig, which can be expressed as one of five isotypes M, D, G, A or E. Partial 

digestion of Ig forms two Fab (F(ab’)2) fragments and one Fc fragment, as indicated. Fab fragments have the 

same antigen binding properties as total Ig. However, without the Fc region they are unable to interact with 

effector cells127,128. 

The BCR becomes activated following the binding of specific antigens to the sIg variable 

region, which results in  intracellular propagation of BCR signalling129. Once antigen has 

bound, the BCR is internalised and antigen fragments are presented by the MHCII complex 

to T-helper cells130,131, which then release or express a number of factors such as IL-4 or 

CD40L. These factors promote cell survival, proliferation and B-cell differentiation to 

become immunoglobulin secreting plasma cells or memory cells. The Igs secreted by plasma 

cells are specific for the antigen which activated the humoral response. The Ig’s act by 

neutralising pathogens, flagging pathogens for phagocytosis (opsonisation), and causing 

pathogen destruction by activating the complement system128. The function of the memory 

B-cells is to rapidly induce response following re-exposure to the antigen132. Although BCR 
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signalling is vital for normal B-cell development and function, it has also been highlighted 

as a central pathway in the pathogenesis of various B-cell malignancies, including diffuse 

large B-cell lymphoma (DLBCL), mantle cell lymphoma (MCL) and CLL133.  

Mockridge et al106 and Krysov et al134 previously provided evidence that sIgM engages with 

antigen in CLL. Firstly, Mockridge et al106 demonstrated that when peripheral blood CLL 

cells are incubated in vitro for 24-48 hours (h) they recover sIgM and anti-IgM downstream 

signalling capacity. This suggested that the sIgM recovery observed was the reversal of the 

receptors down-modulation which occurred in vivo, presumably as a result of antigen 

engagement106. A few years later Krysov et al134 identified that CLL cells can display two 

different N-glycosylation forms of the µ-constant region of sIgM: the mature form as 

expressed by normal B-cells, and an immature mannosylated form which resembles IgM 

during biosynthesis in the endoplasmic reticulum. Normal B-cells also express the immature 

mannosylated form first observed in CLL once they have been stimulated with anti-IgM. 

When CLL cells were incubated in vitro in the absence of anti-IgM, the immature sIgM form 

appeared to revert back to the mature fully glycosylated form. Therefore, suggesting that the 

immature glycan modification observed in CLL occurs in response to persistent anti-IgM 

engagement by antigen. Together, these studies suggest that sIgM on CLL cells may be 

continuously exposed to antigen in vivo.  

The importance of BCR signalling in CLL was further highlighted by Herishanu et al135, 

who demonstrated using gene enrichment analysis that BCR signalling is one of the most 

prominent signalling pathways in CLL cells. They showed that genes associated with BCR 

signalling are more highly activated in CLL cells from the lymph node, compared to those 

from peripheral blood and bone marrow135. Together, these studies suggest that BCR 

engagement largely occurs in the CLL lymph node. Therefore, it is likely that factors in the 

lymph node will modulate BCR expression and signalling.  

There is currently a limited understanding of the drivers that could activate BCR signalling 

in CLL17,125,136. However, approximately 30% of CLL patients display 1 of 150 different 

‘Stereotyped’ BCRs, which suggests a common antigen may drive disease 

pathogenesis137,138,139,140. Antigens identified to bind the BCRs of CLL cells include 

autoantigens141,142, 143, bacteria144 and fungi145,146,143,147,148. Identified potential antigens 

include, β-(1,6)-glucan147, oxidized low-density lipoprotein148, non-muscle myosin heavy 

chain IIA (MYHIIA)143 and stromal cell expressed vimentin and calreticulin146. 

Interestingly, sIg’s expressed by U-CLL samples have been suggested to be more 

polyreactive compared to M-CLL149,145. In addition to the suggestion that CLL is antigen 
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driven, Minden et al150 have suggested that BCR can induce antigen-independent 

autonomous signalling in CLL. This autonomous signalling is dependent on the heavy-chain 

complementarity-determining region (HCDR3) of an internal epitope located in the 

BCR150,151. 

Whatever the driver of BCR signalling in CLL, the expression of many downstream 

signalling proteins such as LYN, SYK and PI3K are constitutively expressed and/or 

overexpressed152,153,154. Small molecule inhibitors targeting the BCR signalling pathway 

have revolutionised treatment of the disease producing significant clinical responses in most 

patients (As discussed in section 1.10).  

1.6 Classical BCR signalling  

Appropriate antigen binding to the sIg variable region induces the BCR to undergo a 

conformational change155. The Src kinase LYN then phosphorylates the ITAM regions of 

CD79a and CD79b adapter molecules156,157. This creates a docking site in the ITAM motif 

for Src homology 2 (SH-2) domain containing proteins, including SYK158. SYK becomes 

fully activated following phosphorylation at tyrosine 225/226. The adapter protein B-cell 

linker protein (BLNK) then binds to the non-ITAM region of CD79A159 and becomes 

phosphorylated by SYK159. Various adapter proteins and kinases are then able to bind to 

BLINK and form a signalosome complex. The signalosome complex contains kinases such 

as Bruton tyrosine kinase (BTK) and phospholipase C-γ2 (PLC-γ2)136 which ultimately 

propagate the transduction of the BCR signal via their downstream pathways (Figure 1.3). 

BCR variable regions with increased affinity for antigen display a more rapid conformational 

change, promoting increased SYK recruitment and down-stream signalling155. 

Furthermore, BCR activation causes LYN to phosphorylate the co-receptor CD19, which 

subsequently recruits the PI3K regulatory subunit p85 to the plasma membrane. Activated 

PI3K p110δ then phosphorylates the inositol lipid phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2) forming phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3). PI(3,4,5)P3 

acts as a secondary messenger molecule which recruits and activates PH domain containing 

proteins and promotes down-stream BCR signalling160,161. PIP3 recruits kinases BTK162 and 

AKT163 and adaptor protein GAB1 to the plasma membrane. GAB1 binds PI3K and PLC γ2 

and chaperones them to the plasma membrane164. Consequently, PI3K dependent generation 

of PIP3 maintains BCR signalling. It has been suggested that CLL cells display constitutive 

activation of PI3K signalling154, with U-CLL samples displaying a greater level of PI3K 

signalling compared to M-CLL165.  
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Meanwhile, PLC-γ2 is simultaneously phosphorylated by BTK and SYK. PLC-γ2 then 

displaces PI(4,5)P2 from the plasma membrane, producing the second messengers 

diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3)166. DAG activates protein kinase 

C (PKC-β) then subsequently activates MAP kinase and nuclear factor kappa B (NF-κB) 

signalling167. IP3 induces the release of Ca2+ from the endoplasmic reticulum and 

extracellular compartment which can be measured by iCa2+ flux analysis (as described in 

section 2.4.2)168. Ca2+ release activates Jun and nuclear factor of activated T cells (NFAT)169. 

Ultimately, positive BCR signalling leads to various outcomes including cytokine 

production, B-cell proliferation and differentiation, apoptosis, class switching, B-cell 

survival, migration and adhesion. 

 

Figure 1.3: Schematic outline of some of the pathways activated downstream of the B-cell 

receptor. (Auto) antigen binds to the variable region of the BCR, causing LYN mediated phosphorylation of 

ITAMs in the cytoplasmic domain of CD79a and CD79b. SYK can then be recruited to ITAMs by SH2 domain. 

This results in formation of signalosome and downstream signalling. 

 Negative BCR signalling  

BCR signalling is regulated by both positive and negative signals170. Most negative BCR 

signals are regulated by phosphatases, which can remove the phosphates associated with 

activated BCR associated kinases. Phosphatases known to negatively regulate BCR 

signalling include Src homology region 2 domain-containing phosphatase-1 and 2 (SHP-

1/SHP-2) and SHIP-1 and 2. SHIP-1 functions by generating the negative BCR regulator 

PIP(3,4)P2 from hydrolysing the positive BCR regulator PI(3,4,5)P3 (Figure 1.4). However, 

due to the role of LYN in regulating SHIP-1, the loss of LYN activity also results in increased 

PI(3,4,5)P3 leading to increased AKT signalling171. Therefore, although LYN is 
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predominantly known to act as a positive regulator of BCR signalling, LYN can also 

negatively regulate BCR signalling via activating the immunoreceptor tyrosine based 

inhibition motifs (ITIMs) located in the receptors FcγRIIb1, CD22, CD72 and CD5172,173. 

This enables phosphatases to bind the ITIM region where they are localised in close 

proximity to act on BCR signalling components174,175.  

 

Figure 1.4: Schematic representation of the reactions carried out by BTK, PLCγ, PI3K, SHIP1 

and PTEN on inositol lipids located in the plasma membrane during BCR signalling. BTK 

activates PLCγ which causes PI(4,5)P2 conversion into DAG and IP3 and iCa2+ flux. PIP3 is able to bind PI3K, 

AKT, BTK and PLCγ. 

1.7 Anergy 

B-cell anergy is described as a state of unresponsiveness to antigen stimulation due to 

chronic auto(antigen) stimuli150,106,176. Anergy is used by the immune system to silence 

autoreactive BCRs which display low-affinity recognition for self-antigen. The 

characteristics of anergy are summarised in Table 1.4 and include down-modulated sIgM 

expression106,177,178, increased pERK179,180 and iCa2+ flux150,170 levels. This suggests that the 

BCR of anergic CLL cells is constitutively engaging with antigen. Although anergic CLL 

cells lack expression of BCR induced AKT phosphorylation179, this is consistent with 

anergy170. Expression and signalling capacity recovers for sIgM in anergic cells following 

in vitro culture, while no clear recovery occurs for sIgD. Therefore, anergy is thought to be 

associated with sIgM and reversible in the absence of antigen150. Furthermore, anergy is 

mostly strongly associated with M-CLL compared to U-CLL cases106,16.  
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Table 1.4: Comparison of features of anergy in non-malignant B-cells and CLL170. 

 Anergic cells CLL Links to prognosis Refs 

Attenuated sIgM responses + + M-CLL>U-CLL 

Zap70->Zap-70+ 

106,177,178 

sIgM down modulation (>sIgD) + + M-CLL>U-CLL 

Zap70->Zap-70+ 

106 

Raised basal pERK expression + + Zap70->Zap-70+ 179,180 

Raised basal intracellular Ca2+ + + NKc 150,170 

Raised basal NFAT + + Zap70->Zap-70+ 179 

Constitutive SHIP-1 phosphorylation + + Zap70->Zap-70+ 170, 181 

Reduced responses to CpG-ODN + + M-CLL>U-CLL 182 

Reduced responses to CXCL12 + + Zap70->Zap-70+ 183,184 

Increased basal BIM expression + + M-CLL>U-CLL 

Zap70->Zap-70+ 

185,186 

1.8 MicroRNAs and their role in BCR signalling  

MicroRNAs (miRNAs) are small single stranded RNAs around 22 nucleotides long, which 

are able to prevent translation of messenger (mRNA) into proteins. Functional miRNAs are 

produced by primary miRNAs which are then processed into precursor and mature forms 

(Figure 1.5). MiRNAs have been shown to regulate the translation of hundreds of genes 

involved in various different processes, which depend on cell type and their stage of 

development187. The miRNAs contain specific heptameric nucleotide sequences (seed 

sequences) between nucleotides 2 and 8 which enables them to identify their mRNA targets. 

They bind to the 3’ untranslated region of mRNA, causing either mRNA degradation or 

suppression of translation.  

Calin et al first identified the role of miRNAs in CLL when they demonstrated that over half 

of CLL patients displayed miR-15a and miR16-1 dysregulation as a result of deletion of 

chromosome 13q14188. Absence of these miRNAs resulted in an accumulation of Mcl-1 and 

Bcl-2, which are known to prevent apoptosis. Since then, a number of miRNAs have been 

identified that regulate a range of pathways, including NF-kB189, PI3K/AKT190,191, TGF-β192 

and BCR signalling193. MiRNAs that have been shown to influence BCR signalling in CLL 

include, miRNA-155194,83, 195, miR-15082 and miR-29a/b and c83, which subsequently target 

the genes encoding SHIP-1 (MiR-155), GAB1 and FOXP1 (MiR-150), and CD79b (MiR-29) 

respectively. In addition, miR-150 and miR-155 are differentially expressed between CLL 

cases and influence disease prognosis82, 194, 196,83, as discussed further in chapter four. 

Together, this data suggests that miRNAs could influence CLL disease heterogeneity and 

BCR signalling.  
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Figure 1.5197: Outline of the main stages of microRNA (miRNA) biogenesis. MicroRNA (miRNA) 

biogenesis initially occurs inside the nucleus where RNA polymerase II generates initial pri-miRNAs which 

contain thousands of bases. The pri-miRNA contains hairpin structures which can be cleaved by RNase III 

enzyme Drosha, to give pre-miRNAs. Pre-miRNAs are exported across the nuclear membrane via protein 

exportin-5 into the cytosol where the RNase II enzyme Dicer is able to digest the pri-miRNA to give duplexed 

miRNAs. The opposite strands which from the duplex are composed from a 5’ strand and a complementary 3’ 

strand (also termed *). In most cases, the complementary 3’ strand is less stable, and is suggested to have a 

more limited roles. Duplexed miRNAs then bind to RNA-induced silencing complex (RISC) to form the 

miRISC: the site where miRNAs are able to bind to their target mRNA. 

1.9 Current CLL treatment strategies    

Our increased understanding of CLL biology and prognostic features has enabled 

identification of patients with higher risk disease, and has aided clinicians in identifying 

appropriate treatment options for different patients198 (Figure 1.6).   

Unlike most other cancer treatment strategies, no clear evidence has suggested that treating 

early stage (Rai 0, Binet A) CLL patients who have asymptomatic expression will improve 

their survival20. However, early stage patients are monitored in order to identify the 

development of symptomatic disease (Rai stages I, II, III, IV, Binet B and C).  

Allogenic stem cell transplant has demonstrated a potential curative treatment option for 

CLL with 50% patients displaying durable remission199. However, this method is only 

considered for high risk younger and fitter patients who have previously demonstrated lack 

of response or relapse to current treatment methods. In addition, patients need to display 

adequate organ function and health and a suitable donor needs to be identified. Common 

complications associated with allogenic stem cell transplantation includes myelosuppression 

and graft vs host disease200. Therefore, allogenic stem cell transplantation is currently not a 

realistic treatment option for the majority of CLL patients201,202.  
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Traditionally, the chemotherapy alkylating agent chlorambucil and purine analogue 

fludarabine have been the front line treatment method for CLL patients. However, these 

Chemotherapies display poor response in patients with del(17p)/TP53 mutations, due to the 

loss of p53203. Furthermore, chemotherapy can be inappropriate for patients with frail health 

due to their myelosuppressive nature30. Moreover, the combination of chlorambucil and 

fludarabine with the anti-CD20 monoclonal antibody rituximab (FCR) causes enhanced 

progression free and overall survival compared to chemotherapy alone204,205. However, this 

combination treatment was not suitable for frail patients due to increased toxicity compared 

to the individual treatments alone206,207,21. Furthermore, FCR treatment displayed reduced 

effectiveness for patients with del(17p)/TP53 mutation, 11q208,209,210, and patients with U-

CLL204,209. However, FCR is currently the front line treatment for younger fitter CLL 

patients without del(17p)/TP53211. In contrast, combination of the alkylating agent 

bendamustine with rituximab (BR) or chlorambucil with monoclonal anti-CD20 antibody 

(obinutuzmab or ofatumimab) is often used for older more frail patients212. It is important to 

note that patients displaying NOTCH-1 mutation have reduced CD20 expression, and 

consequently respond poorly to rituximab213,214. When patients display refractory disease or 

relapse with these front line treatment methods, they are usually treated with BCR kinase 

inhibitors such as the BTK inhibitor ibrutinib215. Meanwhile, patients which are identified 

by fluorescence in situ hybridization (FISH) to have del(17p) or del(11q) are treated with 

ibrutinib215 or idelalisib in combination with rituximab216 as front line treatments. 

Unfortunately, idelalisib has demonstrated a high level of toxicity including grade 3 

diarrhoea and colitis217. Patients who display a lack of response or relapse whilst on ibrutinib 

are still able to be treated with other BCR kinase inhibitors218
 or venetoclax (ABT-199) 

which targets anti-apoptotic Bcl-2 protein219. Importantly, venetoclax can directly kill CLL 

cells in a p53 independent manner and consequently can be used to treat patients with 

del(17p) and/or TP53 mutations220,221. Nevertheless, the majority of patients are not cured 

with these agents, therefore novel therapeutic or treatment strategies are urgently required. 
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Figure 1.6: Flow diagram outlining appropriate treatment options for CLL patients based on 

prognostic factor expression and patient age and health50,198. CIT: Chemoimmunotherapy. FCR: 

Fludarabine, cyclophosphamide and rituximab. BR: Bendamustine and rituximab. 

1.10 BCR kinase inhibitors 

BCR kinase inhibitors are revolutionising the treatment of patients with CLL216, 

222,223,224,225,215. The effectiveness of BCR kinase inhibitors is independent of del(17p) and 

TP53 mutations, making them a promising method for treating high risk patients who are 

predicted to have resistance to chemotherapy21. Moreover, the BCR kinase inhibitors appear 

less toxic compared to chemotherapy226 and are being increasingly used to treat frail patients. 

BTK, PI3Kδ and SYK are the kinases most commonly targeted by current therapies (Figure 

1.7). It is important to highlight that some patients do not respond to BCR kinase inhibitors, 

or develop resistance by known1, 227 and unknown mechanisms2. In addition, BCR kinase 
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inhibitors, targeting PI3Kδ or BTK, can induce genomic instability in both normal and 

malignant B-cells by increasing activation-induced cytidine deaminase (AID) levels228. 

Therefore, BCR kinase inhibitors may induce mutations or translocations with oncogenic 

outcomes. Due to the limited follow up time, the true long-term effect of BCR kinase 

inhibitors is currently unknown217,229, 230. Below I have introduced some BTK, PI3Kδ and 

SYK inhibitors which are either approved in clinic or undergoing clinical trials.  

 

Figure 1.7: Kinases targeted by inhibitors downstream of the B-cell receptor (BCR). BCR 

engagement with antigen causes the activation of various protein kinases, which form a signalosome complex 

downstream of the BCR, including Bruton tyrosine kinase (BTK), phosphatidalyinositol-3-kinase (PI3K) and 

phospholipase C-γ2 (PLC-γ2) which form the signalosome complex. The signalosome activates a cascade of 

various signalling proteins. BCR kinase inhibitors targeting these proteins include SU6656 which targets Src 

kinases (including LYN), R406 and PRT062607 which target SYK, ibrutinib which targets BTK and idelalisib 

which targets PI3Kδ. 

 BTK inhibition     

BTK is a member of the Tec kinase family, and is required for B-cell development and BCR 

signalling231. BTK contains a Pleckstrin homology (PH) domain, Tec homology (TH), Src 

homology (SH)1, SH2 and SH3 domains232. The PH domain of BTK binds to PIP3 which 

enables BTK to be recruited to the plasma membrane where it is activated by LYN and 

SYK233. BTK then phosphorylates down-stream targets, including PLCγ, which induces IP3 

and subsequently Ca2+ flux.  
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The kinase inhibitor ibrutinib (PCI-32765) irreversibly binds via covalent bonds to the 

cysteine (C481) residue located in the ATP-binding pocket of BTK234. Ibrutinib binding 

inhibits BTK’s phosphorylation and enzymatic activity, therefore preventing BCR 

signalling235,236. Importantly, ibrutinib treatment can provide durable remission to many high 

risk CLL patients237. In addition to inhibiting BCR signalling, ibrutinib has been shown to 

prevent NF-κB signalling, induce apoptosis238 and inhibit CLL cell migration towards tissue-

homing chemokines CXCL12 and CXCL13235. Furthermore, ibrutinib promoted CLL cell 

redistribution from the lymph node into the peripheral blood90,91,225,239,240. Thus, ibrutinib 

rapidly reduces enlarged lymph node, and renders CLL cells more susceptible to apoptosis. 

De Rooij et al have demonstrated that ibrutinib inhibits integrin mediated adhesion to FN 

and vascular cell adhesion molecule 1 (VCAM-1), which possibly contributes to the 

lymphocytosis following treatment91. Both U-CLL and M-CLL patients respond to ibrutinib 

by displaying lymph node shrinkage and clinical benefits225. However, M-CLL patients 

display a slower response to ibrutinib treatment and have fewer complete responses 

compared to U-CLL patients241,229.  

Adverse side effects in response to ibrutinib are not uncommon and include bleeding, 

arthralgia, diarrhoea, atrial fibrillation242,41,243,244 and increased blood pressure225,229. 

However, ibrutinib is relatively unspecific for BTK and can bind other kinases including 

epidermal growth factor receptors (EGFR) and receptor tyrosine-protein kinase ErbB2 

(HER2/neu) 242,41, 229,245. Many of the side effects observed have been attributed to inhibition 

of off target kinases. Therefore, inhibitors with increased specificity for BTK are currently 

being developed. This includes the irreversible BTK inhibitors acalabrutinib (ACP-

196)246,247 and the reversible inhibitor ONO/GS-4059208,248. Initial evidence from these 

clinical trials have demonstrated promising safety and efficacy for these BTK inhibitors in 

CLL patients. Furthermore, the more specific BTK inhibitors appear to result in reduced 

grade 4 or 5 adverse effects such as atrial fibrillation246. However, direct comparisons 

between the various BTK inhibitors has not currently been performed.  

It is important to highlight that mechanisms of ibrutinib resistance have been identified in a 

proportion of patients. The resistance occurs following a cysteine-to-serine mutation 

(C481S) in BTK located at the ibrutinib binding site and causes the drug to bind reversibly 

to BTK. In addition, some patients who relapsed whilst on ibrutinib acquired a gain-of-

function mutation located in PLCγ2 at position R665W and L845F1. R665W and L845F 

mutations are thought to induce BCR signalling independently of BTK leading to 

constitutive BCR activity. However, some patients that relapse on ibrutinib do not express 

mutations in BTK or PLCγ2, suggesting alternative resistance mechanisms may also occur, 
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including the selection of del(18)227. In rare cases, some patients do not respond at all to 

ibrutinib, but it is currently unknown whether these patients display BTK or PLCγ2 

mutations or whether this immediate resistance occurs by other unknown mechanisms which 

may bypass the need for BTK223. Unfortunately, in one study, patients who developed 

resistance to ibrutinib had an extremely poor mean survival of only 3.1 months following 

discontinuation249.  

 PI3K inhibition 

Idelalisib (GS-1101/CAL-101) was the first highly selective PI3Kδ inhibitor to be approved 

for use in the clinic for CLL patients216, 250. The drug is taken orally and acts as a highly 

selective ATP-competitive kinase inhibitor targeting PI3Kδ. Due to recent toxicity issues 

identified with idelalisib it is now only administrated in combination with rituximab50. The 

most common side effects observed for idelalisib include pneumonia, rash, transaminitis, 

and diarrhoea224. However, prolonged treatment can increase the risk of pneumonitis and 

colitis which is often severe enough to require cessation of idelalisib treatment251. 

Furthermore, idelalisib used as up-front therapy induced early hepatotoxicity in a subset of 

mostly younger patients with M-CLL. It has been suggested that the hepatotoxicity observed 

was immune mediated, in part by increasing levels of the pro-inflammatory cytokines CCL-

3 and CCL-4251.  

Currently, idelalisib is only used to treat high risk patients with del(17p) or TP53 mutations 

who have demonstrated prior relapse or are refractory to ibrutinib treatment. Similarly to 

ibrutinib, idelalisib treatment causes CLL cell lymphocytosis promoting tumour cells to 

leave the lymph node252. Idelalisib has previously been shown to induce apoptosis in CLL 

cells in both the presence and absence of survival factors CD40L and TNFα252. Currently, a 

number of PI3K inhibitors are being developed to identify alternatives with less toxic effects 

than idelalisib including, ACP-319253, GS-9820 and pilaralisib254.  

 SYK inhibition 

SYK is upstream to BTK and PI3K and is overexpressed as well as constitutively 

phosphorylated at Y352 in CLL cells153. Therefore, SYK provides a promising therapeutic 

target. SYK inhibitors are not currently used for front line treatment, but do provide an 

alternative treatment option through clinical trials for patients demonstrating resistance or 

relapse to ibrutinib and idelalisib249. In vivo studies have demonstrated that SYK is required 

for the survival and maintenance of both normal and malignant B-cells255,256. In addition to 

influencing BCR signalling, SYK also signals downstream of various other surface receptors 
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such as MHCII257, Fc receptors and integrins258. SYK has been shown to participate in cell 

adhesion92,258 and chemotaxis92.  

The ATP competitive SYK inhibitor R406 (fostamatinib) was the first SYK inhibitor to be 

investigated in phase I and II clinical trials for CLL249. In vitro studies demonstrated that 

fostamatinib is able to overcome various microenvironmental signals, including BCR 

signalling, protection against apoptosis259, cell migration259 and BCR induced expression of 

adhesion molecules260. Unfortunately, clinical trials demonstrated that fostamatinib only 

induced modest clinical effects in 55% of CLL patients230. However, it is important to 

highlight that fostamatinib is not highly specific for SYK and has off-target effects on FMS-

related tyrosine kinase 3 (FLT-3), Lck, Janus kinase 1 and 3, and c-kit249. Consequently, 

fostamatinib was not approved for use in CLL. Therefore, more potent and highly specific 

SYK inhibitors are currently being explored in vitro and in vivo, including PRT062607 

(P505-15)261,262,261, Entospletinib (GS-9973)263 (clinical trials: NCT01799889, 

NCT01796470)261 and PRT-318264 as well as the SYK/JAK combination drug cerdulatinib 

(dual SYK/JAK inhibitor) (clinical trial: NCT01994382)265,266,260267. The identification of 

effective SYK inhibitors is important due to their ability to block BCR signalling in the 

presence of BTK and PLCγ mutations268. 

1.11 Apoptosis  

Apoptosis is a form of controlled cell death, which is required as part of normal cell turnover, 

during embryonic development and maintaining homeostasis in the immune system269. 

Reductions in cell apoptosis are associated with diseases including cancer269,270,271. When 

cells undergo apoptosis they display characteristic morphological changes, including 

membrane blebbing, deoxyribonucleic acid (DNA) fragmentation and the externalisation of 

phosphatidylserine (PS) on the cell surface which can be detected with annexinV269.  

 Apoptosis signalling pathways 

Apoptosis largely occurs via either the extrinsic death receptor pathway or the intrinsic 

mitochondrial pathway (Figure 1.8). Although the pathways are initially independent they 

both ultimately activate the execution pathway which involves cysteinyl aspartic acid-

proteases (caspases)269 3, 6 and 7. Caspases are proteases which have a cysteine at their 

active site. When caspases are cleaved at their specific aspartic acid sites, they become 

irreversibly activated resulting in a proteolytic cascade, which results in cleavage of 

substrates such as poly ADP ribose polymerase (PARP)269.  
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Figure 1.8269: Outline of the intrinsic and extrinsic apoptosis pathways. Stages specific to the 

intrinsic pathway including the release of cytochrome C, binding to Apaf1, apoptosome formation and 

activation of caspase-9 are highlighted in green. Stages specific to extrinsic pathway including binding of FAS 

ligand to its receptor and activation of caspase-8 and 10 are highlighted in orange. Stages common to both 

intrinsic and extrinsic pathways, including activation of caspase-3, 6 and 7, are highlighted in blue. 

The extrinsic death receptor pathway becomes activated when ligands (Tumour-necrosis 

factor (TNF) α, Fas ligand, TNF-related apoptosis inducing ligand) bind to their specific 

tumour necrosis factor family death receptors (TNF receptor, Fas receptor, death receptor-

4)272,273. This results in the direct activation of caspase 8 and 10, which leads to the cleavage 

of effectors 3, 6 and 7. The intrinsic mitochondrial pathway is activated by cellular stress, 

including oxidative stress, free radicals and DNA damage274. Activation of the pathways is 

regulated by B-cell lymphoma 2 (Bcl-2) family proteins associated with the mitochondria 

(Table 1.5)275,276. Pro-apoptotic BH3 proteins induce activation of the pro-apoptotic effector 

proteins BAX and BAK. BAX and BAK undergo conformational changes which result in 

the formation of pores located in the mitochondrial membrane. The pores enable a second 

mitochondria-derived activator of caspase (Smac) and cytochrome C to be released from the 

mitochondria. Smac blocks inhibition of caspases, while Cytochrome c forms the 

apoptosome with inactive pro-caspase 9 and apoptosis protein activator 1 (APAF-1)277,278. 

This results in the activation of caspase 9 which cleaves effector caspases 3, 6 and 7, resulting 

in cell death. However, BH3-only pro-apoptotic proteins can be sequestered by anti-

apoptotic Bcl-2 family members. Therefore, cell death is tightly regulated by the balance 

between pro and anti-apoptotic proteins279,280,281.  
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Table 1.5: 269 Pro and anti-apoptotic proteins involved in regulating apoptosis. 

BCL2 family members 

BH1-4 domains (pro-

survival) 
BH1-3 domains 

(pro-apoptotic) 
BH3 only (pro-apoptotic) 

B-cell lymphoma 2 (Bcl-

2) 
BCL-2 antagonist killer 1 (BAK) NOXA 

 

myeloid cell leukaemia 1 

(MCL-1) 
BCL-2 associated X protein 

(BAX) 
Bcl-2-associated death promoter 

(BAD) 

B-cell lymphoma-extra-

large (Bcl-XL) 
 BFM 

BFL-1  BID 

BCL-B  B-cell lymphoma 2 interacting 

mediator of cell death (BIM) 

B-cell lymphoma A1 

(BCL-A1) 
 BIK 

B-cell lymphoma W 

(BCL-W) 
 HRK 

  p53 upregulated modulator of 

apoptosis (PUMA) 

 Apoptosis in CLL pathogenesis  

In vivo CLL cells have impaired apoptosis which is a hallmark of this disease. Indeed, CLL 

cells display increased expression of anti-apoptotic Bcl-2 family proteins compared to 

heathy controls, including Bcl-2, BCL-XL and MCL-1282,283. Furthermore, expression of the 

pro-apoptotic protein BAX is reduced284. Interestingly, CLL samples with worse prognosis 

(U-CLL, CD38+ and Zap-70+) are associated with higher expression levels of the anti-

apoptotic protein Mcl-1282,285, which is known to be regulated by microenvironmental 

signals286,287. Currently, the BH3 mimic drug venetoclax, which targets BCL-2, is 

demonstrating success in clinical trials288 and a number of Mcl-1 and Bcl-xL inhibitors are 

in development.    

In contrast to the impaired apoptosis observed in vivo, once CLL cells have been removed 

from the tissue microenvironment they display rapid apoptosis in vitro289. However, CLL 

cells incubated in vitro with factors such as IL-4 and CD40L present in the lymph node 

clearly provide protection against basal and drug induced apoptosis290,291. This is achieved 

by the activation of various pathways including PI3K292, NF-κB293,294 and BCR signalling295. 

In addition, CLL cells from the lymph node displayed increased pro-survival gene 

signatures135, increased MCL-1 expression and decreased NOXA expression, compared to 

tumour cells from the peripheral blood296. Interestingly, the survival of U-CLL samples 
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appear to be more dependent on microenvironmental support than M-CLL cells297. Together, 

these studies suggest that resistance to apoptosis in CLL cells is a combined result of intrinsic 

defects and extrinsic signals provided by the lymph node.  

Many of the current treatment strategies, including chemotherapy and BCR kinase inhibitors 

induce apoptosis of CLL cells236,89,291,265,264. However, in vitro studies have demonstrated 

that chemotherapy or BCR kinase inhibitor induced apoptosis is reduced by factors present 

in the lymph node286,291,236,265. Therefore, understanding how lymph node factors influence 

basal and drug induced apoptosis in CLL is clinically relevant286,236.  

1.12 The tumour microenvironment  

CLL cells can interact with other cells and factors present in their immediate 

microenvironment. However, CLL cells are known to circulate between the peripheral 

blood, bone marrow and secondary lymphatic organs298. CLL cells largely accumulate inside 

the secondary lymphatic organs, including the lymph node and spleen. The lymph node 

contains various cell types and factors (Figure 1.9) which reflect normal B-cell 

development, including T-cells, mesenchymal stromal cells299, monocyte-derived nurse-like 

cells (NLCs)300, endothelial cells301,302,303 and growth factors such as BAFF287,304, CD40L 

and IL-4305,305,286,306. 
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Figure 1.9307: Simplified overview of the main cell types and factors present in the lymph node 

tissue microenvironment. T-cells, stromal cells and nurse-like cells are thought to be present in the CLL 

lymph node microenvironment. These cells and the factors they provide aid CLL cell survival, homing and 

drug-resistance. The schematic diagram highlights that survival factors interleukin-4 (IL-4), CD40 protein 

ligand (CD40L), as well as B-cell activating factor (BAFF) and its associated proliferation inducing ligand 

APRIL are present in the CLL microenvironment. The diagram further highlights that chemotaxis chemokines 

CXCL12 and CXCL13, and their receptors, CXCR4 and CXCR5, are also present in the microenvironment 

where they influence CLL cell migration. 

Mechanisms regulated by chemokine gradients attract CLL cells from the peripheral blood 

towards the lymph node (Figure 1.10). Chemokines CXCL12 and CXCL13 are more highly 

expressed in the lymph node compared to the peripheral blood. Therefore, CLL cells in the 

peripheral blood express relatively high levels of chemokine receptors CXCR4 and CXCR5, 

enabling them to migrate towards ligands CXCL12135,308 and CXCL13309,310 respectively. 

Meanwhile, integrins enable CLL cells to cross the endothelial cells that line the blood 

vessels.  
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Figure 1.10: Schematic diagram outlining the role of CXCR4 receptor expression on CLL cell 

migration. The figure outlines that CLL cells are able to recycle between the peripheral blood and the lymph 

node in part via the expression of CXCR4 receptor which is attracted towards the chemokine CXCL12 which 

is highly expressed in the lymph node. When CXCR4 engages with CXCL12 it becomes down-modulated. 

When CLL cells are in the blood in absence of CXCL12, then CXCR4 expression recovers, which enables 

CLL cells to migrate along the CXCL12 gradient into lymph node. 

The CLL tumour cells disrupt the structure of the lymph nodes and replace germinal centres 

with proliferation centre structures (Pseudofollicles)301. Inside these proliferation centres, 

the BCR is suggested to engage (auto) antigen135. In addition to the BCR, CLL cells also 

express integrins and adhesion molecules to enable CLL cells to interact with accessory 

cells, cytokines, chemokines and extracellular matrix components91,236. Ultimately, the 

microenvironment provides a protective niche which encourages CLL cell survival, 

proliferation and treatment resistance through BCR signalling, chemokine regulated tissue 

homing, adhesion and cytokine signalling21. Consequently, it is important to further 

understand the cross-talk between CLL cells and the microenvironment, since disruption of 

this cross-talk could identify key therapeutic strategies for the treatment of this disease311,312. 



Chapter 1 

27 

 Nurse-like and stromal cells  

Nurse-like cells (NLC) are thought to play a prominent role in the lymph node, promoting 

CLL cell viability300,313,314.  CD163+ NLC expression correlates with CLL cell proliferation 

in the lymph node315. Furthermore, NLC express ligand CD31 which binds CD38 on CLL 

cells, which promotes CLL cell survival122. In addition, NLCs have been reported to secrete 

B-cell activating factor (BAFF)287, which is known to promote CLL cells survival (discussed 

further in section 1.13.1)287,290,304. NLC plays a prominent role in cell migration, by attracting 

CLL cells into the lymph node by secreting chemokines CXCL12 and CXCL13314,300, 308 

which bind to receptors CXCR4 and CXCR5 respectively. In addition, co-culturing CLL 

cells with NLC promotes the tumour cells to further secrete chemokine ligands (CCL) 3 and 

CCL4, which subsequently attract T-cells316.  

Furthermore, the lymph node also contains stromal cells which can interact with 

lymphocytes. Stromal cells can promote survival317, act as scaffolding structures which 

support the microenvironment architecture, and provide surfaces on which cells can 

migrate318. To enable these functions, stromal cells express various adhesion molecules such 

as fibronectin (FN) and vascular cell adhesion protein 1 (VCAM-1)319,91,320, which bind 

integrins expressed by CLL cells, enabling tumour cells to be retained inside the lymph node 

(discussed further in chapter 6).  

 T-cells  

CD4+ helper T-cells are one of the most prominent cell types in the proliferation centre of 

the CLL patient lymph node321, having been shown to reside near CD38+ CLL cells322,323. T-

cells secrete various growth factors including IL-2 and IL-4, which aid CLL cell survival by 

preventing apoptosis306,307,304.  Reflecting the role of CD40L in normal development, the 

binding of CD40L to CD40 (expressed by the CLL cell) enhances cell survival324, 

proliferation and secretion of IL-4 and IFN-γ321,325,326. Interestingly, CLL patients display 

increased numbers of CD8+327,328,329 and CD4+ T-cells compared to normal 

donors328,327,330,329 with the greatest numbers present in patients with progressive disease331. 

Therefore, factors secreted or expressed by T-cells may act to promote disease pathogenesis. 

Although T-cell numbers are increased inside the lymph node of CLL patients, the function 

of these T-cells appears to be, in part, impaired as demonstrated by impaired actin 

polymerisation causing defective immunological synapse formation with antigen presenting 

cells328. CD4+ and CD8+ T-cells from CLL patients show increased expression of markers 

of activation and exhaustion including, Ki67+, CD69+, PD1 and CTL-A331. However, T-cells 
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from CLL patients retain their ability to secrete cytokines such as IFNγ and TNFα33. Since 

increased T-cells are associated with worse-prognosis and appear to retain their ability to 

secrete cytokines, it is important to investigate the role of T-cell growth factors on CLL 

biology.  

1.13 Survival factors present in the lymph node microenvironment 

Survival factors BAFF, CD40L and IL-4 are suggested to be present in the lymph node and 

are commonly used in vitro to mimic the survival effects provided by the tumour 

microenvironment. CLL cells incubated in vitro with IL-4, CD40L or BAFF display reduced 

basal and drug induced apoptosis311,222,286. However, our understanding of the effect of these 

microenvironmental factors on BCR signalling and drugs that target this pathway is limited. 

 B-cell activating factor (BAFF)  

BAFF is a TNF family membrane ligand which plays a vital role in normal B-cell 

development, differentiation and survival332,333. Since B-cell development requires tonic 

(antigen-independent) BCR signalling through the pre-BCR and BCR334, BAFF signalling 

co-operates with tonic BCR signalling to enable non-autoreactive immature B-cells to 

differentiate into transitional B-cells (T1 and T2)
335,336.  

BAFF can be expressed as either a surface-membrane bound molecule or secreted in soluble 

form337. BAFF is largely secreted by stromal cells317,287, NLCs and natural killer cells338 and 

dendritic cells287. Importantly, greater levels of soluble BAFF present in CLL patient plasma 

correlates with negative prognostic markers such as CD38 and Zap-70339. Furthermore, the 

level of intracellular BAFF also correlates with disease progression in CLL339. BAFF is 

known to induce the canonical and non-canonical NF-κB signalling pathway in CLL cells, 

which protects against both basal and drug induced apoptosis in vitro339,287.  

BAFF signals by binding to the BAFF receptor (BAFF-R), B-cell maturation antigen 

(BCMA) and/or the transmembrane activator CAML interactor (TACI) receptor expressed 

on the CLL cell surface (Figure 1.11). BAFF-R is bound specifically by BAFF, while ligand 

APRIL is also able to bind BCMA and TACI338. When BAFF binds to BAFF-R, TACI and 

BCMA it activates downstream canonical NF-κB signalling293. BAFF-R is the main receptor 

expressed in CLL cells whereas BCMA and TACI are expressed at lower levels293,304. 

Previously, BAFF associated gene expression profiles have been identified inside the lymph 

node of CLL patients340. BAFF-R is the most highly expressed BAFF receptor on the CLL 

cell304, although expression is reduced compared to normal B-cells341. In contrast, TACI and 
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BCMA expression is higher on CLL cells compared to normal B-cells304. TACI expression 

appears to be important in BAFF induced CLL progression, since CLL cells expressing 

higher TACI levels, displayed increased survival in vitro following incubation with BAFF, 

compared to CLL cells with lower TACI expression341. Indeed, TACI expression has been 

associated with CD38+ and Zap-70+339 expression. Therefore, BAFF is thought to influence 

CLL pathogenesis in part by promoting CLL cell survival293,304,290. Previously, Cui, et al 

demonstrated using four CLL samples that BAFF enhances anti-IgM induced iCa2+ flux194. 

However, these studies used a small sample size (n=4). Therefore, suggesting the need for 

further investigations in order to explore sample heterogeneity in response to BAFF-induced 

BCR signalling in CLL. 

 

Figure 1.11338: Schematic overview of BAFF and APRIL receptor downstream signalling 

pathways that occur in B-lymphocytes. The overview highlights that BAFF and APRIL signal via B-

cell maturation antigen (BCMA) and transmembrane activator CAML interactor (TACI), while only BAFF 

signals via the BAFF specific receptor (BAFF-R). Furthermore, the diagram outlines that BAFF activation of 

BCMA, TACI and BAFF-R causes canonical NF-κB signalling, while BAFF-R activation also induces non-

canonical NF-κB signalling. 

Two studies have examined the effects of BAFF on BCR signalling. Firstly, Schweighoffer 

et al demonstrated in normal B-cells that BAFF-R signalling results in the phosphorylation 

of SYK and CD79A in normal murine B-cells, via a mechanism which requires BCR 

signalling342. Secondly, Cui, et al suggests that BAFF positively regulates BCR activation 

in CLL cells, but in only four CLL samples in vitro194. Consequently, the effect of BAFF on 
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BCR signalling needs to be further explored, to examine heterogeneity between the different 

subsets of CLL.  

Importantly, microenvironmental signals are also implicated in the expression of other 

growth factor receptors. BAFF treatment is suggested to upregulate CD40L expression317, 

whilst IL-4 and CD40L are proposed to increase expression of TACI on CLL cells304. These 

results suggest that BAFF may cooperate with other cytokines present in the 

microenvironment to further modify CLL cell biology. However, how these factors work 

together to influence BCR signalling is unknown.  

 CD40 Ligand (CD40L)  

CD40L is a member of the TNF family and is expressed as a type II transmembrane protein 

that was originally identified on the cell surface of T-cells343. CD40L expression is induced 

following T-cell receptor engagement and binds to CD40 expressed on the B-cell surface 

(Figure 1.12). However, other cell types have also been shown to express CD40L, including 

monocytes, dendritic cells and endothelial cells344,345,346. However, CD40L is expressed in 

soluble form347,348.  

The binding of CD40L to CD40 on the B-cell surface results in B-cell activation, 

proliferation and survival349,350,343,351. This is largely achieved by activation of the canonical 

and non-canonical NF-κB pathways previously highlighted for BAFF352,353. CD40L 

treatment provides CLL cells with pro-survival signals against basal and drug induced 

apoptosis, in part by inducing expression of anti-apoptotic proteins Mcl-1 and Bcl-XL
354 and 

reducing pro-apoptotic protein noxa expression296. The combination of IL-4 and anti-CD40 

can activate131 and initiate the cell-cycle in CLL cells.325. Moreover, CD40L can enhance 

CLL cell adhesion to hyaluronan via CD44355. It has been suggested that CD40L expression 

is evident on some CLL cells356. However, an important caveat is that although CD40L is 

suggested to be expressed in the proliferation centre of CLL patient lymph node where it 

would be co-localised with proliferating CLL cells302,357, at the present time, no data has 

shown this unequivocally302. In addition, Cantwell et al32 suggested that CD4+ T-cells from 

CLL patient blood and spleen failed to express CD40L.  

As discussed further in chapter four, Cui et al previously demonstrated using nine CLL 

samples that CD40L (24h) enhances miR-155 expression, which is associated with reduced 

SHIP-1 protein expression and consequently anti-IgM induced iCa2+ flux194. Therefore, 

suggesting a role for CD40L in augmenting BCR signalling in CLL tumour cells.  
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Figure 1.12: Schematic diagram outlining the interactions between B-cells and T-helper cells 

during T-cell dependent B-cell maturation358. Antigen binds to specific B-cell receptors expressed by 

B-cells and becomes internalised by endocytosis. The antigen is fragmented and then presented by the MHCII 

complex on B-cell surface. T-helper cells then bind via the T-cell receptor to the MHCII complex expressed 

by B-cells (Signal 1). In addition, CD40L expressed by T-helper cells binds CD40 expressed by B-cells, which 

results in T-helper cell activation causing the release of cytokines including interleukin-4 (IL-4) (Signal 2). 

Cytokines including IL-4 promote B-cells to undergo proliferation and class switching.  

1.14 Interleukin-4 (IL-4) 

IL-4 is a 15-kD cytokine predominantly secreted by T-cells, NK-cells, mast cells, 

eosinophils and basophils359,360. In an individual with a normally functioning immune 

system, IL-4 plays various roles, promoting B and T-cell proliferation351 and aiding the 

differentiation of naive T helper cells to Th2 cells361. It is thought that Th2 cells further 

secrete IL-4, creating a positive feedback mechanism362,363. IL-4 aids up-regulation of 

MHCII, and promotes immunoglobulin class switching364. In addition, IL-4 is required for 

the formation of the germinal centre in mice365,366,367. The overproduction of IL-4 has been 

associated with various allergies, including asthma361, and IL-4 has been shown to display 

an important role in promoting disease in solid tumors368,369 as well as in leukaemia370 and 

lymphoma370,371.  

 IL-4 in CLL biology  

CLL patients with progressive disease have a higher proportion of IL-4 positive T-cells 

compared to patients with indolent disease372. Furthermore CD8+ and CD4+ T-cells from 

CLL patients displayed greater IL-4 levels compared to T-cells from healthy donors373,327. 

Indeed, CLL cells have been shown to secrete IL-6 which promotes T-helper 1 (Th1) cells 

to switch into IL-4 secreting Th2 cells, which secrete IL-4374. Culture supernatants from B 
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and T-cells from CLL patients also display raised levels of IL-4 compared to those from 

normal donors327. Therefore, IL-4 may play a role in CLL prognosis,373,375,327.  Importantly, 

gene-set enrichment analysis (GSEA)305, demonstrated an IL-4 gene signature was enriched 

in CLL lymph node tissue compared to peripheral blood and bone marrow135,305,117.  

CLL cells express increased expression of the IL-4 receptor376,377 and display significantly 

higher levels of cytoplasmic IL-4 compared to normal B-cell controls378. CLL cells are also 

suggested to be more responsive to IL-4 than normal B-cells, demonstrated by a significant 

increase in survival following in vitro culture379. Furthermore IL-4 has been demonstrated 

to promote CLL cells survival by protecting CLL cells from basal apoptosis in vitro380,361,304. 

IL-4 treatment has also been shown to protect against drug induced killing of CLL samples 

by fludarabine, nutlin, chlorambucil286, and idelalisib291 or ibrutinib236. Together these 

observations suggest IL-4 may play a role in CLL biology and response to therapy. 

 IL-4 receptor   

IL-4 regulates intracellular signalling following binding to the heterodimer IL-4 receptor 

(IL-4R) (Figure 1.13). There are two types of IL-4 receptor: type 1 receptors are expressed 

predominantly on haemopoietic cells and are composed from IL-4Rα and a common γc 

chain, whereas, the type 2 IL-4R is largely expressed on non-haemopoietic cells, and is 

composed from IL-4Rα and IL-13Rα381. The type 1 IL-4R associates with the Janus kinase 

(JAK) proteins JAK1 and JAK3, whilst the type 2 IL-4R associates with JAK1 and JAK2381, 

382. 

 

Figure 1.13: Schematic diagram highlighting the two types of IL-4 receptor (IL-4R) and their 

associated JAK kinases. IL-4R type 1 (left side) is predominantly expressed on haemopoietic cells and IL-

4R type 2 (right side) expressed predominantly on non-haemopoietic cells. 
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When IL-4 binds to IL-4R it causes a receptor conformational change which results in 

phosphorylation of the receptor chain, enabling JAKs to bind and become activated by 

tyrosine phosphorylation. The IL-4R on non-haemopoietic cells can also be activated by 

both IL-4 and IL-13. This consequently leads to the activation/phosphorylation of 

transcription factor signal transducer and activator of transcription 6 (STAT6) or direct 

activation of insulin receptor substrate (IRS) 1 and 2 (IRS-1 and IRS-2) pathways (Figure 

1.13 & 1.14). This results in down-stream activation of PI3K signalling and the Ras/Mek/Erk 

pathway383. Activation of these pathways can be determined using the readouts CD23, ERK 

and Mcl-1 for STAT6, IRS-1 and IRS-2 pathways respectively (Figure 1.14)383. 

 pSTAT6 signalling  

The IL-4Rα chain contains binding sites for STAT6 at tyrosine residues 575, 603 and 631. 

STAT6 binds to the activated receptor complex and is phosphorylated by the JAK molecules.  

Phosphorylation of STAT6 (pSTAT6) results in its dimerisation and subsequent 

translocation to the nucleus where it transcriptionally regulates expression of IL-4 target 

genes, including c-Jun, SP-1, C/EBPa and/or NF-kB384. This subsequently results in 

increased expression of the anti-apoptotic Bcl-2 family members Bcl-xl and Mcl-1286 and 

induces expression of growth factor independent-1 (Gfi-1), CD23 and suppressors of 

cytokine signalling (SOCs) (Figure 1.14)383. Consequently, pSTAT6 expression can be used 

as a marker of IL-4 signalling. Interestingly, CLL cells express increased pSTAT6(Y641) 

expression following IL-4 treatment compared to normal B-cells. This suggests that CLL 

cells may display enhanced sensitivity to IL-4379.  
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Figure 1.14: Schematic diagram highlighting key IL-4 induced signalling pathways. The diagram 

highlights that IL-4 binds to IL-4Rα on the cell surface, which activates JAK1 and JAK3. This results with 

activation of the IRS1 and IRS-2 pathways as well as inducing phosphorylation of STAT6. Known outcomes 

of IL-4 signalling include increased Mcl-1 and BclxL expression and increased survival and proliferation. 

However, little is known about the effect of IL-4 on BCR signalling, migration and adhesion in CLL. 

 IL-4 induced cross talk with BCR 

Guo et al previously demonstrated that IL-4 induced STAT6 signalling enhanced CD79A, 

CD79B and sIgM expression in normal murine B-cells385. Furthermore, they demonstrated 

that IL-4 pre-treatment could overcome inhibition of anti-IgM signalling by PI3K inhibitor 

LY294002385 due to activation of an alternative BCR signalling pathway (Discussed further 

in chapter 5). However, whether IL-4 replicates these effects in human cells and particularly 

CLL cells, is unknown.  

Therefore, due to the importance of BCR signalling in CLL pathogenesis, and the increasing 

use of BCR-kinase inhibitors in this disease, it is important to determine the impact of IL-4 

on BCR expression and signalling, and determine how this impacts the response to BCR 

kinase inhibitors. 
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1.15 Project rationale, hypothesis, aims and objectives:  

 Project rationale 

B-cell receptor signalling is pivotal to CLL pathogenesis and disease progression. The use 

of BCR-kinase inhibitors for the treatment of CLL has demonstrated a high level of success, 

particularly in patients with progressive disease. However, resistance to BCR kinase 

inhibitors is already occurring. Whilst mutations located in BTK and PLCγ2 explain some 

of this resistance, other patients progress or become resistant for unknown reasons.  

BAFF, CD40L and IL-4 are present in the CLL lymph node and may act to enhance anti-

IgM signalling in CLL cells. Furthermore, IL-4 enhances sIgM expression and downstream 

signalling and provides resistance against PI3K inhibition in murine B-cells. Together, this 

data highlights the importance of the tumour microenvironment on BCR signalling and a 

need to better understand its role in CLL biology. 

 Hypothesis 

The central hypothesis of this project is that IL-4 will regulate key signalling pathways that 

will contribute to CLL progression, such as apoptosis, BCR expression and signalling, 

adhesion and migration.  

 Project aim 

This project aims to investigate the role of IL-4 in CLL biology by investigating its impact 

on biological processes known to be critical to the pathogenesis of this disease. This includes 

resistance to basal and drug induced apoptosis, BCR expression and downstream signalling, 

effect on kinase inhibitors, as well as mechanisms used to retain CLL cells in the lymph 

node, such as chemokine receptor expression and signalling.  
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 Objectives 

The objectives will be as follows: 

1: To determine whether there are differences in IL-4 induced JAK/STAT6 signalling levels 

between the different subsets of CLL characterised by clinically relevant prognostic markers. 

2: To investigate the effect of IL-4 treatment (alone and in combination with BAFF or 

CD40L) on sIgM and sIgD expression and downstream signalling in CLL cells in vitro.  

3: To explore whether IL-4 influences the effectiveness of BCR kinase inhibitors such as 

ibrutinib and idelalisib to induce apoptosis and block BCR signalling in CLL cells in vitro.  

4: To evaluate the effect of IL-4 on integrin and chemokine receptor expression and 

investigate its role in CLL migration and adhesion.  

5: Investigate whether targeting the IL-4 pathway with small molecule inhibitors may be a 

useful strategy for the treatment of CLL cells in vitro. 
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2. Materials and Methods  

2.1 Patient Samples collection and storage 

 CLL patient diagnosis  

CLL patient diagnosis was carried out in accordance with the guidelines stipulated by the 

International Workshop on Chronic Lymphocytic Leukaemia (iWCLL)19,20, 21. The criteria 

includes the presence of 5x109 B-lymphocytes/L in the peripheral blood for more than 3 

months, as well as positive co-expression of surface markers CD19, CD23, CD5 and low 

sIgM.  

 Sample collection and storage  

Peripheral blood samples were collected from patients, following informed patient consent 

in accordance with the Declaration of Helsinki following local ethical review (Reference: 

228/02/t). Peripheral blood mononuclear cells (PBMCs) were collected from the blood as 

described in section 2.1.3. PBMCs were cryopreserved in liquid nitrogen at concentrations 

between 5x107 and 1x108 cells/ml as part of the South Coast Tissue Bank according to 

standard operating procedure.  

 Peripheral blood mononuclear cells (PBMC) extractions  

PBMCs extraction was carried out at room temperature. Lymphoprep (20ml) (Fisher 

Chemicals, P/7500/17) was added to a sterile container and overlaid with 20ml of blood. The 

tube was centrifuged at 350g for 30 minutes (mins). The concentrated PBMC layer was 

removed and the cells re-suspended in 50ml of R10 media (RPMI 1640 plus glutamine, 

penicillin and streptomycin with 10% foetal calf serum (FCS)) (Table 2.1) prior to re-

centrifugation (10 mins, 350g). The supernatant was removed and the cells were re-

suspended in 10-20ml R10. Cells were counted using a haemocytometer and cell viability 

was evaluated by trypan blue cell exclusion assay (as described in section 2.1.4). Only 

samples with >90% viability were retained for further experimentation. Cells were pelleted 

via centrifugation (5 mins, 350g) and re-suspended at 5x107 cells/ml in freeze mix containing 

90% foetal bovine serum (PAA: ref: A15-102) and 10% dimethyl sulphoxide (DMSO) 

(Sigma, ref: 472301). Tubes were placed in a “Mr. Frosty” prior to being placed in a -80°C 

freezer overnight. Tubes were subsequently placed in in liquid nitrogen until required. 
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Table 2.1: The composition of R10 media. 

Component Component supplier and 

reference code 

Amount added 

RPMI 1640 Sigma, ref: R0883-500ML 500 mL 

Foetal bovine serum (FBS) PAA, ref: A15-102 10% 

Glutamine Sigma, ref: G7513 2 mM 

Penicillin/ streptomycin Sigma, ref: P4333 10 ml/L 

 Trypan blue cell viability exclusion assay and calculating cell 

number  

The number of viable PBMCs was determined using a trypan blue exclusion assay. PBMC 

cell suspension and 0.4% trypan blue (Sigma, T8154) were mixed in equal volumes (1:1 

dilution). From this 10 µL were then pipetted on to the haemocytometer. Cells were 

visualised using light microscopy. Viable cells are able to prevent trypan blue from entering, 

since they have a functional cell membrane. However, dead cells are unable to prevent the 

movement of trypan blue across the cell membrane. Consequently, blue cells represent dead 

or dying cells whilst white/clear cells are viable. Using a hand tally counter the number of 

viable cells in each of the four sets of 16 corner squares were counted. Typically when 

cryopreserved PBMCs stored at 5x107 cells/ml were re-suspended in 3ml RPMI, between 

80-150 viable cells were recorded in the squares counted (indicated in blue in Figure 2.1). 

The total number of viable cells/mL in the original suspension were then calculated as 

indicated in Figure 2.1 
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Figure 2.1: Haemocytometer and calculation as used to count number of viable cells. This figure outlines 

how total number of viable PBMCs were counted and calculated. The number of viable cells were counted in 

each of the four sets of 16 corner squares, as highlighted by the blue boxes (Image adapted from abcam.com)386. 

2.2 Cell culture and treatments 

 Cell culture  

Cell culture was performed using aseptic technique. CLL samples were retrieved from liquid 

nitrogen, then rapidly thawed at 37°C and mixed with pre-warmed R10 medium. Cells were 

pelleted by centrifugation (5 mins, 350g). The supernatant was discarded and the cell pellet 

was washed again by resuspension in pre-warmed R10 medium. Finally, cells were re-

suspended in 2 to 3ml pre-warmed R10 at 37°C and incubated for 1h at 37°C, 5% CO2 to 

enable the CLL cells to recover from the thawing process. Cell number and viability was 

determined using the trypan blue dye exclusion assay (as described in 2.1.4). Cells were 

diluted to a final concentration of 1x107 cells/ml and plated at the desired volumes for each 

assay. Only samples with >85% viability were used. Cells were incubated at 37°C, 5% CO2 

for the stated time periods following the various indicated treatments. 

 Treatment conditions  

The human recombinant proteins used (Table 2.2) were reconstituted to suppliers 

recommended concentrations in R10. 
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Table 2.2: Recombinant proteins used were supplied by R&D Systems. 

Recombinant proteins Catalogue number 

Interleukin-4 (IL-4) 204-IL-010 

B-cell activating factor (BAFF) 2149-BF-010 

CD40 ligand (CD40L) 6420-CL-025 

Osteopontin (OPN) 1433-OP-050 

The inhibitors used are summarised in Table 2.3. The inhibitors were reconstituted in DMSO 

(Sigma, ref: 472301). Appropriate volumes of R10 or DMSO were added to untreated (NA) 

lanes as controls. Soluble anti-IgM F(ab’)2-UNLB (Southern Biotech, ref: 2022-01) and 

Goat F(ab’)2 Anti-human IgD-UNLB (2032-01) were used at 20μg/ml and immobilised 

beads (as described in 2.2.3) were used at a 2:1 bead to cell ratio for the indicated treatment 

times.  

Table 2.3: Protein inhibitors used were resuspended in DMSO.   

Inhibitor Inhibitor target Catalogue number and 

supplier 

SU6656 Src kinases 57774 (Sellechem) 

Ibrutinib BTK S2680 (Sellechem) 

CAL-101 (Idelalisib, GS-1101) PI3Kδ S2226 (Sellechem) 

PRT062607 (P505-15, BIIB057) SYK S8032 (Sellechem) 

R406 (Fostamatinib) SYK S2194 (Sellechem) 

G06976 PKCα, PKCβ1 2253 (Tocris) 

CP-690550 (Tofacitinib) JAK3, less potent for JAK2 and JAK1. S2789 (Sellechem) 

 Conjugating soluble anti-IgM to Dynabeads 

Anti-IgM F(ab’)2 antibodies were supplied by Southern Biotech (Table 2.4). The 

Dynabeads® Antibody Coupling Kit was from Thermo Fisher scientific (14311D) 

(Containing buffers: C1, C2, SB, LB, HB). 

Table 2.4: Antibodies used for coupling to Dynabeads.  

Antibody Concentration 

(mg/ml) 

Catalogue number 

Goat F(ab’)2 Anti-human IgM-UNLB 0.5 2022-01 

Goat F(ab’)2 IgG-UNLB isotype control 5 0110-01 

Dynabeads (60mg) were re-suspended in 3ml solution C1. Then half the volume (1.5ml) 

from this was transferred to a separate tube for conjugation of the isotype control to the 
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Dynabeads. The beads were placed in a magnetic rack (Dynal® Invitrogen bead separation 

magnet) for 30 seconds (secs), and supernatant liquid was removed and discarded. An equal 

volume of solution C2 (1500µl) was added to each tube. Soluble anti-IgM (600µl), or isotype 

control (60µl) was subsequently added to the appropriate tube. C1 was added to each tube 

to achieve the same total volume of 3ml. The tubes were incubated overnight at 37°C in a 

hybridization oven with rotation. The tubes were again placed in the magnetic rack for 30 

secs and the supernatant liquid was removed from the beads and discarded. Beads were 

sequentially washed with solution HB (1.6ml), LB wash (1.6ml) and SB (1.6ml). 

Supernatant liquid was removed using the magnetic rack between each wash as previously 

described. Beads were re-suspended in 1.6ml solution SB and incubated at room temperature 

for 15 mins while rotating. Supernatant liquid was removed and beads were re-suspended in 

3ml SB with sodium azide (30µl). Beads were stored at 4°C until required.  

 Washing immobilised anti-IgM  

Immobilised beads were washed prior to addition to cells in order to remove any azide. The 

volume of beads required was placed in microcentrifuge tubes and incubated at room 

temperature on the magnetic rack for 30 secs. Supernatant liquid was removed and the beads 

were re-suspended in 300 µl R10. This wash step was repeated 3 times. Beads were then re-

suspended back to their initial volume in R10 medium.  

2.3 Protein analysis by immunoblotting  

  Protein extraction from CLL cells  

Cells (250 µl of 107 cells/ml) were pelleted by centrifugation (350g, 4°C, 5 mins) and washed 

twice with 250µl of Hank's Balanced Salt Solution (HBSS) (Gibco, ref: 14170-088). The 

supernatant was aspirated and discarded. Cells were lysed in whole cell lysate (WCL) 

solution (Appendix Table 1) supplemented with a protease inhibitor (Sigma, P8340-IML) 

and freshly made phenylmethanesulfonyl fluoride in DMSO (Sigma, 78830-5g) at a ratio of 

100:1:1. Cells (250 µl) were incubated at 4°C for 15 mins with 80µl of WCL. The cell lysate 

was centrifuged (16,100 g, 10 mins, 4°C) to remove any remaining cell debris and 

contaminating DNA. Cell lysates were stored at -20°C for imminent use or -80°C for longer 

storage. 
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 Denaturing protein for sodium dodecyl sulphate (SDS) 

polyacrylamide gel electrophoresis   

Proteins were denatured prior to being run on SDS-gel during an immunoblotting process, 

as outlined in Figure 2.2.  

 

Figure 2.2: Overview of the main steps of the immunoblotting process. 1: Protein extracted from 

cells. 2: Protein linearized using SDS at 37°C. 3: Protein separated on SDS gel using electrophoresis. 4: 

Proteins transferred from gel onto nitrocellulose membrane. 5: Membranes blocked using foetal calf serum 

(FCS) and VETO and incubated with appropriate primary and secondary antibodies. ECL added and bands 

visualised using developer. 
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Protein lysates were mixed with loading dye and Dithiothreitol (DTT) (Table 2.5), then 

heated for 10 mins at 90°C prior to pulsing in the centrifuge for 5 secs. 

Table 2.5: Protein lysate sample preparation for gel electrophoresis. 

Component Component supplier and reference code Volume (µl) added per sample 

Protein lysate Extracted as described in section 2.5 20 

Loading dye Novex life technologies, ref: NP0007 7.5 

Dithiothreitol (DTT) Sigma, D0632-5g 2.5 

 Gel electrophoresis and protein transfer to membrane 

Electrophoresis tanks were filled with 1x MOPS SDS Running Buffer (Thermo Fisher, ref: 

NP0001) and anti-oxidant (500µl) (Invitrogen, ref: NP0005). Protein lysates or protein 

standard ladder (7µl) (Thermo Fisher, ref: LC5800) were loaded onto 10% or 12% 

polyacrylamide gels (Thermo Fisher, ref: NP0316B0X). Gel electrophoresis was performed 

at 180V, 75mA, 12.5W for approximately 1-2h until the protein had run the entirety of the 

gel.  

Proteins were transferred from the gel on to Hybond nitrocellulose membranes (GE 

Healthcare, ref: 10600002) using a wet transfer system (25V, 125mA, 15.0W, 90 mins) 

containing 1x transfer buffer (Appendix Table 2). Protein transfer and equal loading was 

confirmed by Ponceau S staining (ref: 6226-79-5, Sigma) for 10 secs. Membranes were 

subsequently washed for 15 mins in tris-buffered saline containing 0.2% Tween 20 (TBST) 

(Appendix Table 3) to remove Ponceau S from the membrane. 

 Blocking and Immunoblotting membrane 

Membranes were blocked for 30 mins at room temperature with VETO (Appendix Table 

4) and FCS in a 20:1 ratio respectively. Membranes were incubated with primary antibodies 

(Table 2.6) and 0.25% sodium azide overnight at room temperature. 
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Table 2.6: The Primary antibodies used for immunoblotting.  

Primary Antibodies Supplier Molecular 

weight (KDa) 

Species Dilution Catalogue 

number 

Anti-human PARP (4C10-5  (RUO)) BD  Pharmingen 110 and 85 Mouse 0.5:1000 556494 

Anti-Mcl-1 (S-19) Southern Biotech 40 Rabbit 0.5:1000 Sc-819 

Anti-Bcl-2 (124) Dako 28 Mouse 0.5:1000 MO887 

Anti-Bcl-xL Cell signalling 30 Rabbit 1:1000 2762 

Anti- pSTAT6 (Y641) Cell signalling 110 Rabbit 1:1000 9361 

Anti-STAT6 Cell signalling 110 Rabbit 1:1000 9362 

Anti-NF-κB p100/p52 Cell signalling 52, 120 Rabbit 1:1000 48825 

Anti-Phospho-Akt (Ser473) (D9E) XP® Cell signalling 60 Rabbit 1:1000 4060S 

Anti-Akt Cell signalling 60 Rabbit 1:1000 9272S 

Anti-HSC70 (B-6) Santa Cruz 70 Mouse 0.4:1000 sc-7298 

Anti-Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) 

Cell signalling 42, 44 Rabbit 1:1000 9101 

Anti-p44/42 MAPK (Erk1/2) Cell signalling 42, 44 Rabbit 1:1000 9102 

Anti-Phospho-GSK-3β (Ser9) (5B3) Cell signalling 46 Rabbit 1:1000 9323 

Anti-Phospho-Syk (Tyr525/526) (C87C1) Cell signalling 72 Rabbit 1:1000 2710 

Anti-Phospho-Syk (Tyr323) Cell signalling 72 Rabbit 1:1000 2715 

Anti-Syk Cell signalling 72 Rabbit 1:1000 2712 

Anti-Phospho-PLCγ2 (Tyr1217) Cell signalling 150 Rabbit 1:1000 3871 

Anti-Phospho-PLCγ2 (Tyr759) Cell signalling 150 Rabbit 1:1000 3874 

Anti-PLCγ2 Cell signalling 150 Rabbit 1:1000 3872 

Anti-Osteopontin Abcam 66 and 32 Rabbit 1:1000 ab8448 

Anti-GAB1 Cell signalling 110 Rabbit 1:1000 3232 

Anti-Human Foxp1 Purified JC12 (JC-12) Ebioscience 75/73 Mouse 2:1000 14-9962-82 

Anti-SHIP1 (P290) Cell signalling 145 Rabbit 1:1000 2726 

Anti-SOCS1 (A156) Cell signalling 23 Rabbit 1:1000 3950 

Anti-SOCS3 Cell signalling 26 Rabbit 1:1000 2923 

Anti-LC3BII Antibody Cell signalling 14,16 Rabbit 1:1000 2775 

GABARAPL2 (D1W9T) Cell signalling 14 Rabbit 1:1000 14256 

Anti-Phospho-Stat3 (Ser727) Cell signalling 86 Rabbit 1:1000 9134 

Anti-Phospho-Stat3 (Tyr705) (D3A7) XP Cell signalling 79, 86 Rabbit 1:1000 9145 

Anti-Phospho-SAPK/JNK (Thr183/Tyr185) 

(81E11) 

Cell signalling 46, 54 Rabbit 1:1000 4668 
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Membranes were subsequently washed with TBST three times for 10 mins at room 

temperature and subsequently incubated in VETO and FCS (ratio 20:1 respectively) with 

appropriate secondary antibodies (Table 2.7) for 3h at room temperature.  

Table 2.7: Secondary antibodies used for immunoblotting. 

Secondary antibodies Dilution Supplier Product code 

Polyclonal Goat anti-Rabbit Immunoglobulins 0.4:100 Dako P0448 

Polyclonal Goat anti-Mouse Immunoglobulins 0.4:100 Dako P0447 

 Imaging Immunoblots and band quantification 

Membranes were washed with TBST three times for 10 mins at room temperature. Enhanced 

chemiluminescence (ECL) reagents (Thermo Scientific, ref: 32106) were combined in 1:1 

ratio and added evenly across the membranes. Protein bands were imaged using a UVP light 

imager and ChemiDoc-It software. Protein intensities were quantified using ImageJ 

software. HSC70 protein expression was used as the loading control. 

2.4 Flow cytometry 

 Multi-colour Immunophenotyping  

R10 media (300µl) was used to re-suspend 100µl of 1x106 cells/ml. Cells were centrifuged 

(5 mins, 350g) and the supernatant liquid discarded. Cells were re-suspended in a master-

mix (100µl) composed from R10 and appropriate antibodies (Table 2.8) or isotype controls 

(Table 2.9) conjugated to various fluorochromes. Cells were incubated for 30 mins at 4°C 

in the absence of light. R10 (1ml) was added to the tube and the cells were centrifuged (5 

mins, 350g). The supernatant liquid was discarded and cells were re-suspended in R10 

(200µl). Data was acquired by flow cytometry using a Canto I and DIVA software. 
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Table 2.8: Fluorophore conjugated antibodies  

Antibody Flurophore Clone Antibody 

Isotype 

control 

Supplier Catalogue 

number 

Concentration 

of stock 

(μg/mL) 

Volume 

(µl) of 

stock per 

sample 

Anti-CXCR4  APC 12G5 Mouse IgG2a, κ Biolegend 306510 200 2 

Anti-CD19  Pacific blue HIB19 Mouse IgG1, κ  Biolegend 302232 200 2 

Anti-CD19  APC HIB19 Mouse IgG1, κ  Biolegend 302212 50 3 

Anti-CD19  Alexa488 HIB19 Mouse IgG1, κ  Biolegend 302219 200 5 

Anti-CD5  PercP UCHT2 Mouse IgG1, κ  Biolegend 300618 100 2  

Anti-IgM  PE MHM-88 Mouse IgG1, κ  Biolegend 314508 25 5  

Anti-IgD  FITC IA6-2 Mouse IgG2a, κ  Biolegend 348206 200 5  

Anti-CXCR3  PE 49801 Mouse IgG1  R and D 

systems 

FAB160P 10 10  

Anti-CD79b  APC CB3-1 Mouse IgG1, κ Biolegend  341406 150 5  

Anti-HLA 

class II  

FITC F3-3 Provided by Tenovus Antibody and Vaccine group, Southampton 10 

Anti-CD44  FITC BJ18 Mouse IgG1, κ Biolegend 338804 200 2.5 

Anti-CD49d  FITC 9F10 Mouse IgG1, κ Biolegend 304316 400 5 

Anti-Human 

CD49e  

PE NKI-SAM-1 Mouse IgG2a, κ Biolegend 328010 100 5 

Anti-CD23  FITC EBVCS-5 Mouse IgG1, κ Biolegend 338506 200 5 

Anti-CD29  PE TS2/16 Mouse IgG1, κ Biolegend 303004 100 5 

Anti-BCMA  APC  

19F2 

Mouse IgG2a, κ Biolegend 357506 200 5 

Anti-human 

CD267 

(TACI) 

Antibody  

APC 1A1  Rat IgG2a, κ Biolegend 311912 200 5 

Anti-BAFF-

R  

APC 11C1 Mouse IgG1, κ Biolegend 316916 40 5 

Anti-IL-4R  PE hIL4R-M57  

(RUO) 

Mouse IgG1, κ BD 

Bioscience  

552178 25 20 

Anti-CD40  PE 5C3 Mouse IgG1, κ Biolegend  334308 3  
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Table 2.9: Fluorophore conjugated isotype controls  

Isotype 

Antibody 

Flurophore Clone Supplier Catalogue number 

Mouse IgG2a, κ APC MOPC-173 Biolegend 400220 

Mouse IgG1, κ PE MOPC-21 Biolegend 400112 

Mouse IgG2a, κ FITC MOPC-173 Biolegend 400210 

Mouse IgG2B PE 133303 R and D systems IC0041P 

Mouse IgG1, κ APC 11711 R and D systems IC002A 

Rat IgG2a, κ APC RTK2758 Biolegend 400512 

Mouse IgG2a, κ PE MPC-11 Biolegend 400314 

Mouse IgG1, κ FITC MOPC-21 Biolegend 400108 

Files were exported from FACS DIVA in FCS 2.0 format. Immunophenotyping analysis was 

performed using FlowJo version 10. The gating strategy involved selecting singlets (Figure 

2.3A) and viable lymphocytes (Figure 2.3B). CLL cells were selected by gating on 

CD19+CD5+ cells (Figure 2.3C), while T-cells were selected by gating on CD19-CD5+ cells. 

The geometric mean fluorescence intensity (MFI) was calculated and MFI of appropriate 

isotypes were subtracted. 

 

Figure 2.3: Gating strategy for immunophenotyping analysis on CLL cells.(A) Gating on singlet 

cells. (B) Gating on live lymphocytes. (C) Gating on CLL cells. 

 Flow cytometry based anti-IgM induced iCa2+ flux assay  

Firstly, lyophilised Fluo3-Acetoxymethyl (AM) (Life Technologies, ref: F1242) was 

dissolved in 10µl DMSO. From this 4µM Fluo3-AM was added to each tube/treatment 

containing 250µl of 1x 107 CLL cells/ml along with 0.01% (vol/vol) pluronic F-127 (Sigma, 

P2443-250G). Cells were incubated for 30 mins in the absence of light at 37°C. R10 (1ml) 

was added to each tube and centrifuged (5 mins, 350g). The supernatant was discarded and 

cells were re-suspended in 1ml of pre-warmed R10. If CLL cells were treated with inhibitors 
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that bind reversibly, the inhibitors were re-added following the wash stage. Then the cells 

were incubated for 5 mins at 37°C before being analysed using flow cytometry.  

Fluo-3 expression was recorded on the flow cytometer for 30 secs before addition of soluble 

anti-IgM F(ab’)2 (20 μg/ml) (Southern Biotech, ref: 2022-01) to identify the baseline 

expression. Fluo-3 expression was recorded for a further 4.5 mins, and ionomycin (1µM) 

(Sigma, I0634-1) was used as the positive control at the end of the run to determine 

maximum calcium response from the sample. Analysis of iCa2+ levels was quantified using 

the kinetics function on Flow-Jo vs10 (Figure 2.4). Plots of Fluo3-AM expression versus 

time was carried out on live gated lymphocyte cells. Data was set to show the percentage of 

cells at the peak response above the threshold (85% of the unstimulated cells).  

 

Figure 2.4: Representative flow-jo analysis of iCa2+flux data. A: Gating strategy used to select viable 

lymphocytes. B: Example of the kinetic analysis used to calculate the percentage (%) of responding cells 

following anti-IgM induced iCa2+ flux. Region 1 is the unstimulated response (basal level), region 2 is the 

response stimulated by anti-IgM and region 3 is the response stimulated by ionomycin to establish maximum 

response. 

The percentage of responding cells was calculated as indicated in Figure 2.5. 

 

Figure 2.5: Calculation used to calculate the percentage of responding cells. Percent responding 

cells is calculated by taking the maximum peak height following anti-IgM treatment and subtracting the mean 

value from the response of unstimulated cells then dividing this by the independently determined percentage 

of CD19+ cells and then multiplied by 100. 

 Flow cytometry based Annexin V/Propidium iodide apoptosis 

assay   

The protein AnnexinV which binds PS and the DNA intercalating agent propidium iodide, 

which can enter cells through permeable membranes, can be used in vitro to detect 
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apoptosis269 (Figure 2.6A). CLL cells (9x106 cells) were suspended in HBSS (250 µl) and 

centrifuged (350g, 4 ºC for 5 mins). The supernatant was discarded and the cells were re-

suspended in 1x AnnexinV binding buffer (300 µl) (Appendix Table 5) containing 0.5µl of 

1mg/ml propidium iodide (PI) (life technologies, P3566) and AnnexinV (1 µl) (Provided by 

Dr Patrick Durez, University of Southampton) to identify viable cells (AnnexinV/PI negative 

cells). Cells were incubated on ice in the absence of light until analysed by flow cytometry. 

Data analysis was carried out using FlowJo vs10. Viable and dead cells were gated (Figure 

2.6B), and the percentage of viable cells was determined (Figure 2.6C).  

 

Figure 2.6: Overview of AnnexinV/PI assay and analysis of the percentage of viable cells. A: 

Outline of the principle of the Annexin V/P assay. B: Gating strategy used to select viable and dead 

lymphocytes. C: Gating used to calculate the percentage of viable lymphocytes. 

 Enzyme-linked immunosorbent assay (ELISA):  

The Human OPN immunoassay ELISA kit (ref: DOST00) was purchased from R&D 

Systems (Abingdon UK). Standards were prepared using serial dilutions to create known 

concentrations of OPN (0, 0.312, 0.625, 1.25, 2.5, 5, and 10ng/ml). Samples were prepared 
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from CLL conditioned media, and were diluted 1 in 3 with R10 media. Samples and 

standards were performed in duplicates at room temperature following the manufacturer’s 

guidelines. The standard or samples were added to each well and incubated for 2h. The well 

content was aspirated and washed 5 times with 200µl of wash buffer. The Human OPN 

conjugate (as supplied in the kit) was added to each well and plates were incubated for a 

further 2h. The well was aspirated again and washed 5 times with wash buffer as previously 

described. Substrate solution was subsequently added to each well and incubated for 30 mins 

before the supplied stop solution was added to each well. The optical density of each well 

was determined using a plate reader (Varioskan Flash) at wavelength 570 nm and the optical 

density subtracted at 450nm. Standards were used to create a standard curve from which the 

OPN concentrations were determined. 

 miRNA analysis  

2.4.5.1 Ribonucleic acid (RNA) extraction:  

Ribonucleic acid (RNA) extraction was performed using the Qiagen RNeasy mini kit (ref: 

74104). β-mercaptoethanol (450µl) was added to solution RLT (45ml) and 600µl of this 

solution was added to 1x107 CLL cells. Cells and RLT were mixed to ensure complete cell 

lysis. Ethanol 70% (600µl) was added to the lysate suspension.  Cells were transferred to 

RNeasy mini spin columns and centrifuged (5secs, 8,000g). The flow-through was 

discarded. RW1 (350µl) was added to the spin column and centrifuged (5secs, 8,000g). The 

flow-though was discarded, and 10µl RNase-free DNase I (ref: 79254) and 70µl RNase-free 

buffer RDD (supplied with DNase) were added to the spin column membrane and incubated 

for 15 mins at room temperature. RW1 (350µl) was added to the spin columns, and 

centrifuged (5secs, 8,000g). Flow-though was discarded. RPE (500µl) was added to the spin 

columns, centrifuged (5secs, 8,000g) and flow-though was discarded. RPE (500µl) was 

added to the spin columns again for a second time and centrifuged (2mins, 8,000g) and flow-

though was discarded. The filters from the spin columns were moved to new sterile spin 

columns and RNase-free water (30µl) was added directly to the filters and incubated for 1 

minute at room temperature. The spin columns were placed in fresh microfuge tubes and 

centrifuged (1min, 8,000g). RNA was quantified using nanodrop and stored at -80°C until 

required.  

2.4.5.2 Reverse Transcription:   

RNA was converted to cDNA using the TaqMan® MicroRNA Reverse Transcription (RT) 

Kit (Applied Biosystems, ref: 4366596) and primers described in Table 2.10. 
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Table 2.10: Product details for TaqMan® microRNA Assay primers. 

Assay name miRBase ID Catalogue number 
RNU6B NR-002752 4427975/001093 

hsa-miR-150 hsa-miR-150-5p 4427975/000473 

hsa-miR-155 hsa-miR-155-5p 4427975/002623 

hsa-miR-29a hsa-miR-29a-3p 4427975/002112 

RT reactions were set up (15µl per sample) on ice using 7µl of master-mix (as described in 

Table 2.11), 3µl of 5x RT primer (Applied Biosystems) and 5µl of the RNA sample (10 

ng/ml).  

Table 2.11: Components required for RT master mix. 

Component Volume (µl) of master-mix component 

required per 15 µl reaction 
100 mM deoxynucleotides (with deoxythymidine 

triphosphate)  

0.15 

Multiscribe Reverse Transcriptase 50 U/µl 1.00 

10x Reverse Transcription Buffer 1.50 

RNase inhibitor, 20 U/µl 0.19 

Nuclease-free water 4.16 

Total volume 7.00 

Tubes were sealed and samples were pulsed in the centrifuge for 5secs. Samples were 

incubated on ice for 5mins. Samples were loaded into a thermal cycler and the sample 

volume was set to 15µl and run using the parameters outlined in Table 2.12. cDNA was 

stored at -20°C until required. 

Table 2.12: Parameters used for the thermal cycler. 

Step Time (mins) Temperature (°C) 

Hold 30 16 

Hold 30 42 

Hold 5 85 

Hold ∞ 4 

2.4.5.3 Quantitative Polymerase chain reaction (qPCR)  

Quantitative polymerase chain reaction (qPCR) reactions (20µl) were set up as described in 

Table 2.13. 
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Table 2.13: Components used to make 20µl quantitative (q) PCR reaction. 

Component Volume (µl) per reaction 
Taqman Small RNA assay (20x) 1.00 

Product from RT reaction (cDNA) outlined chapter 

2.11. 

1.33 

Taqman Universal PCR master mix II (2x) 10.00 

Nuclease-free water 7.67 

Total volume 20.00 

Plates were sealed and pulsed in the centrifuge for 5secs. Samples were loaded into a real-

time PCR machine (Applied Biosystems®, 7500) and were run on Standard Run mode. 

Sample volume was 20µl and thermal cycling conditions were as outlined in Table 2.14. 

Table 2.14: Parameters for real-time PCR. 

Step Enzyme activation PCR 

HOLD Cycle (40 cycles) 

Denature Anneal/Extend 

Temperature 95°C 95°C 60°C 

Time 10mins 15secs 60secs 

The thermal cycler produces an amplification plot and the cycle threshold (Ct) value was 

determined (Figure 2.7). The Ct value indicates the number of PCR cycles required for the 

fluorescent signal to intercept with the threshold line. The threshold line is an arbitrary value 

of fluorescence placed in the exponential phase. Consequently, a smaller Ct value 

demonstrates the presence of increased target compared to larger Ct values. 

 

Figure 2.7: Representative Taq-man reverse transcriptase qPCR amplification plot. 
Representative qPCR plot annotated to display background noise, the PCR cycle exponential phase and the 

plateau phase. The threshold value and a representative cycle threshold (Ct) are indicated. Blue lines represent 

untreated (NA) samples. Red lines represent samples treated with IL-4 (10ng/ml) for 24h. Black lines represent 

untreated control, which contain no template. The background (Baseline) shows PCR cycles with fluorescent 

signals beneath the detected limits. ΔR: Quantifies the changes in florescent signals versus the cycle number 

detected at various time points. 



Chapter 2 

53 

2.4.5.4 Calculating 2ˆ(–delta delta Cycle Threshold)  

1: The average of the Cycle Threshold (CT) values for all replicate runs was taken for both 

the miRNA of interest and the house keeping gene (RUN6B). 

2: Calculate the change in CT (that is delta CT which is abbreviated to ΔCT): The average 

CT for RUN6B was subtracted from the average CT value of the primer of interest to give 

the change in CT.  

3: Calculate the change in delta CT (ΔΔCT): The ΔCT of the un-treated control was 

subtracted from the dCT for each of the treatment conditions tested. Therefore, the untreated 

control has by definition ΔΔCT=0 

4: Calculate 2-ΔΔCt 

2.5 Cell adhesion assay to fibronectin  

Cells were defrosted and recovered as previously described. Then the cells were incubated 

for 24h at 37°C at 107cells/ml in the presence or absence of IL-4 (10ng/ml). A Trypan blue 

cell exclusion assay was then performed (as described in section 2.1.4.), in order to confirm 

that cell viability was similar between treatments. Cell number was adjusted to 107cells/ml 

prior to carrying out the adhesion assay. The adhesion assay was performed as outlined in 

Figure 2.8. 

The wells of a 96 well plate were coated with 10µg/ml FN in 100µl PBS and incubated at 

4°C overnight. Unbound FN was removed from the plate by washing with PBS. PBS/0.2% 

BSA was added to each well and the plate was incubated for 1h at 37°C as a blocking agent. 

The plate was subsequently washed with PBS and then with R10 media. Subsequently, 100µl 

of 107cell/ml was added to each well. The CLL cells were treated as required with, control, 

soluble anti-IgM (20µg/ml) or phorbol-12-myristate 13-acetate (PMA) (P1585-1MG, 

SIGMA) (100ng/ml) in the presence or absence of 10ng/ml IL-4 and incubated for 30 mins 

at 37°C, 5% CO2. Pre-warmed R10 medium (200µl) was added to each well. The plate was 

sealed and incubated upside-down for 15 mins at 37°C. The plate seal was removed and the 

R10 medium was discarded, to remove non-adherent cells. Wells were gently washed once 

with prewarmed R10 medium. Then 100µl of 10mM ethylenediaminetetraacetic acid 

(EDTA) was added to each well to remove cells that had adhered to the FN. These cells were 

subsequently washed in 300 µl of PBS and stained with antibodies CD5 (2µl) and CD19 

(3µl) for 30 mins at 4°C in the dark. Cells were centrifuged (5 mins, 350g) and re-suspended 

in 300µl of R10. The number of viable lymphocytes were subsequently recorded by flow 

cytometry on a Canto I for 1 minute at low speed (as described in Figure 2.9). 
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Figure 2.8: Schematic overview of the fibronectin cell adhesion assay. 

 

 

Figure 2.9: Gating strategy used to determine the number of CLL cells (CD5+CD19+) and T-

cells (CD5+CD19-) that have adhered to fibronectin. 
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2.6 Patient subgroup cut-off values and statistical analysis  

 Patient categorisation according to prognostic factors 

Analysis carried out throughout this project involved categorising patients into subgroups 

based on their prognostic factors. Samples expressing ≥30 % ZAP-70, CD3816,121 and 

CD49d16,89,88 or >50% MFI sIgM by flow cytometry, were classified as positive for these 

markers16. Samples expressing less than these cut-off percentages were classified as negative 

for these markers.  

Furthermore, samples which displayed >5% responding cells for iCa2+ flux following anti-

IgM treatment were classified as BCR signallers. Samples displaying ≤5% responding cells 

were classified as BCR non-signallers.  

 Statistical Analysis 

Statistical analysis was carried out using Graphpad PRISM version 6 as described in Figure 

2.10. Data sets with <8 samples were analysed using non-parametric analysis. Data sets with 

n ≥8 were tested for normal distribution using the D'Agostino-Pearson test prior to 

determining non-parametric or parametric testing. All P values were given to three decimal 

places.  

 

Figure 2.10: Schematic diagram outlining the statistical analysis used in this project. 

 Testing sample datasets or normal distribution  

The null hypothesis of the D'Agostino-Pearson test is that all the samples in the data set are 

normally distributed. If P<0.05 for this test then the sample population does not pass as 

normally distributed. If P≥0.05 then the sample population is treated as normally distributed. 
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Normally distributed samples were evaluated using paired Student's t-test. Non-normally 

distributed data was evaluated using the Mann-Whitney rank test or Wilcoxon matched-

paired signed rank test depending if the samples being analysed are paired or un-paired.  

 Characterisation of paired and un-paired data  

Paired tests were used when comparing data on the same samples, such as comparing an 

untreated (NA) control to a treated condition. Un-paired analysis was carried out when 

comparing data from different samples, such as comparing differences between patients with 

different prognostic characteristics.  
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3. Results Chapter: The effects of IL-4 on IL-4R down-

stream signalling and apoptosis in CLL cells in vitro 

3.1 Aim 

To determine whether recombinant IL-4 induced the STAT6, IRS1 and IRS2 signalling 

pathways in cryopreserved CLL cells. Firstly by correlating IL-4 signalling with the 

expression of clinically relevant prognostic markers, and secondly by confirming that JAK3 

inhibitors tofacitinib can reverse the effects of IL-4. 

3.2 Introduction 

Binding of IL-4 to the IL-4R expressed on CLL cells results in the activation of the 

JAK/STAT6 (Figure 3.1), IRS-1, and IRS-2 signalling pathways. The IL-4R expressed by 

CLL cells is composed from an IL-4Rα and the common γc chain, which associates with 

JAK1 and JAK3382. JAK1 and JAK3 phosphorylate the IL-4R cytoplasmic domain, which 

enables the recruitment and phosphorylation of STAT6, forming pSTAT6387,113. 

Consequently, pSTAT6 molecules homodimerise and translocate to the nucleus, where they 

regulate the expression of various IL-4 induced genes387,113, as previously described. 

Outcomes of IL-4 induced JAK/STAT6 signalling include increased MHCII, CD23, SOCS, 

Mcl-1 and Bcl-xL expression286,388,383,384.  

CLL cells are reportedly more sensitive to IL-4 induced signals and express increased levels 

of IL-4 specific target genes compared to normal B-cells379,113. Furthermore, Ruiz-Lafuente 

et al demonstrated that some IL-4 induced genes are differentially regulated between Zap-

70 positive and negative samples, and to a lesser degree CD38 and CD49d positive and 

negative cases113. However, Ruiz-Lafuente et al did not explore differences in IL-4 

signalling in CLL patients based on their IGHV mutational status13, sIgM expression levels 

or BCR signalling capacity16. Therefore, I proposed that IL-4 induced JAK/STAT6 

signalling could play a role in promoting CLL pathogenesis. However, it is currently 

unknown whether CLL samples display varied intensities of IL-4 induced JAK/STAT6 

signalling based on key prognostic factors. 
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Figure 3.1384: Overview of the IL-4 induced JAK/STAT6 signalling pathway. IL-4 binds to the IL-

4R receptor, causing a conformational change. This results in the binding of JAK 1 and 3 to the receptor γc 

chain. Transcription factor STAT6 is then phosphorylated by JAK1 and JAK3. The resultant pSTAT6 

molecules can then homodimers and translocate to the nucleus to transcribe IL-4 regulated genes. 

SOCS proteins are natural inhibitors of JAK proteins, and provide a negative feedback 

mechanism for regulating JAK/STAT signalling389. SOCS1 binds the JAK2 activation loop 

via its SH2 domain390,391. In contrast, SOCS3 blocks JAK2 activity via binding to the 

phosphorylated tyrosine residue on the activated cytokine receptor392,393,394, 395. In addition, 

SOCS1 and SOCS3 contain kinase inhibitory regions, which are able to competitively bind 

with substrates and inhibit JAK molecules391. SOCS3 has previously been suggested to 

inhibit both JAK1 and JAK2 via binding a conserved glycine-glutamine-methionine motif, 

but not JAK3395. Interestingly, SOCS3 expression has been identified in the lymph node of 

the majority of CLL patients tested (34/35), with almost 50% of samples expressing SOCS3 

in the proliferation centre396. Increased SOCS3 expression was associated with reduced 

patient lymphadenopathy and splenomegaly396. Furthermore, Chen et al397 demonstrated that 

Hsp90 inhibition induces apoptosis via p38 pathway induced up-regulation of SOCS3 

expression. Together, these studies suggest that SOCS3 may act as a tumour suppressor in 

CLL cells. Surprisingly, IL-4 induces SOCS3 expression in murine splenic B-cells in a p38 

MAPK and c-Jun N-terminal kinase (JNK) dependent, but PI3K and STAT6 independent 

mechanism398. This suggests that IL-4 may be able to regulate SOCS3 expression 

independently from JAK/STAT and the IRS signalling pathways398. However, the direct 
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effect of IL-4 on SOCS3 expression and function in CLL is currently unknown. Furthermore, 

it was previously demonstrated that IL-4 specific increases in SOCS1 gene expression were 

greater in Zap-70 positive CLL cells, compared to normal B-cell and Zap-70 negative CLL 

cells113. Together, these studies suggest that SOCS1 and SOCS3 may influence CLL 

pathology.  

Like IL-4380,286,113, BAFF is known to protect CLL cells from basal apoptosis in vitro287. 

Since IL-4 and BAFF are thought to be present in the lymph node in combination340, 305, it is 

important to determine whether these factors can synergise to augment or inhibit the effects 

seen with either factor alone.   

Steele et al previously demonstrated that IL-4 promoted CLL cell survival by increasing 

expression of the anti-apoptotic proteins Mcl-1 and Bcl-xL in a JAK/STAT6 dependent 

manner286. Indeed, CLL cells treated with the JAK3 specific inhibitor PF-956980 reversed 

the protective signals induced by IL-4.286 Consequently, JAK3 inhibition may provide a 

potential therapeutic option to prevent IL-4 signalling. Tofacitinib (CP-690550) is a JAK3 

inhibitor that is structurally related to PF-956980, and has demonstrated success in clinical 

trials for rheumatoid arthritis (RA)399,400,401. Consequently, it is important to confirm the 

effects of tofacitinib on IL-4 signalling in CLL cells in vitro.  

Therefore, this chapter investigates the role of IL-4 in CLL cells, using markers such as cell 

viability, CD23, MHCII, Bcl-XL and Mcl-1 expression. Furthermore, I explore whether IL-

4 induced pSTAT6, SOCS1 and SOCS3 expression is associated with patient prognostic 

characteristics.   
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3.3 Results 

 IL-4 induces phosphorylation of transcription factor STAT6 in a 

concentration and JAK dependent manner in CLL cells in vitro 

Immunoblotting for pSTAT6(Y641) expression was performed in CLL cells, in order to 

determine whether the recombinant IL-4 used throughout this project induces signalling in 

cryopreserved CLL cells. Protein was extracted from CLL patients incubated with IL-4 at 

various concentrations (0.1, 0.4,1, 4 and 10 ng/ml) (Figure 3.2) and times (Figure 3.3).  

 

Figure 3.2: The effect of incubating CLL cells in vitro with various concentrations of IL-4 on 

the phosphorylation of STAT6 (pSTAT6(Y641)). A: Representative immunoblots for pSTAT6 

protein expression in wCLL cells following incubation with IL-4 for 24h at various concentrations 

(0, 0.1, 0.4, 1, 4 and 10 ng/ml). HSC70 was used as the loading control. B: Quantification of pSTAT6 

immunoblots (Optical density: OD) as described in A. pSTAT6(Y641)expression is normalised to 

HSC70 expression and presented as fold change compared to the un-treated control. Analysis was 

carried out on 7 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

P values were calculated using the Wilcoxon matched paired t-test. Mean- standard deviation (SD) 

for IL-4 at 1 ng/ml is cut at the x-axis. Mean: 0ng/ml: 1. 0.1ng/ml:1.224. 0.4ng/ml:6.15. 1ng/ml: 

47.78. 4ng/ml: 95.78. 10ng/ml: 95.26. SD: 0ng/ml: 0. 0.1ng/ml: 0.9691. 0.4ng/ml: 4.389. 1ng/ml: 

56.96. 4ng/ml: 74.09. 10ng/ml: 76.73. Grey: unmutated CLL cells. Black: mutated CLL cells. Error 

bars represent the mean ± SD. 

Incubating CLL cells in media only (untreated control) or 0.1 ng/ml IL-4 did not induce 

detectable pSTAT6 expression by immunoblotting. However, at concentrations ≥0.4 ng/ml 

IL-4 significantly induced pSTAT6(Y641) (p=.015) in a dose-dependent manner (Figure 3.2). 

Treatment with IL-4 at 4 and 10 ng/ml induced the same level of pSTAT6(Y641) expression 
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with a mean fold change (Optical density) from 1 to 95.78 and 95.26 respectively. This 

suggested that concentrations greater than 4ng/ml may saturate signalling via the the IL-4R. 

To further explore the effects of IL-4 on pSTAT6(Y641) signalling in CLL cells, immunoblots 

for pSTAT6(Y641) were then carried out using protein from CLL cells incubated in vitro with 

IL-4 (10 ng/ml) for various incubation times (0.5, 1, 6 and 24h) (Figure 3.3).  

 

Figure 3.3: The effect of incubating CLL cells in vitro with IL-4 for various incubation times 

on the phosphorylation of STAT6 (pSTAT6(Y641)).  A: Representative immunoblots for pSTAT6 protein 

expression in CLL cells following incubation with IL-4 (10ng/ml) for various incubation periods (0, 0.5, 1, 6 

and 24h). HSC70 was used as the loading control. B: Quantification of pSTAT6 immunoblots (Optical density: 

OD) as described in A. pSTAT6(Y641) expression is normalised to HSC70 expression and presented as fold 

change compared to the un-treated control. Analysis was carried out on 11 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. P values were calculated using the Wilcoxon matched paired 

t-test. Mean: 0ng/ml: 1. 0.5ng/ml:66.27. 1ng/ml: 82.37. 6ng/ml: 73.11. 24ng/ml: 72.55. Standard deviation 

(SD): 0ng/ml: 0. 0.5ng/ml: 50.23. 1ng/ml: 57.07. 6ng/ml: 47.42. 24ng/ml: 55.44. Grey: unmutated CLL cells. 

Black: mutated CLL cells. Error bars represent the mean ± SD. 

IL-4 significantly induced pSTAT6 expression (p=.001) within the first 0.5h of incubation, 

with a mean fold change from 1 to 66.27. Furthermore, CLL cells consistently retained 

pSTAT6(Y641) expression following 1, 6 and 24h incubation with 10ng/ml IL-4 (mean fold 

changes: 82.37, 73.11 and 72.55 respectively).  

In order to identify whether CLL cells from certain prognostic subgroups were more 

sensitive to IL-4 induced signalling, I increased the cohort size for IL-4 (10ng/ml) induced 

pSTAT6(Y641) expression following 24h incubation in vitro (Figure 3.4A). The prognostic 

factor subsets explored included IGHV mutational status (Figure 3.4B), CD38, CD49d, Zap-

70, sIgM expression levels and responsiveness to anti-IgM induced iCa2+ flux (Data not 

shown).  
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Figure 3.4: The effect of incubating CLL cells in vitro with IL-4 for 24h on the phosphorylation 

of STAT6 (pSTAT6(Y641)). NA=untreated control. A: Quantification of immunoblots (Optical density: OD) 

for pSTAT6(Y641) expression in CLL samples incubated with or without IL-4 (10ng/ml) for 24h. pSTAT6(Y641) 

expression is normalised to HSC70 expression and presented as fold change compared to un-treated control. 

Analysis was carried out on 30 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. The P value were calculated using the Wilcoxon matched paired t-test. Mean: NA: 1. IL-4:62.76. 

Standard deviation (SD): NA: 0. IL-4:63.82. B: Comparison between the fold change in pSTAT6(Y641) 

expression (Optical density: OD) following incubation with IL-4 (10ng/ml) for 24h between unmutated-CLL 

and mutated-CLL samples. The P value was calculated using unpaired t-test. Mean-SD for M-CLL is cut at the 

x-axis. Mean: M-CLL: 46.06. U-CLL: 75.52. SD: M-CLL: 47.94. U-CLL: 72.52. Grey: unmutated CLL cells. 

Black: mutated CLL cells. Error bars represent the mean ± SD.  

IL-4 treatment induced pSTAT6(Y641) expression in every sample tested (n=30), and 

displayed a mean fold change of 62.76 (p<.001) (Figure 3.4A). However, no clear 

association occurred between IL-4-induced pSTAT6(Y641) expression and CD49d, Zap-70, 

sIgM or CD38 expression or anti-IgM induced iCa2+ flux (Data not shown). Furthermore, 

there was no significant difference between the IL-4-induced pSTAT6(Y641) (p=.483) 

expression fold change between U-CLL and M-CLL samples. However, U-CLL cells 

displayed a trend for greater pSTAT6(Y641) expression compared to M-CLL cells (mean fold 

change: U-CLL: 75.52, M-CLL: 46.06) (Figure 3.4B).  

Previously, the JAK-3 selective inhibitor PF-956980 was shown to reverse IL-4 induced 

pSTAT6(Y641) expression in CLL cells286. However, the effects of the JAK3 inhibitor 

tofacitinib on JAK/STAT6 signalling in CLL had not previously been explored. Therefore, 

I performed immunoblotting to determine whether tofacitinib would be an appropriate 

compound to inhibit IL-4-induced JAK/STAT6 signalling. Immunoblots were carried out 

using protein extracted from CLL cells which had been pre-treated with tofacitinib (0, 1, 3, 

5 and 10µM) for 1h prior to 24h incubation with IL-4 (10 ng/ml) (Figure 3.5). 
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Figure 3.5: The effects of the JAK3 inhibitor tofacitinib on IL-4 induced pSTAT6(Y641) 

expression in CLL cells in vitro. A: Representative immunoblots for pSTAT6(Y641) expression for 

protein extracted from CLL cells following incubation with tofacitinib at various concentrations (0, 

1, 3, 5 and 10µM) for 1h prior to 24h incubation with IL-4 (10ng/ml). HSC70 is used as a loading 

control. B: Quantification of pSTAT6 immunoblots (Optical density: OD) for samples as described 

in A. pSTAT6(Y641) expression is normalised to HSC70 expression and presented as fold change 

compared to un-treated control. Analysis was carried out on 8 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. P values were calculated using the Wilcoxon 

matched paired t-test. Mean- standard deviation (SD) for samples incubated with IL-4 at 10ng/ml 

and tofacitinib at 10 µM is cut at the x-axis. Mean: NA: 1. IL-4:27.31. IL-4+ Tofacitinib 

(1µM):2.994. IL-4+ Tofacitinib (3µM):0.6914. IL-4+ Tofacitinib (5µM):0.8136. IL-4+ Tofacitinib 

(10µM):0.4985. SD: NA: 0. IL-4: 25.58. IL-4+ Tofacitinib (1µM): 1.951. IL-4+ Tofacitinib 

(3µM):0.6230. IL-4+ Tofacitinib (5µM):0.7742. IL-4+ Tofacitinib (10µM):0.7406. Grey: 

Unmutated-CLL cells. Black: Mutated-CLL cells. Error bars represent the mean ± SD.  

Tofacitinib pre-treatment significantly inhibited IL-4 induced pSTAT6(Y641) expression at all 

concentrations tested (p=.008). Treatment with 1µM tofacitinib dramatically inhibited IL-4 

induced pSTAT6(Y641) expression from a mean fold change of 27.31 to 2.994. Tofacitinib at 

>3µM completely inhibited IL-4 induced pSTAT6 expression, reducing expression of the 

protein back to basal levels in all CLL samples tested (Figure 3.5). 

In order to confirm that the reduction in pSTAT6(Y641) expression caused by tofacitinib was 

not the result of decreased cell viability, I performed annexinV/PI flow cytometry cell death 

assays. CLL cells were treated with 0, 0.1, 1, 3 and 10μM tofacitinib for 24h (Appendix 

Figure 1), 48h and 72h (Data not shown). These results demonstrated that tofacitinib 

(≤10μM) had no effect on CLL cell viability up to 72h. Therefore, tofacitinib does not appear 

to reduce pSTAT6(Y641) expression as a result of CLL cell death.  

 

Together, these results demonstrate that the recombinant IL-4 used in this project induces 

the expected signalling cascade in cryopreserved CLL cells. Furthermore, tofacitinib 

provides a potential tool to inhibit IL-4 induced JAK/STAT signalling in CLL cells. 
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 IL-4 induces Mcl-1, Bcl-xL MHC-II, CD23 and pERK 

expression in CLL cells in vitro 

In addition, to activation of the JAK/STAT6 pathway IL-4 can also activate the IRS-1 or 

IRS-2 pathways. The IRS-1 pathway activates the RAS/RAF/MEK/ERK pathway, while the 

IRS-2 pathway activates the PI3K/AKT pathway leading to increased Mcl-1 and Bcl-xL 

expression. Therefore, I explored the effect of IL-4 on pERK(Thr202/Tyr204) (IRS-1 pathway) 

(Figure 3.6), Mcl-1 and Bcl-xL (IRS-2 pathway)(Figure 3.7) expression in cryopreserved 

CLL cells from the Southampton cohort. CLL cells were incubated in vitro for various time 

periods (0, 0.5, 1, 2, 4, 6 and 24h) with IL-4 (10ng/ml) and immunoblotting was performed 

for pERK(Thr202/Tyr204), Mcl-1 and Bcl-xL expression (Appendix Figure 2A-C).  

 

Figure 3.6: The effect of incubating CLL cells in vitro with IL-4 on the phosphorylation of ERK 

(pERK(Thr202/Tyr204)). NA=untreated control. A: Representative immunoblots for pERK(Thr202/Tyr204) 

expression for protein extracted from CLL cells following incubation with IL-4 (10ng/ml) for 24h. HSC70 was 

used as the loading control. B: Quantification of immunoblots (Optical density: OD) for pERK(Thr202/Tyr204) 

using protein extracted from CLL cells incubated with IL-4 (10ng/ml) for 24h. Analysis was carried out on 12 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. pERK(Thr202/Tyr204) 

expression is normalised to HSC70 expression and presented as fold change compared to un-treated control. 

The P value was calculated using paired t-test. Mean: NA: 1. IL-4: 1.81. Standard deviation (SD): NA: 0. IL-

4: 1.038. Grey: Unmutated-CLL cells. Black: Mutated-CLL cells. Error bars represent the mean ± SD.  

IL-4 induced variable levels of pERK(Thr202/Tyr204) expression between 1 and 6h, but many 

samples only had a maximal response by 24h incubation (Appendix Figure 2A). Therefore, 

I increased the CLL cohort size treated with IL-4 (10 ng/ml) for 24h (Figure 3.6). This data 

demonstrated that IL-4 significantly induced pERK(Thr202/Tyr204) expression (p=.021) in the 

majority of CLL samples tested (mean fold change of 1.810). However, no associations with 

prognostic factors were observed (Data not shown).  

Furthermore, IL-4 increased the expression of Mcl-1 and Bcl-xl at 24h compared to times 

≤6h. However, responses were variable and sample dependent (Appendix Figure 2B and 

C). Consequently, I increased the cohort size for Mcl-1 and Bcl-xL expression for samples 

treated with IL-4 (10 ng/ml) for 24h in vitro (Figure 3.7 B and D). 
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Figure 3.7: The effect of incubating CLL cells for 24h in vitro with IL-4 on Mcl-1 and Bcl-xL 

protein expression. NA=untreated control. A: Representative immunoblots for Mcl-1 expression 

for protein extracted from CLL cells following incubation with IL-4 (10ng/ml) for various incubation 

times (0, 0.5, 1, 6 and 24h). B: Quantification of immunoblots (Optical density: OD) for Mcl-1 

expression for protein extracted from CLL cells incubated with or without IL-4 (10ng/ml) for 24h. 

Mcl-1 expression is normalised to HSC70 expression and presented as fold change compared to un-

treated control. Analysis was carried out on 38 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P value was calculated using the Wilcoxon matched paired 

t-test. Mean- standard deviation (SD) is cut at the x-axis. Mean: NA: 1. IL-4: 2.266. SD: NA: 0. IL-

4: 3.063. C: Representative immunoblots for Bcl-xL expression for protein extracted from CLL cells 

following incubation with IL-4 (10ng/ml) for various incubation times (0, 0.5, 1, 6 and 24h). D: 

Quantification of immunoblots for Bcl-xL expression for protein extracted from CLL cells incubated 

with or without IL-4 (10ng/ml) for 24h. Bcl-xL expression is normalised to HSC70 expression and 

presented as fold change compared to un-treated control. Analysis was carried out on 21 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. The P value was 

calculated using the Wilcoxon matched paired t-test. Mean: NA: 1. IL-4:1.759. SD: NA: 0. IL-

4:1.191. Grey: Unmutated-CLL cells. Black: Mutated-CLL cells. Error bars represent the mean ±SD.  

At 24h, IL-4 significantly enhanced Mcl-1 (p<.001) and Bcl-xl (p=.005) expression in the 

majority of samples tested (Figure 3.7B), with a mean fold change from 1 to 2.266 for Mcl-

1 expression and 1.759 for Bcl-xL. However, IL-4 induced Mcl-1 and Bcl-xl expression did 

not associate with CD49d, Zap-70, CD38 or IGHV mutational status (Data not shown). 
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Furthermore, IL-4 signalling is known to increase cell surface expression of CD23 and MHC 

II. Using flow cytometry, I demonstrated that incubating CLL cells with recombinant IL-4 

(10ng/ml) for 24h significantly induced expression of CD23 (p=.030) and MHC II (p=.031) 

(Appendix Figure 3). In line with the current literature, these findings highlight the role IL-

4 plays in providing CLL cells with pro-survival signals and suggest that IL-4 induced 

STAT6, IRS-1 and IRS-2 signalling occurs in cryopreserved CLL cells. 

 IL-4 induces SOCS expression in CLL cells  

Suppressors of cytokine signalling (SOCS) proteins are able to provide a negative feedback 

mechanism in various cell types, by inhibiting JAK function/signalling. IL-4 induces SOCS3 

expression in murine splenic B-cells in a JNK and p38 MAPK dependent, and PI3K and 

STAT6 independent mechanism398. Prior to this project, the effect of IL-4 on SOCS 

expression in CLL cells was unknown. Therefore, I examined whether IL-4 could replicate 

this data in CLL cells and evaluated whether SOCS1 and SOCS3 expression varied between 

clinically relevant CLL subsets. 

Immunoblotting for SOCS1 and SOCS3 expression was performed using protein extracted 

from CLL cells, which were incubated with IL-4 (10ng/ml) for various times (0, 0.5, 1, 2, 4, 

6 and 24h) (Figure 3.8). 
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Figure 3.8: The effect of incubating CLL cells in vitro with IL-4 for various incubation times 

on SOCS3 and SOCS1 protein expression. NA=untreated control. A: Representative immunoblots 

for SOCS3 expression for protein extracted from CLL cells following incubation with IL-4 (10ng/ml) 

for various incubation times (0, 0.5, 1, 6 and 24h). B: Quantification of SOCS3 immunoblots (optical 

density: OD) for samples as described in A. SOCS3 expression is normalised to HSC70 expression 

and presented as fold change compared to un-treated control. Analysis was carried out on 10 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. P values were calculated 

using the Wilcoxon matched paired t-test. Mean: 0h: 1. 0.5h: 0.832. 1h: 0.8590. 2h: 0.808. 4h: 0.965. 

6h: 0.879. 24h: 1.432. Standard deviation (SD): 0h: 0. 0.5h: 0.397. 1h: 0.396. 2h: 0.378. 4h: 0.607. 

6h: 0.372. 24h: 0.952. C: Representative immunoblots for SOCS1 expression for protein extracted 

from CLL cells following incubation with IL-4 (10ng/ml) for various incubation times (0, 0.5, 1, 6 

and 24h). D: Quantification of SOCS1 immunoblots (optical density: OD) for samples as described 

in C. SOCS1 expression is normalised to HSC70 expression and presented as fold change compared 

to un-treated control. Analysis was carried out on 12 different patient samples. Analysis was carried 

out on 1 repeat of each patient sample. P values were calculated using the Wilcoxon matched paired 

t-test. Mean-SD for SOCS1 expression for CLL samples incubated with IL-4(10ng/ml) for 1, 2, 4, 6 

and 24h are cut at the x-axis. Mean: 0h: 1. 0.5h: 1.619. 1h: 2.106. 2h: 2.250. 4h: 1.887. 6h: 1.921. 

24h: 2.183. SD: 0h: 0. 0.5h: 1.257. 1h: 2.790. 2h: 3.138. 4h: 2.394. 6h: 2.268. 24h: 2.403. Grey: 

Unmutated CLL cells. Black: Mutated CLL cells. Error bars represent the mean ±SD.  

No clear consistent increase in SOCS3 expression occurred following 0.5, 1, 2, 4 and 6h of 

treatment with IL-4 (Figure 3.8 A and B). However, 8/10 samples displayed increased 

SOCS3 expression following treatment with IL-4 for 24h. In contrast, the majority of patient 

samples displayed clear IL-4 induced SOCS1 expression at all time points observed (Figure 

3.8 C and D). The most consistent reproducible increases were observed at 24h. Since these 

sample sizes were too small to evaluate heterogeneity in response to IL-4 treatment, I 

explored SOCS3 (Figure 3.9 A-C) and SOCS1 (Figure 3.9 D-E) expression in a larger 

cohort of CLL samples following treatment with IL-4 (10 ng/ml) for 24h.  
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Figure 3.9: The effect of incubating CLL cells in vitro with IL-4 for 24h on SOCS3 and SOCS1 

expression. NA=untreated control. A: Representative immunoblots for SOCS3 expression using 

protein extracted from CLL cells following 24h incubation with IL-4 (10ng/ml). B: Quantification 

of SOCS3 immunoblots for samples as described in A (Optical density: OD). SOCS3 expression is 

normalised to HSC70 expression and presented as fold change compared to un-treated control. 

Analysis was carried out on 38 different patient samples. Analysis was carried out on 1 repeat of 

each patient sample. P values were calculated using the Wilcoxon matched paired t-test. Mean: NA: 

1. IL-4:1.199. Standard deviation (SD): NA: 0. IL-4: 0.4318. C: Comparison between the fold change 

in SOCS3 expression (Optical density: OD) for samples described in A between 16 different 

unmutated-CLL patient samples and 22 different mutated-CLL patient samples. P values were 

calculated using unpaired t-test. Mean: M-CLL: 1.072. U-CLL: 1.374. SD: M-CLL: 0.3270. U-CLL: 

0.5038. D: Representative immunoblots for SOCS1 expression for protein extracted from CLL cells 

following 24h incubation with IL-4 (10ng/ml). E: Quantification of SOCS1 immunoblots for samples 

as described in D (Optical density: OD). SOCS1 expression is normalised to HSC70 expression and 

presented as fold change compared to un-treated control. Analysis was carried out on 25 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. The P value was 

calculated using the Wilcoxon matched paired t-test. Mean: NA: 1. IL-4: 1.893. SD: NA: 0. IL-4: 

1.815. Grey: unmutated CLL cells. Black: mutated CLL cells. Error bars represent the mean ±SD.  
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The increased sample sizes demonstrated that IL-4 significantly increased SOCS3 (p=.017) 

and SOCS1 (p=.006) expression in the majority of samples tested. Indeed, IL-4 induced a 

greater fold change in SOCS1 expression (from 1 to 1.893) compared to SOCS3 expression 

(from 1 to 1.199). Therefore, the small increase observed for SOCS3 may not be biologically 

significant. However, IL-4 induced significantly greater SOCS3 expression in U-CLL 

samples compared to M-CLL samples (p=.031) (mean fold change: U-CLL=1.374, M-

CLL=1.072) (Figure 3.9C). However, no difference was observed between U-CLL and M-

CLL for IL-4 induced SOCS1 expression (Data not shown). Furthermore, IL-4 induced 

SOCS1 and SOCS3 expression displayed no association with CD49d, sIgM, CD38 or Zap-

70 expression (Data not shown).  

 IL-4 protects CLL cells from undergoing caspase-induced 

apoptosis  

IL-4 is known to provide protection against basal and chemotherapy induced apoptosis in 

freshly isolated CLL cells286,306,304,379. Therefore, I have performed AnnexinV/PI flow 

cytometry and immunoblotting for PARP cleavage to determine whether the IL-4 used 

throughout this project retained its protective effects on cryopreserved CLL cases (Figure 

3.10). 

CLL cells were incubated in vitro for 24h (Figure 3.10A) or 48h (Data not shown) in the 

presence or absence of IL-4 at various concentrations (0, 0.01, 0.1, 1 and 10ng/ml) (Figure 

3.10A and B). Treatment with IL-4 at concentrations ≥1ng/ml increased CLL viability at 

both 24h and 48h incubation. However, no significant further increase was seen between 1 

and 10ng/ml IL-4 at 24h and 48h incubation. Furthermore, I increased the sample size of 

CLL cases treated with IL-4 (10ng/ml) for 24h in order to determine whether samples with 

particular prognostic factors were more sensitive to IL-4 induced protection (Figure 3.10C). 

IL-4 treatment significantly enhanced the percentage of viable cells (p<.001) compared to 

untreated controls, with a mean increase of 12.52% viable cells. However, no difference in 

IL-4 induced viability was observed in clinically relevant subgroups based on CD49d, CD38, 

Zap-70 expression or IGHV mutational status (Data not shown). 

To confirm my observations with Annexin V/PI, immunoblots for PARP cleavage were 

performed on protein extracted from CLL cells which had been incubated with IL-4 

(10ng/ml) for 24h (Figure 3.10 D-E) or 48h (Data not shown). CLL cells displayed 

significantly reduced levels of caspase specific PARP cleavage (p=.016) following IL-4 

treatment compared to untreated cells. Therefore, demonstrating that IL-4 protects against 

basal cell death. 
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Figure 3.10: The effect of IL-4 on caspase induced apoptosis in CLL cells in vitro. NA=untreated 

control. A: Representative annexinV/PI flow cytometry plots for CLL sample 739A incubated with 

IL-4 (0, 0.1, 1, 10ng/ml) for 24h. B: The percentage (%) of viable cells (annexinV/PI –ve cells) 

normalised to un-treated control for samples as described in A. Analysis was carried out on 5 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. Mean: 0ng/ml: 

100. 0.01ng/ml: 105.8. 0.1ng/ml: 104.3. 1ng/ml: 140. 10ng/ml: 136.2. Standard deviation (SD): 

0ng/ml: 0. 0.01ng/ml: 12.11. 0.1ng/ml: 23.52. 1ng/ml: 35.13. 10ng/ml: 33.55. C: The increase in the 

percentage (%) of viable cells following 24h incubation with IL-4 (10ng/ml). The P value was 

determined using paired t-test. Analysis was carried out on 28 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. Mean: NA: 0. IL-4: 12.52. SD: NA: 0. IL-4:14.36. 

D: Representative immunoblots for total and cleaved PARP expression for protein extracted from 

CLL cells following incubation with IL-4 (10ng/ml) for 24h. HSC70 was used as a loading control. 

E: Quantification of immunoblots (Optical density: OD) as described in D for cleaved PARP 

expression over combination of total and cleaved PARP expression. PARP expression is normalised 

to HSC70 expression and presented as fold change compared to untreated control. Analysis was 

carried out on 7 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P value was calculated using the Wilcoxon matched paired t-test. Mean: NA: 1. IL-4: 0.62. SD: 

NA: 0. IL-4: 0.2656. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent the mean 

±SD.  

However, IL-4 is likely to be simultaneously expressed with other microenvironmental 

factors in the lymph node. Therefore, it is important to understand whether the effects of IL-

4 on CLL cell apoptosis can be further influenced by these other signals. 
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 Investigating potential cross-talk between IL-4 and BAFF on 

cytokine receptor expression and basal apoptosis  

BAFF is another survival factor thought to be present in the lymph node and known to 

enhance CLL cell survival in vitro293,304,135. Previously, IL-4 and BAFF have been suggested 

to synergise during B-cell development402. Therefore, I investigated whether IL-4 and BAFF 

could influence each other by evaluating the effects of IL-4 on BAFF-R, BCMA and TACI 

and of BAFF on IL-4R expression and subsequent effects on CLL cell survival in vitro.  

3.3.5.1 BAFF activates non-canonical NF-κB signalling in a concentration and time 

dependent manner 

BAFF activates the non-canonical NF-κB signalling pathway, which promotes the cleavage 

of p100 into the functionally active p52 variant, in CLL cells293,304. Therefore, in order to 

confirm that the recombinant BAFF used was functional I performed immunoblotting for 

p100 and p52. Protein was extracted from CLL cells which had been incubated in vitro with 

or without BAFF (500ng/ml) for 24h (Figure 3.11). 

 
Figure 3.11: The effect of incubating CLL cells in vitro with BAFF for 24h on the non-canonical 

NF-κB signalling (conversion of p100 to p52). NA=untreated control. A: Representative 

immunoblots for NF-κB2 signalling (conversion of p100 to p52) using protein extracted from CLL 

cells incubated with BAFF (500ng/ml) for 24h. HSC70 was used as a loading control. B: 

Quantification of immunoblots for samples as described in A (Optical density: OD). NF-κB2 

(P52/(p52+p100)) expression is normalised to HSC70 expression and presented as fold change 

compared to un-treated control. Analysis was carried out on 13 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. The P value was calculated using paired t-test. 

Mean: NA: 1. BAFF: 2.135. Standard deviation (SD): NA: 0. BAFF: 0.7049. Grey: unmutated CLL 

cells. Black: mutated CLL cells. Error bars represent the mean ±SD. 

BAFF treatment significantly reduced p100 expression, whilst simultaneously inducing p52 

expression, as shown in Figure 3.11. I evaluated the proportion of p52 generated using the 

formula p52/(p52+p100). BAFF treatment significantly increased the expression of p52 

compared to total NF-kB2 (p52+p100) (P<.001), resulting in a mean fold change from 1 to 

2.135 when normalised to the untreated control. Importantly, BAFF increased the conversion 
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of p100 to p52 for all the samples tested. Next, immunoblotting was performed using protein 

from CLL cells treated with BAFF at various concentrations (0, 5, 50 and 500ng/ml) (Figure 

3.12 A and B) and for various times (0.166, 0.5, 1, 3, 6 and 24h) (Figure 3.12 C and D). 

BAFF induced the conversion of p100 to p52 inside CLL cells in a concentration and time 

dependent manner with maximal signalling at 24h with ≥50ng/ml BAFF. Therefore, the 

recombinant BAFF used throughout this project was functional in cryopreserved CLL cells 

and activates non-canonical NF-κB. 
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Figure 3.12: The effect of incubating CLL cells in vitro with BAFF at various concentrations 

and times on non-canonical NF-κB signalling (conversion of p100 to p52). A: Representative 

immunoblots for NF-κB2 signalling (conversion of p100 to p52) using protein extracted from CLL cells 

incubated with BAFF at various concentrations (5, 50 and 500ng/ml) or CD40L (300ng/ml) for 24h or Soluble 

anti-IgM (20 µg/ml for 15 mins). HSC70 was used as a loading control. B: Quantification of immunoblots 

described in A. Immunoblots were quantified (optical density: OD) as p52/HSC70 over the total of p52/HSC70 

plus p100/HSC70 and presented as fold change relative to un-treated control. Analysis was carried out on 8 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. P values were calculated 

using paired t-tests. Mean: 0ng/ml: 1.000. 5ng/ml: 1.881. 50ng/ml: 2.505. 500ng/ml: 2.413. Anti-IgM: 1.343. 

CD40L: 1.860. Standard deviation (SD): 0ng/ml: 0. 5ng/ml: 0.5759.  50ng/ml: 0.6776. 500ng/ml: 0.6761. Anti-

IgM: 0.3863. CD40L: 1.051. C: Representative immunoblots for NF-κB signalling (conversion of p100 to p52) 

using protein extracted from CLL cells incubated with BAFF (500 ng/ml) for various incubation times (0.166, 

0.5, 1, 3, 6 and 24h). D: Quantification of immunoblots described in C. Analysis was carried out on 5 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. P values were calculated using 

Wilcoxon matched paired t-test. Mean: 0h: 1. 0.166h: 1.150. 0.5h: 1.152. 1h: 1.247. 3h: 1.511. 6h: 1.509. 24h: 

1.737. SD: 0h: 0. 0.166h: 0.2817. 0.5h: 0.3008. 1h: 0.2963. 3h: 0.3430. 6h: 0.2927. 24h: 0.2938. Grey: 

Unmutated CLL cells. Black: Mutated CLL cells. Error bars represent mean ±SD.  

3.3.5.2 The effect of IL-4 and BAFF treatment on IL-4R, BAFF-R, BCMA and TACI 

expression on CLL cells  

In order to explore whether BAFF (500ng/ml) or IL-4 (10ng/ml) was able to influence 

expression of IL-4R alpha (Figure 3.13 A and B) or BAFF-R (Figure 3.13 C and D), 

BCMA (Figure 3.13 E and F)  and TACI (Figure 3.13 G and H) expression respectively, 
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CLL cells were treated with either IL-4 or BAFF and receptor expression was evaluated by 

flow cytometry. 

TACI, BCMA, BAFF-R and IL-4Rα expression was detected on all CLL cells tested at 0h 

and 24h. The majority of CLL cells displayed a slight increase in BCMA and TACI 

expression and slight decrease in BAFF-R and IL-4Rα expression following 24h incubation 

in vitro. However, sample sizes were too small to detect any significant changes.  

Incubating CLL cells with BAFF (500ng/ml) for 24h had no effect on IL-4Rα expression. 

Meanwhile, 24h incubation with IL-4 (10ng/ml) had no effect on BCMA or BAFF-R 

expression on CLL cells. However, incubating CLL cells with IL-4 (10ng/ml) slightly 

enhanced TACI expression on 5/7 CLL cells (p=.031), increasing the mean MFI from 16.07 

on untreated cells to 23.61. This data could suggest that IL-4 signalling may be able to induce 

cross-talk with BAFF or APRIL signalling by up-regulating TACI expression. 
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Figure 3.13 The effect of incubating CLL cells in vitro for 24h with BAFF or IL-4 on IL-4R, 

BCMA, TACI and BCMA receptor expression. NA=untreated control. IL-4 treatment was at 10ng/ml. 

BAFF treatment was at 500ng/ml. A, C, E and G: Representative flow cytometry plots for receptors expression 

(A: IL-4R, C: BAFF-R, E: BCMA and G: TACI) on CD5+CD19+ cells. Grey: Isotype control (IC) 0h. Black: 

isotype control (IC) 24h. Green: Untreated control 0h. Red: Untreated control 24h. Blue: IL-4 or BAFF for 

24h. B, D, F and H: Quantification of receptor expression (MFI) (B: IL-4R, D: BAFF-R, F: BCMA and H: 

TACI). P values were calculated using Wilcoxon matched paired tests, except in the case of F where a paired 

t-test was used. Analysis was carried out on 6 (B), 7 (D), 11 (F) or 7 (H) different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. B: Mean: 0h NA: 15.79. 24h NA: 10.16. 24h BAFF: 9.202. 

Standard deviation (SD): 0h NA: 4.687. 24h NA: 6.336. 24h BAFF: 6.124. C: Mean: 0h NA: 55.38. 24h NA: 

47.18. 24h IL-4: 52.58. SD: 0h NA: 35.84. 24h NA: 26.73. 24h IL-4: 30.88. D: Mean: 0h NA: 14.45. 24h NA: 

19.4. 24h IL-4: 19.56. SD: 0h NA: 8.149. 24h NA: 11.65. 24h IL-4: 9.477. E: Mean: 0h NA: 8.343. 24h NA: 

16.07. 24h IL-4: 23.61. SD: 0h NA: 7.099. 24h NA: 7.885. 24h IL-4: 7.935. Grey: Unmutated-CLL. Black: 

Mutated. Error bars represent mean ± standard deviation.  
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3.3.5.3 IL-4 and BAFF display a very slight synergistic effect to protect CLL cells from 

apoptosis in vitro.  

In line with the current literature, I have demonstrated by annexinV/PI flow cytometry 

analysis that incubating CLL cells in vitro with BAFF (500ng/ml) marginally induced 

protection against CLL cell apoptosis (mean increase in viable cells of 4.24%) (p=.014) 

(Figure 3.14). Furthermore, 48h incubation with BAFF (500ng/ml) increased the % of viable 

cells by a mean of 9.5% (Appendix Figure 4). Furthermore, no differences in response to 

BAFF were observed between clinically relevant subsets, such as CD49d, CD38 and Zap-

70 expression levels or IGHV mutational status (Data not shown). 

 

Figure 3.14: The effect of BAFF on CLL cell viability following 24h incubation in vitro. 
NA=untreated control. A: Representative annexinV/PI flow cytometry plots for CLL sample 739A following 

incubation with or without BAFF (500ng/ml) for 24h in vitro. B: The percentage (%) of viable cells 

(annexinV/PI -ve cells) for samples described in A. Analysis was carried out on 18 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P value was determined using paired t-test. 

Mean: NA: 0. BAFF: 4.244. Standard deviation (SD): NA: 0. BAFF: 6.611. Grey: Unmutated-CLL. Black: 

Mutated-CLL. Error bars represent mean ±SD.  

Finally, I combined BAFF and IL-4 to determine whether CLL cell viability could be further 

increased. CLL cells were incubated in combination with various concentrations of BAFF 

(5, 50 and 500ng/ml) and IL-4 (0.1, 1 and 10ng/ml), and the percentage of viable cells was 

detected using annexinV/PI flow cytometry (Appendix Figure 5). These studies suggested 

that higher concentrations of BAFF and IL-4 in combination may augment CLL cell 

viability. However, the sample sizes were too small to draw statistically significant 

conclusions. Consequently, the number of CLL samples treated with BAFF at 500ng/ml and 

IL-4 at 10ng/ml for 24h (Figure 3.15) or 48h was increased (Appendix Figure 6 C, E and 

G). 
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Figure 3.15: The effect of incubating CLL cells in vitro for 24h with IL-4 and BAFF in 

combination on cell viability. NA=untreated control. A: Representative annexinV/PI flow cytometry plots 

for CLL sample 739A incubated with BAFF (500ng/ml) and/or IL-4 (10ng/ml) for 24h. B: The percentage (%) 

of viable cells (annexinV/PI –ve cells) for samples as described in A. Analysis was carried out on 18 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. P values were determined using 

the Wilcoxon matched pair’s t-test. Mean: NA: 63.06. IL-4: 72.97. BAFF: 66.37. BAFF+IL-4: 74.5. Standard 

deviation (SD): NA: 23.12. IL-4: 20.89. BAFF: 23.79. BAFF+IL-4: 23.44. Grey: Unmutated-CLL. Black: 

Mutated-CLL. Error bars represent mean ±SD.  

CLL cells demonstrated significantly increased protection following 24h (P=.007) treatment 

with IL-4 alone (10ng/ml). Whereas BAFF alone (500ng/ml) induced a small but significant 

increase in CLL cell viability. Furthermore, the combination of BAFF and IL-4 further 

increased CLL cell viability compared to untreated, IL-4 or BAFF alone treated cells. 

However, the increases in CLL cell viability following treatment with IL-4 and BAFF in 

combination compared to IL-4 alone were minimal and only on the cusp of significance. 
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3.4 Summary of Main findings 

• IL-4 induced phosphorylation of STAT6 protein in a concentration and time 

dependent manner, with pSTAT6(Y641) expression being induced within 10 mins 

following treatment and sustained for at least 24h following IL-4 treatment. 

• IL-4 induced pSTAT6(Y641) expression was inhibited by pre-treatment with the JAK3 

specific inhibitor tofacitinib at concentrations greater than or equal to 1µM. 

• IL-4 induced pSTAT6(Y641) expression displayed no differences based on prognostic 

factors: IGHV mutational status, CD49d, CD38, Zap-70, sIgM or anti-IgM induced 

signalling capacity. 

• IL-4 enhanced SOCS3 expression within a proportion of the CLL samples, and 

enhanced SOCS1 expression in the majority of CLL samples explored. Importantly, 

SOCS3 expression was further increased in the more progressive U-CLL subset 

compared to the M-CLL subset. 

• IL-4 promoted expression of the BAFF/APRIL receptor TACI on CLL cells. Whilst 

both IL-4 and BAFF protect CLL cells against basal apoptosis, IL-4 treatment was 

more effective at protecting against apoptosis compared to BAFF. Furthermore, the 

combination of BAFF and IL-4 showed minimal synergistic increases in CLL 

viability compared to IL-4 alone. 
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3.5 Discussion  

Recombinant IL-4 has been used throughout this thesis to mimic factors secreted by T-cells 

in vivo372,373,327,321, 372,305. In this chapter, it was demonstrated that recombinant IL-4 induces 

the JAK/STAT6, IRS-1 and IRS-2 signalling pathways and protects against basal apoptosis 

of CLL cells in vitro286,304. This demonstrated that the IL-4 used throughout this thesis 

functions as expected in cryopreserved CLL samples from the Southampton cohort. 

Understanding the effects of IL-4 on downstream signalling and outcomes was important, in 

order to identify whether the cytokine could be contributing to the clinical heterogeneity 

observed between CLL patients.  

 IL-4 signalling and protein expression in CLL cells  

Phosphorylation of STAT6 at tyrosine 641 (pSTAT6) is known to be essential for DNA 

binding403,382. CLL cells were reported to display increased pSTAT6(Y641) expression and 

sensitivity compared to normal B-cells379, suggesting that JAK/STAT6 signalling may play 

a role in CLL pathogenesis. In line with previous studies379,286, I have demonstrated that 

pSTAT6(Y641) is not expressed in the absence of IL-4 treatment in peripheral blood CLL 

cells. This data consequently suggests that the JAK/STAT6 pathway is not constitutively 

active in CLL cells from the peripheral blood. However, it is important to highlight that the 

effect of IL-4 on JAK/STAT6 signalling in CLL cells from the lymph node and bone marrow 

have not been explored as part of  this thesis. Meanwhile, IL-4 treatment (>1ng/ml) induced 

rapid and clear expression of pSTAT6(Y641). Furthermore, IL-4 induced up-regulation of cell 

surface expressed MHCII384,388 and CD23404,405,384, as well as increased expression of 

intracellular proteins pERK(Thr202/Tyr204), Bcl-xL and Mcl-1286. These findings were all 

consistent with previous studies exploring the effects of IL-4 induced signalling in CLL 

cells406. Furthermore, these findings suggest that the recombinant IL-4 used successfully 

binds the IL-4R and activates down-stream signalling that results in appropriate STAT6 

binding to DNA inside the nucleus382.  

Since IL-4 at 4 and 10ng/ml displayed similar effects on pSTAT6(Y641) expression, it could 

suggest that concentrations as low as 4ng/ml are adequate to saturate all available functional 

IL-4 receptors expressed by CLL cells. pSTAT6(Y641) expression was sustained at a 

consistent level for at least 24h. This is in line with Andrews et al findings using A201.1 

murine B-cells, that in the presence of IL-4, pSTAT6(Y641) expression can be sustained for 

up to 72h407. Interestingly, in the Andrews et al study the sustained pSTAT6(Y641) response 

did not require synthesis of new STAT6 protein, but relied on de-phosphorylated STAT6 
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being reintroduced into the cytoplasm for recycling. Andrews et al further demonstrated that 

pulsing A201.1 murine B-cells with IL-4, prior to washing away the IL-4 and incubating 

cells in the absence of the cytokine, resulted in pSTAT6(Y641) becoming dephosphorylated 

and losing its DNA binding activity within one hour. Therefore, the sustained IL-4 induced 

pSTAT6(Y641) expression I have observed may suggest that 10ng/ml IL-4 provides sufficient 

cytokine to re-engage any newly synthesised IL-4 receptors for at least 24h, or that CLL 

PBMCs synthesise and secrete IL-4 during in vitro culture.  

JAK3 is essential for IL-4 induced pSTAT6(Y641) expression via the type 1 IL-4R, which is 

predominantly expressed on hematopoietic cells382,286. Consequently, it is not surprising that 

tofacitinib pre-treatment dramatically reversed IL-4 induced pSTAT6(Y641). This was in line 

with previous observations using the JAK3 inhibitor PF-956980286. Since JAK3 is also 

immediately upstream of IRS-1408 and IRS-2409 signalling, inhibiting JAK3 is likely to 

prevent IL-4 induced signalling via the MAPK and PI3K signalling pathways, although this 

has not been confirmed within the remit of this thesis. However, given the success of 

tofacitinib in human patient clinical trials for rheumatoid arthritis401,400, it may provide an 

effective option to block IL-4 induced signalling in vivo.  

Spaner et al410 and Jain et al411 previously carried out clinical trials (NCT02131584)411 

(NCT02015208)410 to explore the effectiveness of the JAK1/2 inhibitor ruxolitinib for the 

treatment of CLL and to reduce disease associated symptoms. These studies demonstrated 

that inhibiting JAK 1/2 induced a rapid lymphocytosis and reduced lymphadenopathy, as 

well as improving patient fatigue and β2M levels410. However, ruxolitinib displayed various 

side effects including infections, neutropenia, hypertension411 and anaemia410. Meanwhile, 

clinical trials are currently exploring the use of the dual JAK/SYK inhibitor cerdulatinib for 

the treatment of CLL412.  

IL-4 induced pSTAT6(Y641) expression levels displayed no clear differences between 

clinically relevant patient subsets, based on CD38, Zap-70, CD49d or sIgM expression 

levels, anti-IgM signalling response or IGHV mutational status. However, a small proportion 

of U-CLL displayed minor increases in signalling levels as assessed by pSTAT6(Y641) 

expression. This lack of significant difference observed between samples may be due to the 

utilisation of immunoblotting which is a semi-quantitative technique, and therefore may not 

be sensitive enough to draw out the differences in IL-4 responses between patients. 

Moreover, flow cytometry based (phosphorylation-flow) analysis could provide a more 

sensitive and quantifiable measure of intracellular pSTAT6(Y641) expression413.  
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Previously, the Steele group demonstrated that an IL-4 gene signature was enriched in cells 

from the lymph node tissue compared to peripheral blood and bone marrow305. However, the 

concentration of IL-4 that the CLL cells would be provided with in the tissue is currently 

unknown. Importantly, IL-4 levels are likely to differ between patients. It it was previously 

demonstrated that CLL cases with more progressive disease display a significantly increased 

number of T-cells that spontaneously produce IL-4 compared to normal B-cells and less 

progressive CLL cases372. Therefore, in vivo, different levels of JAK/STAT6 signalling may 

occur in response to IL-4 between patients based on prognostic factors explored due to IL-4 

availability.  

Ruiz-Lafuente et al previously demonstrated that IL-4 was able to differentially express 

genes in Zap-70 positive CLL patient cells, and to a lesser extent CD38 positive cells 

compared to the ZAP70 and CD38 negative cases113. However, I observed no difference in 

IL-4 induced pSTAT6(Y641) expression levels between Zap-70 or CD38 positive or negative 

samples. This suggests that the consequence of the differences observed by Ruiz-lafuente et 

al113 could be downstream of the STAT6, IRS-1 or IRS-2 pathways. Indeed, the difference 

may be a result of STAT6 binding to DNA. Interestingly, Yildiz et al414 previously 

demonstrated in follicular lymphoma (FL) that mutations in STAT6, close to the DNA 

binding site, increased STAT6 localisation to the nucleus and enhanced the IL-

4/JAK/STAT6 signalling axis. My analysis has only explored the level of pSTAT6(Y641) 

signalling present in the whole cell lysate from CLL cells. Therefore, I have not explored 

whether different levels of pSTAT6(Y641) are present inside the nucleus, or whether there are 

differences between samples in the effectiveness of STAT6 binding to gene promoters in the 

DNA. Interestingly, it has been suggested that STAT6 binding to DNA alone is not enough 

to induce transcription, but requires help from other factors or proteins, including NF-κB 

regulation113,415,416,417. Previous reports demonstrated in healthy murine B-cells, that 

blocking NF-κB activity eliminates IL-4 induced gene expression by reducing DNA binding, 

while having no clear difference on the phosphorylation and nuclear localisation of 

STAT6415. Therefore, further studies could explore whether STAT6 displays differential 

levels of DNA binding and differential association with NF-κB and associated factors 

between patients depending on prognosis.  

SOCS1418,419 and SOCS3420 have been suggested to inhibit JAK/STAT signalling in various 

cell types. They do this by negatively promoting several distinct mechanisms: 1) they block 

JAK catalytic domain-STAT protein substrate interactions, resulting in signal termination; 

2) they inhibit JAK/STAT binding to the phosphotyrosine based docking sites on activated 

cytokine receptors and 3) they target their binding partners for ubiquitination and proteasome 
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degradation421. SOCS1 gene expression18 and SOCS3 protein expression397 are reduced in 

CLL cells compared to normal B-cells. Reduced SOCS expression may account for the 

increases in IL-4 induced pSTAT6(Y641) expression observed in CLL cells compared to 

normal B-cells379. I have demonstrated that IL-4 significantly augmented SOCS1 and 

SOCS3 expression in CLL cells. This was not surprising, since IL-4 signalling increases the 

expression of SOCS1 and SOCS3 in a number of cell types, causing suppression of 

JAK/STAT signalling422,113,398,423,. IL-4 treatment also induces SOCS3 expression in murine 

splenic B-cells in a p38 MAPK and JNK dependent, but STAT6 and IRS independent 

mechanism398. The precise mechanism by which IL-4 induces SOCS expression in CLL cells 

has yet to be confirmed. In my hands, IL-4 induced SOCS1 protein expression displayed no 

clear association with the clinically relevant CLL prognostic factors explored. In contrast, 

Ruiz-Lafuente et al demonstrated that IL-4 induced SOCS1 gene expression was greater in 

Zap-70 positive samples113. However, it is important to highlight that only three Zap-70 

positive samples were investigated in this thesis (Data not shown). This may account for the 

differences observed between the two studies based on Zap-70 expression. However, the 

three Zap-70 positive samples analysed displayed no clear differences in IL-4 induced 

SOCS1 expression from the the Zap-70 negative samples. Consequently, the differences in 

SOCS1 gene and protein expression in Zap-70 positive samples may simply reflect impaired 

translation.  

Interestingly, IL-4 induced significantly greater SOCS3 protein expression in U-CLL 

samples compared to M-CLL. This highlights that even though there were no clear 

differences between IL-4 induced JAK/STAT6 signalling between U-CLL and M-CLL 

cases, downstream signalling was under some further regulation as suggested above113. 

However, the mechanism by which SOCS3 impacts IL-4 signalling in CLL cells has yet to 

be determined. SOCS3 expression has previously been associated with reduced bulky 

lymphadenopathy396 and increased apoptosis397. Consequently, higher SOCS3 expression 

may be associated with a better clinical outcome, possibly as a result of preventing cytokine 

signalling, and perhaps IL-4 signalling, in CLL cells. However, if SOCS3 is associated with 

better prognosis it seems surprising that IL-4 up-regulates its expression more highly in the 

more progressive U-CLL subset. Therefore, further work is required to identify the precise 

role of SOCS3 in CLL pathogenesis.  
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 IL-4 protects CLL cells alone and in combination with BAFF in 

vitro 

Macrophages338, stromal cells317,287 and dendritic cells287 are thought to express BAFF inside 

the lymph node. Previous studies suggest that BAFF protects CLL cells from apoptosis by 

up-regulating anti-apoptotic proteins including Mcl-1287, as well as via activation of classical 

NF-κB signalling287,293. However, blocking the non-canonical NF-κB signalling pathway 

does not prevent BAFF induced CLL cell survival293. During B-cell development cells 

expressing autoreactive BCRs usually undergo receptor editing or apoptosis prior to leaving 

the bone marrow. Interestingly, Granato et al demonstrated that IL-4 and BAFF synergise to 

promote the maturation of CD23- transitional B-cells into CD23+ B-cells, by rescuing them 

from BCR-induced inhibition of maturation and apoptosis402. Therefore, I investigated how 

these two factors interact in CLL, focusing on receptor expression and effects on CLL 

viability. 

In line with the literature287, 293, 304, incubating CLL cells with recombinant BAFF clearly 

induced non-canonical NF-κB signalling. Furthermore, BAFF treatment enhanced cell 

viability, although to a lesser extent compared to IL-4304. Furthermore, the combination of 

BAFF and IL-4 slightly increased CLL viability compared to either factor alone. However, 

the increases observed were small, suggesting that the combination may not have any 

meaningful biological effect over IL-4 alone. 

Examining receptor expression, IL-4 treatment alone induced TACI expression on CLL 

cells, while having no effect on BCMA or BAFF-R. These findings were in line with a 

similar study by Ferrer et al304, who demonstrated that incubating CLL cells with IL-4 in 

combination with CD40L for 48h enhanced TACI expression, while BAFF in combination 

with IL-4 and CD40L enhanced cell viability compared to BAFF alone or IL-4 plus CD40L. 

Interestingly, TACI is more highly expressed on CLL cells compared to normal B-cells, 

suggesting the receptor may play a role in CLL pathogenesis304. Therefore, IL-4 may 

contribute to the greater level of TACI observed in CLL cells. Some studies have suggested 

that TACI expression is associated with worse CLL prognosis424, while others have observed 

no clear association341,304. Since TACI acts as a receptor for BAFF and APRIL, IL-4 may 

influence either BAFF and/or APRIL induced effects. Both BAFF and APRIL are able to 

protect CLL cells against apoptosis287,293,425,290,426, in part via TACI down-stream canonical 

NF-κB signalling341. However, I have not explored APRIL as part of this project. 

Furthermore, other microenvironmental factors are also known to influence BAFF receptors 

expression. CD40L has previously been shown to up-regulate TACI, BCMA and BAFF-R 
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transcript expression in CLL cells317. However, my findings have demonstrated that IL-4 is 

able to induce TACI expression and cell viability independently from CD40L. 

The findings and questions raised throughout this chapter has been summarised in Figure 

3.16. 

 

Figure 3.16: Schematic outline of key findings and questions raised in this results chapter. 
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4. Results Chapter: Exploring the effects of IL-4 on 

BCR expression and signalling in CLL cells in vitro 

4.1 Aim  

This chapter investigates the role of IL-4 treatment alone and in combination with BAFF or 

CD40L on BCR expression and anti-IgM downstream signalling in CLL cells in vitro.  

4.2 Introduction 

The BCR is composed from sIg and adaptor proteins CD79a and CD79b. CD79a and CD79b 

are required to transport sIg to the cell surface427,428, and to enable correct BCR complex 

formation, which results in appropriate downstream signalling. CLL cells from the 

peripheral blood express characteristically low sIg429,430, which is suggested to occur due to 

post-transcriptional defects causing reduced CD79b431 expression and defective sIgM and 

CD79b assembly432. However, in contrast, BCR signalling plays a prominent role in CLL 

pathogenesis16,13. Firstly, BCR kinase inhibitors have demonstrated a high level of success 

in treating CLL216,223,224,225,215. Secondly, the BCR binds antigen appropriately inside the 

lymph node, as suggested by the presence of stereotypes433, the ability for sIgM to naturally 

recover its expression in the absence of antigen106 and the identification of increased BCR 

signalling in CLL cells from the lymph node compared to peripheral blood and bone 

marrow434. Finally, increased sIgM expression and anti-IgM induced Ca2+ flux is associated 

with worse prognosis16. Therefore, the lymph node microenvironment may provide CLL 

cells with signals to enhance or restore BCR expression and signalling capacity in the lymph 

node. Consequently, it is important to identify any potential mechanisms that enhance BCR 

signalling, since they could provide resistance against BCR kinase inhibitors and provide 

novel therapeutic targets.  

Various factors can influence BCR signalling, including the expression of miRNAs and the 

proteins transcribed by their target mRNA83. Studies have previously identified a selection 

of miRNAs that are influenced by anti-IgM in CLL, including miRNA-155194,83,195,, miR-

15082, and miR-29a/b and c83. Furthermore, many of the miRNAs influenced by anti-IgM 

are also differentially expressed between CLL samples based on IGHV status and Zap-70 

expression196,83. This suggests that miRNAs could play a role in disease heterogeneity and 

BCR signalling in CLL.  
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MiR-150 and miR-155 are overexpressed in CLL cells. Mraz et al82 and Cui et al194 have 

demonstrated that reduced miR-150 and increased miR-155 expression are associated with 

un-mutated IGHV or ZAP-70 positive status and worse overall and treatment free survival82. 

Mraz et al further demonstrated that reduced miR-150 expression causes increased FOXP1 

and GAB1 protein expression, which are associated with increased BCR signalling. In 

addition, CLL cells expressing increased FOXP1 and GAB1 expression are also associated 

with reduced overall and treatment free survival82. Meanwhile, small interfering RNA 

(siRNA) knockdowns targeting FOXP1 and GAB1, significantly reduced anti-IgM induced 

Ca2+ mobilisation and pAKT(S473) expression82. FOXP1 is a transcription factor that regulates 

genes involved in B-cell development. However, its role in BCR signalling is not well 

characterised. Meanwhile, GAB1 acts as an adaptor protein for SH2 containing proteins and 

contains a PH domain. It enables other proteins to translocate from the cytoplasm to the 

plasma membrane. Following BCR stimulation, GAB1 is translocated from the cytoplasm 

to the cell membrane, where it binds PIP3 and PIP(3,4)P2 via a PH domain164. GAB1 

becomes phosphorylated by src kinases at multiple tyrosine residues (Table 4.1) following 

BCR activation435,436,437, 438,439, which regulates recruitment of BCR positive regulators PLC-

γ2, and PI3K or BCR negative regulator SHP-2. Interestingly, it has been suggested that 

binding of SHP-2 to a protein complex associated with FcγRIIb following BCR stimulation 

is able to causes de-phosphorylation of the PI3K binding site on GAB1, resulting with the 

release of PI3K from the complex440. Therefore, GAB1 may play a role in regulating positive 

and negative BCR signalling. 

Table 4.1: Phosphorylation sites on GAB1 and their functional consequences. 

Phosphorylation site of 

GAB1 

Function 

Tyr472 Regulates binding to p85 subunit PI3K. 
Tyr472 is main site involved, tyr 447 and 589 are participating436,437. 

Tyr307, Tyr373, Tyr407 Modulate association with PLCγ2438. 

Tyr627 and Tyr659 GAB1 binding to and activation of the protein tyrosine phosphatase 

SHP2436,439. 

In addition, Cui et al194 demonstrated that increased miR-155 expression was associated with 

decreased SHIP-1 expression. SHIP-1 is known to negatively regulate BCR signalling by 

removing 3 and 5 phosphate from PIP3, which creates PI(3,4)P2 and antagonises PI3K 

signalling441. Consequently, Cui et al demonstrated that the median increase in anti-IgM 

induced Ca2+ flux inversely correlated with SHIP-1 expression in CLL cells194.  

Survival factors BAFF and CD40L have previously been suggested to influence BCR 

signalling342,442,194,304. Schweighoffer et al suggested that BAFF-R signalling causes 
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phosphorylation of SYK and CD79a in murine normal B-cells, via a mechanism that requires 

BCR signalling342. Meanwhile, Mizuno et al demonstrated that CD40L pre-treatment 

enhanced BCR induced pERK(Thr202/Tyr204) and pJNK, therefore bypassing the requirement 

for BTK in murine B-cells442. In addition, Cui et al194 further suggested that CD40L (n=9) 

and BAFF (n=4), are able to enhance miR-155 expression, reduce SHIP-1 expression and 

increase anti-IgM induced iCa2+ mobilisation in CLL cells. Moreover, Ferrer et al 

demonstrated (n=3) that BAFF is able to enhance soluble anti-IgM induced pAKT(S473) 

expression levels304. However, the effect of BAFF on BCR signalling needs to be further 

explored, since the sample size used by Cui et al194 and Ferrer et al304 failed to represent the 

heterogeneity of the disease and variation in response to BCR activation. Despite this, these 

results suggest that factors present inside the lymph node microenvironment may influence 

miRNA regulation and BCR signalling in CLL. 

IL-4 is another survival factor thought to be present at the site of antigen induced BCR 

signalling305. As highlighted previously, CLL cells are more responsive to IL-4 induced 

pSTAT6(Y641) signalling and survival compared to normal B-cells379, suggesting this 

cytokine may play a role in CLL biology. Guo et al previously suggested that IL-4 pre-

treatment enhances anti-IgM induced signalling in normal murine B-cells, by creating an 

alternative BCR signalling pathway3,4,385. Differing from the classical BCR signalling 

pathway identified in murine B-cells, the alternative BCR signalling pathway was LYN 

dependent, but PI3K, PLCγ2 and PKC independent4,3. Guo et al further demonstrated that 

IL-4 independently but simultaneously activates these BCR signalling pathways in murine 

splenic B-cells3,4. Furthermore, IL-4 induced the alternative BCR signalling pathway in a 

time dependent manner, with increased signalling observed following longer incubation 

periods (≥6 h) with peak response occurring at 24h3. More recently, Guo et al demonstrated 

that IL-4 up-regulates CD79a, CD79b and sIgM expression in murine B-cells in a STAT6 

dependent manner385. Prior to this study, the effect of IL-4 on BCR expression and signalling 

in CLL cells was unknown. 

Interestingly, in murine splenic B-cells, IL-4 and anti-IgM treatment in combination induce 

a secretion of cytokine OPN443. However, blocking either the classical or alternative BCR 

signalling pathway prevented OPN secretion443, suggesting that the pathways may converge 

to produce their effect. Increased OPN expression in CLL cell sera has been associated with 

progressive disease, since it is enriched in CLL cases with later disease stages (Binet B and 

C)444. However, it is currently unknown what signalling pathways and functional effects 

OPN induces in CLL. OPN contains an Arg-Gly-Asp (RGD) site445, which characteristically 

binds integrins446, 447,  as well as two binding domains for CD44 (Leu136–Thr155 and 
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Asp298–Ser305)448,449,450. Indeed, OPN has been shown to induce pSTAT3451, 

pERK(Thr202/Tyr204)452, pAKT(S473)453 and pGSK-3β453 expression in various cell types, and 

induces autophagy, survival and cell adhesion454. However, it is currently unknown whether 

IL-4 or anti-IgM induce OPN secretion from CLL cells.  

IL-4 signalling is enriched inside the CLL lymph node compared to blood and bone marrow. 

Therefore, it is important to identify whether IL-4 signalling can regulate BCR expression 

and signalling in CLL cells. Consequently, this chapter explores the effect of IL-4 on BCR 

expression and downstream signalling in CLL cells in vitro. 
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4.3 Results 

 Investigating the effect of IL-4 on sIgM and sIgD expression in 

CLL cells incubated in vitro 

4.3.1.1 Natural sIgM and sIgD recovery on CLL cells incubated in vitro 

In line with previous studies, using flow cytometry based immunophenotyping I have 

demonstrated that at 0h sIgM receptor density (MFI) was significantly higher on CLL 

samples which display >5% responding cells to anti-IgM induced iCa2+ flux, compared to 

those displaying <5% responding cells (p=.002) (Appendix Figure 7A). Furthermore, sIgM 

expression was increased to a greater extent on CD49d positive samples compared to CD49d 

negative samples (p=.042) (Appendix Figure 7B). However, there was no association 

between sIgM receptor density and Zap-70, CD38 or IGHV mutational status at 0h (Data not 

shown). Meanwhile, sIgD expression at 0h displayed no association with CD49d, Zap-70, 

CD38 expression or IGHV mutational status (Data not shown).  

Analysis of sIgM receptor density (MFI) on CLL cells following 24h incubation in vitro 

without IL-4, significantly increased sIgM expression on U-CLL samples compared to M-

CLL samples (p=.036, U-CLL: n=12, M-CLL: n=15) (Figure 4.1A). sIgM recovery 

displayed no clear associations with CD38, Zap-70 or CD49d expression (Data not shown). 

In contrast, sIgD expression tended to decrease following 24h incubation in vitro with no 

clear associations between CD38, Zap-70, CD49d (Data not shown) and IGHV mutational 

status (Figure 4.1B).  

 

Figure 4.1: Comparison between the increase in sIgM or sIgD recovery on U-CLL and M-CLL 

cells following 24h incubation in vitro. A: Comparison between the increases in sIgM expression (MFI) 

between 15 different M-CLL patient samples and 12 different U-CLL patient samples incubated in vitro for 

24h without IL-4. The P values was calculated using the Mann-Whitney test. Mean: M-CLL: 9.585. U-CLL: 

19.36. Standard deviation (SD): M-CLL: 56.01. U-CLL: 44.16. B: Comparison of the increases in sIgD 

expression (MFI) between 7 different M-CLL patient samples and 12 different U-CLL patient samples 

incubated in vitro for 24h without IL-4. The P value was calculated using an unpaired t-test. Mean: M-CLL: -

7.13. U-CLL: -3.675. SD: M-CLL: 10.15. U-CLL: 9.066. Grey: Unmutated-CLL. Black: Mutated-CLL. Error 

bars represent mean ±SD.   
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Consistent with the literature106,16 this analysis confirms that sIgM recovery is enhanced in 

U-CLL compared to M-CLL following 24h incubation in vitro. Meanwhile, sIgD expression 

displays no clear association with the prognostic factors explored.  

4.3.1.2 IL-4 augments sIgM expression on CLL cells in a concentration and JAK 

dependent manner. 

Although the natural recovery of sIgM and sIgD on CLL cells has been previously explored, 

little is known about the effects of survival factors present inside the lymph node on sIgM 

and sIgD expression. Flow cytometry analysis was used to investigate the effect of IL-4 on 

sIgM (Figure 4.2 A-D) and sIgD receptor density on CLL cells.  

Analysis was carried out using CLL cells incubated in vitro with various concentrations of 

IL-4 (0.1, 0.4, 1, 4 and 10 ng/ml) for 24h (Figure 4.2 B) and 48h (Appendix Figure 8A and 

B). IL-4 treatment enhanced sIgM receptor expression (MFI) compared to the non-addition 

control in a concentration and time (24 and 48h) dependent manner. At 24h 

concentrations >0.1 ng/ml IL-4 enhanced sIgM expression (p=.031), displaying mean 

increases in sIgM receptor density (MFI) of 173.2 (0.4 ng/ml), 179.4 (1 ng/ml), 190.2 (4 

ng/ml) and 183.5 (10 ng/ml) respectively. Moreover, the IL-4 induced sIgM receptor density 

was further enhanced following 48h incubation compared to the un-treated control, with IL-

4 at 10 ng/ml displaying a mean sIgM MFI increase of 509.8 (Appendix Figure 8C). In 

order to explore the heterogeneity between CLL samples following IL-4 treatment, I 

increased the number of samples treated with IL-4 at 10 ng/ml for 24h. Although, IL-4 

enhanced sIgM more prominently following 48h incubation, I chose to focus on 24h to 

minimise the effects of apoptosis. I used 10 ng/ml IL-4 (Figure 4.2C).  

IL-4 treatment significantly enhanced sIgM receptor density in the majority of patients 

(p<.001), resulting in a mean increase in sIgM receptor density of 86.85 MFI. Importantly, 

IL-4 increased sIgM expression significantly more on U-CLL samples compared to M-CLL 

samples (p<.001) (Figure 4.2 D). In addition, CLL cells with <50 MFI sIgM expression at 

0h were less responsive to IL-4 induced sIgM expression following 24h incubation in vitro 

(p=.021) (Appendix Figure 9). However, IL-4 induced sIgM receptor density (MFI) 

displayed no clear association with CD49d, Zap-70 and CD38 expression levels (Data not 

shown).  
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Figure 4.2: Regulation of sIgM expression by IL-4 on CLL cells following 24h incubation in 

vitro. NA=untreated control. A: Representative flow cytometry plot for sIgM receptor density (MFI) on CLL 

cells (CD5+CD19+) following 24h incubation in vitro with IL-4 (10 ng/ml). Analysis was carried out on CLL 

samples with >5% responding cells to anti-IgM induced iCa2+ flux. Green: Isotype control (IC). Red: non-

addition control (NA) at 0h, Orange: non-addition following 24h. Blue: 24h incubation with IL-4 (10 ng/ml). 

B: sIgM Receptor density (MFI) on CLL cells incubated with various concentrations of IL-4 (0, 0.1, 0.4, 1, 4 

and 10 ng/ml). Analysis was carried out on 6 different patient samples. Analysis was carried out on 1 repeat of 

each patient sample. The P value was calculated using Wilcoxon matched paired t-test. Mean: NA: 0. IL-4: 

86.85. Standard deviation (SD): NA: 0. IL-4:115.6. C: Increase in sIgM receptor density (MFI) following 24h 

incubation in vitro with IL-4 (10 ng/ml). Analysis was carried out on 32 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. The P value was calculated using Wilcoxon matched paired 

t-test. D: Comparison between IL-4 induced increase in sIgM receptor density (MFI) for 19 different U-CLL 

patient samples and 13 M-CLL patient samples. P values were calculated using Mann-Whitney test. Mean: M-

CLL: 21.65. U-CLL: 131.5. SD: M-CLL: 44.93. U-CLL: 128.5. Grey: Unmutated-CLL. Black: Mutated-CLL. 

Error bars represent mean ±SD.  

Finally, I compared the effect of 24h IL-4 (10 ng/ml) treatment on sIgM expression between 

CLL samples with ≤5% responding cells to anti-IgM induced iCa2+ flux (Figure 4.3). The 

cohort contained 3 U-CLL and 8 M-CLL. All U-CLL samples displayed increased sIgM 

expression following IL-4 treatment, whereas most M-CLL samples displayed no increase 

in sIgM expression (n=6/8).  

  



Chapter 4 

92 

 

Figure 4.3: The effects of IL-4 on sIgM receptor density on non-signalling (anti-IgM) CLL 

samples following 24h incubation in vitro. NA=untreated control. A: Representative flow cytometry plot 

for sIgM receptor density (MFI) on CLL cells (CD19+CD5+) which display <5% responding cells to anti-IgM 

induced iCa2+ flux following 24h incubation with or without IL-4 (10 ng/ml) in vitro. B: Increase in sIgM 

receptor density (MFI) for samples described in A. Analysis was carried out on 11 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P value was calculated using Wilcoxon 

matched paired t-test. Mean: NA: 0. IL-4: 23.98. Standard deviation (SD): NA: 0. IL-4: 40.98. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

In addition, I have demonstrated that IL-4 induced increases in sIgM receptor density (MFI) 

does not correlate with IL-4 induced increases in the percentage of viable cells 

(AnnexinV/PI+ve) (Figure 4.4). This result confirms that IL-4 induced sIgM expression is 

not a reflection of IL-4 induced survival.  

 

Figure 4.4: Correlation analysis between increases in sIgM receptor density and the percentage 

(%) of viable cells following 24h incubation with IL-4 in vitro. Linear regression analysis was carried 

out between the increase in the percentage (%) of viable cells (AnnexinV/PI-ve) and the increase in sIgM 

receptor density (MFI) on CLL cells (CD19+CD5+) following 24h incubation with IL-4 (10 ng/ml) in vitro. 

Analysis was carried out on 15 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. Grey: Unmutated-CLL. Black: Mutated-CLL. 

In order to confirm whether IL-4 induced sIgM expression required JAK signalling, I pre-

treated CLL cells with the JAK3 inhibitor tofacitinib for 1 h prior to 24h incubation with IL-

4 (10 ng/ml) in vitro (Figure 4.5).  
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Figure 4.5: The effect of tofacitinib pre-treatment on IL-4 induced sIgM expression on CLL 

cells incubated for 24h in vitro. NA=untreated control. A: Representative flow cytometry plots for sIgM 

receptor density (MFI) on CLL cells (CD5+CD19+) incubated with or without tofacitinib (5µM) for 1h prior to 

24h incubation with IL-4 (10 ng/ml). Grey: Isotype control (IC). Red: non-addition. Blue: IL-4, Green: 

tofacitinib, Yellow: tofacitinib + IL-4. B: sIgM receptor density (MFI) for samples as described in A. Analysis 

was carried out on 3 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

Mean: NA: 51.11. IL-4: 88.7. Tofacitinib: 50.12. Tofacitinib+IL-4: 42.16. Standard deviation (SD): NA: 21.72. 

IL-4: 45.91. Tofacitinib: 28.83. Tofacitinib+IL-4: 25.73. Grey: Unmutated-CLL. Black: Mutated-CLL. Error 

bars represent mean ±SD.  

Flow cytometry analysis demonstrated that tofacitinib pre-treatment significantly reversed 

IL-4 induced sIgM expression, suggesting that IL-4 augments sIgM expression on CLL cells 

in a JAK3 dependent manner. 

4.3.1.3 Investigating the effect of IL-4 on sIgD expression on CLL cells in vitro 

I also used flow cytometry to explore the effect of IL-4 on sIgD receptor density (MFI) on 

CLL cells incubated for 24h in vitro (Figure 4.6 A-D). This analysis demonstrated that sIgD 

receptor density on CLL cells does not clearly change in an IL-4 concentration dependent 

manner (Figure 4.6 B). However, when I increased the cohort size for CLL cells incubated 

with IL-4 at 10 ng/ml for 24h, then sIgD expression displayed a small increase (~0-10 MFI) 

(p=.011) in the majority of samples (mean increase in sIgD expression: 4.334 MFI) (Figure 

4.6C). This was in contrast to sIgM, where IL-4 induced increases were between 50-500 

MFI (mean 87 MFI). A small subset of cases increased sIgD levels to a greater extent, but 

this was in the U-CLL subset and increases were still relatively small compared to sIgM. 

There was no significant difference between IL-4 induced sIgD expression on U-CLL and 

M-CLL samples (Figure 4.6D). In addition, there was no significant difference in IL-4 

induced sIgD expression based on CD49d, CD38, sIgM or Zap-70, expression levels or 

IGHV mutational analysis was observed (Data not shown). 
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Figure 4.6: Regulation of sIgD expression by IL-4 on CLL cells following 24h incubation in 

vitro. NA=untreated control. A: Representative flow cytometry plot for sIgD Receptor density (MFI) on CLL 

cells (CD5+CD19+) following 24h incubation in vitro with IL-4 (10 ng/ml). Analysis was carried out on CLL 

samples with >5% responding cells to anti-IgM induced iCa2+ flux. Grey: Isotype control (IC). Red: non-

addition control (NA) 24h, Blue=24h incubation with IL-4 (10 ng/ml). B: sIgD receptor density (MFI) on CLL 

cells incubated with various concentrations of IL-4 (0, 0.1, 0.4, 1, 4 and 10 ng/ml). Analysis was carried out 

on 5 different patient samples. Analysis was carried out on 1 repeat of each patient sample. P values were 

calculated using Wilcoxon matched paired t-test. Mean: 0ng/ml: 35.25. 0.1ng/ml: 36.34. 0.4ng/ml: 45.53. 

1ng/ml: 45.13. 4ng/ml: 37.03. 10ng/ml: 45.58. Standard deviation (SD): 0ng/ml: 34.36. 0.1ng/ml: 35.85. 

0.4ng/ml: 47.55. 1ng/ml: 47.59. 4ng/ml: 36.68. 10ng/ml: 51.09. C: Increase in sIgD receptor density (MFI) 

following 24h incubation with IL-4 (10 ng/ml) in vitro. Analysis was carried out on 30 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. The P value was calculated using 

Wilcoxon matched paired t-test. Mean: NA: 0. IL-4: 4.334. SD: NA: 0. IL-4: 8.407. D: Comparison between 

IL-4 induced increase in sIgD receptor density (MFI) for 19 different U-CLL patient samples and 11 M-CLL 

patient samples. Analysis was carried out on 1 repeat of each patient sample. The P value was calculated using 

Mann-Whitney test. Mean: M-CLL: 0.9482. U-CLL: 6.257. SD: M-CLL: 3.368. U-CLL: 9.828. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

Furthermore, tofacitinib pre-treatment had no clear effects on IL-4 induced sIgD expression 

(Appendix Figure 10), although sample sizes were too small to draw clear conclusions. 

However, this data may implicate an IL-4 independent mechanism for the increase in sIgD 

levels. 

4.3.1.4 IL-4 up-regulates CD79b expression on CLL cells in vitro 

Next, I performed flow cytometry to evaluate whether IL-4 can also influence the expression 

of the sIg associated adaptor protein CD79b on CLL cells. Analysis was carried out on CLL 

cells following 24h incubation in vitro with IL-4 (10 ng/ml) (Figure 4.7). IL-4 significantly 
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up-regulated CD79b expression on U-CLL cells (p=.016), with a mean increase in CD79b 

expression (MFI) of 14.24. Furthermore, as expected, IL-4 induced an increase in sIgM 

expression that correlated with the IL-4 induced increase in CD79b (Appendix Figure 11).  

 
Figure 4.7: Regulation of CD79b expression by IL-4 on CLL cells following 24h incubation in 

vitro. NA=untreated control. A:  Representative flow cytometry plot for CD79b receptor density (MFI) on 

CLL cells (CD19+CD5+) following 24h incubation with IL-4 (10 ng/ml) in vitro. Red and blue: isotype control 

(IC). Orange: non-addition control 24h. Green: IL-4 24h. B: Increase in CD79b MFI expression on U-CLL 

samples following 24h incubation in vitro with IL-4 (10 ng/ml). Analysis was carried out on 7 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. The P value was calculated using the 

Wilcoxon matched paired t-test. Mean: NA: 0. IL-4: 14.24. Standard deviation (SD): NA: 0. IL-4: 18.07. Error 

bars represent mean ±SD. 

 Investigating the effect of IL-4 on anti-IgM downstream 

signalling in CLL cells incubated in vitro. 

Since IL-4 caused enhanced sIgM expression on the majority of CLL samples tested, I next 

investigated the effects of IL-4 on anti-IgM downstream signalling in CLL cells in vitro.  

4.3.2.1 IL-4 enhances anti-IgM induced iCa2+ flux in a concentration dependent manner. 

Next, I investigated the effects of IL-4 on anti-IgM downstream signalling in CLL cells in 

vitro using a flow cytometry based iCa2+ flux assay. CLL cells were incubated in vitro for 

24h with IL-4 (0.1, 1 and 10 ng/ml) prior to anti-IgM induced iCa2+ flux analysis (Figure 

4.8 A and B). 
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Figure 4.8: The effect of IL-4 on anti-IgM induced iCa2+ flux in CLL cells incubated for 24h in 

vitro. NA=untreated control. A: Representative flow cytometry plots showing soluble anti-IgM (20µg/ml) 

induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 (0.1, 1 or 10ng/ml) for 24h. 

Red: non-addition. Blue: 0.1 ng/ml. Green: 1 ng/ml. Orange: 10 ng/ml. B: The percentage (%) of responding 

cells to anti-IgM (20µg/ml) induced iCa2+ flux for samples described in A. Analysis was carried out on 6 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using Wilcoxon matched t-test. Mean: 0ng/ml: 41.02. 0.1ng/ml: 52.39. 1ng/ml: 58.16. 10ng/ml: 

62.07. Standard deviation (SD): 0ng/ml: 30.11. 0.1ng/ml: 23.37. 1ng/ml: 22.47. 10ng/ml: 17.91. C: The 

percentage (%) of responding cells to anti-IgM (20µg/ml) induced iCa2+ flux for CLL cells incubated in vitro 

for 24h with or without IL-4 (10ng/ml). Analysis was carried out on 49 different patient samples. Analysis was 

carried out on 1 repeat of each patient sample. The P value was determined using Wilcoxon matched t-test. 

Mean: NA: 27.55. IL-4: 40.99. SD: NA: 18.58. IL-4: 20.95. Grey: Unmutated-CLL. Black: Mutated-CLL. 

Error bars represent mean ±SD.  

IL-4 enhanced anti-IgM induced iCa2+ flux in a concentration dependent manner (mean % 

responding cells: 0 ng/ml=41.02, 0.1 ng/ml=52.39, 1 ng/ml=58.16 and 10 ng/ml=62.07), 

demonstrating that concentrations achievable in patients of ≥ 0.1 ng/ml IL-4 can significantly 

induce anti-IgM signalling (p=.031). This effect was confirmed in a larger cohort incubated 

with IL-4 (10ng/ml) for 24h in vitro (Figure 4.8C). This demonstrated that IL-4 significantly 

enhanced the ability of CLL cells to signal following anti-IgM treatment (p<.001), increasing 

the mean percentage of responding cells from 27.55% to 40.99%. However, there was no 

correlation of this effect with IGHV mutational status (Appendix Figure 12 A and B), or 

CD49d, CD38 or Zap-70 expression levels (Data not shown). In addition, I demonstrated 

that IL-4 was able to enhance anti-IgM signalling in CLL samples which contain ≤ 5 % 
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responding cells to anti-IgM induced iCa2+ flux (p=.011) (Appendix Figure 12C). 

Therefore, IL-4 may possibly restore the ability of some anergised CLL cells to signal via 

its sIgM once again. 

Additionally, I confirmed these findings within three preliminary samples by using 

immunoblotting following treatment of the CLL cells with IL-4 and anti-IgM. CLL cells 

were incubated for 24h with IL-4 prior to a 15 minute incubation with soluble anti-IgM. 

Cells were incubated in vitro in the presence of the caspase-3 inhibitor QVD, with or without 

IL-4 (10 ng/ml) and soluble anti-IgM (10 mins) (Figure 4.9). 

 

Figure 4.9: The effect of IL-4 on BCR down-stream signalling (pSYK(Tyr323), pSYK(Tyr525/526), 

pERK(Thr202/Tyr204), pAKT(S473) pPLCγ2(Tyr759) and pPLCγ2(Tyr1217)). Representative immunoblot for 

pSYK(Tyr525/526), pSYK(Tyr323), pERK(Thr202/Tyr204), Total ERK, pAKT(S473), pPLCγ2(Tyr1217) and pPLCγ2(Tyr759), 

using protein extracted from CLL cells incubated with or without IL-4 (10 ng/ml) and soluble anti-IgM (20 

µg/ml) for 10 mins. CLL cells were incubated in presence of QVD. NA=untreated control. HSC70 was used 

as the loading control. 

This data shows that IL-4 enhanced soluble anti-IgM induced expression of BCR down-

stream signalling proteins, including pERK(Thr202/Tyr204) and pAKT(S473). Therefore, together 

this data demonstrates that IL-4 is able to enhance anti-IgM induced signalling in CLL cells. 

Additionally, I have demonstrated that IL-4 promotes BCR signalling following treatment 

with immobilised anti-IgM (Appendix Figure 13). Therefore, IL-4 can enhance BCR 

signalling by both soluble and bead immobilised anti-IgM. 
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4.3.2.2 IL-4 enhanced anti-IgM-induced iCa2+ flux occurs in a JAK dependent manner 

in CLL. 

Since IL-4 enhanced sIgM expression in a JAK3 dependent manner, I explored whether the 

IL-4 effects on anti-IgM induced iCa2+ flux were also JAK3 dependent. CLL cells were 

incubated with the JAK3 inhibitor tofacitinib at 10µM (Figure 4.10) or 5µM (Appendix 

Figure 14) for 1h prior to 24h incubation with IL-4 (10ng/ml) in vitro. 

 

Figure 4.10: The effect of tofacitinib on IL-4 induced anti-IgM-induced iCa2+ flux for CLL 

cells. NA=untreated control. A: Representative flow cytometry plot showing soluble anti-IgM (20µg/ml) 

induced iCa2+ flux across time (secs) for CLL cells pre-treated with or without tofacitinib (10μM) prior to being 

incubated for 24h with IL-4 (10ng/ml) in vitro (Red: non-addition, Blue: IL-4, Green: tofacitinib, Orange: IL-

4 and tofacitinib). B: The percentage (%) of responding cells to anti-IgM (20µg/ml) induced iCa2+ flux for 

samples as described in A. Analysis was carried out on 20 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P values were determined using Wilcoxon matched t-test. Mean: NA: 

21.77. IL-4: 33.7. Tofacitinib: 18.05. Tofacitinib+IL-4: 16.12. Standard deviation (SD): NA: 18.16. IL-4: 18.5. 

Tofacitinib: 16.41. Tofacitinib+IL-4: 18.74. Grey: Unmutated-CLL, Black: Mutated-CLL. Error bars represent 

mean ±SD.  

Tofacitinib at 10µM displayed no significant changes on the percentage of cells responding 

to anti-IgM. A slight decrease was observed in 8/20 samples treated with tofacitinib (10 µM) 

alone compared to the non-addition cells (7/8 were U-CLL samples). Therefore, tofacitinib 
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(10µM) treatment marginally reduced anti-IgM signalling from 21.77% (non-addition) to 

18.05% (tofacitinib 10µM). However, I previously demonstrated that tofacitinib does not 

induce apoptosis (Appendix Figure 1). Therefore, the decrease observed is not the result of 

tofacitinib induced cell death. Furthermore, tofacitinib (10µM) pre-treatment also 

significantly (p <.001) reduced the mean percentage of cells responding to anti-IgM in the 

presence of IL-4 from 33.70% (IL-4 alone) to 16.12% (IL-4 and tofacitinib). Although 

tofacitinib alone decreased the percentage of responding cells to anti-IgM by 3.72%, in the 

presence of IL-4, tofacitinib treatment significantly (p <.001) decreased the percentage of 

responding cells by 17.58%, which was a similar level to tofacitinib treatment alone in the 

absence of IL-4. Similar effects were observed using tofacitinib at 5µM (Appendix Figure 

14). 

4.3.2.3 IL-4 induced sIgM receptor density correlates with IL-4 induced anti-IgM 

signalling in a small cohort of CLL cells tested. 

The analysis of the effect of IL-4 on sIgM receptor density and anti-IgM induced iCa2+ flux 

was not carried out on matched samples or carried out at the same time. Therefore, in order 

to determine whether the IL-4 effects are associated, I investigated IL-4 induced sIgM 

receptor density and IL-4 induced anti-IgM iCa2+ flux simultaneously on a cohort of matched 

CLL samples (Figure 4.11).  

 

Figure 4.11: Correlation analysis between IL-4 induced increase in sIgM receptor density 

(MFI) and IL-4 induced increase in the percentage of responding cells to anti-IgM induced 

iCa2+ flux following 24h incubation in vitro. Grey: Unmutated-CLL. Black: Mutated-CLL. Linear 

regression analysis was carried out for the increase in sIgM receptor density (MFI) on CLL cells (CD19+ CD5+) 

and the increase in the percentage (%) of responding cells to soluble anti-IgM (20µg/ml) induced iCa2+ flux 

following 24h incubation in vitro with IL-4 (10ng/ml). The P value and R2 value were determined using linear 

regression analysis. Analysis was carried out on 33 different patient samples (U-CLL: n=19, M-CLL: n=14). 

Analysis was carried out on 1 repeat of each patient sample. 
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Linear regression analysis of the test cohort highlighted that IL-4 induced increases in sIgM 

receptor density (MFI) and anti-IgM iCa2+ flux were significantly associated (p=.001) 

following 24h incubation in vitro. Interestingly, U-CLL samples appeared to display a 

stronger correlation (p=.095) compared to M-CLL samples (p=.225). This suggests that IL-

4 induced increases in sIgM receptor densities are likely to contribute to IL-4 induced 

increases in anti-IgM signalling in the majority of cases. 

 Exploring the effect of IL-4 and anti-IgM on OPN secretion 

from CLL cells. 

IL-4 and BCR signalling in combination, induce OPN secretion from murine splenic B-

cells443. Although little is known about the role of OPN in CLL, increased OPN expression 

in CLL cell sera has been associated with later disease stages444. Therefore, I used ELISA 

analysis to explore whether IL-4 and anti-IgM induce OPN secretion from CLL cells. CLL 

cells were either treated simultaneously with IL-4 (10ng/ml) and immobilised anti-IgM for 

48h, or pre-treated with IL-4 for 24h, followed by a further 24h incubation with immobilised 

anti-IgM (Appendix Figure 15). ELISA (R and D systems, ref: DOST00) detection of full 

length human OPN secreted from CLL cells was evaluated. This experiment demonstrated 

that CLL cells incubated with IL-4 and anti-IgM simultaneously for 48h induced greater 

expression of OPN compared to CLL cells pre-treated with IL-4 for 24h prior to anti-IgM 

stimulation. Therefore, all subsequent analysis was performed with IL-4 and immobilised 

anti-IgM treatment for 48h (Figure 4.12).  
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Figure 4.12: The effect of IL-4 and Immobilised anti-IgM on OPN secretion from CLL samples. 
NA=untreated control. CLL cells were incubated with IL-4 (10ng/ml) and immobilised anti-IgM for 48h before 

supernatant was collected. ELISA (R and D Systems, ref: DOST00) analysis was used to determine OPN 

concentration (ng/ml) in supernatant from CLL samples (>85% tumour population). Analysis was carried out 

on 15 different patient samples. Analysis was carried out on 2 repeats of each patient sample. The P values 

were determined using the Wilcoxon matched paired test. Bars show the median of each data set. Median: NA: 

19.67. IL-4: 20.28. Immobilised anti-IgM: 26.86. Immobilised anti-IgM+IL-4: 34.02. Grey: Unmutated-CLL. 

Black: Mutated-CLL. 

Analysis of unstimulated cells incubated for 48h demonstrated that CLL cells are able to 

secrete OPN with a mean concentration of 34.20ng/ml. However, CLL cells incubated with 

IL-4 for 48h displayed significantly increased OPN secretion compared to un-treated CLL 

cells (p<.001). The mean OPN concentration in R10 medium was 492.4ng/ml and 34.2ng/ml 

in IL-4 treated and untreated CLL cells respectively. In addition, CLL cells incubated with 

immobilised anti-IgM for 48h also demonstrated increased secretion of OPN compared to 

the non-addition control (p<.001) (mean OPN concentration in R10 medium (ng/ml): anti-

IgM: 3606). Meanwhile, CLL cells incubated with IL-4 and immobilised anti-IgM for 48h 

displayed a further increase in mean OPN secretion compared to IL-4 (p=.002) and 

immobilised anti-IgM alone (p=.007) (mean OPN concentration in sera (ng/ml): anti-IgM 

and IL-4: 36781).  

The changes in OPN secreted by CLL samples displayed no clear association with IGHV 

mutational status, CD38 or sIgM expression (Data not shown). However, IL-4 (p=.008) and 

anti-IgM (p=.008) treatment alone and in combination (p=.016), induced significantly 
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increased secretion of OPN from CD49d positive samples compared to CD49d negative 

samples (Figure 4.13).  

 

Figure 4.13: Comparison between IL-4 and anti-IgM induced changes in OPN secretion between CD49d 

positive and negative CLL samples following 48h incubation in vitro. Comparison between the fold change 

in OPN (ng/ml) secreted by CLL samples (A) following incubation with IL-4 (10ng/ml) alone, (B) Immobilised 

anti-IgM alone, (C) IL-4 and immobilised anti-IgM in combination. Each of A, B and C show the difference 

between CLL cells expressing <30% CD49d (CD49d –ve: n=5) or ≥30% CD49d (CD49d +ve: n=5). Analysis 

was carried out on 5 different patient samples. Analysis was carried out on 2 repeats of each patient sample. 

The P values were determined using Mann-Whitney tests. A: Median: CD49d-ve: 1.024. CD49d+ve: 1.159. 

B: Median: CD49d-ve: 1.011. CD49d+ve: 1.45. C: Median: CD49d-ve: 1.216. CD49d+ve: 91.53. 

Next, I explored the effect of IL-4 on intracellular full-length and cleaved OPN. IL-4 

treatment induced a small increase in cleaved intracellular OPN compared to untreated cells. 

However, no significance was observed (Data not shown).  

The functional effects that OPN has on CLL cells is unknown. Therefore, I explored the 

effect of recombinant OPN on CLL cells for various incubation times and concentrations.  

Using immunoblotting, I investigated the effect of OPN on proteins known to be induced by 

OPN in other cancers or cell types. These proteins include pGSK3-β(Ser9)453, pSTAT3 (Ser727), 

pSTAT3(Tyr705)451, pERK(Thr202/Tyr204)452,455 and pAKT(Ser473)456,455. In addition, I carried out 

immunoblots for autophagy markers LC3BII and GABARAPL2 (Data not shown) since 

OPN had previously been suggested to induce this pathway in some cell types457. However, 

OPN induced no clear changes in any of the evaluated proteins.  

 Investigating the effect of IL-4 induced expression of BCR 

associated miRNA and their target proteins in CLL. 

miRNAs are known to influence anti-IgM signalling in CLL cells, including miR-155194, 

miR-15082 and miR-29a83. Therefore, I used qPCR to explore the effect of IL-4 (10ng/ml) 

treatment for 24h on the expression of these miRNAs in CLL cells in vitro. 
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4.3.4.1 The effect of IL-4 on miR-155-5p and SHIP-1 protein expression in CLL cells in 

vitro. 

Firstly, I have explored the effect of IL-4 on miR-155-5p expression in CLL cells (Figure 

4.14A). Since miR-155-5p targets mRNA which encodes the negative BCR signalling 

regulator SHIP-1, increased miR-155-5p expression was previously associated with 

increased anti-IgM signalling in CLL cells194.   

 

Figure 4.14: The effect of IL-4 on miR-155-5p expression in CLL cells incubated for 24h in 

vitro. NA=untreated control. A: Relative expression of miR-155-5p (2-ΔΔCt) for CLL cells incubated with IL-

4 (10ng/ml) for 24h in vitro. Analysis was carried out on 18 different patient samples. Analysis was carried out 

on 2 repeats of each patient sample. RNU6B was used as the baseline control. Mean: NA: 1. IL-4: 2.606. 

Standard deviation (SD): NA: 0. IL-4: 2.241. B: Comparison between relative expression of miR-155-5p (2-

ΔΔCt) in U-CLL (Grey, n=8) and M-CLL (Black, n=10) samples described in A. P values determined using 

Wilcoxon matched t-test. Mean: M-CLL: 2.719. U-CLL: 2.302. SD: M-CLL: 2.841. U-CLL: 0.8634. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

The qPCR analysis demonstrated that IL-4 induced miR-155-5p expression in the majority 

of CLL samples tested (14/18) (P<.001). This increased the mean relative expression (2-ΔΔCt) 

from 1 to 2.606. IL-4 induced miR-155-5p expression displayed no association with IGHV 

mutational status (Figure 4.14B), sIgM receptor density (Appendix Figure 16A), CD38 

expression levels (Data not shown), or IL-4 induced anti-IgM induced iCa2+ flux (Appendix 

Figure 16B).  

Next, immunoblotting was performed to explore the effect of IL-4 treatment on miR-155-5p 

target SHIP-1 protein expression. Immunoblots were carried out using protein extracted 

from CLL cells following incubation with IL-4 (10 ng/ml) for various periods of time (0.5, 

1, 2, 4, 6 and 24h) in vitro (Appendix Figure 17). This demonstrated that 24h incubation 

with IL-4 induced the greatest increase in SHIP-1 protein expression. Therefore, SHIP-1 
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protein expression was explored further in an increased number of CLL samples following 

24h incubation with IL-4 in vitro (Figure 4.15A and B). 

 

Figure 4.15: The effect of IL-4 on SHIP-1 protein expression in CLL cells incubated in vitro 

for 24h. NA=untreated control. A: Representative immunoblots for SHIP-1 protein expression extracted from 

CLL cells treated with or without IL-4 (10ng/ml) for 24h in vitro. HSC70 was used as the loading control. B: 

Quantification of SHIP-1 immunoblots (Optical density: OD) described in A. SHIP-1 expression is normalised 

to HSC70 expression and presented as fold change compared to un-treated control. Analysis was carried out 

on 24 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P value was 

determined using paired t-test. Mean: NA: 1. IL-4: 1.672. Standard deviation (SD): NA: 0. IL-4: 1.138. C: 

Comparison between fold change in SHIP-1 protein expression between 15 U-CLL samples and 9 M-CLL 

samples for samples used in figure B. The P value was determined using unpaired t-test. Mean: M-CLL: 1.86. 

U-CLL: 1.559. SD: M-CLL: 1.298. U-CLL: 1.062. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars 

represent mean ±SD.  

IL-4 treatment increased SHIP-1 protein expression in the majority of samples tested (16/24) 

(p=.008), increasing the mean fold change of SHIP-1 expression (optical density) from 1 to 

1.672. However, IL-4 induced SHIP-1 expression displayed no associations with IGHV 

mutational status (Figure 4.15C) CD38, Zap-70 or CD49d expression levels (Data not 

shown). Furthermore, no clear correlation was observed between IL-4 induced SHIP-1 

protein expression and IL-4 induced miR-155-5p expression (Figure 4.16A), anti-IgM 

induced iCa2+ flux (Figure 4.16B) or sIgM receptor density (Figure 4.16C). 

  



Chapter 4 

105 

 

Figure 4.16: Correlation analysis between (A) IL-4 induced SHIP-1 protein expression and IL-

4 induced relative expression of miR-155-5p, (B) increase in percentage (%) of responding cells 

(αIgM) or (C) increase in sIgM receptor density. Quantification of immunoblots for SHIP-1 expression 

(Optical density: OD) using protein extracted from CLL cells following incubation with or without IL-4 

(10ng/ml) for 24h in vitro. SHIP-1 expression is normalised to HSC70 expression and presented as fold change 

compared to un-treated control. Linear regression analysis was carried out between IL-4 induced fold change 

in SHIP-1 expression and IL-4 (10ng/ml) induced miR-155-5p expression, increase in anti-IgM induced iCa2+ 

flux and increase in sIgM receptor density (MFI) following 24h incubation in vitro. Mir-155-5p expression 

was determined using RT-qPCR and values are expressed relative to RUN6B. Grey: U-CLL. Black: M-CLL. 

Analysis was carried out on 10 (A), 19 (B) or 14 (C) different patient samples. Analysis for SHIP-1 expression 

levels was carried out on 1 repeat of each patient sample. Analysis for miR-155-5p expression was carried out 

on 2 repeats of each patient sample. Grey: Unmutated-CLL. Black: Mutated-CLL. 

Cui et al194 previously demonstrated in three CLL samples that incubation in vitro with 

BAFF for 24h or 48h increased miR-155 expression and decreased SHIP-1 expression in 

CLL cells. Therefore, I evaluated the effect of BAFF on miR-155-5p and SHIP-1 expression 

as a positive control.  BAFF (500ng/ml) treatment for 24h increased miR-155-5p in 5/12 

samples (Figure 4.17A), resulting in an increase in mean relative expression of miR-155-5p 

from 1 to 1.667 (2-ΔΔCt). However, BAFF induced increases in miR-155-5p were minimal in 

comparison to those induced by IL-4. Meanwhile, BAFF slightly decreased SHIP-1 

expression in 6/8 samples (Figure 4.17B), reducing the mean fold change of SHIP-1 

expression (optical density) to 0.832. However, these BAFF induced changes were not 

significant. 
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Figure 4.17: The effect of BAFF on miR-155-5p and SHIP-1 protein expression in CLL cells incubated 

for 24h in vitro. NA=untreated control. A: Relative expression of miR-155-5p (2-ΔΔCt) using RNA extracted 

from CLL cells incubated with IL-4 (10ng/ml) or BAFF (500ng/ml) for 24h in vitro. Analysis was carried out 

on 12 different patient samples. Analysis was carried out on 2 repeats of each patient sample. The P values 

were determined using Wilcoxon matched t-tests. Mean: NA: 1. IL-4: 2.522. BAFF: 1.667. Standard deviation 

(SD): NA: 0. IL-4: 2.623. BAFF: 1.601. B: Quantification of SHIP-1 immunoblots (Optical density: OD) for 

CLL samples incubated with BAFF (500ng/ml) for 24h in vitro. SHIP-1 expression is normalised to HSC70 

expression and presented as fold change compared to un-treated control. Analysis was carried out on 8 different 

patient samples. Analysis was carried out on 1 repeats of each patient sample. Mean: NA: 1. BAFF: 0.832. SD: 

NA: 0. BAFF: 0.342. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

These results demonstrate that IL-4 clearly up-regulates miR-155-5p expression in the 

majority of CLL samples, although IL-4 does not appear to decrease SHIP-1 protein 

expression as expected. However, this IL-4 induced increase in SHIP-1 expression does not 

appear to be regulated by miR-155-5p expression under these conditions. 

4.3.4.2 The effect of IL-4 on miR-150 and GAB1 and FOXP1 protein expression in CLL 

cells in vitro 

In addition, I have explored the effect of IL-4 (10ng/ml) treatment for 24h on miR-150-5p 

expression in CLL cells incubated in vitro (Figure 4.18A). Since miR-150 targets mRNA 

which encodes the positive BCR regulating proteins GAB1 and FOXP1, reduced miR-150 

expression has previously been associated with increased anti-IgM signalling in CLL cells82. 
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Figure 4.18: The effect of IL-4 on miR-150-5p expression in CLL cells incubated for 24h in 

vitro. NA=untreated control. A:  Relative expression of miR-150-5p (2-ΔΔCt) for CLL cells incubated with IL-

4 (10 ng/ml) for 24h in vitro. Analysis was carried out on 18 different patient samples. Analysis was carried 

out on 2 repeats of each patient sample. RNU6B was used as the baseline control. Mean: NA: 1. IL-4: 1.265. 

Standard deviation (SD): NA: 0. IL-4: 1.279. The mean-SD for IL-4 is cut at the x-axis. B: Comparison between 

relative expression of miR-150-5p (2-ΔΔCt) in 8 U-CLL and 8 M-CLL samples. The P values were determined 

using the Wilcoxon matched t-test. Mean: M-CLL: 1.753. U-CLL: 0.7774. SD: M-CLL: 1.664. U-CLL: 0.4379. 

Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

IL-4 treatment had no clear effect on miR-150-5p expression when all CLL samples were 

evaluated together. Interestingly, IL-4 decreased miR-150-5p expression in the majority of 

U-CLL samples (7/8). Meanwhile, IL-4 induced miR-150-5p had variable expression in M-

CLL cases (mean miR-150-5p relative expression (2-ΔΔCt): U-CLL: 0.777, M-CLL: 1.753) 

(Figure 4.18B). However, IL-4 induced miR-150-5p expression displayed no clear 

association with IL-4 induced sIgM expression (Appendix Figure 18A) or anti-IgM induced 

iCa2+ flux (Appendix Figure 18B).  

Subsequent immunoblotting was performed in order to explore the effect of IL-4 on GAB1 

and FOXP1 protein expression. Initially immunoblots for GAB1 (Appendix Figure 19) and 

FOXP1 (Appendix Figure 20) were carried out using protein extracted from CLL cells 

incubated with IL-4 (10ng/ml) for various periods of time (0.5, 1, 2, 4, 6 and 24h). This 

demonstrated that IL-4 induced expression of GAB1 and FOXP1 were maximal at 24h 

compared to earlier times points. Therefore, GAB1 (Figure 4.19A and B) and FOXP1 

(Figure 4.20 A and B) expression were explored in more samples following 24h incubation 

with IL-4 (10ng/ml) in vitro. 



Chapter 4 

108 

 

Figure 4.19: The effect of IL-4 on GAB1 protein expression in CLL cells incubated for 24h in 

vitro. NA=untreated control. A: Representative immunoblots for GAB1 protein expression extracted from 

CLL cells treated with or without IL-4 (10ng/ml) for 24h in vitro. HSC70 was used as loading control. B: 

Quantification of GAB1 immunoblots (optical density: OD) for samples described in A. Analysis was carried 

out on 27 different patient samples. Analysis was carried out on 1 repeat of each patient sample. GAB1 

expression is normalised to HSC70 expression and presented as fold change compared to un-treated control. 

The P value was determined using the Wilcoxon matched t-test. Mean: NA: 1. IL-4: 1.662. Standard deviation 

(SD): NA: 0. IL-4: 1.086. C: Comparison between the fold change in GAB1 protein expression between 10 U-

CLL samples and 17 M-CLL samples from figure B. The P value was determined using the Mann-Whitney 

test. Mean: M-CLL: 1.378. U-CLL: 2.146. SD: M-CLL: 0.4878. U-CLL: 1.605. Grey: Unmutated-CLL. Black: 

Mutated-CLL. Error bars represent mean ±SD.  

IL-4 up-regulated GAB1 protein expression in 24/27 samples (p<.001), increasing the mean 

fold change from 1 to 1.662. Furthermore, U-CLL cells appeared to display a trend towards 

increased GAB1 expression compared to M-CLL samples (IL-4 induced mean fold change 

in optical density: M-CLL: 1.378, U-CLL: 2.146) (Figure 4.19B). However, the sample size 

was insufficient to demonstrate a significant difference between GAB1 expression in U-CLL 

and M-CLL cases. Meanwhile, IL-4 treatment significantly up-regulated FOXP1 expression 

(p<.001), increasing the mean fold change from 1 to 1.864. Furthermore, IL-4 induced 

FOXP1 expression was significantly higher in U-CLL samples compared to M-CLL samples 

(p=.044) (IL-4 induced mean fold change in optical density: M-CLL: 1.500, U-CLL: 2.427) 

(Figure 4.20B).  
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Figure 4.20: The effect of IL-4 on FOXP1 protein expression in CLL cells incubated for 24h in 

vitro. NA=untreated control. A: Representative immunoblots for FOXP1 protein expression using protein 

extracted from CLL cells treated with or without IL-4 (10ng/ml) for 24h in vitro. HSC70 was used as the 

loading control. B: Quantification of FOXP1 immunoblots (Optical density: OD) as described in A. FOXP1 

expression is normalised to HSC70 expression and presented as fold change compared to un-treated control. 

Analysis was carried out on 28 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. The P value was determined using Wilcoxon matched t-test. Mean: NA: 1. IL-4: 1.864. Standard 

deviation (SD): NA: 0. IL-4:1.188. C: Comparison between the fold change in FOXP1 protein expression 

between 11 U-CLL and 17 M-CLL samples from figure B. The P value was determined using the Mann-

Whitney test. Mean: M-CLL: 1.5. U-CLL: 2.427. SD: M-CLL: 0.81. U-CLL: 1.48. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ± SD.  

In summary, this data suggests that IL-4 down-regulates miR-150-5p expression in the more 

progressive U-CLL samples. Although IL-4 treatment up-regulated GAB1 and FOXP1 

expression in both U-CLL and M-CLL samples, U-CLL cases demonstrated greater 

increases in protein expression compared to M-CLL cases. I have also carried out correlation 

analysis between IL-4 induced FOXP1 or GAB1 expression with IL-4 induced effects on 

miR-150-5p expression, anti-IgM induced iCa2+ flux and sIgM receptor density (Appendix 

Figure 21). However, no clear correlations were observed, possibly due to the small sample 

size.  

I further explored the effect of IL-4 and BAFF in combination on the expression of FOXP1 

and GAB1 (Appendix Figure 22). Results show that BAFF alone caused minimal decreases 

in GAB1 expression but has no effect on FOXP1 expression. Furthermore, BAFF could 

reduce IL-4 induced FOXP1 and GAB1 expression, although the sample size was too small 

to draw meaningful conclusions.  

In addition, I have demonstrated that IL-4 (10 ng/ml) treatment for 24h displayed no clear 

effects on miR-29a-3p expression in CLL cells (Appendix Figure 23).  
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 Investigating the effect of IL-4 in combination with BAFF on 

BCR expression and anti-IgM signalling in CLL cells in vitro 

Previous studies194,458 have suggested that BAFF and CD40L are able to enhance anti-IgM 

induced signalling in CLL cells. In the previous chapter, I demonstrated that CLL cells 

express receptors for BAFF (Figure 3.13) and that the recombinant BAFF (Figure 3.11) 

used was functional and induced non-canonical NF-κB signalling. 

Firstly, CLL cells were incubated in vitro for 24h (Appendix Figure 24) or 48h (Data not 

shown) with BAFF (500ng/ml) and sIgM and sIgD expression (MFI) was evaluated by flow 

cytometry. This analysis demonstrated that BAFF treatment alone had no clear effect on 

sIgM or sIgD receptor density (MFI). I further carried out flow cytometry analysis to explore 

the effect of BAFF (500ng/ml) and IL-4 (10ng/ml) treatment in combination on CLL cell 

sIgM and sIgD expression following 24h (Figure 4.21) or 48h (Appendix Figure 25) 

incubation in vitro. This demonstrated that IL-4 and BAFF in combination induced further 

sIgM expression compared to BAFF alone (12/14 samples) (p=.030). However, BAFF and 

IL-4 in combination displayed slightly reduced effects on sIgM expression compared to IL-

4 alone for some CLL samples. Therefore, suggesting that IL-4 was the main driver for the 

increases in sIgM expression observed.  

As highlighted earlier in this chapter, IL-4 induced a slight increase in sIgD expression, 

displaying a mean increase in sIgD receptor density of 3.794 MFI (p=.048). In contrast, 

BAFF treatment alone and in combination with IL-4 displayed no significant effects on sIgD 

expression and demonstrated only a small mean MFI increase from 2.012 to 2.208 MFI 

respectively.  
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Figure 4.21: Regulation of sIgM expression by IL-4 and BAFF in combination on CLL cells 

following 24h incubation in vitro. NA=untreated control. A and C: Representative flow cytometry plots 

for sIgM (A) and sIgD (C) receptor density (MFI) on CLL cells (CD5+CD19+) incubated with or without IL-4 

(10 ng/ml) and/or BAFF (500 ng/ml) for 24h in vitro. Grey: Isotype controls (IC). Red: non-addition (NA), 

Blue: IL-4 (10ng/ml), Orange: BAFF (500 ng/ml), Green: BAFF and IL-4. B and D: Increase in sIgM and 

sIgD receptor density (MFI) for samples as described in A and C respectively. Analysis was carried out on 15 

(B) or 13 (D) different patient samples. Analysis was carried out on 1 repeat of each patient sample. (B) The P 

values were calculated using the Wilcoxon matched paired t-test. Mean: NA: 0. IL-4: 37.85. BAFF: -0.5493. 

BAFF+IL-4: 28.87. Standard deviation (SD): NA: 0. IL-4: 67.55. BAFF: 9.208. BAFF+IL-4: 56.77. Analysis 

was carried out on 1 repeat of each patient sample. (D) The P values were calculated using the Wilcoxon 

matched paired t-test. Mean: NA: 0. IL-4: 3.794. BAFF: 2.012. IL-4+ BAFF: 2.208. SD: NA: 0. IL-4: 7.272. 

BAFF: 5.312. IL-4+ BAFF: 9.457. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean 

±SD.  

Next, I investigated the effect of incubating CLL cells with BAFF and IL-4 in combination 

on anti-IgM signalling. CLL cells were incubated with BAFF (500 ng/ml) for 24h or 48h in 

vitro (Appendix Figure 26). This demonstrated that incubating CLL cells with BAFF for 

24h had no significant effect on anti-IgM induced signalling. In contrast to Cui et al’s194 

findings, I demonstrated that incubating CLL cells with BAFF for 48h induced a significant 

decrease in anti-IgM induced signalling in the majority of samples tested (7/9) (p=.008). 

Meanwhile, immunoblotting analysis in four samples demonstrated that BAFF treatment had 
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no clear effect on soluble or immobilised anti-IgM induced pERK(Thr202/Tyr204) or pAKT(S473) 

expression in CLL cells (Data not shown). Therefore, in my hands BAFF alone appeared to 

display little effect on anti-IgM signalling. 

In order to determine whether BAFF could influence IL-4 induced effects on anti-IgM 

signalling I carried out iCa2+ flux analysis on CLL cells incubated with IL-4 (10 ng/ml) and 

BAFF (500 ng/ml) for 24h in vitro (Figure 4.22).  

 

Figure 4.22: The effect of IL-4 and BAFF in combination on anti-IgM induced iCa2+ flux. 
NA=untreated control. A: Representative flow cytometry plot showing soluble anti-IgM (20µg/ml) induced 

iCa2+ flux across time (secs) for CLL cells treated with or without IL-4 (10ng/ml) and/or BAFF (500 ng/ml) 

for 24h in vitro (Red: non-addition, Blue: IL-4, Green: BAFF, orange: IL-4+ BAFF). B: Percentage responding 

cells to anti-IgM-induced iCa2+ flux for samples as described in A. Analysis was carried out on 5 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. Mean: NA: 17.48. IL-4: 36.53. 

BAFF: 17.16. BAFF+IL-4: 45.28. Standard deviation (SD): NA: 11.76. IL-4: 13.67. BAFF: 12.44. BAFF+IL-

4:19.8. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

This demonstrated that treatment of CLL cells with IL-4 and BAFF in combination increased 

anti-IgM induced iCa2+flux compared to BAFF alone. The mean percentage of responding 

cells increased from 17.18% (BAFF alone) to 45.28% (BAFF and IL-4 in combination). In 

contrast, only 3/5 samples increased their anti-IgM signalling capacity in response to BAFF 
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and IL-4, compared to IL-4 alone. The mean percentage of responding cells increased from 

36.53 % (IL-4 only) to 45.28% (IL-4 and BAFF). However, it is important to note that the 

sample size was relatively small. 

In addition, I explored similar analysis using recombinant CD40L. Although CD40L induced 

clear non-canonical signalling in CLL cells, CD40L alone had no clear effects on sIgM 

expression (Appendix Figure 27) or anti-IgM signalling (Appendix Figure 28). In line with 

observations of BAFF and IL-4 in combination, CD40L was able to slightly reduce IL-4 

induced sIgM expression in a few samples. However, CD40L had no clear effect of IL-4 

induced BCR signalling.  

Together this analyses demonstrate that IL-4, unlike BAFF and CD40L, is able to increase 

sIgM expression and anti-IgM induced iCa2+ flux. However, IL-4 induced effects on sIgM 

expression and anti-IgM signalling can be influenced by BAFF or CD40L in some samples. 
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4.4 Summary of Main findings 

• IL-4 pre-treatment augmented sIgM expression on CLL cells in a concentration 

dependent manner. Furthermore, IL-4 induced effects on sIgM expression are more 

prominent on U-CLL samples as compared to M-CLL samples. Meanwhile, IL-4 induced 

effects on sIgD expression on CLL cells are minimal compared to the effects on sIgM 

expression.  

• IL-4 treatment enhanced anti-IgM-induced iCa2+ flux in CLL cells in a concentration 

dependent manner. 

• Pre-treatment of CLL cells with the JAK3 inhibitor tofacitinib blocked IL-4 effects on 

sIgM expression and anti-IgM induced signalling. The inference is that IL-4 causes these 

effects in a JAK3 dependent mechanism. 

• IL-4 enhanced anti-IgM induced OPN secretion from CLL cells. Interestingly, these 

effects appear more prominent in CD49d positive samples. However, the functional effect 

of OPN in CLL cells remains unknown. 

• IL-4 can influence the expression of miRNAs associated with BCR signalling and 

enhances expression of BCR positive regulators FOXP1 and GAB1, as well as the 

phosphatase SHIP-1.  

• IL-4 can influence the expression of BCR associated miRNAs (miR-155 and miR-150) 

and their known target proteins (SHIP-1, FOXP1 and GAB1). However, discordance occurs 

between IL-4 induced effects on miRNA expression and their known protein targets.  

• Unlike IL-4, treatment with BAFF or CD40L was unable to enhance sIgM expression 

or anti-IgM induced iCa2+ flux in CLL cells. Furthermore, in some samples BAFF or CD40L 

treatment slightly reduced the IL-4 induced effects on sIgM expression. 
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4.5 Discussion  

Cui et al demonstrated in a few CLL samples that treatment with BAFF or CD40L 

augmented anti-IgM induced signalling194, suggesting that growth factors can regulate BCR 

signalling in CLL. In addition, IL-4 is able to induce sIgM expression and BCR signalling 

in murine B-cells385. Prior to this study, little was known about the effects of IL-4 on sIgM 

expression and down-stream signalling in CLL. In one study, IL-4 was shown to induce 

variable effects on anti-IgM induced proliferation in six samples325. However, this analysis 

was carried out prior to the identification of major prognostic factors for CLL prognosis. The 

BCR is pivotal to CLL pathogenesis and BCR kinase inhibitors are revolutionising treatment 

of this disease16,225,216. Therefore, this chapter aimed to evaluate the role of IL-4 on sIgM 

expression and anti-IgM induced signalling in CLL cells in vitro.  

 IL-4 enhances sIgM expression in a subset of CLL samples in 

vitro 

Using flow cytometry, CLL cells were treated with and without IL-4 for 24h and evaluated 

for sIgM and sIgD expression. Since IL-4 protects against basal CLL apoptosis286,379,304,306, 

we confirmed in these studies that the effects observed were not solely down to differences 

in CLL viability. No correlation between IL-4 induced protection against apoptosis and IL-

4 induced increases in sIgM/sIgD expression was observed, indicating that sIg expression 

was not linked directly with cell viability. Indeed, the finding that IL-4 treatment induced 

sIgM expression is in line with those of Guo et al385, who demonstrated that IL-4 enhances 

sIgM expression and BCR signalling in murine splenic B-cells in a STAT6 dependent 

manner.  

Higher sIgM expression correlates with unmutated IGHV status and is associated with more 

progressive disease16. Therefore, the hypothesis of this study was that IL-4 may induce sIgM 

expression to a greater extent in more progressive subsets. Indeed, the data demonstrated 

that IL-4 enhances sIgM expression more prominently on U-CLL samples compared to M-

CLL samples. Only analysis on samples performed by myself have been included in this 

thesis. However, in our published work305 samples were also included that were carried out 

by other members of the Steele group. Consequently, the cohort used in the paper contained 

more Zap-70 positive CLL samples compared to those in this thesis. In contrast to the 

published paper on this work and the findings by Ruiz-Lafuente113, I did not detect any 

significant difference between IL-4-induced sIgM expression in Zap-70 positive and 
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negative cases459. However, it is important to note that this difference was likely due to an 

insufficient number of samples analysed in my own CLL cohort (n=3). 

In a small cohort carried out by the Steele group, no clear significant difference was observed 

between IL-4R expressions on U-CLL and M-CLL samples. Moreover, in chapter three, I 

demonstrated that IL-4 does not induce significantly more pSTAT6(Y641) expression in U-

CLL samples compared to M-CLL. Therefore, taken together, the data suggests that the 

increase in IL-4 induced sIgM expression on U-CLL was not the direct result of increased 

JAK/STAT6 signalling in this subset. However, U-CLL samples display significantly 

greater natural sIgM recovery compared to M-CLL samples when incubated for 24h in vitro 

in absence of IL-4106. Therefore, the enhanced IL-4 induced sIgM expression on U-CLL cells 

may simply reflect this difference in natural sIgM recovery.  Indeed, IL-4 is also able to 

enhance sIgM expression on normal human B-cells460. Dr. Alison Yeomans in the 

Southampton CLL group, further demonstrated that IL-4 enhances sIgM expression on both 

naive and memory B-cells from normal donors, with a mean fold increase of 2.7 and 1.5 

respectively305. Since U-CLL cells have been suggested to arise from naive B-cells, while 

M-CLL were suggested to arise from memory B-cells (Prof. Stevenson personal 

communication)13, 461, it could mean that IL-4 responses simply reflect the cell of origin.   

A few months after our own paper, Guo et al also published similar results428. However, Guo 

et al used a different co-culture system which involved incubating CLL cells with HS-5 cells 

to better mimic the microenvironment and further protect CLL cells from undergoing 

apoptosis. In line with my data, Guo et al also demonstrated that IL-4 treatment enhanced 

sIgM expression on CLL cells more prominently in U-CLL samples compared to M-CLL 

samples. However, they used IL-4 at a higher concentration (25µg/ml) and incubated CLL 

cells for longer times (48h). Similarly, I have demonstrated that IL-4 treatment was able to 

further enhance sIgM expression at 48h incubation compared to 24h, which would explain 

why Guo et al observed greater increases in sIgM expression following IL-4 treatment.  

In order for the BCR complex to be expressed on the cell surface, the proteins involved need 

to be correctly assembled and folded in the ER and Golgi. Krysov et al134 demonstrated that 

IgM can be expressed as an immature form, characteristic of that in the ER, or as a mature 

IgM (fully N-glycosylated) form expressed on the cell surface. However, IgM molecules 

mostly display impaired glycosylation in CLL cells, resulting in protein retention in the ER 

and reduced sIg expression134,427. Work by other members of the Steele group, demonstrated 

that IL-4 does not influence total IgM expression, but does induce accumulation of the 
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mature glycoform on the CLL cell surface. This findings suggests that IL-4 may promote 

IgM to be translocated from the ER to the cell surface134,462. 

 IL-4 enhances sIgD expression in a subset of CLL samples in 

vitro 

CLL cells generally express both sIgM and sIgD on their cell surface106,16. Although there 

are some publications which suggest that sIgD plays a role in CLL prognosis463,464, analysis 

of samples in the Southampton cohort suggested that sIgD expression and anti-IgD 

signalling were not associated with reduced overall or treatment free survival16. Therefore, 

it was interesting, but not that surprising, that IL-4 had dramatically reduced effects on sIgD 

expression compared to sIgM. Indeed, these findings were consistent with those carried out 

using murine B-cells, which demonstrated that sIgM expression was more sensitive to IL-4 

induced increases compared to sIgD385. IL-4 induced sIgD expression displayed no 

significant difference between U-CLL and M-CLL samples. However, in a subgroup of U-

CLL samples, IL-4 induced sIgD expression was enhanced. Interestingly, this IL-4 

responsive subgroup all displayed higher sIgD expression (>20 MFI) at 0h. Since IL-4 

induced sIgD expression in a small subset of CLL samples, it would be interesting to 

investigate these samples further. 

 IL-4 enhances CD79b expression in U-CLL cells in vitro 

Reduced levels of CD79b are expressed in CLL cells compared to normal B-cells428. 

Although there is a surplus of IgM and CD79a molecules present in CLL cells, CD79b 

appears to be rate limiting for BCR complex formation427. Subsequent analysis of CD79b 

expression in CLL cells demonstrated that in the absence of IL-4 treatment CD79b 

expression was undetectable by immunoblotting in the majority of samples,428. However, IL-

4 treatment in vitro induced CD79b expression and consequently increased cell surface 

expression in the majority of samples, but more prominently in U-CLL cases. As expected, 

IL-4 induced increases in CD79b expression correlate with increased sIgM expression. This 

finding was in line with the previous observation by Guo et al that IL-4 induces CD79b 

expression in murine splenic B-cells385.  

Recently, Guo et al have demonstrated, using immunoprecipitation, that IL-4 induced 

CD79b expression restores the ability for CD79a and CD79b to form heterodimers and 

associate with IgM in CLL cells428. Therefore, suggesting that the differences between IL-4 

induced sIgM expressions in patients based on IGHV status could reflect the increased ability 

for IL-4 to restore CD79b protein expression, and subsequent BCR complex formation, in 
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U-CLL samples. Since miR-29a, b and c contain a binding site for CD79b mRNA, and IL-4 

can decrease miR-29a expression in normal skin fibroblasts465, I explored whether IL-4 could 

modulate miR-29a expression in CLL428. However, IL-4 had no clear effect on miR-29a-3p 

expression, suggesting that it did not contribute to the regulation of CD79b expression. 

Unfortunately, time did not permit analysis of miR-29b and miR-29c.  

 The effect of IL-4 on anti-IgM down-stream signalling  

Using a flow cytometry based assay, the iCa2+ indicator Fluo-3 was used to measure anti-

IgM iCa2+ flux following a 24h incubation with or without IL-4. CLL cells incubated with 

IL-4 demonstrated an increase in the percentage of cells responding to anti-IgM. Since IL-4 

has been shown to promote B-cell and CLL cell proliferation325, it is important to highlight 

that IL-4 does not change the percentage of CLL cells (CD19+CD5+) in the populations 

tested following 24h incubation in vitro (Data not shown). Therefore, the increases observed 

do not result from changes in the CLL cell population. Furthermore, in the presence of the 

caspase inhibitor QVD, IL-4 enhanced anti-IgM induced pERK(Thr202/Tyr204) expression in 

CLL cells. Taken together, these results demonstrate that IL-4 enhances anti-IgM 

downstream signalling in primary CLL cells. 

In line with the findings that IL-4 enhances sIgM expression in a JAK3 dependent manner, 

pre-treating CLL cells with tofacitinib completely reversed IL-4-induced anti-IgM 

signalling. Therefore, the mechanism used by IL-4 to enhance sIgM/anti-IgM induced 

signalling is JAK3/STAT6 dependent.  

Since the larger cohorts used to explore the effect of IL-4 on sIgM expression and anti-IgM 

induced iCa2+ flux were not carried out on matched samples, I carried out further analysis 

using a smaller matched sample cohort. Correlation analysis confirmed that IL-4 induced 

increases in sIgM expression correlated with IL-4 induced iCa2+ flux. This was not surprising 

since sIgM expression is known to correlate with anti-IgM induced iCa2+ mobilisation in 

CLL16. However, unlike IL-4 induced effects on sIgM expression, analysis of the larger 

cohort of CLL cells demonstrated that IL-4 displayed no significant difference in anti-IgM 

induced iCa2+ flux between patients based on IGHV status. Therefore, highlighting a 

discrepancy between the effects of IL-4 on sIgM expression and anti-IgM induced iCa2+ flux 

analysis. In line with my results, Guo et al further demonstrated in a small cohort (n=6) that 

IL-4 augmented anti-IgM induced pERK(Thr202/Tyr204) and pSYK expression428. However, 

using these readouts Guo et al demonstrated that IL-4 increased anti-IgM signalling more 

prominently in the U-CLL subset428. Potentially, these differences may result from sample 
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heterogeneity. Alternatively, they may have occurred due to the presence of the HS-5 cells 

in the culturing system used by Guo et al. 

Low BCR expression and reduced anti-IgM responsiveness are characteristics of 

anergy170,106. Since IL-4 is able to enhance these effects, I explored the effects of IL-4 in a 

small cohort of non-responding CLL samples to anti-IgM. IL-4 enhanced sIgM expression 

and anti-IgM induced iCa2+ flux in a proportion of cases. However, the changes observed 

were much smaller than that observed in CLL cells capable of signalling. Guo et al, further 

supported these results by demonstrating in six anergic CLL samples, that IL-4 treatment 

enhances anti-IgM induced pSYK and pERK(Thr202/Tyr204) expression428. Consequently, IL-4 

exposure may promote recovery of a harmful subset of cells. For example, anergised CLL 

cells are less likely to respond to BCR kinase inhibitors, although upon IL-4 exposure they 

may recover their ability to signal through the BCR.  

Since 1) IL-4 has previously been shown to be present between around 100 to 150pg/ml in 

CLL patient plasma327, 2) CD3+ and CD8+ T-cells from CLL patients secrete IL-4 (between 

50-270 pg/ml375) following stimulation, 3) CD4+ T-cells, which secrete IL-4, are present 

inside proliferation centres302, 4) Gene set enrichment analysis confirmed that IL-4 induced 

gene sequences are enriched in CLL cells from the lymph node, compared to those from the 

peripheral blood and bone marrow305,113,135, 5) Guo et al428 demonstrated that sIgM and 

CD79b expression is enhanced on recently emerged cells (CXCR4dim/CD5high) from the 

lymph node compared to those cells residing for longer periods in the peripheral blood 

(CXCR4high/CD5dim) and 6) sIgM expression and anti-IgM iCa2+ flux were induced at a 

physiologically relevant concentration of IL-4 (0.1ng/ml), I suggest that IL-4 may influence 

BCR signalling in CLL cells in vivo. 

 The effect of IL-4 in combination with other 

microenvironmental factors on BCR expression and signalling 

in vitro  

BAFF is suggested to be present in the lymph node of patients with CLL340. Therefore, it is 

important to understand how BAFF, alone and in combination with IL-4, affects BCR 

expression and signalling in CLL cells. Incubating CLL cells with BAFF for 24h or 48h, 

displayed no clear effects on sIgM expression. In contrast, whilst CLL cells treated with 

BAFF for 24h had no effect on BCR signalling, incubating CLL cells with BAFF for 48h 

demonstrated a marginal decrease in anti-IgM induced iCa2+ flux. In addition, I demonstrated 

that CD40L also had no clear effect on sIgM expression or anti-IgM down-stream signalling 

in CLL (Data not shown). In line with these observations, Guo et al also indicated that 
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CD40L has no effect on sIgM expression, and was unable to enhance CD79b expression in 

CLL cells428. Indeed, further work carried out by the Steele group demonstrated that the 

cytokine mediated effects on BCR signalling in CLL cells, was IL-4 specific since cytokines 

IL-2, IL-6, IL-8, IL-10 and IL-21 had no effect on BCR expression305. Together these results 

highlight that BCR up-regulation and increased downstream signalling were not a universal 

effect caused by microenvironmental survival factors.  

The data in this thesis is discordant with that of Cui et al194, who previously demonstrated 

using four  CLL samples that BAFF (500 ng/ml) treatment for 48h augmented anti-IgM 

induced iCa2+ flux. Since Cui et al used a different recombinant BAFF (Ebioscience), I 

carried out further analysis in a few samples using the same BAFF (Data not shown)194. 

However, BAFF from Ebioscience still had no effect on sIgM expression and anti-IgM 

induced iCa2+ flux. Comparisons between the protocols used, highlighted that Cui et al used 

the calcium indicator Fluo-4 AM, rather than Fluo-3 AM. Fluo-4 is an analogue of Fluo-3, 

in which two chlorine substituents are replaced by fluorines466, causing increased excitation 

at 488nm. Therefore, Fluo-4 maybe more sensitive at detecting changes in iCa2+ flux. 

However, this does not account for the reason I demonstrate a slight decrease in iCa2+ flux 

following 48h incubation with BAFF, while Cui et al194 demonstrate an increase at the same 

time. Therefore, the differences between our results may simply reflect the heterogeneity of 

the disease. 

Next, I explored the combination of BAFF with IL-4. In the majority of CLL cells tested, 

BAFF had no effect on IL-4 induced sIgM expression. However, in a subset of CLL samples 

with high sIgM expression, BAFF reduced IL-4 induced effects. Nevertheless, responses 

were still greater than the untreated control. This data suggests that BAFF may display some 

cross-talk with IL-4. However, the mechanism by which the survival factors influence IL-4 

effects on sIgM in these samples are unknown. In contrast, CLL samples treated with IL-4 

in combination with BAFF demonstrated a slight increase in anti-IgM induced iCa2+ flux. 

This suggests a discrepancy between sIgM expression and anti-IgM signalling upon BAFF 

and IL-4 co-treatment. However, sIgM and calcium flux experiments were performed on 

different patient samples, suggesting that matched analysis needs to be performed before any 

conclusions can be drawn.  

 The effect of IL-4 on miRNA expression and their target proteins 

associated with BCR signalling in CLL cells in vitro 

This study demonstrated that IL-4 induced sIgM expression and augmented anti-IgM 

downstream signalling. Although the majority of samples display association between IL-4 
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induced changes in sIgM expression and anti-IgM signalling, some samples display no clear 

correlation. Therefore, I hypothesised that some other components may, in part, be 

regulating BCR signalling following IL-4 treatment. 

MiRNAs are known to regulate cellular processes in CLL cells, including survival467 and 

BCR signalling194,82. MiR-155194 and miR-15083 regulate anti-IgM signalling in CLL cells. 

Interestingly, miR-155 expression has been suggested to be regulated by CD40L and BAFF, 

consequently promoting BCR signalling194. I have demonstrated that IL-4 enhances miR-

155-5p expression, which is characterised to target BCR negative regulator SHIP-1194,468. 

However, some discordance was observed between IL-4 induced effects on miR-155-5p and 

its targets expression, since IL-4 enhanced SHIP-1 expression. In addition to negatively 

regulating BCR signalling, SHIP-1 has been shown to promote a hyperproliferative response 

to IL-4 in 32D myeloid cells469. Importantly, it is known that miRNAs can regulate multiple 

target genes. Therefore, it is possible that IL-4 induced miR-155 may target a different 

protein associated with BCR signalling. Indeed, a recent paper suggested that miR-155 may 

target casein kinase 1 gamma 2470. As a control, I performed miR-155 expression analysis 

following treatment with BAFF. There was a trend for increased miR-155 expression and a 

reduction in SHIP-1 protein expression, but this did not reach significance. However, this 

was in line with data reported by Cui et al194.  

Next, I investigated the effect of IL-4 on miR-150 expression, which has been shown to 

negatively regulate anti-IgM signalling by targeting BCR positive regulators FOXP1 and 

GAB182. Analysis of the effect of IL-4 on miR-150 expression in the whole CLL population 

tested, displayed no reproducible or significant differences. However, when I separated out 

the CLL cases based on their IGHV mutational status, I observed that IL-4 treatment 

significantly reduced miR-150 expression in U-CLL samples, while producing variable 

results in M-CLL cases. Furthermore, IL-4 treatment significantly enhanced the expression 

of miR-150 targets FOXP1 and GAB1. These results suggest that IL-4 may positively 

regulate BCR signalling by promoting FOXP1 and GAB1 expression. However, protein 

knockdown or miRNA disruption studies need to be performed to confirm this hypothesis. 

Furthermore, it will be important to identify whether IL-4 induces the phosphorylation of 

GAB1 at sites that promote the recruitment of BCR positive regulators PI3K and PLCγ2. It 

is important to highlight that IL-4 induced FOXP1 and GAB1 expression may also be 

regulated by other miRNAs, since IL-4 enhances target protein expression in both U-CLL 

and M-CLL subsets, while IL-4 only reduces miR-150 expression in U-CLL samples. 
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FOXP1 is a transcription factor involved in B-cell development471. It is known to positively 

regulate BCR signalling in CLL82. However, its functional role in this process is currently 

unknown. Although IL-4 induced signalling displayed no significant difference between 

JAK/STAT6 signalling in U-CLL and M-CLL samples, treatment with IL-4 was able to 

significantly up-regulate FOXP1 expression to greater levels in U-CLL samples compared 

to M-CLL samples. This is not surprising given that U-CLL have a greater BCR signalling 

capacity16. Previously, knockout studies in mice demonstrated that FOXP1+/- reduced 

CD79b expression471. However, whether CD79b is regulated by FOXP1 in CLL is unknown 

and would be of interest to explore further. Future studies could involve using CLL cells 

transfected with siRNA in order to knockdown FOXP1 and GAB1 expression, or vectors to 

over-express the proteins. This would enable functional analysis to assess whether IL-4 

requires these proteins to enhance BCR signalling, and to determine the effect of these 

proteins in the different CLL subsets. 

 Regulation of OPN by IL-4 in CLL 

This study demonstrated that IL-4 in combination with anti-IgM signalling induces CLL 

cells to secrete full-length OPN. These findings were consistent with Guo et al443,4, who 

demonstrated similar findings in three murine samples treated with IL-4 in combination with 

anti-IgM. However, the levels of OPN secreted from CLL cells was greater compared to 

murine B-cells. Treatment with IL-4 or anti-IgM alone also induced OPN secretion from 

CLL cells, but at much lower levels than in combination. This was in contrast to Guo et al, 

who demonstrated that IL-4 or anti-IgM alone, have little effect on OPN secretion from 

murine B-cells443,4. This suggests that IL-4-induced BCR signalling may be pivotal to OPN 

production in CLL. In addition, Guo et al demonstrated that murine B-cells secrete OPN 

following activation of the alternative (LYN dependent, PI3K and PLCγ2 independent)4,443,3 

and classical (LYN independent, and PI3K, PLCγ2 and PKCβ dependent) BCR signalling 

pathways in parallel. Therefore, further studies are required to confirm whether IL-4 induces 

a similar alternative BCR signalling pathway in CLL cells. Previous reports by others 

demonstrated that CLL plasma contains increased OPN compared to normal B-cell 

plasma444,472. Although the precise mechanism for why OPN is present in the plasma is 

unknown, IL-4 in combination with BCR engagement may partially explain these elevated 

OPN levels. Indeed, in one study, OPN plasma levels were greater in patients with later 

disease stage444. However, the potential role of OPN to act as a biomarker for IL-4 and BCR 

signalling in CLL remains to be determined. One concern about these results is that IL-

4305,379,286,306,304 and anti-IgM473,177 are able to induce CLL cell survival265. Consequently, 
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enhanced OPN secretion could result, in part, from increased cell viability. Therefore, 

correlation analysis between IL-4 and/or anti-IgM effects on the viability of these samples 

would be valuable. 

Previously, Edelmann et al demonstrated no differences in OPN plasma expression levels 

between CLL samples based on karyotypes, CD38, Zap70 expression or IGHV mutational 

status444. However, CD49d expression was not explored. I have further demonstrated that 

IL-4 and anti-IgM induced further OPN secretion in CD49d positive CLL samples. 

Interestingly, a previous study carried out using the B-cell line Ramos demonstrated that 

α4β1, which contains the alpha subunit CD49d, can adhere to OPN474. Therefore, OPN may 

play a role in B-cell adhesion. Although CD49d expression has also been associated with 

CD38 expression475,476,95, I did not observe any association between OPN secretion and 

CD38 expression. However, it is important to highlight that only three CD38 positive 

samples were analysed, and this may account for the lack of association observed (Data not 

shown). Although I have not included the data in this thesis, I also examined the potential 

for recombinant OPN to induce signalling in CLL cells. Full-length OPN had no 

reproducible effects on the proteins investigated. However, a study in acute lymphoblastic 

leukaemia (ALL) demonstrated that OPN requires activation by thrombin cleavage to expose 

a new C terminus (162SVVYGLR168), which can interact with α4β1477 and α9β1478,449. 

Unfortunately, time did not permit evaluation of thrombin cleaved OPN in CLL cases. 

Therefore, future experiments should be conducted to evaluate the signalling and adhesion 

of CLL cells to plates coated with full-length or thrombin cleaved OPN. 

The findings from this chapter are summarised in Figure 4.23 and support the hypothesis 

that IL-4 is able to enhance BCR expression and signalling in CLL cells, particularly in the 

U-CLL subset.  
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Figure 4.23: Schematic outline of key findings and questions raised in this results chapter. 
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5. Results Chapter: Investigating the effect of IL-4 on 

BCR kinase inhibitors in CLL cells in vitro. 

5.1 Aims 

This chapter explores the effects of IL-4 on the effectiveness of BCR kinase inhibitors 

(targeting BTK, PI3K and SYK) at inducing apoptosis and blocking BCR signalling in CLL 

cells in vitro. Furthermore, this chapter explores the potential of co-treating CLL cells with 

BCR kinase inhibitors in combination with the JAK3 inhibitor tofacitinib.  

5.2 Introduction 

Inhibitors targeting BCR kinases have revolutionised the treatment of CLL, as well as other 

B-cell haematological malignancies216,237. BCR kinase inhibitors targeting PI3K, BTK and 

SYK reduce BCR signalling in CLL cells, as demonstrated in vitro by clearly reducing anti-

IgM induced pERK(Thr202/Tyr204) expression and iCa2+ flux levels in vitro265,264,261.  

The PI3Kδ inhibitor idelalisib has been explored alone and in combination with rituximab 

in clinical trials. Idelalisib is a selective ATP-competitive inhibitor, which targets the p110δ 

isoform of PI3K250. Brown et al have demonstrated that idelalisib treatment alone induced a 

72% overall response rate for relapsed and refractory CLL patients224. Furthermore, Furman 

et al demonstrated that patients on idelalisib and rituximab displayed a 77% response rate216. 

Meanwhile, ibrutinib functions by irreversibly binding to the cysteine (C481) residue located 

in the ATP-binding pocket of BTK234. Byrd et al reported that ibrutinib displayed a 91% 

response rate in patients with relapsed or refractory CLL, with 75% progression free 

survival225. Meanwhile, Farooqui et al explored the effect of ibrutinib on patients with TP53 

aberrations who had previously received no treatment or had relapsed following a number 

of treatments. They demonstrated that 87% of previously un-treated patients and 80% of 

previously treated patients with TP53 abnormalities responded to ibrutinib215. Consequently, 

ibrutinib and idelalisib are now approved for use in the clinic, but due to toxicity issues, 

idelalisib is only approved for use in combination with rituximab216.  

Novel BCR kinase inhibitors, including SYK inhibitors, are currently being developed and 

characterised in vitro as well as in vivo in clinical trials412, 266. PRT062607 is a SYK inhibitor 

that is currently in trials for rheumatoid arthritis and has demonstrated anti-SYK activity that 

is 80-fold greater than its affinity for other kinases261. In vitro experiments have shown that 
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PRT062607 successfully inhibits anti-IgM induced pERK(Thr202/Tyr204), induces apoptosis in 

CLL cells and decreases chemotaxis towards chemokines CXCL12 and CXCL13264,261. 

Therefore, SYK is thought to play a key role in CLL survival and tissue homing. Although 

clinical trials for PRT062607 in CLL have not yet been performed, it has recently passed 

safety testing in healthy human volunteers262. 

BCR kinase inhibitors have demonstrated outstanding clinical responses for the treatment of 

CLL216,223,224,225,215. However, some patients fail to respond, develop resistance, or progress 

for unknown reasons whilst undergoing treatment with BCR kinase inhibitors. Between 10-

20% of CLL patients relapse on ibrutinib, while around 20% relapse on idelalisib, and 45% 

of patients did not respond to fostamatinib230. It is hence important to investigate the 

potential mechanisms which may promote resistance to BCR kinase inhibitor treatment in 

CLL cells. 

Mechanisms of resistance against PI3Kδ inhibition in CLL patients are currently unknown, 

whilst genetic aberrations in BTK and PLCγ2 have been shown to provide resistance against 

BTK inhibition. Woyach et al identified a cysteine-to-serine mutation (C481S) in BTK1,479, 

which causes ibrutinib to bind to BTK reversibly. Patients on ibrutinib can also become 

resistant by developing gain-of-function mutations in PLCγ2, causing constitutive BCR 

signalling1. However, these mutations do not account for all patients displaying ibrutinib 

resistance215. Interestingly, high-risk patients with complex karyotype, TP53 mutations, 

del(17p) or unmutated-IGHV genes are more likely to display progression while on 

ibrutinib229,215,480. Furthermore, Herman et al demonstrated that CLL patients who were non-

responsive to the SYK inhibitor fostamatinib displayed increased CD38 expression481. 

Unfortunately, patients who display resistance to BCR kinase inhibitors have been 

associated with extremely poor outcomes249, with patients resistant to ibrutinib having a 

median survival of just 4 months in one study249,480. Therefore, identifying mechanisms of 

resistance against BCR kinase inhibitors is of clinical importance, in order to identify novel 

therapies or therapeutic strategies for the treatment of this currently incurable disease.   

Previously, studies in murine B-cells demonstrated that IL-4 pre-treatment can induce a 

STAT6 and LYN dependent, but PI3K, PLCγ2 and PKCβ independent, anti-IgM induced 

alternative signalling pathway4. Meanwhile, the classical BCR pathway in murine B-cells is 

LYN independent, and PI3K, PLCγ2 and PKCβ dependent3,4. Therefore, IL-4 appears to 

modify which kinases propagate BCR signalling in murine B-cells and promote resistance 

to PI3K inhibition with LY2940024. IL-4 may also provide resistance against BCR kinase 

inhibitors used to treat CLL. Consequently, it is important to identify which kinases are 
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required for IL-4 induced anti-IgM signalling in CLL, and how IL-4 subsequently modifies 

BCR kinase inhibitor function. In addition to blocking BCR signalling, BCR-kinase 

inhibitors can also induce moderate apoptosis in CLL cells236,291, 264,260,238, 265. Since IL-4 

induced JAK/STAT signalling provides CLL cells with protection against both basal and 

chemotherapy induced apoptosis286, it is important to explore whether IL-4 regulates BCR 

kinase inhibitor induced apoptosis in these cells. Furthermore, it is important to identify 

mechanisms to counteract these IL-4 mediated effects. JAK3 inhibition was previously 

suggested as a therapeutic option to reverse IL-4 mediated effects on chemotherapy-induced 

apoptosis286. 

In this chapter, I have explored whether IL-4 provides resistance against BCR kinase 

inhibitors targeting BTK (ibrutinib), PI3K (idelalisib) and SYK (PRT062607) in primary 

CLL cells in vitro. I have particularly explored the effect of IL-4 on BCR kinase inhibitor 

function and regulation of apoptosis. Finally, I have also explored combining ibrutinib or 

idelalisib with tofacitinib in vitro, in order to highlight a potential therapeutic strategy to 

overcome IL-4 mediated effects. 
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5.3 Results 

 Confirmation that BCR kinase inhibitors reduce BCR signalling 

in CLL cells in vitro  

Prior to exploring the effect of IL-4 on BCR kinase inhibitors in CLL cells, it was important 

to confirm that the inhibitors used were functional and effective at inhibiting anti-IgM 

induced BCR signalling as expected. The Steele group had previously confirmed that 

idelalisib and ibrutinib reduced anti-IgM induced signalling at 1µM265. Here I have 

confirmed using immunoblotting analysis, that the SYK inhibitors PRT062607 and R406 at 

1µM are also able to inhibit soluble anti-IgM induced phosphorylation of SYK at tyrosines 

525/526 (Figure 5.1 A and B) and 323 (Figure 5.1 A and C) as well as the phosphorylation 

of ERK(Thr202/Tyr204) (Figure 5.1 A and D). Therefore, confirming that the SYK inhibitor 

concentrations used in this project are biologically relevant. 

BCR kinase inhibitors targeting BTK, PI3K and SYK can induce apoptosis in CLL cells in 

vitro291,236,482. Since IL-4 provides CLL cells with pro-survival signals, I have assessed the 

effect of IL-4 on BCR kinase inhibitor induced apoptosis in vitro.  
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Figure 5.1: The effect of SYK inhibitors R406 and PRT062607 on soluble anti-IgM induced 

pSYK(Tyr 525/526), pSYK(Tyr 323) and pERK(Thr202/Tyr204) expression in CLL cells in vitro. NA=untreated 

control. A: Representative immunoblot for pSYK(Tyr 525/526), pSYK(Try 323) and pERK(Thr202/Tyr204) expression 

using protein extracted from CLL cells treated with PRT062607 or R406 (1µM) for 1h followed by soluble 

anti-IgM (20µg/ml) for either 10 or 30 mins. All incubations were performed in presence of QVD caspase 

inhbitor. HSC70 acts as a loading control. B-D: Quantification of immunoblots as described in A (Optical 

density: OD) for pSYK(Tyr 525/526), pSYK(Tyr323) and pERK(Thr202/Tyr204. pSYK(Tyr525/526), pSYK(Tyr323). Expression 

is normalised to HSC70 expression and presented as fold change compared to un-treated control. Analysis was 

carried out on 4 different patient samples. Analysis was carried out on 1 repeat of each patient sample. (B) 

Mean: NA: 1. PRT-062607: 1.614. R406: 0.9369. Sol Anti-IgM: 7.266. Sol Anti-IgM+ PRT-06260: 3.863. Sol 

Anti-IgM+ R406: 4.061. Standard deviation (SD): NA: 0 .PRT-062607: 1.555 .R406: 0.63. Sol Anti-IgM: 

7.351. Sol Anti-IgM+ PRT-06260: 2.275. Sol Anti-IgM+ R406: 3.715. (C) Mean: NA: 1. PRT-062607: 0.8982. 

R406: 0.6262. Sol Anti-IgM: 2.393. Sol Anti-IgM+ PRT-06260: 1.932. Sol Anti-IgM+ R406: 1.529. SD: NA: 

0 .PRT-062607: 0.5039.R406: 0.6758. Sol Anti-IgM: 2.09. Sol Anti-IgM+ PRT-06260: 1.839. Sol Anti-IgM+ 

R406: 1.581. (D) Mean: NA: 1. PRT-062607: 0.8634. R406: 1.211. Sol Anti-IgM: 3.516. Sol Anti-IgM+ PRT-

06260: 1.288. Sol Anti-IgM+ R406: 1.147. SD: NA: 0. PRT-062607: 0.3454. R406: 0.57. Sol Anti-IgM: 2.674. 

Sol Anti-IgM+ PRT-06260: 0.5345. Sol Anti-IgM+ R406: 0.3201. Error bars represent mean ±SD. 
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5.3.1.1 The effect of IL-4 on idelalisib and ibrutinib induced apoptosis in CLL cells 

incubated in vitro  

CLL cells were pre-treated with IL-4 (10ng/ml) for 4h prior to incubation with ibrutinib or 

idelalisib (1 and 10µM) for 24h or 48h in vitro. Apoptosis was assessed using the flow 

cytometry based annexinV/PI assay, and caspase-3 induced PARP cleavage was assessed by 

immunoblotting. 

In line with the literature, annexinV/PI analysis demonstrated that CLL cells incubated in 

vitro with idelalisib or ibrutinib (1 and 10µM) alone for 24h (Figure 5.2) or 48h (Appendix 

Figure 29) displayed a significant reduction in the percentage of viable cells compared to 

the untreated (NA) control. Idelalisib or ibrutinib treatment significantly reduced the mean 

percentage of viable cells from 47.88% (NA control) to 35.97% (1µM idelalisib: p=.031), 

29.30% (10µM idelalisib: p=.031), 37.70% (1µM ibrutinib: p=.031) and 25.12% (10µM 

ibrutinib: p=.031) respectively. Therefore, confirming that at the concentrations tested, 

idelalisib and ibrutinib successfully induce apoptosis in CLL cells incubated in vitro.  

However, treating CLL cells with IL-4 prior to the addition of idelalisib or ibrutinib 

enhanced the mean percentage of viable cells compared to treatment with idelalisib or 

ibrutinib alone. The mean percentage of viable cells observed for samples pre-treated with 

IL-4 prior to incubation with 1µM and 10µM idelalisib or ibrutinib for 24h was 72.47% 

(1µM idelalisib: p=.031), 67.72% (10µM idelalisib: p=.031), 69.97% (1µM ibrutinib: 

p=.031) and 48.07% (10µM ibrutinib: p=.031) respectively. Furthermore, analysis following 

48h incubation with or without IL-4 treatment prior to idelalisib and ibrutinib treatment 

demonstrated similar effects (Appendix Figure 29 and Appendix Figure 30). The ability 

for IL-4 to protect CLL cells from idelalisib and ibrutinib induced apoptosis was equivalent 

when CLL cells were treated with 1μM idelalisib or ibrutinib at both 24h and 48h. However, 

IL-4 displayed an enhanced ability to protect CLL cells from idelalisib induced apoptosis 

compared to ibrutinib at 10μM at both 24h and 48h.  
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Figure 5.2: The effect of IL-4 on idelalisib and ibrutinib induced apoptosis following 24h 

incubation in vitro. NA=untreated control. A: Representative annexinV/PI flow cytometry plots for CLL 

sample 604D treated with or without IL-4 (10ng/ml) for 4h prior to 20h incubation with or without idelalisib 

or ibrutinib (1µM or 10µM). B: The percentage (%) of viable cells (AnnexinV/PI –ve cells) for samples as 

described in A. Analysis was carried out on 7 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. The P values were determined using the Wilcoxon matched pair t-test. Mean: NA: 

55.95. IL-4: 78.23. Idelalisib (1µM): 39.4. Idelalisib (1µM) +IL-4: 73.87. Idelalisib (10µM): 30.6. Idelalisib 

(10µM) +IL-4: 67.62. Ibrutinib (1µM): 41.85. Ibrutinib (1µM) +IL-4: 72.82. Ibrutinib (10µM): 22.95. Ibrutinib 

(10µM) +IL-4: 53.48. Standard deviation (SD): NA: 13.45. IL-4: 2.499. Idelalisib (1µM): 15.11. Idelalisib 

(1µM) +IL-4: 5.194. Idelalisib (10µM): 10.22. Idelalisib (10µM) +IL-4: 7.938. Ibrutinib (1µM): 13.23. 

Ibrutinib (1µM) +IL-4: 5.028. Ibrutinib (10µM): 11.44. Ibrutinib (10µM) +IL-4: 11.54. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  

I further performed immunoblot analysis for PARP cleavage using protein extracted from 

CLL cells which had been pre-treated with or without IL-4 (10ng/ml) for 4h prior to 24h 

(Figure 5.3) or 48h (Appendix Figure 30) incubation with idelalisib or ibrutinib (1 and 

10µM) in vitro. CLL samples incubated with idelalisib or ibrutinib for 24h or 48h in the 

absence of IL-4 demonstrated increased PARP cleavage compared to un-treated cells. 

Furthermore, all CLL samples incubated for 48h with ibrutinib or idelalisib only, displayed 

enhanced PARP cleavage. In contrast, pre-treating CLL cells with IL-4 reduced BCR kinase 

inhibitor induced PARP cleavage. These results demonstrate that IL-4 provides protection 

against ibrutinib and idelalisib induced apoptosis of CLL cells in vitro. 
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Figure 5.3: The effect of IL-4 on idelalisib and ibrutinib induced Poly (ADP-ribose) polymerase 

(PARP) cleavage following 24h incubation in vitro. NA=untreated control. A: Representative 

immunoblots for total and cleaved PARP expression using protein extracted from CLL cells incubated with or 

without IL-4 (10ng/ml) for 4h prior to treatment with or without idelalisib or ibrutinib (1μM and 10μM) for 

20h. HSC70 acts as the loading control. B: Quantification of immunoblots described in A (Optical density: 

OD) calculated as cleaved PARP/(Total and cleaved PARP). PARP expression normalised to HSC70 

expression and presented as fold change compared to un-treated control. Analysis was carried out on 7 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were determined 

using the Wilcoxon matched pair t-test. Mean: NA: 1. IL-4: 0.7278. Idelalisib (1µM): 2.056. IL-4+Idelalisib 

(1µM): 0.7945. Idelalisib (10µM): 2.643. IL-4+Idelalisib (10µM): 0.968. Ibrutinib (1µM): 1.861. IL-

4+Ibrutinib (1µM): 0.7589. Ibrutinib (10µM): 1.924. IL-4+Ibrutinib (10µM): 1.203. Standard deviation (SD): 

NA: 0. IL-4: 0.2688. Idelalisib (1µM): 0.9874. IL-4+Idelalisib (1µM): 0.44. Idelalisib (10µM): 1.364. IL-

4+Idelalisib (10µM): 0.3676. Ibrutinib (1µM): 0.8713. IL-4+Ibrutinib (1µM): 0.3024. Ibrutinib (10µM): 1.014. 

IL-4+Ibrutinib (10µM): 0.4562. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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5.3.1.2 The effect of IL-4 on SYK inhibitor induced apoptosis in CLL cells incubated in 

vitro 

I also explored the effects of IL-4 pre-treatment on SYK inhibitor PRT062607 induced 

apoptosis in CLL cells in vitro. PRT062607 is a novel SYK inhibitor. Therefore, I firstly 

explored its effects on apoptosis in CLL cells in the absence of IL-4. CLL cells were 

incubated in vitro with PRT062607 at various concentrations (0.01, 0.1, 0.3, 1, 3 and 10µM) 

for 24h (Figure 5.4), 48h or 72h (Appendix Figure 31).  

 

Figure 5.4: The effect of PRT062607 on apoptosis of CLL cells incubated in vitro for 24h. 

NA=untreated control. A: Representative flow cytometry plots for annexinV/PI analysis for CLL cells treated 

with or without PRT062607 (0.01, 0.1, 0.3, 1, 3, and 10µM) for 24h. DMSO was added to untreated (NA) 

control. B: The percentage viable cells (AnnexinV/PI-ve) for samples described in A. Analysis was carried out 

on 9 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using the Wilcoxon matched pair t-test. Mean: NA: 54.83. 0.01µM: 48.66. 0.1µM: 46.73. 0.3µM: 

44.52. 1µM: 47.44. 3µM: 42.62.10µM: 32.66. Standard deviation (SD): NA: 14.81. 0.01µM: 20.6. 0.1µM: 

15.94. 0.3µM: 16.34. 1µM: 19.8. 3µM: 16.26.10µM: 17.37. Grey: Unmutated-CLL. Black: Mutated-CLL. 

Error bars represent mean ±SD.  
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At concentrations ≥0.1µM, PRT062607 reduced the percentage of viable cells in a 

concentration and time dependent manner. PRT062607 induced the greatest amount of 

apoptosis at 10µM compared to lower concentrations. However, treatment with 0.01µM 

PRT062607 did not significantly increase apoptosis. Following treatment of CLL cells with 

10µM PRT062607, idelalisib or ibrutinib reduced the mean percentage of viable cells by 

22.17%, 25.35% and 33% respectively. This suggested that ibrutinib may be more effective 

at inducing apoptosis in CLL cells compared to idelalisib and PRT062607. 

Next, I performed annexinV/PI analysis on CLL cells pre-treated with IL-4 (10ng/ml) for 4h 

prior to 24h (Figure 5.5) and 48h (Appendix Figure 32) incubation with the SYK inhibitors 

PRT062607 or R406 (1µM and 10µM). This analysis demonstrated that pre-treating CLL 

cells in vitro with IL-4 displayed no significant protective effect against PRT062607 and 

R406 induced apoptosis following 24h incubation. However, IL-4 pre-treatment caused 

significant protection against SYK inhibitor induced apoptosis following 48h incubation 

with PRT062607 and R406. 
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Figure 5.5: The effect of IL-4 on SYK inhibitor (PRT062607 and R406) induced apoptosis in 

CLL cells incubated for 24h in vitro. NA=untreated control. A: Representative annexinV/PI flow 

cytometry plots for CLL sample 604G treated with or without IL-4 (10ng/ml) for 4h prior to 20h incubation 

with or without PRT062607 or R406 (1µM or 10µM). B: The percentage viable cells (annexinV/PI –ve cells) 

for samples as described in A. Analysis was carried out on 5 different patient samples. Analysis was carried 

out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon matched pair t-test. 
Mean: NA: 1: IL-4: 1.118: PRT06207 (1µM): 0.8869: PRT06207 (1µM)+IL-4: 1.076: PRT06207 (10µM): 

0.6681: PRT06207 (10µM)+IL-4: 0.8553: R406 (1µM): 0.8074: R406 (1µM)+IL-4: 0.8915: R406 (10µM): 

0.749: R406 (10µM)+IL-4: 0.8358. Standard deviation (SD): NA: 0: IL-4: 0.1435: PRT06207 (1µM): 0.09691: 

PRT06207 (1µM)+IL-4: 0.185: PRT06207 (10µM): 0.2943: PRT06207 (10µM)+IL-4: 0.2853: R406 (1µM): 

0.143: R406 (1µM)+IL-4: 0.1151: R406 (10µM): 0.168: R406 (10µM)+IL-4: 0.1596. Grey: Unmutated-

CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

Therefore, I have shown that IL-4 is able to provide protection against PRT062607 and R406 

(SYK inhibition), idelalisib (PI3K inhibition) and ibrutinib (BTK inhibition) induced 

apoptosis in CLL cells in vitro. 
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 IL-4 protects CLL cells against ibrutinib-induced inhibition of 

anti-IgM induced iCa2+ flux in vitro 

Ibrutinib is known to inhibit anti-IgM induced down-stream signalling265. Here I have 

explored the effect of pre-treating CLL cells with IL-4 prior to incubation with ibrutinib. 

This analysis aimed to determine whether IL-4 changes the ability of ibrutinib at inhibiting 

anti-IgM signalling in CLL cells. CLL cells were incubated in vitro for 23h with or without 

IL-4 (10ng/ml) followed by the addition of ibrutinib for 1h (1µM: Appendix Figure 33 or 

10µM: Figure 5.6). The level of iCa2+ flux was analysed before and after soluble anti-IgM 

treatment, and the percentage of responding cells was calculated. 

All CLL samples (18/18) incubated with 10µM ibrutinib demonstrated a significant 

inhibition of soluble anti-IgM induced iCa2+ flux compared to un-treated controls (p<.001) 

(Figure 5.6). This reduced the mean percentage of responding cells from 21.54% to 5.16%. 

Interestingly, treating CLL cells with IL-4 prior to ibrutinib (10µM) treatment significantly 

reduced the ability of ibrutinib to inhibit anti-IgM induced iCa2+ flux (p=.009). 

Consequently, this increased the mean percentage of responding cells to anti-IgM from 

5.16% to 11.90% for CLL cells incubated with both IL-4 and ibrutinib. However, ibrutinib 

treatment in the presence of IL-4 still reduced the percentage of responding cells compared 

to cells treated with IL-4 alone (mean percentage of responding cells: 37.44%). 

Furthermore, I also explored ibrutinib at the more physiologically relevant concentration of 

1μM (Appendix Figure 33). Ibrutinib at 1μM inhibited anti-IgM induced iCa2+ flux in all 

CLL samples tested (8/8). As demonstrated with 10μM ibrutinib, IL-4 pre-treatment 

significantly reduced the effectiveness of 1μM ibrutinib at inhibiting anti-IgM induced iCa2+ 

flux (p=.016). Therefore, IL-4 treatment provides resistance against ibrutinib (BTK 

inhibition) induced inhibition of anti-IgM signalling in CLL cells in vitro.  
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Figure 5.6: The effect of IL-4 on ibrutinib (10µM) induced inhibition of anti-IgM induced iCa2+ 

with CLL cells in vitro. NA=untreated control. A: Representative flow cytometry plots showing soluble 

anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 

(10ng/ml) pre-treatment for 24h and ibrutinib (10µM) for 1h. B: The percentage responding cells to anti-IgM 

induced iCa2+ flux for samples described in A. Analysis was carried out on 18 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon 

matched t-test. Mean: NA: 21.54. IL-4: 37.44. Ibrutinib: 5.158. Ibrutinib+ IL-4: 11.9. Standard deviation (SD): 

NA: 16.2. IL-4: 15.71. Ibrutinib: 7.37. Ibrutinib+ IL-4: 10.34. IL-4 protects CLL cells against idelalisib induced 

inhibition of anti-IgM induced iCa2+ flux in vitro. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars 

represent mean ±SD.  

Idelalisib targets PI3K and is known to also inhibit anti-IgM induced signalling in CLL 

cells265. I have performed similar analysis to that described for ibrutinib, to determine 

whether IL-4 also provides resistance against the effectiveness of PI3K inhibition at 

decreasing anti-IgM signalling in CLL cells in vitro. 

CLL cells were incubated in vitro for 23h with or without IL-4 (10ng/ml) followed by the 

addition of idelalisib for 1h (1µM: Appendix Figure 34 or 5µM: Figure 5.7). The levels 

of iCa2+ flux were analysed before and after soluble anti-IgM treatment, and the percentage 

of responding cells was calculated.  
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As expected, the majority of CLL samples (16/17) incubated with 5µM of idelalisib 

significantly reduced soluble anti-IgM induced iCa2+ flux compared to un-treated cells 

(p<.001). This reduced the mean percentage of responding cells from 18.61% to 11.97%. 

However, IL-4 and idelalisib (5µM) treatment significantly enhanced anti-IgM induced 

iCa2+ flux compared to idelalisib alone (p<.001) (Figure 5.7). This caused the mean 

percentage of cells responding to anti-IgM to increase from 11.97% (Idelalisib alone) to 

24.43% (IL-4 and idelalisib). However, the mean percentage of cells responding to anti-IgM 

for CLL cells incubated with IL-4 prior to idelalisib was reduced compared to IL-4 only 

treated cells (mean % responding cells 32.26%). 

In addition, I explored the effect of idelalisib at 1μM. Unlike ibrutinib, not all CLL samples 

were responsive to idelalisib at 1µM with only 14/20 samples demonstrating reduced anti-

IgM induced iCa2+ flux. However, as demonstrated, at the higher concentration, IL-4 

treatment was able to reduce the effectiveness of 1μM idelalisib at inhibiting anti-IgM 

induced iCa2+ flux (Appendix Figure 34). This demonstrated that IL-4 provides resistance 

against idelalisib (PI3K inhibition) in vitro at drug concentrations achievable in patients. 
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Figure 5.7: The effect of IL-4 on idelalisib (5µM) induced inhibition of anti-IgM induced iCa2+ 

flux. NA=untreated control. A: Representative flow cytometry plots showing soluble anti-IgM (20µg/ml) 

induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 (10ng/ml) pre-treatment for 

24h and idelalisib (5µM) for 1h. B: The percentage of responding cells to anti-IgM (20µg/ml) induced iCa2+ 

flux for samples described in A. Analysis was carried out on 17 different patient samples. Analysis was carried 

out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon matched t-test. Mean: 

NA: 21.54. IL-4: 37.44. Idelalisib: 5.158. Idelalisib+ IL-4: 11.9. Standard deviation (SD): NA: 16.2. IL-4: 

15.71. Idelalisib: 7.37. Idelalisib+ IL-4: 10.34. Mean- SD for idelalisib is clipped at the x-axis limit. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

Treatment using 1 and 5µM of idelalisib in the presence of IL-4 reduced the mean percentage 

of responding cells to anti-IgM induced iCa2+ flux by 9.31% and 7.81% respectively, 

compared to IL-4 only treated cells. Meanwhile, 1 and 10µM ibrutinib in the presence of IL-

4 reduced the mean percentage of responding cells to anti-IgM induced iCa2+ flux by 27.61% 

and 25.54% respectively compared to IL-4-only treated cells. However, it was not possible 

to evaluate if ibrutinib was more effective at overcoming IL-4 induced resistance compared 

to idelalisib. This was due to the analysis of ibrutinib and idelalisib sensitivity in the presence 

of IL-4 being performed on different patient cohorts. 
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 BTK and PI3K inhibition does not affect IL-4 induced 

pSTAT6(Y641) expression in CLL cells incubated in vitro 

Previously, it has been suggested that ibrutinib was able to inhibit JAK3234. Therefore, I 

performed immunoblots to explore whether idelalisib and ibrutinib could influence IL-4 

induced pSTAT6(Y641) expression. Immunoblots were performed using protein extracted 

from CLL cells which had been incubated in vitro with idelalisib (1 and 5µM), ibrutinib (1 

and 10µM) or the JAK3 inhibitor tofacitinib (10µM) for 1h prior to 2h incubation with IL-4 

(10ng/ml). As expected, tofacitinib pre-treatment significantly reduced IL-4 induced 

pSTAT6(Y641) expression (Figure 5.8). However, ibrutinib and idelalisib pre-treatment 

displayed no clear inhibitory effects on IL-4 induced pSTAT6(Y641) expression. Therefore, 

confirming that ibrutinib and idelalisib are unable to inhibit IL-4 induced JAK/STAT6 

signalling in CLL cells. 

 

Figure 5.8: Immunoblot analysis investigating the effect of idelalisib and ibrutinib on IL-4 

induced pSTAT6(Y641) expression in CLL cells in vitro. Representative immunoblots (n=3) for 

pSTAT6(Y641) expression using protein extracted from CLL cells incubated with idelalisib (1 or 5µM), ibrutinib 

(1 or 10µM) or tofacitinib (10µM) for 1h prior to IL-4 (10ng/ml) treatment for 2h. HSC70 was used as a loading 

control. NA=untreated control. 
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 IL-4 does not protect against SYK inhibitor induced inhibition 

of anti-IgM induced iCa2+ flux in CLL cells in vitro 

Since I have previously shown that IL-4 was able to impair ibrutinib (BTK) and idelalisib 

(PI3K) function of inhibiting anti-IgM signalling, I performed further analysis to investigate 

the effect of IL-4 on targeting the up-stream kinase, SYK. 

CLL cells were incubated in vitro for 23h with or without IL-4 (10ng/ml) prior to 1h 

incubation with SYK inhibitor PRT062607 (1µM) (Figure 5.9). The levels of iCa2+ flux 

were assessed before and after soluble anti-IgM addition, and the percentage of responding 

cells were calculated. 

 

Figure 5.9: The effect of IL-4 on SYK inhibitor PRT062607 inhibition of anti-IgM induced 

iCa2+ flux in CLL cells in vitro. NA=untreated control. A: Representative flow cytometry plots showing 

soluble anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-

4 (10ng/ml) pre-treatment for 24h and PRT062607 (1µM) for 1h. B: The percentage (%) responding cells to 

anti-IgM induced iCa2+ flux for samples as described in A. Analysis was carried out on 11 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. Mean: NA: 23.47. IL-4: 32.85. 

PRT062607: 0.7624. PRT062607+IL-4: 0.04257. Standard deviation (SD): NA: 20.4. IL-4: 25.41. 

PRT062607: 0.7664. PRT062607+IL-4: 0.1256. Mean–SD for PRT062070 and PRT062070+IL-4 is clipped 

at the x-axis limit. The P values were determined using the Wilcoxon matched t-test. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  
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PRT062607 (1µM) treatment alone completely inhibited anti-IgM signalling in all CLL 

samples tested, reducing the mean percentage of responding cells from 23.47% (untreated 

control cells)  to 0.762% (p<.001). Therefore, demonstrating that PRT062607 (1µM) is more 

effective at blocking anti-IgM induced iCa2+ flux in CLL cells compared to idelalisib and 

ibrutinib at the same concentration.  

Furthermore, IL-4 pre-treatment was unable to overcome the effectiveness of PRT062607 

(1µM). Surprisingly, CLL cells treated with PRT062607 (1µM) following IL-4 pre-

treatment displayed a slight decrease in the percentage of responding cells compared to 

PRT062607 alone, causing the mean percentage of responding cells to reduce from 0.762% 

to 0.043% (p=.001). However, these changes observed were very small and it is unknown 

whether they would be biologically relevant.  

In addition, I have demonstrated that the lack of IL-4 induced resistance towards SYK 

inhibition by PRT062607 was not a drug specific effect, since similar effects were observed 

using the SYK inhibitor R406 (fostamatinib) (1µM) (Appendix Figure 35). Furthermore, 

immunoblot analysis (data courtesy of Dr Matthew Blunt, Steele Group) also suggests that 

IL-4 is unable to overcome R406 (1µM) mediated inhibition of anti-IgM induced 

pERK(Thr202/Tyr204) expression in CLL cells (Appendix Figure 36). 

Together, these results suggest that SYK inhibition is extremely effective at blocking anti-

IgM induced iCa2+ flux in vitro, and unlike PI3K and BTK inhibitors, the effectiveness of 

SYK inhibitors was not reduced in the presence of IL-4. This suggests that SYK may be the 

pivotal axis for IL-4 and BCR induced signalling. 

 SYK inhibitors R406 and PRT062607 do not affect IL-4 induced 

pSTAT6(Y641) expression in CLL cells in vitro  

Since IL-4 was unable to overcome the effects of R406 or PRT062607 at blocking anti-IgM 

induced iCa2+ flux, it may be possible that the SYK inhibitors are able to inhibit IL-4 induced 

JAK/STAT6 signalling in CLL cells in vitro. However, immunoblot analysis (data courtesy 

of Dr Matthew Blunt, Steele Group) explored the effectiveness of SYK inhibitors to prevent 

IL-4 induced pSTAT6(Y641) expression265 (Figure 5.10). These immunoblots were performed 

using CLL cells incubated with R406 (1µM), PRT062607 (1µM) or tofacitinib (1µM) for 

1h prior to 2h incubation with IL-4 (10ng/ml). 
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Figure 5.10: The effect of SYK inhibitors R406 and PRT062607 on IL-4 induced pSTAT6(Y641) 

expression in CLL cells in vitro. Representative immunoblot (n=3) for pSTAT6(Y641) expression using 

protein extracted from CLL cells incubated with R406 (1µM), PRT062607 (1µM) or tofacitinib (1µM) for 1h 

prior to IL-4 (10ng/ml) treatment for 2h. HSC70 was used as a loading control (Immunoblotting data courtesy 

of Dr Matthew Blunt, Steele Group). NA=untreated control. 

Immunoblots (n=3) demonstrated that R406 and PRT062607 were unable to inhibit IL-4 

mediated pSTAT6(Y641) expression. This suggests that the SYK inhibitors were not blocking 

IL-4 induced JAK/STAT6 signalling in order to overcome IL-4 mediated effects on BCR 

signalling. Consequently, this data may suggest that SYK kinase is a critical axis for IL-4 

induced anti-IgM signalling in CLL cells in vitro.   

 Co-treatment of ibrutinib or idelalisib with tofacitinib improves 

their effectiveness at inhibiting anti-IgM induced iCa2+ flux in 

the presence of IL-4 in CLL cells in vitro 

Previously, I have demonstrated that the JAK3 inhibitor tofacitinib was able to reverse IL-4 

induced effects on sIgM expression and anti-IgM signalling, demonstrating that IL-4 causes 

these affects in a JAK3 dependent manner. Since IL-4 reduces the effectiveness of ibrutinib 

and idelalisib at inhibiting anti-IgM signalling, I have investigated the potential of co-

treating CLL cells in vitro with idelalisib or ibrutinib and tofacitinib in the presence or 

absence of IL-4 treatment. Since IL-4 was unable to overcome the effects of PRT062607 or 

R406, I have not explored the effect of using tofacitinib in combination with SYK inhibition.  

CLL cells were treated with tofacitinib (10µM) for 1h prior to 23h treatment with IL-4 

(10ng/ml) followed by 1h treatment with ibrutinib (10µM) (Figure 5.11) or idelalisib (5µM) 

(Figure 5.12). iCa2+ flux levels were measured before and after soluble anti-IgM addition, 

and the percentage of responding cells was calculated. 

Analysis of ibrutinib treatment (Figure 5.11) demonstrated that treating CLL cells with 

tofacitinib, IL-4 and ibrutinib significantly reduced anti-IgM induced iCa2+ flux compared 

with treating CLL cells with IL-4 and ibrutinib (p=.010), and IL-4 and tofacitinib (p=.002). 

The mean percentage of responding CLL cells treated with IL-4 and ibrutinib was 13.52%, 
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and IL-4 and tofacitinib was 12.42%, which was reduced to 3.27% following treatment with 

tofacitinib, IL-4 and ibrutinib in combination. Therefore, the level of iCa2+ flux observed 

was similar to that of CLL cells incubated with ibrutinib alone (mean % responding cells 

3.00%).  

These results demonstrate that pre-treating CLL cells in vitro with tofacitinib prior to IL-4 

treatment restores the function of ibrutinib at inhibiting anti-IgM-induced iCa2+ flux. 

 

Figure 5.11: The effect of tofacitinib on ibrutinib induced inhibition of anti-IgM induced iCa2+ 

flux in CLL cells in vitro in presence of IL-4. NA=untreated control. A: Representative flow cytometry 

plots showing soluble anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with 

or without tofacitinib (10µM) for 1h prior to 24h incubation with IL-4 (10ng/ml) and 1h incubation with 

ibrutinib (10µM). B: The percentage of responding cells to anti-IgM induced iCa2+ flux for samples as 

described in A. Analysis was carried out on 8 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. P values determined using Wilcoxon matched t-test. Mean- standard deviation (SD) for 

ibrutinib, Tofacitinib and ibrutinib and IL-4+ Tofacitinib and ibrutinib are clipped at the x-axis. Mean: NA: 

16.15. IL-4: 32.28. Ibrutinib: 3.002. Ibrutinib+ IL-4: 13.52. Tofacitinib: 11.91. Tofacitinib+IL-4: 12.42. 

Tofacitinib+ Ibrutinib: 1.884. Tofacitinib+ Ibrutinib+IL-4: 3.269. SD: NA: 12.13. IL-4: 18.11. Ibrutinib: 4.423. 

Ibrutinib+ IL-4: 9.282. Tofacitinib: 7.406. Tofacitinib+IL-4: 11.47. Tofacitinib+ Ibrutinib: 2.355. Tofacitinib+ 

Ibrutinib+IL-4: 7.006. Grey: Unmutated-CLL. Black: Mutated-CLL.  Error bars represent mean ±SD.  
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 Co-treatment of idelalisib with tofacitinib improves its 

effectiveness at inhibiting anti-IgM induced iCa2+ flux in CLL 

cells in vitro 

As expected, tofacitinib treatment also displayed similar effects on idelalisib (5µM) in the 

presence of IL-4 (Figure 5.12). CLL cells treated with tofacitinib and idelalisib in the 

presence of IL-4 significantly reduced anti-IgM induced iCa2+ flux compared with IL-4 and 

idelalisib (p=.003), and IL-4 and tofacitinib (p=.003) treated cells. The mean percentage of 

responding cells for CLL cells treated with IL-4 and idelalisib was 23.77% and IL-4 and 

tofacitinib was 15%, which was reduced to 9.58% for samples treated with tofacitinib, IL-4 

and idelalisib in combination. 

 

Figure 5.12: The effect of tofacitinib pre-treatment on idelalisib inhibition on anti-IgM induced 

iCa2+ flux in presence of IL-4. NA=untreated control. A: Representative flow cytometry plots showing 

soluble anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without 

tofacitinib (10µM) for 1h prior to 24h incubation with IL-4 (10ng/ml) and 1h incubation with idelalisib (5µM). 

B: The percentage of responding cells to anti-IgM induced iCa2+ flux for samples as described in A. Analysis 

was carried out on 13 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P values were determined using the Wilcoxon matched t-test. Mean- standard deviation (SD) for idelalisib 

alone and idelalisib and Tofacitib are cut at x-axis. Mean: NA: 22.99. IL-4: 29.91. Idelalisib: 12.62. Idelalisib+ 

IL-4: 23.77.Tofacitinib: 16.56. Tofacitinib+IL-4: 15. Tofacitinib+Idelalisib: 8.671. Tofacitinib+ Idelalisib +IL-

4: 9.509. SD: NA: 14.99. IL-4: 15.44. Idelalisib: 13.31. Idelalisib+ IL-4: 18.57. Tofacitinib: 11.39. 

Tofacitinib+IL-4: 12.72. Tofacitinib+ Idelalisib: 11.4. Tofacitinib+ Idelalisib +IL-4: 9.272. Grey: Unmutated-

CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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I also performed a similar analysis to explore the effect of tofacitinib treatment on CLL cells 

incubated with IL-4 and idelalisib at 1µM (Appendix Figure 37). Since 1µM idelalisib was 

not effective at inhibiting anti-IgM induced iCa2+ flux in 5/8 samples tested, I have only 

analysed the effects of tofacitinib on samples that responded to idelalisib (1µM). This 

demonstrated that tofacitinib pre-treatment improved and restored the effectiveness of 

idelalisib at 1µM to inhibit anti-IgM induced iCa2+ flux in the presence of IL-4.  

In addition, I performed preliminary analysis exploring the effectiveness of tofacitinib 

treatment when added at different time points (-1h, +6h and +22h) in relation to reversing 

IL-4 effects on anti-IgM signalling. Tofacitinib treatment reversed IL-4 induced effects in a 

time dependent manner (Appendix Figure 38). Tofacitinib treatment was most effective at 

reversing IL-4 induced effects on anti-IgM iCa2+ flux when CLL cells were treated with 

tofacitinib 1h prior to IL-4 addition. However, CLL cells treated with tofacitinib following 

6h treatment with IL-4 still displayed some effectiveness at reversing IL-4 induced anti-IgM 

signalling, whereas tofacitinib treatment following 22h incubation with IL-4 displayed no 

clear effect. These results suggest tofacitinib co-treatment with idelalisib and ibrutinib may 

provide a potential method to overcome IL-4 induced resistance.   



Chapter 5 

147 

5.4 Summary of Main findings 

• IL-4 protects CLL cells from ibrutinib (BTK inhibition), idelalisib (PI3K inhibition) 

and PRT062607 (SYK inhibition) induced apoptosis in vitro. 

• IL-4 treatment impairs the inhibition of anti-IgM signalling in CLL cells following 

idelalisib and ibrutinib treatment in vitro.  

• Pre-treating CLL cells with the JAK3 inhibitor (tofacitinib) reverses IL-4 induced 

resistance against idelalisib and ibrutinib inhibition of anti-IgM induced iCa2+ flux. 

• IL-4 does not protect against SYK inhibitor (PRT062607 and R406) inhibition of anti-

IgM induced iCa2+ flux in CLL cells in vitro. However, this is not mediated by inhibition of 

the IL-4 induced pSTAT6(Y641) signalling pathway. 
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5.5 Discussion  

BCR kinase inhibitors have revolutionised the treatment of CLL. Over recent years, some 

mechanisms of resistance to these BCR kinase inhibitors have been identified in CLL223,1. 

However, some patients do not respond or display adverse progress whilst on these therapies 

for unknown reasons. This chapter explores whether IL-4 induces resistance against the 

effectiveness of BCR kinase inhibitors in vitro, by preventing apoptosis or the effectiveness 

of idelalisib (PI3K), ibrutinib (BTK) and PRT062607 (SYK), to block anti-IgM downstream 

signalling. I have further explored the potential of co-treating CLL cells with BCR kinase 

inhibitors and a JAK3 inhibitor to counteract IL-4 induced effects in vitro.  

 IL-4 provides resistance against BCR kinase inhibitor induced 

apoptosis of CLL cells in vitro 

In line with the literature I demonstrated that ibrutinib and idelalisib at 1 and 10µM induce 

moderate caspase-induced apoptosis of CLL cells following 24h or 48h incubation in 

vitro236,286,482. Ibrutinib at 10µM induced greater apoptosis in CLL cells compared to 

idelalisib. Meanwhile, 1µM ibrutinib and idelalisib induced similar levels of apoptosis. 

These results were consistent with the finding that idelalisib or ibrutinib at 1µM causes a 

similar reduction in immobilised anti-IgM induced Mcl-1 protein expression in CLL cells483. 

Although fewer M-CLL patients receive BCR inhibitor treatment, clinical data has suggested 

that U-CLL patients usually display a more effective and rapid response to ibrutinib 

treatment compared to M-CLL patients229, 484,225, 239. This could result from the suggestion 

that U-CLL samples are more reliant on BCR signalling compared to M-CLL16,106. 

Interestingly, in vitro analysis in M-CLL samples suggested that ibrutinib and idelalisib have 

increased effectiveness at reducing migration and inducing apoptosis in 

CD49dhigh/CXCR4high CLL samples compared to CD49dlow/CXCR4low CLL samples89. 

Therefore, suggesting that CD49dhigh/CXCR4high samples are more dependent on PI3K and 

BTK for survival. 

SYK is pivotal to BCR signalling110,485,486,111. SYK inhibitors PRT062607 and R406 have 

previously been shown to induce significant apoptosis in anti-IgM treated samples264,260. I 

have demonstrated that that PRT062607 at ≥0.1µM induces modest apoptosis in CLL cells. 

Therefore, highlighting that basal CLL cell survival may, in part, depend on SYK for 

survival. This was not surprising since SYK is constitutively activated in CLL cells153,259 

and plays a role in various biological processes including integrin259, adhesion molecule260, 

chemokine receptor259 and BCR down-stream signalling258. In addition, it has previously 
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been demonstrated that SYK reduces caspase-3 induced apoptosis in CLL cells through 

preventing proteasome-dependent degradation of the anti-apoptotic protein Mcl-1487.  

However, not all samples undergo apoptosis in response to PRT062607 at 24h, suggesting 

that SYK dependence for CLL cell survival could vary between patients. Out of the BCR 

kinase inhibitors explored in this study, ibrutinib was the most effective at inducing 

apoptosis. Therefore, CLL cell survival in absence of anti-IgM stimuli may be more 

dependent on BTK than PI3K and SYK. However, ibrutinib has been shown to inhibit a 

selection of off-target kinases247,244, such as EGFR and HER2/neu242,41, 229,245. Indeed the 

more specific BTK inhibitor acalabrutinib induces 3 to 6% less apoptosis of CLL cells 

following 24, 48 and 72h incubation compared to ibrutinib247. This suggests that ibrutinib 

impacts off-target effects that further promote apoptosis.  

Importantly, I have further demonstrated that pre-treating CLL cells with IL-4 for 4h reduces 

ibrutinib, idelalisib and PRT062607 induced apoptosis in vitro. Therefore, suggesting that 

even in the presence of these inhibitors in vivo, IL-4 is able to promote CLL cell survival. 

These observations were in line with Herman et al who previously demonstrated that IL-4 

provides resistance against ibrutinib induced apoptosis at 10µM236. Previous studies have 

also demonstrated that other survival factors, such as CD40L and BAFF236,291, can provide 

resistance against BCR kinase inhibitor induced apoptosis. I have further confirmed that 

BAFF (500ng/ml) also induces protective effects against idelalisib and ibrutinib induced 

apoptosis (Data not shown). Furthermore, BCR signalling is known to induce CLL cell 

survival247,483,265 and provide resistance against BCR kinase inhbitors483. Consequently, IL-

4 induced BCR expression and signalling is likely to promote further increases in survival 

and drug resistance in vitro483,265. Therefore, the combined signals inside the tumour 

microenvironment play an important role in protecting CLL cells from basal and drug 

induced apoptosis. 

Steele et al previously demonstrated that PF-956980 pre-treatment (JAK3 inhibitor) could 

reduce IL-4 induced Mcl-1 and Bcl-xL expression, and reverse IL-4 resistance against 

fludarabine and chlorambucil induced apoptosis in CLL cells286. Therefore, JAK3 inhibition 

could provide a potential method for reversing IL-4 induced effects on apoptosis in CLL. 

Further studies could explore the potential of reversing IL-4 induced resistance against BCR 

kinase inhibitor induced apoptosis by co-treating with a JAK3 inhibitor. 
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 IL-4 provides resistance against ibrutinib and idelalisib induced 

inhibition of anti-IgM signalling in vitro 

In line with previous results, idelalisib and ibrutinib treatment inhibited anti-IgM signalling 

in CLL cells in vitro236,265. Interestingly, ibrutinib appeared more effective at inhibiting anti-

IgM induced iCa2+ flux at 1µM compared to idelalisib at the same concentration. I further 

demonstrated that treating CLL cells with IL-4 prior to ibrutinib or idelalisib treatment 

significantly inhibited their effectiveness at inhibiting anti-IgM induced iCa2+ flux and 

pERK(Thr202/Tyr204) expression. Therefore, suggesting that IL-4 present inside the lymph node 

may impair the BCR kinase inhibitors function. Using immunoblotting, I have confirmed 

that the reduced effects of ibrutinib and idelalisib in the presence and absence of IL-4 does 

not affect total BTK and PI3K protein expression (Data not shown). It is important to note 

that ibrutinib and idelalisib in the presence of IL-4 still significantly reduce BCR signalling 

compared to cells treated with IL-4 alone. This shows that these BCR kinase inhibitors are 

still functional, although less effective, in the presence of IL-4. 

Although ibrutinib has been reported to have the ability to inhibit JAK3234, ibrutinib and 

idelalisib had no clear effects on pSTAT6(Y641) signalling in vitro265. However, it has been 

suggested, based on the use of a xenograft mouse model of primary CLL cells, that ibrutinib 

can reduce IL-4R expression and subsequent pSTAT6(Y641) signalling in CLL cells488. This 

is further supported by the findings that ibrutinib impairs the formation of Th2 T-cells, but 

not Th1 cells. Consequently, ibrutinib promotes IFN-γ production rather than IL-4489,490. 

Therefore, ibrutinib alone may overcome some IL-4 induced resistance, and may provide a 

more effective alternative to idelalisib at overcoming IL-4 induced effects in vivo. 

PI3K is known to be activated following BCR signalling491. However, Guo et al previously 

demonstrated that IL-4 treatment restored the ability of murine B-cells to respond to anti-

IgM in the presence of PI3K inhibitors, wortmannin and LY29400244. This enabled cells to 

recover their ability to signal via the MAPK pathway (pERK(Thr202/Tyr204)) but not the PI3K 

pathway (pAKTS473). Furthermore, they demonstrated that IL-4 induced BCR signalling was 

independent from PLCγ2 and PKC, but not LYN4,3. This resulted in Guo et al suggesting 

that IL-4 could induce an alternative signalling pathway in murine B-cells. Therefore, IL-4 

may simply amplify the BCR signal making it more difficult to inhibit with BCR kinase 

inhibitors. These findings are clinically relevant since they suggest that IL-4 present inside 

the lymph node may provide resistance against BTK and PI3K inhibitors by inducing BCR 

signalling which is partially BTK and PI3K independent. 
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 IL-4 is unable to overcome SYK inhibitor effects on anti-IgM 

signalling in vitro 

In line with the literature, SYK inhibitors R406 and PRT062607 clearly inhibit anti-IgM 

signalling in CLL cells260,261 as demonstrated using immunoblotting for pERK(Thr202/Tyr204), 

pAKT(S473) and flow cytometry to measure iCa2+ flux. In contrast to ibrutinib or idelalisib, 

IL-4 was unable to reduce the effectiveness of R406 and PRT062607 at inhibiting anti-IgM 

induced iCa2+ flux in every sample tested. These findings were supported by two 

immunoblots provided by Dr. Blunt (Appendix Figure 36), which demonstrate that IL-4 

has no clear effect on anti-IgM induced pERK(Thr202/Tyr204) expression in presence of R406. 

It was further confirmed that these SYK inhibitors were not blocking IL-4 induced effects 

by inhibiting JAK/STAT6 signalling. Together, these results may suggest that IL-4 induced 

anti-IgM signalling is completely dependent on SYK kinase. These findings are similar to 

those by Coffey et al492, in B-cells from rheumatoid arthritis (RA). Coffey et al demonstrated 

that IL-4 and IL-2 enhance anti-IgM induced B-cell activation, as detected by CD69 

expression. As expected, they further demonstrated that PRT062607 inhibits anti-IgM 

induced B-cell activation, reducing CD69 expression. Interestingly, IL-4 was unable to 

overcome PRT062607 induced reductions in CD69 expression, while IL-2 could induce 

resistance492. This may suggest the dependency of SYK for IL-4 induced effects on anti-IgM 

signalling may be B-cell, rather than tumour cell specific. This was supported by the 

observation that IL-4 modulated sIgM expression in both naive and memory B-cells305. 

One of the first steps of BCR signalling is the recruitment of SYK to the ITAMS located in 

CD79a and CD79b493. Furthermore, SYK has been associated with the IL-4R in PBMCs494. 

Therefore, it appears logical that SYK may be important for IL-4 induced anti-IgM induced 

signalling. Since both LYN and SYK are apical events in BCR signalling493, I started to 

explore the effect of Src kinase inhibition (SU6656) (Data not shown) on IL-4 induced anti-

IgM induced signalling. This demonstrated that IL-4 was unable to overcome SU6656 

induced anti-IgM inhibition in 4/6 samples tested. Therefore, suggesting that LYN may also 

be involved in IL-4’s ability to augment BCR signalling. However, since SU6656 is not 

specific for LYN, it would be interesting to explore these effects using a more specific LYN 

inhibitor. Together, these results suggest that targeting up-stream kinases may provide a 

more effective treatment strategy to block anti-IgM signalling, compared to targeting BTK 

and PI3K, in the context of IL-4 signalling. 

Following the suggestion that IL-4 induced BCR signalling could be SYK dependent, the 

Steele group has started to explore potential mechanisms of cross-talk. SYK kinase is bound 
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to IL-4Rα in monocytes and normal PBMCs494. Dr. Rogers-Broadway (Steele group) 

recently demonstrated that total SYK, pSYK(Tyr323) and pSYK(Tyr352) are associated with the 

IL-4Rα. However, it is currently unknown whether this association can regulate cross-talk 

between IL-4 signalling and BCR signalling. Interestingly, CD38 stimulation induces BCR 

signalling in a SYK dependent manner495. Furthermore, CD38 positive CLL cells are located 

proximal to IL-4 secreting T-cells inside the proliferation centre496,302. Therefore, it seems 

logical that IL-4 could enhance SYK dependent signalling via cross-talk with CD38. 

However, IL-4 induced BCR signalling displayed no clear differences between CD38 

positive and CD38 negative samples (Data not shown). 

SYK has been suggested to be critical for iCa2+ release110,485,486,111. Cornall et al have 

previously demonstrated using murine knockout studies that antigen engagement in 

maturing B-cells can induce the phosphorylation of CD79a and CD79b in absence of SYK, 

but is unable to induce iCa2+ flux485. Furthermore, Takata et al demonstrated using 

genetically modified chicken DT40 B-cells, that SYK is essential for the phosphorylation of 

PLCγ2, generation of IP3 and iCa2+ flux. However, they further demonstrated that loss of 

LYN does not affect IP3 generation, but induces a delayed iCa2+ flux response111. Yokozeki 

et al also demonstrated that a SYK deficient mouse B-cell line (A20/IIA1.6) displayed 

reduced PLCγ2, IP3 and iCa2+ flux levels following BCR stimulation. However, Yokozeki 

et al further demonstrated that BCR induced PI3K, Ras and MAPK signalling was not 

completely dependent on SYK expression110. Consequently, the fact that IL-4 is unable to 

reverse SYK inhibitors effects at blocking anti-IgM induced iCa2+ flux, may simply highlight 

that SYK is essential for anti-IgM induced iCa2+ flux. Therefore, I would need to carry out 

further immunoblots detecting alternative BCR readouts (eg: pERK(Thr202/Tyr204) and 

pAKT(S473)) to fully assess the role of IL-4 on SYK inhibition. 

These findings indicate that SYK inhibitors may be more effective at inhibiting BCR 

signalling compared to those targeting BTK and PI3K. Understanding the effects of the 

microenvironment on the effectiveness of SYK inhibitors is clinically relevant, since they 

are providing an attractive method for treating CLL patients who have developed resistance 

to ibrutinib268 or idelalisib. 

 The therapeutic potential of targeting BCR signalling and IL-4 

signalling in combination 

Tofacitinib competitively binds the ATP binding site in JAK3. This binding is reversible and 

prevents JAK3 from having kinase activity and prevents cytokine signalling that is reliant 

on this protein497. I have demonstrated that tofacitinib blocks IL-4 induced effects on 
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pSTAT6(Y641) signalling (Chapter 3), sIgM expression, and anti-IgM signalling in CLL cells 

in vitro (Chapter 4). In addition, I have demonstrated that pre-treating CLL cells with 

tofacitinib reverses IL-4 induced resistance against the functions of ibrutinib and idelalisib 

at inhibiting anti-IgM-induced iCa2+ flux in vitro. These findings are therapeutically relevant 

and suggest that combining idelalisib or ibrutinib with JAK3 inhibitors may provide a more 

effective strategy for the treatment of patients. These findings are consistent with those by 

Blunt et al, who showed that the dual SYK/JAK inhibitor cerdulatinib effectively blocked 

IL-4 induced effects in CLL265. However, Blunt et al did not explore the effects of SYK and 

JAK3 inhibitors as single agents. 

Currently, Spaner et al is performing a clinical trial in CLL patients using ruxolitinib (JAK2 

inhibitor) in combination with ibrutinib (clinicaltrials.gov NCT02912754)410. However, 

since CLL cells express the IL-4 receptor type I (which associates with JAK3) and not the 

IL-4 receptor type II (which associates with JAK2)387, I hypothesise that a JAK3 inhibitor 

would be more effective at blocking IL-4 induced effects than ruxolitinib. Tofacitinib could 

provide a promising JAK3 inhibitor to take forward into clinical trials in CLL, since it has 

demonstrated acceptable toxicity levels and limited pleiotropic effects in the treatment of the 

autoimmune disease RA387,498. It is important to highlight that JAK3 also regulates the 

signalling of cytokines IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21387. Therefore, by inhibiting 

JAK3, the signalling pathways of all of these cytokines could be influenced. However, many 

of these JAK3 regulated cytokines have been associated with CLL pathology499,500,501,502. 

The Steele group is currently exploring whether tofacitinib is safe and effective in 

combination with BCR kinase inhibitors in vivo, using the CLL like murine model Eµ-TCL-

1. Interestingly, phase I and phase II clinical trial studies in humans with the dual SYK/JAK 

inhibitor cerdulatinib have demonstrated promising effects in patients with various B-cell 

malignancies, including CLL and follicular lymphoma412. Furthermore, the dual SYK/JAK 

inhibitor passed safety requirements to pursue further analysis in clinical trials 

NCT01994382267. Although early in the process, this is encouraging and raises the hope that 

simultaneously inhibiting BCR signalling and JAK3 signalling could provide a realistic 

treatment strategy for patients with CLL. In addition, alternative strategies to target IL-4 

induced effects could include blocking the IL-4 receptor using antibodies or by targeting 

STAT6 directly. 

In this chapter, I have further demonstrated that the effectiveness of tofacitinib at 

overcoming IL-4 induced effects on anti-IgM signalling occurs in a time dependent manner 

in relation to IL-4 treatment. As expected, blocking JAK3 prior to IL-4R stimulation was 
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most effective at blocking IL-4 induced effects on BCR signalling. Interestingly, blocking 

JAK3 following 6 h of incubation with IL-4, was also able to reduce IL-4 induced effects on 

BCR signalling. However, blocking JAK3 following 22 h incubation with IL-4 failed to 

reduce IL-4 effects on anti-IgM signalling. These observations are consistent with previous 

findings by Guo et al in murine B-cells, demonstrating that IL-4 induced alternative BCR 

signalling occurs in a time dependent manner and takes around 6h to fully develop, since it 

requires protein synthesis3. Therefore, I have highlighted that when designing JAK3 

inhibitor treatment strategies to block IL-4 signalling in CLL, it is important to consider the 

time that JAK3 activity will be functional. 

Together this data suggests that IL-4 in the lymph node may be pivotal to CLL biology and 

provide resistance against the effectiveness of BCR kinase inhibitors. Furthermore, targeting 

the apical kinase SYK rather than down-stream BTK and PI3K, may provide a more 

effective treatment option for blocking anti-IgM induced effects in presence of IL-4. Finally, 

this chapter highlights the therapeutic potential of targeting IL-4 signalling to protect BCR 

kinase inhibitors from microenvironment-induced resistance. 

The findings from this chapter are summarised in Figure 5.13 and support the hypothesis 

that IL-4 could provide resistance against the function of BCR kinase inhibitors in CLL, and 

is also reversible with the use of JAK3 inhibition.  

 

Figure 5.13: Schematic outline of key findings and questions raised in this results chapter. 
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6. Results Chapter: The effects of IL-4 on chemokine 

receptors and adhesion associated molecules in CLL. 

6.1 Aims  

This chapter aims to investigate the effect of IL-4 on tumour retention inside the lymph node, 

by exploring the effect of the cytokine on the expression of chemokine and adhesion 

molecule receptors, and adhesion in vitro. 

6.2 Introduction 

CLL cells circulate between the peripheral blood and secondary lymphoid organs. The 

lymph node contains various accessory cells and factors that encourage CLL cell migration, 

proliferation and survival299,300,301,302,303,287,304,305,286,306. Therefore, it is not surprising that 

CLL cells accumulate inside the lymph node. It is important to understand the mechanism 

which regulate this process, since increased patient lymphadenopathy is associated with a 

worse clinical course503,235,120.  

In part, the success of BCR kinase inhibitors, such as idelalisib224 and ibrutinib504,225, is likely 

due to their ability to induce rapid lymphocytosis91,225,504,224,505,240,239,230, causing the 

redistribution of CLL cells from the tissue microenvironment into the peripheral blood. Once 

CLL cells are in the peripheral blood, they become more susceptible to therapy-induced 

apoptosis, due to reduced survival signals from the microenviornment291,236,286. The 

movement of CLL cells between peripheral blood and the lymph node is  regulated by 

chemokine receptors and chemokine gradients, as well as adhesion molecules308 (Figure 

6.1). 
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Figure 6.1 : Highlights some of the key components in CLL cell tissue recycling between 

peripheral blood and lymph node. Overview of mechanisms used by CLL cells to cycle between lymph 

node and peripheral blood. 1: CXCR4 expression enables CLL cells to migrate towards CXCL12. 2: CLL cells 

are able to adhere to endothelial cells lining the blood vessel via adhesion molecules, enabling migration. 3: 

CLL cells are able to adhere to the extracellular matrix (ECM) components, including fibronectin (FN), which 

is expressed by stromal cells inside the lymph node. 4: CLL cells are provided with survival and proliferation 

signals and activated by antigen in the lymph node. 5: S1P has been suggested to regulate CLL cell egress and 

is highly expressed in peripheral blood compared to the lymph node. Antigen engagement in the lymph node 

causes down-modulation of S1P receptor (S1PR1), promoting cell retention506. If cells do not encounter 

antigen, then S1PR1 expression is rapidly up-regulated to enable them to exit the lymph node507. 

The stromal cells of CLL patients constitutively express chemokines CXCL12 and CXCL13 

in the lymphatic tissue311,300. Chemokines bind to chemokine receptors, which are members 

of the family of transmembrane domain G protein-coupled cell surface receptors (GPCRs). 

The chemokine receptor CXCR4 is well characterised and known to play an important role 

in CLL cell homing to the lymph node508,509,308. Once CLL cells are in the lymph node, cells 

expressing receptor CXCR5 migrate towards CXCL13, which aids regulate follicular 

trafficking309,310. Interestingly, CLL cells express approximately three to four fold greater 

CXCR4 receptor on their surface compared to normal B-cells510. CXCR4 is expressed by all 

CLL cells at variable levels, and is associated with worse prognosis117. It is a dynamic 

receptor that is regulated by its ligand CXCL12509,511. CXCR4 engagement with CXCL12 

causes down-regulation of surface CXCR4 expression via receptor endocytosis512. 

Furthermore, CLL cells treated with anti-IgM, down-modulate CXCR4 expression, resulting 

in reduced chemotaxis towards CXCL12260. However, when CLL cells are incubated in vitro 

in the absence of CXCL12 or BCR engagement, they naturally recover CXCR4 

expression513.  
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CXCL12 is present at high levels inside the secondary lymphoid tissues compared to the 

peripheral blood, forming a concentration gradient. Consequently, CLL cells from the 

peripheral blood, with high CXCR4 expression, are attracted into the lymph node. 

Potentially this suggests that the ultimate role of CXCR4/CXCL12 regulation is to bring 

CLL cells into contact with antigen. Furthermore, CXCR4 signalling can be blocked using 

SYK260 and PI3K514 inhibitors. Interestingly, CLL cells with high CXCR4 expression 

typically have high sIgM expression513. CXCR4 expression has a central role in CLL cell 

homing into the lymph node but it has no clear role in CLL cell egression from the lymph 

node. Indeed, ibrutinib treatment, which is able to promote CLL cells to egress from the 

lymph node into peripheral blood, had no effect on CXCR4 expression511. It has now been 

suggested that CLL cell egress from the lymph node into peripheral blood is regulated by 

S1P receptor (S1PR1) expression and the chemotactic effect of high S1P expression in 

peripheral blood515,511. 

Like CXCR4, CXCR3 is also expressed by CLL cells516. CXCR3 is a chemokine receptor 

that binds chemokines CXCL9, CXCL10, and CXCL11517, which are induced by IFNγ at 

sites of inflammation518. Interestingly, CXCR3 engagement with its ligands can inhibit CLL 

cell interactions with CXCL12. Therefore, the chemotaxis of CLL cells towards CXCL12 is 

significantly impaired following CXCR3 activation by its ligands without altering CXCR4 

expression519. CXCR3 is also involved in the trafficking of Th1 CD4+ and CD8+ T-cells to 

peripheral sites of Th1-type inflammation. Consequently, this chemokine receptor is 

important for regulating CLL and T-cell migration into the lymph node. 

Adhesion molecules are also required to enable the cells to adhere to the endothelial cells 

lining the blood vessels and to migrate through the basement membrane into the tissue where 

they can bind extracellular matrix (ECM) components520,521. The ECM is required for 

supporting tissue structure, and aids cell migration, adhesion, cell-cell communication and 

proliferation. The ECM is composed from a collection of extracellular molecules secreted 

from cells, such as various glycoproteins, glycosaminoglycans and proteoglycans. In 

addition, lymphocytes are able to secrete ECM components522. The most well characterised 

ECM components include fibronectin (FN), collagen and laminin522. FN is a dimeric 

glycoprotein, which can be identified in cell plasma, tissue and the cell surface of stromal 

cells523. FN binds various integrins such as CD49e, CD49d and CD29 (α5β1 and 

α4β1)524,92,91,90,525, as well as the adhesion molecule, CD4491,526. Subsequently, the ECM is 

able to aid lymphocyte migration and retention. 
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CD44 is a glycoprotein that is highly expressed on CLL cells, and associated with worse 

prognosis527. Interestingly, U-CLL and Zap-70 positive CLL cells usually display enriched 

CD44 expression528. The main ligand for CD44 is hyaluronic acid (HA)529, the 

glycosaminoglycan that forms the gel in which ECM glycoproteins are immersed522. 

Consequently, CD44 plays important roles in adherence, migration and it induces cell 

survival529,528,530. 

Integrins are a family of adhesion molecules which form heterodimers composed from an α 

subunit and β subunit531. CLL cells have been shown to express various adhesion molecules 

which dimerise to form integrins, including α4β1 (CD49d (α4)/CD29 (β1)) and α5β1 

(CD49e (α5)/CD29 (β1))532,95, 533. The integrin α4β1 appears to be particularly important for 

CLL progression, and has been shown to bind to extracellular components including vascular 

adhesion molecule 1 (VCAM-1) expressed by endothelial cells532 and FN90,91,92 expressed 

by stromal cells534. Unlike normal B-cells, CLL cells depend on α4β1 for chemokine induced 

motility on and through the endothelium532. Walsby et al demonstrated using a dynamic in 

vitro model of the circulatory system, that blocking CD49d decreased the ability of CLL 

cells to migrate out of the circulation and into the extravascular space120. Furthermore, 

increased CD49d expression has been observed on the more proliferative CD5high/CXCR4low 

CLL cells535. Interestingly, CD49d expression acts as a strong prognostic factor, with 

increased CD49d expression being associated with worse CLL prognosis88,89.  

BCR signalling is able to regulate CLL cell adhesion and migration in the lymph node.  Anti-

IgM engagement can induce α4β1 activation by inside-out signalling which causes the 

release of the integrin from a constrained position536,92, enabling B-cells to bind to VCAM-

1 and FN92. De Rooij et al, confirmed that anti-IgM induces adhesion of CLL cells to FN 

and VCAM-1 via α4β1 in vitro, with increased effects observed in U-CLL samples compared 

to M-CLL91. Therefore, BCR signalling favours CLL cell homing, retention and survival 

inside the lymph node. Since IL-4 is present in the lymph node and enhances BCR signalling, 

IL-4 treatment may further regulate CLL cell migration and adhesion in the lymph node 

tissue. Furthermore, IL-4 has previously been suggested to enhance L-selectin537 and ICAM-

1 (CD45) expression on CLL cells538. Therefore, suggesting that IL-4 may play a role in 

regulating the expression of other adhesion molecules. 

Interestingly, BCR kinase inhibitor treatment of CLL cells strongly impairs α4β1 induced 

cell adhesion91, and decreases CD49d expression89. This could suggest why BCR kinase 

inhibitors induce rapid lymphocytosis in vivo. Herman et al90 further supported these 

findings by demonstrating that patients treated with ibrutinib in vivo displayed reduced 
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adhesion to FN compared to matched pre-treatment cells. Furthermore, Herman et al 

demonstrated that CD49d is the important component of α4β1 for regulating adhesion to FN.  

However, in vivo, ibrutinib was only able to induce slight reductions in CD29, CD49d and 

CD44 expression following 28 days treatment, with clear variation between patients90. This 

data suggested that ibrutinib treatment may reduce adhesion to the ECM in vivo, promoting 

release of adhered tumour cells inside the lymph node. 

It is important to identify mechanisms that promote CLL cell retention in the lymph node, 

in order to identify potential mechanisms to disrupt the microenvironment. Since IL-4 

enhances BCR signalling in CLL, and BCR signalling can influence CLL cell migration and 

adhesion, IL-4 may play a role in aiding CLL cell retention inside the lymph node. In this 

chapter, I have investigated the effects of IL-4 on chemokine receptors and adhesion 

molecule expression as well as adhesion to the FN. 
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6.3 Results 

 The effects of IL-4 on chemokine receptor and adhesion 

molecule expression on CLL cells in vitro 

I have utilised flow cytometry to study the effects of IL-4 on chemokine receptor and 

adhesion molecule expression on CLL cells (CD19+CD5+) and T-cells (CD5+CD19-).  

6.3.1.1 The effect of IL-4 on chemokine receptor expression  

Firstly, I explored the effect of IL-4 on CXCR4 expression, a chemokine receptor known to 

play a role in the migration of CLL cells into the lymph node508,509,308. CLL cells were 

incubated in vitro for 24h with IL-4 at various concentrations (0.1, 0.4, 1, 4 and 10ng/ml) 

prior to flow cytometry analysis (Figure 6.2 B). This analysis demonstrated that IL-4 

treatment at concentrations ≥0.1ng/ml could reduce CXCR4 expression in a concentration 

dependent manner, with 10ng/ml IL-4 demonstrating the greatest reduction in receptor 

expression. Therefore, I further enhanced the cohort for CLL cells incubated with IL-4 

(10ng/ml) for 24h in vitro (Figure 6.2 C and D). This demonstrated that IL-4 significantly 

reduced CXCR4 expression (p<.001) on 26/27 CLL samples. The mean change in CXCR4 

receptor density reduced by 127.6 MFI. However, IL-4-induced effects on CXCR4 displayed 

no clear associations with the prognostic factors such as IGHV mutational status, sIgM, 

CD49d, Zap-70 or CD38 expression (Data not shown). 
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Figure 6.2: The effect of IL-4 on CXCR4 receptor density on CLL cells following 24h 

incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for CXCR4 receptor 

density (MFI) on CLL cells (CD19+CD5+) following 24h incubation with or without IL-4 (10ng/ml). Green: 

IC’s, Red: Non-addition (NA) 0h, Orange: NA 24h, Blue: IL-4 24h (10ng/ml). B: CXCR4 receptor density on 

CLL cells incubated for 24h with various concentrations of IL-4 (0, 0.1, 0.4, 1, 4 and 10 ng/ml). Analysis was 

carried out on 9 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P 

values were determined using the Wilcoxon matched paired tests. Mean: 0ng/ml: 476.2. 0.1ng/ml: 425.4. 

0.4ng/ml: 353.1. 1ng/ml: 322.8. 4ng/ml: 255.4. 10ng/ml: 239.5. Standard deviation (SD): 0ng/ml: 294.9. 

0.1ng/ml: 253.7. 0.4ng/ml: 193.3. 1ng/ml: 146.4. 4ng/ml: 160.5. 10ng/ml: 176.6. C: CXCR4 receptor 

expression (MFI) on CLL cells (CD19+CD5+) following 24h incubation with or without IL-4 (10ng/ml). 

Analysis was carried out on 27 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. The P value was determined using the Wilcoxon matched paired test. Mean: NA: 270.1. IL-4: 142.6. 

SD: NA: 176.5. IL-4: 120.1. D: Change in CXCR4 receptor density (MFI) for samples described in B. Analysis 

was carried out on 27 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P value was determined using paired t-test. Mean: NA: 0. IL-4: -127.6. SD: NA: 0. IL-4: 80.94. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

In contrast to the IL-4 effects on CXCR4 expression in CLL cells, IL-4 significantly 

increased CXCR4 expression on T-cells (CD5+CD19-) (p=.002). This resulted in a mean 

change in receptor density by 17.62 MFI (Appendix Figure 39). However, there was no 

difference observed between IL-4 induced effects on T-cells from U-CLL or M-CLL 

samples (Data not shown).  

Next, I investigated whether the effect of IL-4 was the same for other chemokine receptors 

by exploring the expression of the closely related CXCR5 (Figure 6.3 A and B) and CXCR3 



Chapter 6 

162 

(Figure 6.3 C and D) on CLL cells. Flow cytometry analysis was performed on CLL cells 

following 24h incubation in vitro with IL-4 (10ng/ml). 

 

Figure 6.3: The effect of IL-4 on CXCR5 and CXCR3 receptor density (MFI) on CLL cells 

following 24h incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for 

CXCR5 receptor density (MFI) on CLL cells (CD19+CD5+) following incubation with or without IL-4 

(10ng/ml) for 24h in vitro. Grey: IC, Red: NA, Blue:  IL-4. B: CXCR5 receptor density (MFI) on CLL cells 

(CD19+CD5+) following incubation with IL-4 (10ng/ml) for 24h. Analysis was carried out on 4 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. Mean: NA: 56.65. IL-4: 22.05. Standard 

deviation (SD): NA: 19.69. IL-4: 11.03. C: Representative flow cytometry plot for CXCR3 receptor density 

(MFI) on CLL cells (CD19+CD5+) following incubation with or without IL-4 (10ng/ml) for 24h. Grey: IC, 

Red: NA, Blue: IL-4. D: CXCR3 receptor density on CLL cells (CD19+CD5+) following incubation with IL-4 

(10ng/ml) for 24h. Analysis was carried out on 17 different patient samples. Analysis was carried out on 1 

repeat of each patient sample. The P value was determined using the Wilcoxon matched paired test. Mean: NA: 

124.3. IL-4: 118.7. SD: NA: 57.63. IL-4: 56.64. Grey: Unmutated-CLL. Black: Mutated-CLL. 

This data demonstrated that IL-4 decreased CXCR5 expression on all four samples tested. 

Meanwhile, IL-4 slightly decreased CXCR3 expression in 13/17 CLL samples tested. 

Although the changes observed were not statistically significant, IL-4 treatment reduced the 

mean change in CXCR3 receptor density by -5.59 MFI. However, IL-4 displayed minimal 

effects on CXCR3 expression compared to CXCR4 and CXCR5 expression on CLL cells. 

Furthermore, IL-4 induced changes on CXCR3 expression displayed no clear association 
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with prognostic markers, including IGHV mutational status, sIgM, CD49d or Zap-70 

expression level (Data not shown).  

I also analysed the effect of 24h incubation with IL-4 (10ng/ml) on CXCR3 expression on 

T-cells (CD19- CD5+) at 24h from the same CLL patient samples (Appendix Figure 40 A-

C). The data demonstrated slightly reduced expression on the majority of samples tested 

(11/16). Therefore, IL-4 induced a significant decrease in CXCR3 expression on T-cells 

compared to the un-treated control (p=.011), and reduced the mean change in CXCR3 

receptor density by 2.913 MFI. However, since the changes were small, it was unlikely to 

have any biological impact. Interestingly, there appears to be two groups based on their 

CXCR3 expression levels. However, the two groups were not clearly associated with 

prognostic factors including, CD49d, CD38 and Zap-70 expression levels (Data not shown) 

or IGHV mutational status (Appendix Figure 40D). Although no significant difference was 

observed, IL-4 generally induced further reductions in CXCR3 expression on M-CLL patient 

T-cells compared to U-CLL patient T-cells (mean change in CXCR3 receptor density (MFI) 

on T-cells following IL-4 treatment: M-CLL: 4.713. U-CLL: 1.113). 

Together, this analysis demonstrates that IL-4 differentially influences the expression of 

chemokine receptors on both CLL cells (CD5+ CD19+) and T-cells (CD5+ CD19-).  

6.3.1.2 The effect of IL-4 on adhesion molecules and integrin expression on CLL cells  

Previous publications have suggested that IL-4 can influence the expression of adhesion 

molecules L-selectin and VCAM-1537,538. Here I have used flow cytometry to explore 

whether IL-4 treatment influences the expression of adhesion molecules CD44, CD29, 

CD49d and CD49e on CLL cells. Flow cytometry analysis was performed on CLL cells at 

0h and following 24h incubation with or without IL-4 (10ng/ml) treatment. 

Firstly, I explored CD44 receptor density on CLL cells (Figure 6.4). CLL cells expressed 

high basal levels of CD44 expression at 0h and 24h, though no clear differences were 

observed between CD44 receptor densities on CLL samples based on IGHV mutational 

status, CD49d, CD38 or sIgM expression levels (Data not shown). I have demonstrated that 

IL-4 (10ng/ml) treatment for 24h increased CD44 expression in the majority of samples 

tested (14/16). The mean CD44 receptor density was significantly increased from 412.6 MFI 

on un-treated cells to 556.5 MFI on IL-4 treated cells (p=.003). However, there was no clear 

difference in IL-4-induced CD44 expression between sample prognostic factors IGHV 

mutational status, CD49d, CD38, sIgM expression levels (Data not shown). In contrast to 

the effect of IL-4 on CLL cells, it displayed no significant effect on CD44 expression on T-

cells (CD19+CD5+) (Appendix Figure 41).  



Chapter 6 

164 

 

Figure 6.4: The effect of IL-4 on CD44 receptor density (MFI) on CLL cells following 24h 

incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for CD44 receptor density 

(MFI) on CLL cells (CD19+CD5+) following 0h or 24h incubation with or without IL-4 (10ng/ml). Grey: 0h 

isotype control (IC). Black: 24h isotype control (IC). Red: 0h untreated control (NA). Green: 24h untreated 

(NA). Blue: 24h IL-4. B: CD44 Receptor density (MFI) at 0h and 24h following incubation with or without 

IL-4 (10ng/ml). Analysis was carried out on 16 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. The P values were determined using the paired t-test. Mean: 0h: 456.3. 24h NA: 412.6. 

24h IL-4: 556.5. Standard deviation (SD): 0h: 184.1. 24h NA: 186.8. 24h IL-4: 244.5. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  

I further explored the effect of IL-4 on integrins expressed by CLL cells, including CD29 

(β1) which can combine with CD49d (α4) or CD49e (α5) to form α4β1 and α5β1 

respectively. The expression of these adhesion molecules was lower than that observed for 

CD44. Interestingly, at 0h and 24h un-treated CLL cells displayed a significant correlation 

between CD29 and CD49d expression levels (p<.001) (Figure 6.5). However, IL-4 

treatment for 24h had no effect on CD29 and CD49d expression levels on CLL cells or T-

cells (Appendix 42-45).  Therefore, the effects of IL-4 displayed no association with IGHV 

mutational status or Zap-70, sIgM or CD38 expression (Data not shown).  

 

Figure 6.5: Correlation analysis between CD29 expression and CD49d expression at 0h and 

24h on CLL cells. A: Linear regression analysis between CD29 expression (MFI) and CD49d expression 

(MFI) on CLL cells at 0h. B: Linear regression analysis between CD29 expression (MFI) and CD49d 

expression (MFI) on CLL cells at 24h. Analysis was carried out on 15 different patient samples. Analysis was 

carried out on 1 repeat of each patient sample. 
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Next, flow cytometry was used to explore CD49e expression following incubation with or 

without IL-4 (10ng/ml) on CLL cells (Figure 6.6). CD49e expression on CLL cells was very 

low compared to CD29 and CD49d. Consequently, CD49e expression levels at 0h and 24h 

displayed no clear associations with IGHV mutational status or ZAP70, CD49d or CD38 

expression. IL-4 treatment slightly decreased CD49e expression in the majority of CLL 

samples tested (6/7) (p=.031). However, the IL-4 induced decreases were small, reducing 

the mean CD49e receptor density from 10.46 MFI (NA 24h) to 8.240 MFI (IL-4 24h). 

Therefore, these changes may have no functional relevance. Meanwhile, IL-4 has no effect 

on CD49e expression on T-cells (Appendix Figure 46). 

 

Figure 6.6: The effect of IL-4 on CD49e receptor density (MFI) on CLL cells following 24h 

incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for CD49e receptor 

density (MFI) on CLL cells (CD19+CD5+) following 0h or 24h incubation with or without IL-4 (10ng/ml). 

Grey/Black: 0h and 24h isotype controls (IC). Red: 0h untreated. Green: 24h untreated. Blue: 24h IL-4. B: 

CD49e receptor density (MFI) at 0h and 24h following incubation with or without IL-4 (10ng/ml). Analysis 

was carried out on 7 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P values were determined using the Wilcoxon matched paired test. Mean- standard deviation (SD) for 0h, 

24h NA and 24h IL-4 are cut at x-axis. Mean: 0h: 8.784. 24h NA: 10.46. 24h IL-4: 8.24. SD: 0h: 17.68. 24h 

NA: 14.89. 24h IL-4: 12.81. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

 IL-4 enhances anti-IgM induced adhesion to fibronectin more 

prominently in more progressive samples (U-CLL, CD49d+, 

CD38+ and Zap-70+) 

De rooj et al91 previously demonstrated that anti-IgM is able to enhance the adhesion of CLL 

cells to FN. Therefore, since I have demonstrated that IL-4 is able to enhance anti-IgM 

induced signalling, it could be inferred that IL-4 could enhance anti-IgM induced adhesion to 

FN. 

In order to explore the effects of IL-4 on anti-IgM induced adhesion of CLL samples 

(containing >85% CLL tumour cells) to FN, CLL cells were incubated with or without IL-4 
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(10ng/ml) for 24h prior to 30 mins incubation with soluble anti-IgM (20µg/ml) or PMA 

(100ng/ml). PMA was used as the positive control since it is known to induce adhesion of 

CLL cells to FN independently from BCR induced signals91. Non-adherent cells were 

washed off prior to enumeration of CLL cell adhesion. The number of adhered CLL cells 

(CD5+CD19+) and T-cells (CD5+CD19-) were quantified by recording the number of viable 

cells for 1 minute on a flow cytometer (as outlined in Figure 6.7A). Each treatment group 

was performed in duplicate or triplicate for each patient sample. The mean data is presented 

as fold change compared to the un-treated control (Figure 6.7B).  

 

Figure 6.7: The effect of IL-4 on soluble anti-IgM induced adhesion of CLL cells to fibronectin. 
NA=untreated control. A: Representative flow cytometry plots for the adhesion of CLL cells (CD5+CD19+) 

and T-cells (CD5+CD19-) to fibronectin, following un-treatment, incubation with IL-4 (10ng/ml) for 24h, 

soluble anti-IgM (20µg/ml) (30 mins) or PMA (100ng/ml) (30 mins). Samples were set up in triplicate and 

viable cells were recorded for 1 minute. B: Fold change in the number of adhered CLL cells (CD19+CD5+) 

following treatments as described in A. Analysis was carried out on 7 different patient samples. Analysis was 

carried out on 1 repeat of each patient sample. P value were determined using the Wilcoxon matched paired 

test. Mean: NA: 1. IL-4: 1.011. Anti-IgM: 2.127. Anti-IgM+IL-4: 4.311. PMA: 3.619. PMA+IL-4: 7.442. 

Standard deviation (SD): NA: 0. IL-4: 0.269. Anti-IgM: 1.865. Anti-IgM+IL-4: 6.113. PMA: 3.007. PMA+IL-

4: 5.657. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

IL-4 treatment alone had no effect on CLL cell adhesion to FN. However, as expected, both 

anti-IgM and PMA treatment increased adhesion of CLL cells to FN, compared to the un-

treated control, enhancing the mean fold change by 2.127 and 3.619 respectively. Due to a 

small sample size (n=7), anti-IgM induced adhesion was not significant. Interestingly, IL-4 

further enhanced both anti-IgM and PMA induced adhesion, increasing the mean fold change 



Chapter 6 

167 

by 4.311 and 7.442 respectively. Therefore, suggesting a common pathway activated by both 

anti-IgM and PMA. 

In contrast to CLL cells, T-cell (CD5+CD19-) adhesion to FN (Appendix Figure 47) was 

significantly increased as expected following PMA treatment (p=.016), increasing the mean 

fold change by 20.37. However, in contrast to CLL cells, the addition of IL-4 had no further 

effects on PMA induced T-cell adhesion compared to PMA alone (mean fold change PMA+ 

IL-4: 20.32). As expected, IL-4 and anti-IgM treatment did not significantly increase T-cell 

adhesion to FN. 

Finally, I performed comparisons between the fold changes in CLL cells adhesion to FN 

following IL-4, anti-IgM or PMA treatment between CLL samples with various prognostic 

factors (Figure 6.8). This included comparisons between U-CLL and M-CLL cells (Figure 

6.8 A and B) and samples which are positive or negative for CD49d (Figure 6.8 C and D), 

CD38 (Figure 6.8 E and F) or Zap-70 expression (Figure 6.8 G and H).  

Since the sample sizes were small, no statistically significant differences were detected 

between treatment groups. Furthermore, this analysis suggested that IL-4 treatment alone 

displayed no differences on the adhesion of CLL cells to FN between samples with different 

prognostic groups. However, there was a trend for soluble anti-IgM enhancing fold changes 

in adhesion of CLL cells to FN in cases with more progressive disease (U-CLL, CD49d+, 

CD38+ and Zap-70+). As expected, the addition of IL-4 in combination with anti-IgM 

treatment also induced adhesion to FN more prominently in CLL cells with progressive 

disease. In contrast, the effects of PMA on CLL cell adhesion showed no correlation with 

prognostic factors.  

Whilst bearing in mind the small sample sizes analysed, these results suggest that IL-4 is 

able to enhance anti-IgM induced adhesion to FN, with greater levels of adhesion observed 

in CLL samples expressing progressive disease (U-CLL, CD49d+, CD38+ and Zap-70+ 

samples). 
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Figure 6.8: Comparison between the effects of IL-4 on soluble anti-IgM induced adhesion of 

CLL cells to fibronectin, based on IGHV mutational status, CD49d, CD38 or Zap-70 

expression. NA=untreated control. The fold change in number of adhered cells following 24h incubation with 

or without IL-4 (10ng/ml) followed by 30min incubation with soluble anti-IgM (20µg/ml) or PMA (100ng/ml). 

Analysis was carried out on 3 repeats of each patient sample. A: Analysis was carried out on 3 different patient 

samples. M-CLL samples (CD19+CD5+) (Mean fold change: NA: 1, IL-4: 0.915, anti-IgM: 1.531, IL-4+ anti-

IgM: 1.280, PMA: 2.641, PMA+ IL-4: 8.902). Standard deviation (SD): NA: 0. IL-4: 0.2596. Anti-IgM: 

0.7312. Anti-IgM+IL-4: 0.338. PMA: 2.048. PMA+IL-4: 6.814. B: U-CLL samples (CD19+CD5+) (Mean fold 

change: NA: 1, IL-4: 1.083, anti-IgM: 2.573, IL-4+ anti-IgM: 6.585, PMA: 4.353, PMA+ IL-4: 6.347). SD: 

NA: 0. IL-4: 0.2891. Anti-IgM: 2.446. Anti-IgM+IL-4: 7.654. PMA: 3.69. PMA+IL-4: 5.414. Analysis was 

carried out on 4 different patient samples. C: Analysis was carried out on 3 different patient samples. CD49d 

negative (<30% CD49d) CLL (CD19+CD5+) (Mean fold change: NA: 1, IL-4: 1.065, anti-IgM: 1.816, IL-4+ 

anti-IgM: 2.387, PMA: 5.378, PMA+ IL-4: 7.290). SD: NA: 0. IL-4: 0.3239. Anti-IgM: 0.8186. Anti-IgM+IL-

4: 1.407. PMA: 4.082. PMA+IL-4: 6.323. D: Analysis was carried out on 4 different patient samples. CD49d 

positive (≥30% CD49d) CLL (CD19+CD5+). (Mean fold change: NA: 1, IL-4: 0.9713, anti-IgM: 2.360, IL-4+ 

anti-IgM: 5.755, PMA: 2.300, PMA+ IL-4: 7.556). SD: NA: 0. IL-4: 0.2641. Anti-IgM: 2.518. Anti-IgM+IL-

4: 8.182. PMA: 1.251. PMA+IL-4: 6.107. E: Analysis was carried out on 4 different patient samples. CD38 

negative (<30%) (CD19+CD5+). (Mean fold change: NA: 1, IL-4: 0.955, anti-IgM: 1.601, IL-4+ anti-IgM: 

2.088, PMA: 4.438, PMA+ IL-4: 9.644). SD: NA: 0. IL-4: 0.3435. Anti-IgM: 0.795. Anti-IgM+IL-4: 1.295. 

PMA: 3.827. PMA+IL-4: 6.987. F: Analysis was carried out on 3 different patient samples. CD38 positive 

(≥30%) CLL (CD19+CD5+). (Mean fold change: NA: 1. IL-4: 1.086, anti-IgM: 2.828, IL-4+ anti-IgM: 7.276, 

PMA: 2.527, PMA+ IL-4: 4.506). SD: NA: 0. IL-4: 0.1589. Anti-IgM: 2.863. Anti-IgM+IL-4: 9.302. PMA: 

1.427. PMA+IL-4: 0.3517. G: Analysis was carried out on 4 different patient samples. Zap-70 negative (<30%) 

CLL (CD19+CD5+). (Mean fold change: NA: 1. IL-4: 0.992, anti-IgM: 1.045, IL-4+ anti-IgM: 1.638, PMA: 

1.650, PMA+ IL-4: 6.870). SD: NA: 0. IL-4: 0.2962. Anti-IgM: 0.1784. Anti-IgM+IL-4: 0.8465. PMA: 0.3756. 

PMA+IL-4: 6.685. H: Analysis was carried out on 3 different patient samples. Zap-70 positive (≥30%) CLL 

(CD19+CD5+). (Mean fold change: NA: 1. IL-4: 1.037, anti-IgM: 3.569, IL-4+ anti-IgM: 7.875, PMA: 6.244, 

PMA+ IL-4: 8.205). SD: NA: 0. IL-4: 0.2892. Anti-IgM: 2.221. Anti-IgM+IL-4: 8.815. PMA: 2.972. PMA+IL-

4: 5.238. Error bars represent mean ±SD.   
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6.4 Summary of Main findings 

• IL-4 reduces CXCR4 expression on CLL cells and increases CXCR4 

expression on T-cells. 

• IL-4 modestly decreases CXCR3 expression on both CLL cells and T-cells. 

• IL-4 is able to enhance CD44 expression on CLL cells, while demonstrating 

no clear effect on the other adhesion markers (CD49d, CD49e, CD29) in CLL 

cells or T-cells.  

• IL-4 enhances anti-IgM induced adhesion to FN. Samples associated with 

worse prognosis (U-CLL, Zap-70+, CD49d+ and CD38+) displayed increased 

adhesion to FN following incubation with anti-IgM alone or in combination 

with IL-4 compared to less progressive samples (M-CLL, Zap-70-, CD49d-, 

CD38-). Meanwhile, IL-4 also enhanced PMA induced adhesion to FN.  
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6.5 Discussion  

Disrupting the retention of CLL cells in the lymph node microenvironment could provide a 

promising method to reduce tumour cell protection. In this chapter I tested the hypothesis 

that IL-4 may regulate signals associated with CLL cell localisation and retention inside the 

lymph node. This demonstrated that IL-4 is able to regulate chemokine receptor and 

adhesion molecule expression, as well as enhance anti-IgM induced adhesion to FN. 

Therefore, indicating that IL-4 may influence CLL cell recruitment and retention in the 

lymph node.  

 IL-4 reduces chemokine receptor expression on CLL cells in 

vitro 

In the peripheral blood, CLL cells express high levels of CXCR4, which promotes their 

homing to the lymph node508,509,308. However, CLL cells present in the lymph node express 

lower levels of CXCR4 compared to those in the peripheral blood, presumably due to 

endocytosis following binding of its ligand CXCL12308. When CLL cells are incubated in 

vitro they naturally recover their CXCR4 expression, in a time dependent manner513. I have 

demonstrated that IL-4 treatment significantly reduces CXCR4 expression on CLL cells, in 

a concentration dependent manner, following 24h incubation in vitro. However, it is 

currently unknown whether IL-4 reduces CXCR4 expression via blocking its natural 

recovery, or by promoting CXCR4 internalisation. In line with this finding, Dr. Aguilar-

Hernandez demonstrated that IL-4 reduces CLL cell migration towards the ligand 

CXCL12305. 

Interestingly, anti-IgM treatment reduces CXCR4 expression on CLL cells260, 512, via 

clathrin-mediated receptor internalisation, and reduces migration towards CXCL12512. 

However, in contrast to IL-4 effects on CXCR4 expression in CLL cells, anti-IgM induces 

more prominent CXCR4 decreases in U-CLL and Zap-70+ve subgroups compared to M-

CLL and Zap-70-ve512. In this chapter, I further demonstrated that CD40L reduces CXCR4 

expression on CLL cells, although changes were minimal compared to those caused by IL-

4. This data supports a previous study which demonstrated that CD40L treatment further 

reduces tonsillar B-cell migration towards CXCL12 following anti-IgM treatment compared 

to BCR stimulation alone539. Migration of B-cells towards CXCL12 is thought to promote 

their recruitment and retention in extrafollicular sites where they are exposed to 

antigen540,541.  
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In addition, I have demonstrated that IL-4 treatment is able to reduce CXCR5 expression. 

Therefore, suggesting that IL-4 may also reduce CLL cell migration towards CXCL13, 

which is expressed inside the follicles of the lymph node542. Therefore, IL-4 may work in 

concert with BCR signalling in order to regulate the localisation of CLL cells in the 

secondary lymphoid tissues.  

In contrast to CLL cells, IL-4 up-regulated CXCR4 expression on T-cells from patients with 

CLL. These findings are consistent with the finding that IL-4 enhances CXCR4 expression 

on normal resting T-cells from the peripheral blood543. Interestingly, CXCR4 has previously 

been shown to physically interact with β2-adrenergic receptors, which promotes retention of 

naive and activated T-cells in the lymph node544. Increased T-cell retention inside the lymph 

node would subsequently lead to increased presence of IL-4. The differences observed 

between IL-4 induced effects on CXCR4 expression for CLL cells and T-cells, highlights 

that IL-4 effects are not only receptor specific, but also cell-type specific.  

Targeting the CXCR4/CXCL12 axis, through use of CXCR4 inhibitors such as plerixafor545, 

provides an attractive therapeutic to disrupt CLL cell migration and localisation in the lymph 

node509. Using the MOLT4 cell line, it has been demonstrated that CXCL12 binding to the 

CXCR4 receptor causes the receptor to become tyrosine-phosphorylated by JAK2 and 

JAK3546. Consequently, future studies could explore the use of JAK inhibitors as a novel 

way to disrupt the CXCR4/CXCL12 axis. 

The CXCR3 receptor enables cells to migrate towards the inflammatory cytokines CXCL11, 

CXCL10 and CXCL9547,519,509, which are secreted by stromal cells509. Although the role of 

CXCR3 on CLL cell survival and cell trafficking is not very well understood, lower CXCR3 

expression is associated with worse prognosis548. However, CXCR3 signalling has been 

shown to significantly reduce CXCR4 induced migration towards CXCL12 in CLL548. 

Therefore, the effects of IL-4 on B and T-cell localisation and migration in the lymph node 

could depend on a balance between CXCR3 and CXCR4 functional effectiveness. I have 

demonstrated that IL-4 induced CXCR3 expression on CLL cells and T-cells is slightly 

reduced, with no significant association with the clinically relevant prognostic markers 

explored. However, IL-4 induced effects on CXCR3 expression were modest compared to 

those observed for CXCR4. Unfortunately, time constraints did not enable me to determine 

whether IL-4 influences CXCR3 chemokine attraction towards its ligands. Notably, CXCR3 

expression on the CLL patient T-cells displayed two separate groups, with no clear 

associations with the prognostic factors explored. However, multiple T-cell subgroups 

express CXCR3, including Th1-type CD4+ T-cells and effector CD8+ T-cells549. Since I 
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explored CXCR3 expression on T-cells using the markers CD19-CD5+ cells, the differences 

in CXCR3 expression observed could reflect different ratios between T-cell subsets. Work 

in the Steele group is currently examining this hypothesis.  

 The effect of IL-4 on adhesion molecule expression on CLL cells 

in vitro 

Adhesion molecules are also important for CLL biology, since integrin components such as 

CD49d are overexpressed on CLL cells with progressive disease550,551,88,552,553,554. Adhesion 

molecules enable CLL cells to attach to the endothelium and stromal cells. Herman et al 

demonstrated that ibrutinib treatment in vitro had heterogeneous effects between CLL 

patients on the expression of adhesion molecules, with only a little more than half of samples 

displaying decreased CD29 (60%), CD49d (58%) and CD44 (60%)90. However, some 

patients increased CD44 and CD29 expression through some unknown mechanism 

following ibrutinib treatment. Interestingly, peripheral blood CLL cells with trisomy 12 

display increased expression of certain integrins including CD49d compared to non-trisomy 

12 samples554,553. 

In this chapter I have explored the effect of IL-4 on CLL cell surface expression of adhesion 

molecules including, CD44, CD49d, CD29 and CD49e. Consistent with previous 

observations, CD44 was highly expressed on CLL cells compared to the other adhesion 

molecules explored550. CD44 expression is known to be variable on CLL cells compared to 

normal B-cells. However, basal CD44 expression does not associate with IGHV mutational 

status or Zap-70 expression555.  

I have demonstrated that IL-4 treatment dramatically enhances CD44 expression on CLL 

cells, while having no effect on this receptor in T-cells. Therefore, it is likely that IL-4 

promotes CD44 functions, including promoting survival and migration529. Since CD44 

signalling is known to induce Mcl-1 protein expression528, IL-4 could promote CLL cell 

survival by enhancing this mechanism. Fedorchenko et al555 previously demonstrated that 

incubating CLL cells with IL-4 in combination with CD40L, enhances CD44 expression and 

survival. However, Fedorchenko et al did not explore whether CLL subsets differed in their 

response to IL-4 and CD40L treatment555. In this study, I have demonstrated that IL-4 

induced CD44 expression is not clearly associated with the prognostic factors explored, 

including IGHV status, CD49d, Zap-70, CD38 and sIgM expression levels. Interestingly, 

knocking out CD44 in Eµ-TCL-1 murine splenocytes, demonstrated delayed and reduced 

phosphorylation of BCR induced down-stream kinases, SRC, SYK, AKT and ERK1/2555. 
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Therefore, since IL-4 enhances CD44 expression in CLL cells, this could highlight a 

potential mechanism for IL-4 induced cross-talk with BCR signalling.  

Furthermore, IL-4 treatment displayed no significant effects on CD49d and CD29 

expression. Therefore, suggesting that IL-4 does not directly enhance α4β1 expression on 

CLL cells. Meanwhile, IL-4 treatment induces a small but consistent decrease in CD49e 

expression. Since the decrease in CD49e expression is small, it may not have biological 

relevance. Interestingly, Quiroga et al demonstrated that anti-IgM stimulation can up-

regulate the expression of certain adhesion molecules, including CD44, CD54, and 

CD62L260. However, they did not explore the effect of anti-IgM stimulation on CD29, 

CD49e or CD49d expression. Therefore, I hypothesised that since IL-4 enhances anti-IgM 

signalling, the cytokine may amplify BCR-induced adhesion molecule expression and 

function. In addition to increased expression, the function of adhesion molecules can be 

influenced by conformational changes, enhanced ligand affinity, increased clustering and 

enhanced avidity92. These changes in confirmation or affinity for ligands would not be 

detected by immunophenotyping analysis of adhesion molecules. Consequently, although I 

have demonstrated that IL-4 had no clear effects on CD49d, CD29 and CD49e expression, 

this does not confirm that IL-4 has no effect on their functions.  

 IL-4 enhances anti-IgM induced adhesion of CLL cells to 

Fibronectin in vitro  

In this chapter, I have demonstrated that IL-4 treatment alone displayed no clear effect on 

CLL cell adhesion to FN. Previously, IL-4 and CD40L in combination have been shown to 

induce adhesion of CLL cells to the stromal cell line S17 in a PI3K independent manner. 

Since my findings indicate that IL-4 alone does not induce clear adhesion to FN, this suggests 

that CLL cell adhesion to the stromal cell line may be predominantly induced by CD40L or 

via adhesion to other ECM factors expressed by the stromal cell line556.  

I performed a similar FN adhesion assay to de Rooij et al91. However, de Rooij et al did not 

separate CLL cells from other PBMCs in the tumour population, but opted to use samples 

with a high percentage of CLL cells (81-99% tumour population). De Rooij et al measured 

adherence by staining the adhered cells with crystal violet dye and using a 

spectrophotometer91. Consequently, they were unable to differentiate between adherent CLL 

cells and other cells such as T-cells and monocytes. In contrast, I washed off the CLL cells 

that had adhered to FN and stained them with CD19 and CD5 antibodies, and detected the 

proportion of CLL cells by flow cytometry such that my experiment differentiated between 

adherent CLL cells (CD5+CD19+) and T-cells (CD5+CD19-). 
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In line with De Rooij et al91, I have demonstrated that anti-IgM treatment induces adhesion 

of CLL cells to FN, with more prominent effects observed in U-CLL samples compared to 

M-CLL samples. Here, I have further demonstrated that anti-IgM alone induced slightly 

increased adhesion in CD49d+, CD38+ and Zap-70+ samples. Furthermore, pre-treating CLL 

cells with IL-4 up-regulates the fold change of anti-IgM induced adhesion to FN with 

increased effectiveness in U-CLL, CD49d+, CD38+ and Zap-70+ samples. This supports the 

finding that IL-4 induced anti-IgM signalling can enhance the expression and function of 

adhesion molecules. These results suggest that anti-IgM treatment alone and in combination 

with IL-4, may promote CLL cell retention in the lymph node due to increased binding to 

FN expressed by stromal cells. However, the sample sizes used were small and need to be 

enhanced before significant differences can be detected and firm conclusions drawn. 

Interestingly, IL-4 also enhanced PMA induced adhesion of CLL cells to FN but not T-cells, 

indicating that a pathway common to BCR and PMA induced signalling may be instrumental 

in augmenting IL-4 induced adhesion. Indeed, like BCR signalling, PMA induces adhesion 

of CLL cells to FN in part via α4β190. However, PMA induces adhesion via activating the 

PKC pathway90,92. Therefore, further studies could explore the role of PKC in IL-4 induced 

adhesion of CLL cells. 

It is important to highlight that I only used samples with ≥85% tumour population. This was 

important since T-cells557 are also able to bind to FN, and could potentially block CLL cells 

from binding. In order to check that this was not the case, I compared the ratio of CLL and 

T-cells which bound to FN for each patient sample. This demonstrated that CLL cells 

displayed dramatically increased adhesion compared to T-cells for all samples with ≥85% 

tumour population tested. On average 9.7 times as many CLL cells as T-cells adhered to FN, 

suggesting that T-cell binding did not dramatically block the ability for CLL cells to bind 

the FN plate. This may not hold true for cases exhibiting a much higher proportion of T-

cells. Had this been the case, the study could have been carried out using purified CLL cells 

to prevent T cells from potentially blocking CLL cell binding. Another way to measure the 

level of CLL cells or T-cells adhered to FN would have been to separately stain the bound 

and unbound cells with CD19 and CD5 antibodies. Therefore, enabling the calculation of 

the percentage of adhered CLL cells or T-cells out of the total CLL or T-cell population 

plated556. This may be a more appropriate way to measure adhesion since it would account 

for cell type variation in the tumour population. 

Unfortunately, I did not measure the expression of adhesion molecules on the same samples 

as used for the adhesion assay. Therefore, I am unable to correlate whether IL-4 and/or anti-

IgM induced effects on adhesion molecule expression associates with adhesion to FN. Future 
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studies could confirm which adhesion molecules are essential for IL-4 and anti-IgM induced 

adhesion to FN by carrying out the adhesion assay in the presence and absence of antibodies 

that block integrin receptor mediated adhesion. Anti-IgM has previously been shown to 

induce CLL cell adhesion to FN via the CD49d component of α4β190,91. Understanding the 

effect of IL-4 on CD49d expression and function in CLL cell adhesion is important since 

patients with CD49d+ve cells (>30%) display more rapid development of 

lymphadenopathy558. In addition, Herman et al demonstrated that CLL cells from patients 

on ibrutinib display reduced adherence to FN due to defects in α4β1 binding compared to 

pre-treatment CLL cells90. 

Previously, Spaargaren et al demonstrated that BCR engagement induces CLL cell adhesion 

to VCAM-1 by activating inside-out signalling and increasing the avidity of α4β1. 

Furthermore, they suggested that anti-IgM can influence α4β1 avidity by regulating iCa2+ 

release mediated activation of the protein calpain, which causes α4β1 to be released from its 

cytoskeletal constraints92. Since IL-4 enhances BCR induced release of iCa2+305, it could be 

possible that IL-4 amplifies these BCR induced effects on α4β1 resulting in increased avidity 

for FN92. Interestingly, Riches et al demonstrated that trisomy 12 CLL samples display 

increased α4β1 down-stream signalling as well as adhesion and motility on VCAM-1 coated 

plates compared to non-trisomy 12 samples553. Therefore, further suggesting that α4β1 

functional effects are associated with worse prognosis. However, Riches et al did not explore 

the effect of anti-IgM on α4β1 in these subsets. Therefore, future studies could confirm 

whether IL-4 is able to enhance anti-IgM induced effects on calpain activation and α4β1 

avidity for FN and VCAM-1, and confirm whether these effects are associated with key 

prognostic factors. 

In part, the success of BCR kinase inhibitors is due to their ability to redistribute CLL cells 

from the lymph node into the peripheral blood, making CLL cells more susceptible to 

apoptosis. However, BCR kinase inhibitors can fail to induce complete release of all CLL 

tumour cells from the lymph node into the periphery215,504,224, resulting in the rapid re-

emergence of the disease following treatment cessation. Consequently, it is clinically 

relevant to identify mechanisms that prevent the release of CLL cells from the lymph node. 

BCR kinase inhibitors, targeting BTK, PI3K and SYK have been shown to significantly 

reduce anti-IgM induced adhesion of the Namalwa cell line, which is a model for germinal 

centre B-cells91. As previously highlighted, ibrutinib pre-treatment reduces adhesion of CLL 

cell to FN236,90. Interestingly, samples from U-CLL patients demonstrate more rapid and 

frequent lymphocytosis from the lymph node225,229,239,240 compared to M-CLL samples, 

possibly due to increased dependence on BCR signalling in the U-CLL subset.  
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In addition to inducing changes in integrin function91,236,92, BCR kinase inhibitors have been 

shown to enhance S1PR1 expression. This is a receptor implicated in lymphocyte egress 

from lymph node515,511. S1PR1 expression is generally reduced on U-CLL samples 

compared to M-CLL samples, providing a potential mechanism to contribute to the high 

incidence of lymphadenopathy in more progressive patients559. As part of this project, I 

attempted to use flow cytometry to explore the effects of IL-4 on S1PR1 expression. 

However, the S1PR1 expression levels I detected were too low to draw clear conclusions 

(Data not shown). Problems in measuring S1PR1 expression may have occurred due to the 

highly dynamic nature of this receptor515. In addition, S1P receptors have been suggested to 

bind fatty acids used to supplement medium (Personal communication Packham group, 

Southampton), which provides further complications when trying to measure receptor 

expression. Consequently, in line with previous studies515,506, CLL cells were washed 

multiple times to removed FBS from the cryopreservation procedure and incubated in media 

supplemented with 1% fatty-acid free BSA. 

Therefore, since IL-4 enhances BCR signalling and provides resistance against ibrutinib and 

idelalisib in CLL cells in vitro, the cytokine may provide some resistance against BCR kinase 

inhibitor induced lymphocytosis. Interestingly, JAK1/2 inhibitors, employed as a single 

agent, have previously been shown to induce rapid lymphocytosis of CLL cells from patient 

lymph node410, 411. Consequently, there appears to be a role for JAK proteins in retaining 

CLL cells in the lymph node. Therefore, future studies are needed to explore the impact of 

JAK inhibitors on CLL cell adhesion to FN and VCAM-1 and integrin expression and 

signalling.  

The findings in this chapter largely support the hypothesis that IL-4 promotes the retention 

of CLL cells inside the lymph node. This appears to be a consequence of IL-4 induced down-

regulation of chemokine receptors in the lymph node, as well as by encouraging CLL cells 

to adhere to the ECM component fibronectin. Therefore, co-treating CLL cells with a JAK3 

inhibitor in combination with a BCR kinase inhibitor, may provide a mechanism to disrupt 

the formation of survival niches and to enhance lymphocytosis. The key findings and 

questions raised in this chapter are outlined in Figure 6.9. 
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Figure 6.9: Schematic outline of key findings and questions raised in this results chapter. 
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7. Final discussion  

This thesis tests the central hypothesis that IL-4 induced signalling promotes biological 

effects known to drive CLL pathogenesis. These biological effects included: 1) Increases in 

BCR expression and signalling. 2) Resistance against BCR kinase inhibition and 3) 

Promoting lymph node localisation and retention.  

The findings in this thesis (in large part) support the central hypothesis that IL-4 

promotes biological effects known to drive CLL pathogenesis.  

7.1 Overview of potential mechanisms used by IL-4 to promote CLL 

pathogenesis in vivo 

Based on in vitro findings from this thesis and the literature, Figure 7.1 illustrates the 

mechanisms by which I believe the tumour microenvironmental factor IL-4 could influence 

B-cell signalling, migration and adhesion to promote CLL pathogenesis in vivo.  

 

Figure 7.1: Schematic overview of potential mechanisms induced by IL-4 to promote CLL 

pathogenesis in the lymph node. 

(1). IL-4, present in the lymph node305 is thought to be secreted by CD4+ T-cells560,302 and 

T-follicular helper cells561. T-cells in the lymph node of patients with more progressive 

disease may secrete increased levels of IL-4372, or be more sensitive to IL-4 signals113. 
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(2). IL-4 binds to the IL-4 receptor expressed on CLL cells inside the lymph node, causing 

rapid activation of the JAK/STAT6 signalling pathway. These signals are maintained at 

stable levels for at least 24h while in the presence of IL-4. However, at 24h CLL cells display 

no difference in responsiveness to IL-4 induced JAK/STAT6 signalling based on the 

prognostic factors explored (sIgM, CD49d, CD38, Zap-70 expression levels, IGHV 

mutational status or anti-IgM signalling capacity).  

(3). IL-4 is able to differentially regulate genes113 and subsequently protein expression in 

known IL-4 signalling pathways286. For example, IL-4 induces significantly greater SOCS3 

and FOXP1 expression in the more progressive U-CLL subset. Therefore, IL-4 via its effects 

on STAT6 may differentially regulate CLL cells with different prognostic factors at the 

transcriptional or translational level.  

(4). IL-4 signalling induces CLL cell survival380,286,113. IL-4 is able to cross-talk with other 

factors present inside the lymph node, by enhancing their receptor expression. This includes 

TACI expression on CLL cells. Since BAFF did not markedly increase CLL viability alone 

or in combination with IL-4, it may suggest that APRIL which also signals via TACI293 is 

biologically important. Furthermore, IL-4 provides protection against chemotherapy286 and 

BCR kinase inhibitor305 induced apoptosis. Consequently, IL-4 alone and in combination 

with other survival factors plays an active role in enabling CLL cells to accumulate in the 

lymph node.  

(5). BCR signalling is important for disease progression16,225.In the peripheral blood sIgM 

expression is characteristically low on CLL cells429,430, possibly due to antigen 

engagement106. However, the expression of IgM on the cell surface is dependent on it 

forming a complex with CD79a and CD79b427,428,432. Although CD79b expression is the rate-

limiting component of BCR complex formation in CLL cells, IL-4 treatment increased 

CD79b expression and subsequent sIgM expression. Interestingly, IL-4 induces CD79b 

protein expression to a greater extent in the U-CLL cases compared to M-CLL, resulting in 

greater sIgM expression on the more progressive subset428. In contrast, the IL-4–induced 

increases in sIgD are likely to be biologically unimportant as increases in expression are 

small compared to sIgM. However, this has been less well characterised compared to the 

effects on sIgM expression.  

(6). IL-4 also enhances anti-IgM induced signalling in CLL cells. These IL-4 induced effects 

on sIgM expression and anti-IgM signalling occur in a JAK3 dependent manner. Since 

increased anti-IgM signalling is associated with worse disease prognosis16, these findings 

suggest IL-4 plays a role in CLL pathogenesis. 
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(7). IL-4 may regulate BCR signalling via its influence on the expression of miRNAs and 

expression of their targets as supported by the finding that IL-4 enhances miR-150 regulated 

proteins GAB1 and FOXP1, which are associated with positive BCR signalling and reduced 

patient overall survival82.  

(8). Outcomes of IL-4 and anti-IgM induced signalling include full-length OPN secretion 

from CLL cells, particularly in cases with greater basal expression of CD49d. Full-length 

OPN has previously been associated with later disease stage444. Therefore, increased OPN 

secretion may provide another mechanism by which IL-4 regulates CLL pathogenesis. 

However, the functional effects of OPN in CLL is currently unknown.  

(9). CLL cells in the peripheral blood show enhanced CXCR4 expression, enabling the cells 

to migrate towards CXCL12 inside the lymph node308. IL-4 in the lymph node may then 

down-regulate CXCR4 on CLL cells and reduce their migration towards CXCL12305. In 

addition, IL-4 is also able to down-regulate CXCR5, and CXCR3 to a lesser extent. 

Consequently, IL-4 may regulate CLL cell recruitment and localisation of in the secondary 

lymphoid tissues. 

(10). IL-4 enhances CLL cell expression of the adhesion molecule CD44 which is known to 

bind to ECM components, notably HA529, OPN448,449 and FN91,526. Increased CD44 

expression may also provide CLL cells with increased survival signals529. 

(11). IL-4 may support lymph node retention by enhancing anti-IgM induced adhesion to 

FN expressed by stromal cells. It is likely that IL-4 promotes anti-IgM induced adhesion via 

modulating the function of integrins such as α4β190,92,91, although this still needs to be 

confirmed.  

 (12). IL-4 may further promote CLL progression by providing resistance against the 

effectiveness of both apoptosis inducing chemotherapies286 and BCR kinase inhibitors, 

targeting BTK and PI3K. Since BCR kinase inhibitors promote the movement of CLL cells 

out of the lymph node into the peripheral blood215,504,224,90,240,239,242, it is possible that IL-4 

prevents full lymphocytosis potential. Indeed, IL-4 may enable more responsive CLL cells 

to be retained in the lymph node, where they are provided with survival signals and resistance 

against treatment strategies. Consequently, IL-4 may promote relapse due to the persistence 

of minimal residual disease.  

 (13). Interestingly, IL-4 induced effects on apoptosis286 and BCR expression and signalling 

are reversed following pre-treatment with JAK3 inhibitors such as tofacitinib in vitro. This 

suggests that JAK3 inhibitors may be used therapeutically either alone or in combination 
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with BCR kinase inhibitors to overcome IL-4 signalling in vivo and thus mitigate the 

negative effects described above.  

7.2 Clinical relevance of understanding IL-4 effects in CLL  

Although CLL is largely treatable, eradication of the disease and relapse following treatment 

remain challenges. IL-4 may act to promote disease progression and relapse by promoting 

cell survival, BCR signalling and tumour retention inside the lymph node562. The findings 

of this thesis highlight that IL-4 downstream signalling may provide a therapeutic target in 

CLL cells. In particular, targeting IL-4 and its signalling may improve the effectiveness of 

apoptosis inducing agents286 and BCR kinase inhibitors. Furthermore, I have suggested that 

IL-4 is unable to overcome the effectiveness of SYK inhibitors at blocking anti-IgM induced 

signalling. Therefore, I propose that targeting the apical kinase SYK may be more effective 

at blocking BCR signalling in the presence of IL-4 than idelalisib and ibrutinib.  

Furthermore, I have demonstrated that tofacitinib (JAK3 inhibitor) reverses IL-4 induced 

effects in CLL cells. Consequently, co-treating CLL cells with tofacitinib and BCR kinase 

inhibitors may provide an attractive method to overcome IL-4 mediated effects. Since JAK3 

also regulates the signalling of cytokines IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21387, further 

work is required to understand the consequences of inhibiting these cytokine induced 

pathways in CLL. However, tofacitinib is clinically approved for use in patients with 

rheumatoid arthritis563,564. Furthermore, the promising duel SYK/JAK kinase inhibitor 

cerdulatinib is currently being explored in clinical trials for a number of non-Hodgkins 

lymphomas412, 565,566,567, and has been shown to simultaneously overcome IL-4 and BCR 

signalling265.  

BCR signalling is central to various B-cell malignancies, including mantle cell lymphoma 

(MCL), follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL) and acute 

lymphoblastic leukaemia (ALL). Interestingly, Amin et al have recently observed in a few 

samples that IL-4 is able to enhance BCR expression in FL568. Therefore, it is possible that 

the IL-4 induced effects on BCR signalling and expression observed in CLL may be 

translatable to these other B-cell malignancies. This is clinically relevant since many of these 

malignancies are also treated using BCR kinase inhibitors, with reduced response rates 

compared to CLL569,570,571. This includes MCL patients who display 70% overall response 

(OR) rate and 20% complete response rate (CR) to ibrutinib alone569,572. In addition to 

activated B-cell (ABC) DLBCL, which has 37% OR and 16% CR, with germinal centre B-

cell-like (GCB) DLBCL having 5% OR571. FL demonstrated 30% OR, with only 1/40 
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samples displaying CR573, this is important as IL-4 can promote BCR expression568 and play 

a major role in this disease371,370,568,414. Therefore, IL-4 may promote poor responses to 

ibrutinib. Although the combination of BCR kinase inhibitors with chemoimmunotherapy 

displays slightly improved response rates, there is still a high level of resistance and relapse 

observed. Interestingly, the identification of mutations in STAT6 at amino acid residue 419 

in patients with FL heightens IL-4 induced activation of target genes414. Therefore, JAK3 

inhibition may also provide an appropriate therapeutic option for B-cell haematological 

malignancies beyond CLL.  

7.3 Future studies  

 Explore the effects of IL-4 using an appropriate co-culture 

system  

Throughout this thesis, I have mimicked the effect of activated T-cells present in the lymph 

node by treating CLL cells with recombinant IL-4. I incubated PBMCs from patients with 

CLL with or without IL-4. This enabled clear assessment of the changes induced by IL-4 on 

CLL cells in vitro. However, in the lymph node, IL-4 secreting T-cells would be proximal 

to various other cells types, including stromal cells425,574,311 and so it is important to 

understand how IL-4 functions in the presence of other factors in vivo. I briefly explored the 

effects of IL-4 in combination with BAFF or CD40L. However, future studies could explore 

the effects of IL-4 in a co-culture system that more accurately mimics the cell types present 

in the lymph node. This would enable potential cross talk to occur and could provide a more 

accurate representation of the effects induced by IL-4 in vivo.  

 Further insight into the effects of IL-4 signalling and STAT6 

function 

Immunoblot analysis was effective for detecting IL-4 induced pSTAT6(Y641) expression in 

CLL cells. However, this technique is semiquantitative and failed to display clear differences 

in pSTAT6(Y641) expression between samples based on prognosis. Therefore, a quantitative 

method, such as phospho-flow cytometry, could enable more sensitive comparisons between 

IL-4 induced pSTAT6(Y641) expression levels. In addition, phospho-flow analysis could be 

used to explore the differences between the phosphorylation of proteins in the IRS1 and 

IRS2 pathway in CLL cells and correlated with prognostic factors. This analysis would help 

elucidate whether the responsiveness of CLL cells to IL-4 induced signalling plays a role in 

the pathogenesis of the disease. Correlation analysis between IL-4 induced STAT6, IRS1 
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and IRS2 pathway activation in CLL cells and clinical outcomes (such as treatment free and 

overall survival) would be insightful. It has previously been reported that Epstein–Barr virus 

(EBV)+ CLL samples display increased IL-4 in their peripheral blood plasma compared to 

EBV- CLL cells and normal B-cells575. Although future work could explore whether EBV+ 

CLL cells are more sensitive to IL-4 induced signalling and effects, EBV status is not 

routinely evaluated on CLL patients.   

Moreover, comparisons between pSTAT6(Y641) expressions using immunohistochemistry or 

immunofluorescence in patient lymph node tissue would enable further comparisons 

between pSTAT6(Y641) expression and the factors associated with CLL biology. Others in 

the Steele group have previously performed pSTAT6(Y641) analysis in lymph node tissue 

using immunohistochemistry. However even with appropriate controls, pSTAT6(Y641) 

staining in paraformaldehyde fixed sections occurred throughout the lymph node reducing 

confidence that the staining was correct. Therefore, work is now being undertaken in frozen 

tissue where more suitable antibodies are available.      

pSTAT6(Y641) needs to be translocated into the nucleus and bind DNA appropriately in order 

to function as a transcription factor. I have only explored the effect of IL-4 on pSTAT6(Y641) 

expression. IL-4 induced greater expression of sIgM, SOCS3 and FOXP1 in U-CLL samples 

compared to M-CLL samples. Therefore, future studies could explore whether IL-4 

differentially regulates STAT6 DNA binding and transcription between CLL patients in 

different subsets.  

In this thesis, I have demonstrated that IL-4 up-regulates SOCS1 and SOCS3 protein 

expression. Although these proteins inhibit JAK/STAT signalling in other cell types389,390,391, 

392,393,394, their functional roles in CLL have not been confirmed. Previously, IL-4 has been 

shown to increase SOCS1 gene expression113. However, it is unknown whether IL-4 induced 

SOCS3 expression is a result of reduced SOCS removal from the cell or due to increased 

gene expression. Future studies could involve performing quantitative PCR or looking at 

SOCS protein turnover. Further differences in SOCS function could be determined by 

transfecting CLL cells with siRNA to knock down SOCS1 and SOCS3.  

 Understanding the mechanisms by which IL-4 up-regulates 

BCR signalling in CLL cells and other B-cell malignancies  

IL-4 significantly up-regulates sIgM expression on CLL cells by enhancing CD79b 

expression428,305. Indeed an expansion in patient numbers demonstrated that IL-4 was able 

to up-regulate sIgD in a proportion of U-CLL samples. However, these IL-4 induced changes 



Chapter 7 

185 

were much smaller than for sIgM. The reason that IL-4 does not up-regulate sIgM and sIgD 

to the same extent is currently unknown. Therefore, future studies are required to further 

understand why this difference occurs. MiR-29 a, b and c contain a binding site for CD79b 

mRNA428, suggesting they may regulate CD79b expression. I have demonstrated that IL-4 

has no clear effect on miR-29a-3p expression in CLL cells. However, the effects of IL-4 on 

miR-29b and c expression still need to be determined.  

I have demonstrated that IL-4 up-regulates the proteins GAB1 and FOXP1, which positively 

regulate BCR signalling in CLL82, although the mechanism by which they do has not been 

fully explored in CLL. GAB1 acts as an adapter protein in normal B-cells164,440,576. 

Therefore, further studies could explore whether IL-4 induces GAB1 phosphorylation at 

sites required for protein binding436,437,438,439, and whether IL-4 induces GAB1 recruitment 

to the plasma membrane. Since FOXP1 has been associated with CD79b gene expression in 

B-cell development471, future studies could explore whether FOXP1 is required for CD79b 

expression in CLL. Transfection of CLL cells with siRNA to knockdown GAB1 and FOXP1 

expression, or plasmid vectors to induce their overexpression, could further characterise the 

functional role played by these proteins in IL-4 induced BCR signalling.  

IL-4 was unable to overcome SYK inhibitor effectiveness at blocking anti-IgM induced 

signalling. This suggests that SYK may be be pivotal for the IL-4 receptor/BCR signalling 

axis. This is supported by previous studies that have suggested that SYK is essential for the 

iCa2+ flux pathway110,485, 486,111. However, SYK is also known to bind to IL-2 and IL-4 

receptors in human PBMCs494. Consequently, iCa2+ flux analysis may not confirm whether 

SYK is essential for IL-4 mediated signalling. Therefore, immunoblotting to detect the 

effects of SYK inhibition on IL-4 receptor induced pAKT(S473) and MAPK expression are 

required. Furthermore, IL-4 induced BCR signalling in murine splenic B-cells is dependent 

on LYN4. Therefore, further studies could explore the role of LYN in IL-4 induced BCR 

signalling in CLL. This is important since I have demonstrated that IL-4 is unable to restore 

BCR signalling following src kinase inhibitor (SU6656) treatment in a proportion of CLL 

samples tested, while a small number were able to do so. Moreover, the effects of IL-4 on 

novel more specific BCR kinase inhibitors, including the BTK specific inhibitor 

acalabrutinib, need to be explored. These studies would be useful to confirm whether 

targeting the apical kinases SYK and LYN provides a more effective alternative compared 

to using BTK and PI3K inhibitors. 

I have demonstrated that IL-4 and anti-IgM, alone or in combination, induce secretion of 

full-length OPN from CLL cells. OPN cleavage exposes certain integrin and adhesion 
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molecule binding sites448,449. However, time did not permit the investigation of thrombin 

cleaved OPN on signalling, adhesion and CLL cell chemotaxis. Therefore, further follow-

up studies are required.  

BCR signalling is central to driving the progression of various B-cell malignancies571 so it 

would be interesting to explore whether the IL-4 induced effects observed in CLL are 

translatable to other malignancies. FOXP1 has been identified as an independent prognostic 

factor for inferior survival in patients with DLBCL577. Consequently, it would be useful to 

determine whether IL-4 up-regulates FOXP1 expression in DLBCL. This is particularly 

important since IL-4 is pivotal to FL pathogenesis and in 2 to 3% of patients FL transforms 

into DLBCL578,579,580. This would subsequently help determine whether FL reliance on IL-4 

is lost upon transformation into DLBCL or whether it contributes to disease transformation. 

Interestingly, FOXP1 has been associated with increased expression of NF-κB-associated 

genes in FL581. Therefore, it would also be interesting to explore whether FOXP1 plays a 

role in regulating NF-κB interactions with STAT6 in CLL and various other B-cell 

malignancies.  

 Understanding the effects of IL-4 on lymph node retention in 

CLL as well as other B-cell malignancies 

I have demonstrated that IL-4 enhances anti-IgM induced adhesion to FN. However, I have 

not explored the mechanism by which IL-4 induces this effect. Anti-IgM can induce 

adhesion by increasing α4β1 (CD49d/CD29) avidity92,90. Although I have demonstrated that 

IL-4 alone had no significant effect on CD49d or CD29 expression. I did not explore the 

effects of IL-4 in combination with anti-IgM. Future experiments are required to explore 

how these signals cooperate to regulate integrin and adhesion molecule functions. This could 

be achieved by treating cells in the presence or absence of appropriate inhibitors or following 

knock-in or knockout studies. 

Since IL-4 reduces the effectiveness of idelalisib and ibrutinib at inhibiting anti-IgM 

signalling in vitro, it is likely that IL-4 reduces the effectiveness of BCR kinase inhibitor at 

reducing CLL cells adhesion to FN. Therefore, the adhesion assay could be performed using 

IL-4 and anti-IgM treated cells in the presence and absence of BCR kinase inhibitors. 

Exploring these effects would be important to determine whether IL-4 treatment could 

reduce BCR kinase induced lymphocytosis in vivo in a proportion of patients. However, FN 

is only one of many ECM components in the lymph node microenvironment582. Future work 

could thus also explore whether IL-4 induces adhesion of CLL cells to other ECM 

components, including full-length and cleaved OPN.  
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 Further exploring the effectiveness of JAK3 inhibitor and BCR 

kinase inhibitor co-treatment in CLL and other B-cell 

malignancies  

The Steele group has previously demonstrated that JAK3 inhibition reverses IL-4 induced 

resistance against chemotherapy-induced apoptosis in CLL cells286. I have further 

demonstrated that IL-4 protects against ibrutinib, idelalisib and PRT062607 induced 

apoptosis in CLL cells. Therefore, future work could confirm whether JAK3 inhibition 

improves the effectiveness of BCR kinase inhibitors at inducing apoptosis in CLL cells.  

Previous in vivo studies have demonstrated that ruxolitinib (JAK2 inhibitor) as a single agent 

promotes the lymphocytosis of patient CLL cells from lymph node411,410. However, the effect 

of inhibiting JAK3 on tumour cell lymphocytosis has not currently been explored. Therefore, 

future studies could explore whether JAK3 inhibitors alone and in combination with BCR 

kinase inhibitors are able to reduce IL-4 effects on anti-IgM induced adhesion to FN. This 

would be useful in order to highlight whether JAK3 inhibition provides a potential method 

to improve the effectiveness of BCR kinase inhibitor induced lymphocytosis of CLL cells.  

Indeed work by Spaner et al is currently investigating the role of ruxolitinib (JAK2 inhibitor) 

in combination with ibrutinib in CLL clinical trials410. I have explored the effect of the JAK3 

inhibitor tofacitinib and BCR kinase inhibitors on CLL cells in vitro. However, further work 

is required to confirm whether JAK3 inhibition improves the effectiveness of BCR kinase 

inhibitors in vivo. Therefore, the effect of JAK3 inhibitors and ibrutinib in combination are 

currently being investigated in vivo using the TCL-1 mouse model as part of a Janssen 

funded project in the Steele group. This mouse model spontaneously develops CD5+ B-cells 

and acts similarly to human CLL136. Furthermore, whilst I have only investigated the effects 

of JAK3 inhibitor with BCR kinase inhibitors in vitro, in the clinic BCR kinase inhibitors 

are commonly used in combination with other therapeutics583,216. Future studies could thus 

usefully explore the effect of JAK3 inhibition in combination with drugs such as rituximab 

(anti-CD20), cell cycle checkpoint inhibitors or Bcl-2 family inhibitors. 

In Summary signals present in the microenvironment, such as those induced by IL-4, can 

regulate BCR expression and signalling, migration and adhesion of CLL cells. These signals 

may highlight why some patients respond to therapy more effectively than others. 

Furthermore, targeting these signals provided by the microenvironment could provide a 

novel therapeutic strategy for the treatment of CLL and other B-cell malignancies. 
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Appendix for Chapter 2: Materials and methods 

Appendix Table 1: Composition of Whole cell lysis buffer. 

Component Amount 

Hepes-KOH, pH 7.4 20 mM 

NaCl 50 mM 

NP40 2% 

Na deoxycholate 0.5% 

Sodium dodecyl sulphate 0.2% 

Sodium orthovanadate 1 mM 

EGTA, pH 7 1 mM 

Sodium fluoride 10 mM 

Sodium pyrophosphate 2.5 mM 

Β-glycerophosphate 1 mM 

 

Appendix Table 2: Components to make 200ml of Transfer buffer. 

Component Amount 

NuPAGE® Transfer Buffer (20X) (Thermo 

scientific, ref: NP0006-1) 
10 ml 

Methanol (VWR Chemicals , ref: 20847.307) 40 ml 

dH20 150 ml 

NuPage Anti-oxidant (Thermo Scientific, 

catalogue NP0005) 
200 µl 

 
Appendix Table 3: Components to make 1litre of TBS-Tween wash buffer. 

Component Amount 

20x TBS  

Trizma base (Sigma T6066-1kg) 48.4g (20 mM) 

NaCl  (BDH analar) 160g (137 mM) 

HCl  or NaOH (BDH) Add until PH between 7.4 and 7.8 

1x TBS-Tween 20  

20x TBS Dilute 20x using dH20 

Tween 20 L (Sigma P7949-500ml) 2 g/L 
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Appendix Table 4: Components to make 500ml of VETO blocking solution. 

Component Amount 

Polyvinylpyrolidone (PVP) (Sigma, P5288-500g) 25 g 

1 x TBS-Tween 20 500 ml 

 

Appendix Table 5: Components for 100 ml of AnnexinV binding buffer (is used diluted x10). 

Component Amount 

dH20. 95 ml 

HEPES 2.38g 

NaCl (BDH analar) 8.18g 

CaCl2 378 mg 

HCl or NaOH (BDL) pH until 7.5 
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Appendix Chapter 3. The effects of IL-4 on IL-4R downstream signalling 

and apoptosis in CLL cells in vitro. 

 

Appendix Figure 1: The effect of the JAK3 inhibitor tofacitinib on cell viability following 24h 

incubation in vitro. NA=untreated control. A: Representative annexinV/PI flow cytometry plots for CLL 

sample 668B following 24h incubation with various concentrations of tofacitinib (0, 0.1, 1, 3, and 10µM). B: 

The percentage (%) of viable cells (annexinV/PI -ve cells) following 24h incubation with tofacitinib at various 

concentrations (0, 0.1, 1, 3 and 10µM). Analysis was carried out on 8 different patient samples. Analysis was 

carried out on 1 repeat of each patient sample. The P values were calculated using a paired t-test. Mean: 0µM: 

62.78. 0.1µM: 60.91. 1µM: 61.63. 3µM: 60.24. 10µM: 59.2. Standard deviation (SD): 0µM: 16.8. 0.1µM: 

17.45. 1µM: 18.77. 3µM: 17.6. 10µM: 19.64. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars 

represent mean ±SD.  
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Appendix Figure 2: The effect of incubating CLL cells in vitro with IL-4 (10 ng/ml) for various 

times on protein expression of phosphorylated ERK (pERK), Mcl-1 and Bcl-xL expression. 
Quantification of immunoblots (Optical density: OD) for pERK (A), Mcl-1 (B) and Bcl-xL (C) following 

incubation with IL-4 (10ng/ml) for various periods of time (0, 0.5, 1, 2, 4, 6 and 24h). Expression is normalised 

to HSC70 expression and presented as fold change compared to un-treated control. The P values were 

calculated using the Wilcoxon matched paired t-tests. Analysis was carried out on 5 (A), 10 (B) or 9 (C) 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. A: Mean: 0h: 1. 0.5h: 

1.136. 1h: 1.561. 2h: 1.627. 4h: 1.222. 6h: 1.18. 24h: 1.417. Standard deviation (SD): 0h: 0. 0.5h: 0.263. 1h: 

0.708. 2h: 0.7802. 4h: 0.2333. 6h: 0.466. 24h: 0.6823. B: Mean: 0h: 1. 0.5h: 1.129. 1h: 1.527. 2h: 2.311. 4h: 

2.735. 6h: 1.916. 24h: 4.295. SD: 0h: 0. 0.5h: 0.5292. 1h: 0.9050. 2h: 2.262. 4h: 3.866. 6h: 1.536. 24h: 5.661. 

Mean- SD for 4h and 24h with IL-4 cut at x-axis. C: Mean: 0h: 1. 0.5h: 1.09. 1h: 1.574. 2h: 1.691. 4h: 1.453. 

6h: 1.341. 24h: 2.291. SD: 0h: 0. 0.5h: 0.31. 1h: 0.6708. 2h: 1.28. 4h: 0.7976. 6h: 0.4621. 24h: 1.714. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 3: The effect of IL-4 on CD23 and MHCII cell surface expression on CLL 

cells following 24h incubation in vitro. NA=untreated control. CLL cells were incubated with IL-4 

(10ng/ml) for 24h. A: Representative flow cytometry plot for CD23 receptor density (MFI) on 

CD5+CD19+cells following incubation with (Blue) or without (Red) IL-4. Isotype controls (IC). B:  CD23 

expression (MFI) (CD23 MFI-IC MFI) for CLL cells incubated with or without IL-4. Analysis was carried out 

on 9 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P value was 

calculated using a paired t-test. Mean: NA: 19.28. IL-4: 39.33. Standard deviation (SD): NA: 15.46. IL-4: 27.7. 

C: Representative flow cytometry plot for MHCII expression (MFI) on CD5+CD19+cells following incubation 

with (Blue) or without (Red) IL-4. Isotype controls (IC). D:  MHCII expression (MFI) (MHCII MFI-IC MFI) 

for CLL cells incubated with or without IL-4 (10ng/ml). Mean: NA: 433.3. IL-4:888.2. SD: NA: 227.6. IL-4: 

441.1. Analysis was carried out on 6 different patient samples. Analysis was carried out on 1 repeat of each 

patient sample. The P values were calculated using the Wilcoxon matched paired t-test. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  

 

Appendix Figure 4: The effect of BAFF on CLL cell viability following 48h incubation in vitro. 
NA=untreated control. A: Representative annexinV/PI flow cytometry plots for CLL sample 747A following 

incubation with or without BAFF (500ng/ml) for 48h in vitro. B: Percentage of viable cells (annexinV/PI -ve 

cells) for samples described in A. Analysis was carried out on 9 different patient samples. Analysis was carried 

out on 1 repeat of each patient sample. The P value were determined using a paired t-test. Mean- standard 

deviation (SD) for BAFF is clipped at the x-axis limit. Mean: NA: 0. BAFF: 9.478. SD. NA: 0. BAFF: 9.814. 

Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 5: The effect of BAFF and IL-4 in combination at various concentrations on 

CLL cell viability following 24h and 48h incubation in vitro. NA=untreated control. A: 

Representative annexinV/PI flow cytometry plots for CLL sample 739A following 24h incubation in vitro with 

or without BAFF (500ng/ml) or IL-4 at various concentrations (0, 0.1, 1 and 10 ng/ml). B-G: The percentage 

(%) of viable cells (annexinV/PI -ve cells) for CLL samples incubated with IL-4 at various concentrations (0, 

0.1, 1 and 10ng/ml) and/or with BAFF at various concentrations (5 (B and C), 50 (D and E) and 500ng/ml (F 

and G)) for 24h (B, D and F) or 48h (C, E and G) in vitro. Analysis was carried out on 5 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. (B) Mean: NA: 0. BAFF (5ng/ml): -1.18. 

IL-4 (0.01ng/ml): 3.42. IL-4 (0.01ng/ml)+BAFF: -1.02. IL-4 (0.1ng/ml): 0.74. IL-4 (0.1ng/ml)+BAFF: 10.04. 

IL-4 (1ng/ml): 14.34. IL-4 (1ng/ml)+BAFF: 24.62. IL-4 (10ng/ml): 12.68. IL-4 (10ng/ml)+BAFF: 22.25. (C) 

Mean: NA: 0. BAFF (5ng/ml): 8.48. IL-4 (0.01ng/ml): 5.12. IL-4 (0.01ng/ml)+BAFF: 9.62. IL-4 (0.1ng/ml): 

4.78. IL-4 (0.1ng/ml)+BAFF: 6.36. IL-4 (1ng/ml): 17.66. IL-4 (1ng/ml)+BAFF: 15.8. IL-4 (10ng/ml): 19.9. 

IL-4 (10ng/ml)+BAFF: 19.74. (D) Mean: NA: 0. BAFF (50ng/ml): 6.3. IL-4(0.01ng/ml): 3.42. IL-

4(0.01ng/ml)+BAFF: 8.24. IL-4(0.1ng/ml): 0.74. IL-4 (0.1ng/ml)+BAFF: 5.52. IL-4(1ng/ml): 14.34. IL-4 

(1ng/ml)+BAFF: 18.34. IL-4(10ng/ml): 12.68. IL-4 (10ng/ml)+BAFF: 21.66. (E) Mean: NA: 0. BAFF 

(50ng/ml): 7.44. IL-4 (0.01ng/ml): 5.12. IL-4 (0.01ng/ml)+BAFF: 2.36. IL-4 (0.1ng/ml): 4.78. IL-4 

(0.1ng/ml)+BAFF: 16.22. IL-4 (1ng/ml): 17.66. IL-4 (1ng/ml)+BAFF: 25.08. IL-4 (10ng/ml): 19.9. IL-4 

(10ng/ml)+BAFF: 23.42. (F) Mean: NA: 0. BAFF (500ng/ml): 3.72. IL-4 (0.01ng/ml): 3.42. IL-4 

(0.01ng/ml)+BAFF: 8.62. IL-4 (0.1ng/ml): 0.74. IL-4 (0.1ng/ml)+BAFF: 15.4. IL-4(1ng/ml): 14.34. IL-4 

(1ng/ml)+BAFF: 14.06. IL-4 (10ng/ml): 12.68. IL-4 (10ng/ml)+BAFF: 19.96. (G) Mean: NA: 0. BAFF 

(500ng/ml): 11. IL-4 (0.01ng/ml): 5.12. IL-4 (0.01ng/ml)+BAFF: 3.64. IL-4 (0.1ng/ml): 4.78. IL-4 

(0.1ng/ml)+BAFF: 8.72. IL-4 (1ng/ml): 17.66. IL-4 (1ng/ml)+BAFF: 29.96. IL-4 (10ng/ml): 19.9. IL-4 

(10ng/ml)+BAFF: 27.06. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent the mean ± 

standard deviation.  



Appendix 

229 

 

Appendix Figure 6: The effects of IL-4 and BAFF in combination on cell viability following 

48h incubation in vitro. NA=untreated control. The percentage of viable cells (annexinV/PI –ve) detected 

by annexinV/PI flow cytometry following 48h with or without IL-4 (10ng/ml) and/or BAFF (500ng/ml). 

Analysis was carried out on 9 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. The P values were determined using the Wilcoxon tests. Mean: NA: 58.92. IL-4: 75.82. BAFF: 68.4. 

IL-4+BAFF: 78.91. Standard deviation (SD): NA: 21.74. IL-4: 16.01. BAFF: 22.21. IL-4+BAFF: 13.61. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix of Chapter 4: Exploring the effects of IL-4 on BCR 

expression and signalling in CLL cells in vitro 

 

Appendix Figure 7: Comparison between sIgM receptor density on CLL cells at 0h. A: 

Comparison between sIgM receptor density (MFI) on CLL cells (CD5+CD19+) which display >5% (signallers) 

or <5% (non-signallers) responding cells to anti-IgM stimulation at 0h. The P value was calculated using the 

Mann-Whitney test. Mean: Anti-IgM non-signallers:10.97. Anti-IgM signallers: 73. Standard deviation (SD): 

Anti-IgM non-signallers:19.98. Anti-IgM signallers: 73.93. The mean- SD cuts the x-axis for non-signallers 

and signallers. Analysis was carried out on 6 different non-signaller patient samples and 23 signaller patient 

samples. Analysis was carried out 1 repeat of each patient sample. B: Comparison between sIgM receptor 

density (MFI) on CLL cells (CD5+CD19+) which express CD49d at >30% (CD49d +ve) or <30% (CD49d -ve) 

at 0h. Analysis was carried out on 8 different CD49d positive patient samples and 10 CD49d negative patient 

samples. Analysis was carried out 1 repeat of each patient sample. Mean: CD49d –ve: 38.59. CD49d+ve: 119.2. 

SD: CD49d –ve: 32.78. CD49d+ve: 110.1. The P value was calculated using an unpaired t-test. Error bars 

represent mean ±SD. 

 

Appendix Figure 8: The effect of IL-4 on sIgM expression following 48 h incubation in vitro. 
NA= untreated control.  A: Representative flow cytometry plot for sIgM Receptor density (MFI) on CLL cells 

(CD5+ CD19+) following 48h incubation in vitro with IL-4 (10ng/ml). Grey: Isotype control (IC), Red: NA, 

Blue: IL-4. B: sIgM Receptor density (MFI) on CLL cells incubated for 48h in vitro with various concentrations 

of IL-4 (0, 0.1, 0.4, 1, 4 and 10ng/ml). Analysis was carried out on 6 different patient samples. Analysis was 

carried out on 1 repeat of each patient sample. The P values were calculated using the Wilcoxon matched paired 

t-test. Mean: 0 ng/ml: 159.4. 0.1 ng/ml: 180.2. 0.4 ng/ml: 243.4. 1 ng/ml: 294.2. 4 ng/m: l442.2. 10 ng/ml: 

509.8. Standard deviation (SD): 0 ng/ml: 119.6. 0.1 ng/ml: 139.7. 0.4 ng/ml: 180. 1 ng/ml: 160.4. 4 ng/ml: 

419.2. 10 ng/ml: 493.3. C: Increase in sIgM receptor density following following 48 h incubation with IL-4 

(10ng/ml). Analysis was carried out on 10 different patient samples. Analysis was carried out on 1 repeat of 

each patient sample. The P value was calculated using Wilcoxon matched paired t-test. Mean - SD is clipped 

at the x-axis limit. Mean: NA: 0. IL-4:  259.9. SD: NA: 0. IL-4: 357.4. Grey: Unmutated-CLL. Black: Mutated-

CLL. Error bars represent mean ±SD. 
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Appendix Figure 9: Comparison between IL-4 induced sIgM receptor density on sIgM –ve and 

+ve samples following 24h incubation in vitro. Comparison between increases in sIgM receptor density 

(MFI) on CLL cells (CD19+CD5+) following 24h incubation in vitro with IL-4 (10ng/ml) for samples which 

express sIgM receptor density (MFI) < 50 (sIgM –ve: n=12) or >50 (sIgM +ve: n=15) at 0h. Analysis was 

carried out on 12 different sIgM –ve patient samples and 15 different sIgM +ve patient samples. Analysis was 

carried out on 1 repeat of each patient sample. The P value was calculated using the Mann-Whitney t-test. 

Mean: sIgM –ve: 40.66. sIgM +ve: 132.1. Standard deviation (SD): sIgM –ve: 61.15. sIgM +ve: 145.6. Error 

bars represent mean ±SD. 

 

 

Appendix Figure 10: The effect of IL-4 on sIgD expression in presence and absence of 

tofacitinib pre-treatment on CLL cells in vitro. NA=untreated control. A: Representative flow 

cytometry plots for sIgD receptor density (MFI) on CLL cells (CD5+ CD19+) incubated with or without 

tofacitinib (5µM) for 1h prior to 24h incubation with IL-4 (10 ng/ml). Grey: Isotype control (IC). Red: 

untreated. Blue: IL-4, Green: tofacitinib, Yellow: tofacitinib + IL-4. B: sIgD receptor density (MFI) for samples 

as described in A. Analysis was carried out on 3 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. Mean: NA: 12.87. IL-4: 17.49. Tofacitinib: 15.24. Tofacitinib+IL-4: 15.83. Standard 

deviation (SD): NA: 2.4. IL-4: 7.856. Tofacitinib: 8.562. Tofacitinib+IL-4: 6.836. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 11: Correlation analysis between IL-4 induced increase in CD79B and sIgM 

receptor density (MFI) following 24h incubation in vitro. Linear regression analysis was performed 

between the increase in CD79b receptor density and sIgM receptor density (MFI) on CLL cells (CD19+CD5+) 

following 24h incubation with IL-4 (10ng/ml). Analysis was carried out on 7 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. Grey: U-CLL. 

 

Appendix Figure 12: The effect of IL-4 on anti-IgM induced iCa2+ flux in CLL cells incubated 

for 24h in vitro. NA=untreated control. A: Increase in the percentage (%) of responding cells to anti-IgM 

(20µg/ml) induced iCa2+ flux for CLL cells incubated with IL-4 (10ng/ml) for 24h. This analysis only includes 

CLL samples which display untreated (NA) controls with >5% responding cells to anti-IgM treatment. Analysis 

was carried out on 49 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P value was determined using a paired t-test. Mean: NA: 0. IL-4:13.44. Standard deviation (SD): NA: 0. 

IL-4: 13.92. B: Comparison between the increases in the percentage (%) of responding cells to soluble anti-

IgM (20µg/ml) induced iCa2+ flux following incubation with IL-4 (10ng/ml) between 26 U-CLL samples and 

23 M-CLL samples. The P value was determined using an unpaired t-test. Mean: M-CLL: 9.976. U-CLL: 16.51 

SD: M-CLL: 12.1 U-CLL: 14.9. C: Increase in the percentage (%) of responding cells to anti-IgM (20µg/ml) 

induced iCa2+ flux for CLL cells incubated with IL-4 (10 ng/ml) for 24h in vitro. This analysis only includes 

samples which display untreated controls with ≤ 5% responding cells to anti-IgM treatment. Analysis was 

carried out on 13 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P 

value was determined using a paired t-test. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent 

mean ±SD.  
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Appendix Figure 13: The effect of IL-4 on immobilised anti-IgM induced P-ERK expression in 

CLL cells following 24h incubation in vitro. NA=untreated control. A: Representative immunoblots for 

pERK expression using protein extracted from CLL cells following incubation with or without IL-4 (10ng/ml) 

and/or immobilised anti-IgM for 24h. HSC70 was used as the loading control. B: Quantification of pERK 

immunoblots for samples as described in A. Analysis was carried out on 5 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. pERK expression is normalised to HSC70 expression and 

presented as fold change compared to un-treated control. Mean: NA: 1. IL-4:1.876. Immobilised anti-IgM: 

1.395. Immobilised anti-IgM+IL-4: 2.907. Standard deviation (SD): NA: 0. IL-4: 1.256. Immobilised anti-

IgM: 0.571. Immobilised anti-IgM+IL-4: 1.999. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars 

represent mean ±SD.  
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Appendix Figure 14: The effects of tofacitinib (5 μM) pre-treatment on IL-4 increases in anti-

IgM induced calcium flux. NA=untreated control. A: Representative flow cytometry plot showing soluble 

anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without tofacitinib 

(5μM) for 1h prior to 24h incubation with IL-4 (10ng/ml). B: The percentage (%) of responding cells to anti-

IgM induced iCa2+ flux for samples as described in A. Analysis was carried out on 7 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon 

matched test. Mean: NA: 25.94. IL-4: 38.25. Tofacitinib: 20.32. Tofacitinib+IL-4: 17.04. Standard deviation 

(SD): NA: 21.81. IL-4: 21.95. Tofacitinib: 17.27. Tofacitinib+IL-4: 18.75. Grey: U-CLL. Error bars represent 

mean ±SD.  
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Appendix Figure 15: The effect of IL-4 and Immobilised anti-IgM on OPN secretion of CLL 

samples. NA=untreated control. Concentration of OPN (ng/ml) in the supernatant from CLL samples 

following incubation with IL-4 (10ng/ml) and immobilised anti-IgM: added at either the same time as IL-4 

(0h) or following 24h (24h). Cells were left a total of 48h before supernatant was collected and OPN 

concentration was detected using ELISA. Analysis was carried out on 5 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. Mean: NA: 20.36. IL-4: 22.08. Immobilised anti-IgM at 0h: 

45.52. Immobilised anti-IgM +IL-4 at 0h: 144.7. Immobilised anti-IgM at 24h: 25.36. Immobilised anti-IgM 

+IL-4 at 24h: 25.43. Standard deviation (SD): NA: 0.7168. IL-4: 1.958. Immobilised anti-IgM at 0h: 38.19. 

Immobilised anti-IgM +IL-4 at 0h: 154.2. Immobilised anti-IgM at 24h: 8596. Immobilised anti-IgM +IL-4 at 

24h: 4.108. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

 

Appendix Figure 16: Correlation analysis between IL-4 induced miR-155-5p expression and 

IL-4 induced sIgM receptor density and IL-4 induced percentage (%) of responding cells to 

anti-IgM induced iCa2+ flux. Linear regression analysis between IL-4 induced increases in sIgM receptor 

density (MFI) on CLL cells (CD5+CD19+) and IL-4 induced increase in relative miR-155-5p following 24h 

incubation with IL-4 (10ng/ml) in vitro. Analysis was carried out on 11 (A) or 8 (B) different patient samples. 

Analysis was carried out on 1 repeat of each patient sample for sIgM receptor density and % responding cells 

with IL-4 and in duplicate for miR-155 expression analysis. Grey: Unmutated-CLL. Black: Mutated-CLL. 
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Appendix Figure 17: The effect of time on IL-4 induced SHIP-1 protein expression in CLL in 

vitro. A: Representative immunoblots for SHIP-1 expression (optical density: OD) for CLL samples treated 

with IL-4 (10 ng/ml) or without (NA) for 0.5, 1, 2, 4, 6 and 24h in vitro. HSC70 was used as the loading control. 

B: Quantification of SHIP-1 immunoblots as described in A. SHIP1 expression is normalised to HSC70 

expression and presented as fold change compared to un-treated control. Analysis was carried out on 5 different 

patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were determined 

using Wilcoxon matched test. Mean– standard deviation (SD) for IL-4 for 1h, 2h, 4h and 6h is clipped at the 

x-axis limit. Mean: NA: 1. IL-4 0.5h: 0.773. IL-4 1h: 1.768. IL-4 2h: 2.751.  IL-4 4h: 3.022. IL-4 6h: 3.414. 

IL-4 24h: 4.197. SD: NA: 0. IL-4 0.5h: 0.228. IL-4 1h: 0.102. IL-4 2h: 0.139.  IL-4 4h: 0.268. IL-4 6h: 0.356. 

IL-4 24h: 0.530. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD. 

 

Appendix Figure 18: Correlation analysis between IL-4 induced miR-150-5p expression and 

IL-4 induced sIgM receptor density and IL-4 induced percentage (%) of responding cells to 

anti-IgM induced iCa2+ flux. Linear regression analysis between IL-4 induced increase in sIgM receptor 

density (MFI) on CLL cells (CD5+CD19+) and IL-4 induced increase in relative miR-150-5p following 24h 

incubation with IL-4 (10ng/ml) in vitro. Analysis was carried out on 11 (A) or 8 (B) different patient samples. 

Analysis was carried out on 1 repeat of each patient sample for sIgM receptor density and % responding cells 

analysis. Analysis was carried out on 2 repeats of each patient sample for miR-150 expression analysis. Grey: 

Unmutated-CLL. Black: Mutated-CLL. 
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Appendix Figure 19: The effect of time of IL-4 induced GAB1 protein expression in CLL in 

vitro. A: Representative immunoblots for GAB1 expression (optical density: OD) for CLL samples treated 

with IL-4 (10ng/ml) or without (NA) for 0.5, 1, 2, 4, 6 and 24h in vitro. HSC70 was used as the loading control. 

B: Quantification of GAB1 immunoblots for samples as described in A. GAB1 expression is normalised to 

HSC70 expression and presented as fold change compared to un-treated control. Analysis was carried out on 

9 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using the Wilcoxon matched test. Mean: NA: 1. IL-4 0.5h: 1.049. IL-4 1h: 0.952. IL-4 2h: 1.032.  

IL-4 4h: 1.343. IL-4 6h: 1.221. IL-4 24h: 1.976. Standard deviation (SD): NA: 0. IL-4 0.5h: 0.720. IL-4 1h: 

0.323. IL-4 2h: 0.441.  IL-4 4h: 0.846. IL-4 6h: 1.125. IL-4 24h: 1.677. Grey: Unmutated-CLL. Black: Mutated-

CLL. Error bars represent mean ±SD. 

 

Appendix Figure 20: The effect of time of IL-4 induced FOXP1 protein expression in CLL in 

vitro. A: Representative immunoblots for FOXP1 expression (optical density: OD) for CLL samples treated 

with IL-4 (10ng/ml) or without (NA) for 0.5, 1, 2, 4, 6 and 24h in vitro. HSC70 was used as the loading control. 

B: Quantification of FOXP1 immunoblots for samples as described in A. FOXP1 expression is normalised to 

HSC70 expression and presented as fold change compared to un-treated control. Analysis was carried out on 

11 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using a paired t-test. Mean: NA: 1. IL-4 0.5h: 0.891. IL-4 1h: 1.072. IL-4 2h: 0.981. IL-4 4h: 0.982. 

IL-4 6h: 0.984. IL-4 24h: 1.88. Standard deviation (SD): NA: 0. IL-4 0.5h: 0.397. IL-4 1h: 0.524. IL-4 2h: 

0.613. IL-4 4h: 0.396. IL-4 6h: 0.503. IL-4 24h: 0.993. Grey: Unmutated-CLL. Black: Mutated-CLL. Error 

bars represent mean ±SD.  
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Appendix Figure 21: Linear regression analysis between IL-4 induced GAB1 or FOXP1 

protein expression and IL-4 induced effects on miR-150-5p expression, anti-IgM induced iCa2+ 

flux and sIgM expression. Linear regression analysis between IL-4 (10ng/ml) induced GAB1 (A-C) or 

FOXP1 (D-F) protein expression and IL-4 (10ng/ml) induced effects on miR-150-5p expression (A and B), 

anti-IgM induced iCa2+ flux (B and E) and sIgM expression (C and F) following 24h incubation in vitro. 

Analysis was carried out on 6 (A), 7 (B), 7 (C), 6 (D), 10 (E) and 9 (F) different patient samples. Analysis was 

carried out on 1 repeat of each patient sample for analysis of GAB1 and FOXP1 protein expression, analysis 

of the % responding cells and sIgM expression. Analysis was carried out on 2 repeats of each patient sample 

for miR-150 expression analysis. Grey: Unmutated-CLL. Black: Mutated-CLL. 
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Appendix Figure 22: The effect of IL-4 and BAFF on GAB1 and FOXP1 expression. NA= 

Untreated control. A and C: Representative immunoblots for GAB1 (A) or FOXP1 (C) protein expression 

extracted from CLL cells treated with or without IL-4 (10ng/ml) for 24h in vitro. HSC70 was used as the 

loading control. B and D: Quantification of immunoblots for GAB1 (B) or FOXP1 (D) expression (Optical 

density: OD) for samples described in A and C respectively. GAB1 or FOXP1 expression is normalised to 

HSC70 expression and presented as fold change compared to un-treated control. Analysis was carried out on 

4 different patient samples. Analysis was carried out on 1 repeat of each patient sample. B: Mean: NA: 1. IL-

4: 1.181. BAFF: 0.886. IL-4+BAFF: 1.041.  Standard deviation (SD): NA: 0. IL-4: 0.317. BAFF: 0.225. IL-

4+BAFF: 0.367. D: Mean: NA: 1. IL-4: 2.314. BAFF: 1.066. IL-4+BAFF: 1.476. SD: NA: 0. IL-4: 1.37. 

BAFF: 0.118. IL-4+BAFF: 0.555. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean 

±SD.  
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Appendix Figure 23: The effect of IL-4 on miR-29a expression in CLL cells. NA=untreated control.  

Relative expression of miR-29a-3p from CLL cells incubated with IL-4 (10ng/ml) for 24h in vitro. RUN6B 

was used as the baseline control. Analysis was carried out on 14 different patient samples. Analysis was carried 

out on two repeats of each patient sample. The P value was determined using the Wilcoxon test. Mean: NA: 1 

IL-4: 1.419. Standard deviation (SD): NA: 0. IL-4: 0.944. Grey: Unmutated-CLL. Black: Mutated-CLL. Error 

bars represent mean ±SD.  

 

Appendix Figure 24: The effects of BAFF on sIgM and sIgD receptor density on CLL cells 

incubated for 24h in vitro. NA=untreated control. Flow cytometry results following 24h incubation in vitro 

with BAFF (500ng/ml): Grey: Isotype control (IC), Red: NA and Blue: BAFF. A: Representative flow 

cytometry plot for sIgM Receptor density (MFI) on CLL cells (CD5+CD19+). B: Increase in sIgM receptor 

density (MFI) for samples as described in A. Analysis was carried out on 16 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. The P value was determined using a paired t-test. Mean: 

NA: 0. BAFF: 0.899. Standard deviation (SD): NA: 0. BAFF: 9.461. C: Representative flow cytometry plot 

for sIgD Receptor density (MFI) on CLL cells (CD5+CD19+). D: Increase in sIgD receptor density (MFI) for 

samples as described in A. Analysis was carried out on 15 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P value was determined using a paired t-test. Mean: NA: 0. BAFF: 

3.035. SD: NA: 0. BAFF: 8.747. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 25: The effect of IL-4 and BAFF on sIgM receptor density on CLL cells 

incubated for 48h in vitro. NA= Untreated control. A: Representative flow cytometry plots for sIgM 

receptor density (MFI) on CLL cells (CD5+CD19+) incubated with or without IL-4 (10ng/ml) and/or BAFF 

(500ng/ml) for 48h in vitro. Grey: Isotype controls (IC). Red: Untreated (NA), Blue: IL-4 (10 ng/ml), Orange:  

BAFF (500ng/ml), Green: BAFF+ IL-4. B: Increase in sIgM receptor density (MFI) for samples described in 

A. Analysis was carried out on 5 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. Mean: NA: 0. IL-4: 125.2. BAFF: -17.97. IL-4+BAFF: 96.75. Standard deviation (SD): NA: 0. IL-4: 

85.74. BAFF: 27.18.  BAFF+ IL-4: 43.97. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent 

mean ±SD. 

 

Appendix Figure 26: The effects of BAFF on αIgM induced iCa2+ flux in CLL incubated in 

vitro. NA=untreated control. Flow cytometry results for anti-IgM (20µg/ml) induced iCa2+ flux across time 

(secs) for CLL cells incubated with or without BAFF (500ng/ml) in vitro. Red: NA, Blue: IL-4 (10ng/ml) and 

green: BAFF (500ng/ml). A: Representative flow cytometry plot showing soluble anti-IgM induced after 24h 

incubation. B: Increase in the percentage of responding cells to anti-IgM induced iCa2+ flux for samples as 

described in A. Analysis was carried out on 13 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. The P value was determined using a paired t-test. Mean: NA: 0. BAFF:-2.54. Standard 

deviation (SD): NA: 0. BAFF: 8.215. C: Representative flow cytometry plot showing soluble anti-IgM induced 

after 48h incubation. D: Increase in the percentage (%) of responding cells to anti-IgM induced iCa2+ flux for 

samples as described in C. Analysis was carried out on 9 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P value was determined using a paired t-test. Mean: NA: 0. BAFF: -

15.13. SD: NA: 0. BAFF: 13.03. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD. 
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Appendix Figure 27: The effect of IL-4 and CD40L on sIgM and sIgD receptor density on CLL cells 

incubated for 24h in vitro. NA=untreated control. A and C: Representative flow cytometry plot for sIgM (A) 

or sIgD (C) expression (MFI) on CLL cells (CD5+CD19+) following incubation with or without IL-4 (10ng/ml) 

and/or CD40L (300ng/ml) for 24h in vitro. NA=non-addition control. IC=isotype control. B and D: The 

increase in sIgM (B) or sIgD (D) expression (MFI) for samples as described in A and C respectively. Analysis 

was carried out on 18 (B) or 20 (D) different patient samples. Analysis was carried out on 1 repeat of each 

patient sample. B: Mean: NA: 0. IL-4: 67.08. CD40L: 2.922. CD40L+IL-4: 45.11. Standard deviation (SD): 

NA: 0. IL-4: 131.3. CD40L: 13.27. CD40L+IL-4: 77.87. D: Mean: NA: 0. IL-4: 2.925. CD40L: 1.646. 

CD40L+IL-4: 1.075. SD: NA:  0. IL-4: 6.864. CD40L: 5.315. CD40L+IL-4: 5.44. E: Increase in sIgM 

expression (MFI) on CLL cells (CD5+CD19+) incubated with or without IL-4 (10ng/ml), BAFF (500ng/ml) 

and CD40L (300ng/ml). Analysis was carried out on 11 different patient samples. Analysis was carried out on 

1 repeat of each patient sample. Mean: NA: 0. IL-4: 45.99. BAFF: -3.673. CD40L: -2.509. IL-4+BAFF: 
38.68.CD40L+BAFF: 1.091. CD40L+IL-4: 37.39. CD40L+IL-4+BAFF: 35.69. SD: NA: 0. IL-4: 74.34. 

BAFF: 5.884. CD40L: 8.462. IL-4+BAFF: 57.15. CD40L+BAFF: 16.19. CD40L+IL-4: 70.59. CD40L+IL-

4+BAFF: 54.67. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 28: The effect of IL-4 and CD40L in combination on anti-IgM induced 

intracellular Ca2+ flux. NA=untreated control. A: Flow cytometry representative plot for anti-IgM 

(20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 (10ng/ml) or 

CD40L (300ng/ml) for 24h in vitro. Red: NA. Blue: IL-4 (10ng/ml). Green: CD40L. Orange: CD40L+IL-4. 

B: The percentage (%) of responding cells to anti-IgM induced iCa2+ flux for CLL samples as described in A. 

Analysis was carried out on 6 different patient samples. Analysis was carried out on 1 repeat of each patient 

sample. The P value was determined using the Wilcoxon matched paired t-test. The Mean- standard deviation 

(SD) for CD40L only is clipped at the x-axis limit. Mean: NA: 29.12. IL-4: 36.4. CD40L: 22.22. CD40L+IL-

4: 29.61. SD: NA: 27.6. IL-4: 29.24. CD40L: 25.56. CD40L+IL-4: 28.28. Grey: Unmutated-CLL. Black: 

Mutated-CLL. Error bars represent mean ±SD.  
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Appendix of Chapter 5: Investigating the effect of IL-4 on BCR kinase 

inhibitors in CLL cells in vitro. 

 

 
 

Appendix Figure 29: The effect of IL-4 on idelalisib and ibrutinib induced apoptosis following 

48h incubation in vitro. NA=untreated control. A: Representative annexinV/PI flow cytometry plots for 

CLL sample 604D treated with or without IL-4 (10ng/ml) for 4h prior to 44h incubation with or without 

idelalisib or ibrutinib (1µM or 10µM). B: The percentage (%) of viable cells (annexinV/PI –ve cells) for 

samples as described in A. Analysis was carried out on 6 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P values were determined using the Wilcoxon matched paired t-test. 

Mean: NA: 55.95.  IL-4: 78.23. Idelalisib (1µM): 39.4. Idelalisib (1µM) +IL-4: 73.87. Idelalisib (10µM): 30.6. 

Idelalisib (10µM) +IL-4: 67.62. Ibrutinib (1µM): 41.85. Ibrutinib (1µM) +IL-4: 72.82. Ibrutinib (10µM): 

22.95. Ibrutinib+IL-4 (10µM): 53.48. Standard deviation (SD): NA: 13.45. IL-4:2.499. Idelalisib (1µM):15.11. 

Idelalisib (1µM) +IL-4: 5.194. Idelalisib (10µM):10.22. Idelalisib (10µM) +IL-4:7.938. Ibrutinib (1µM):13.23. 

Ibrutinib (1µM) +IL-4:5.025. Ibrutinib (10µM):11.44. Ibrutinib+IL-4 (10µM): 11.54. Grey: Unmutated-CLL. 

Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 30: The effect of IL-4 on ibrutinib and idelalisib induced PARP cleavage 

following 48h incubation in vitro. NA=untreated control. A: Representative immunoblots for total and 

cleaved PARP expression using protein extracted from CLL cells incubated with or without IL-4 (10ng/ml) for 

4h prior to treatment with or without idelalisib or ibrutinib (1μM and 10μM) for 44h. HSC70 was used as the 

loading control. B: Quantification of PARP immunoblots described in A (Optical density: OD) were calculated 

as cleaved PARP/Total and cleaved PARP. Analysis was carried out on 5 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. PARP expression is normalised to HSC70 expression and 

presented as fold change compared to un-treated control.The P values were determined using the Wilcoxon 

matched paired t-test. Mean: NA: 1 IL-4:0.728. Idelalisib (1µM):2.056. Idelalisib (1µM) +IL-4: 0.795. 

Idelalisib (10µM):2.643. Idelalisib (10µM) +IL-4:0.968. Ibrutinib (1µM):1.861. Ibrutinib (1µM) +IL-4:0.759. 

Ibrutinib (10µM): 1.924. Ibrutinib+IL-4 (10µM):1.203. Standard deviation (SD): NA: 0. IL-4:0.269. Idelalisib 

(1µM): 0.988. Idelalisib (1µM) +IL-4:0.44. Idelalisib (10µM):1.364. Idelalisib (10µM) +IL-4: 0.368. Ibrutinib 

(1µM):0.871. Ibrutinib (1µM) +IL-4: 0.3024. Ibrutinib (10µM): 1.014. Ibrutinib+IL-4 (10µM):0.456. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD. 
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Appendix Figure 31: The effect of PRT062607 on apoptosis of CLL cells incubated in vitro for 

48h or 72h. NA=untreated control. The percentage of viable cells determined using annexinV/PI analysis for 

CLL cells treated with or without PRT062607 (0.01, 0.1, 0.3, 1, 3, and 10µM). DMSO was added to the un-

treated (NA) control. Analysis was carried out on 9 different patient samples. Analysis was carried out on 1 

repeat of each patient sample. The P values were determined using a paired t-test. A: for 48h. Mean: NA: 48.68 

0.01ng/ml:46.58. 0.1ng/ml:38.12. 0.3ng/ml:32.76. 1ng/ml: 27.47. 3ng/ml: 27.46. 10ng/ml: 22.62. Standard 

deviation (SD): NA: 18.96 0.01ng/ml: 21.89. 0.1ng/ml: 14.59. 0.3ng/ml: 13.33. 1ng/ml: 13.84. 3ng/ml: 13.88. 

10ng/ml: 8.865. B: for 72h. Mean: NA: 40.66. 0.01ng/ml: 43.8. 0.1ng/ml:34.8. 0.3ng/ml: 31.4. 1ng/ml: 23.26. 

3ng/ml: 18.46.10ng/ml:16.51. SD: NA: 14.11. 0.01ng/ml:21.01. 0.1ng/ml:14.53. 0.3ng/ml:14.3. 1ng/ml: 11.3. 

3ng/ml: 10.23. 10ng/ml: 13.36. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

 

Appendix Figure 32: The effect of IL-4 on SYK inhibitor induced apoptosis following 48h 

incubation in vitro. NA=untreated control. A: The percentage (%) of viable cells (annexinV/PI –ve cells) 

for samples incubated with or without IL-4 (10ng/ml) for 4h prior to 44h incubation with or without R406 or 

PRT062607 (1µM or 10µM). Analysis was carried out on 8 different patient samples. Analysis was carried out 

on 1 repeat of each patient sample. The P values were determined using the Wilcoxon matched paired t-test. 

Mean; NA: 1. IL-4: 1.416: PRT 062607(1µM). 0.8229. PRT 062607(1µM) +IL-4: 1.309. PRT 062607 (10µM): 

0.6534. PRT 062607(10µM) +IL-4: 1.071. Standard deviation (SD): NA: 0. IL-4:0.5674. PRT 

062607(1µM):0.09955. PRT 062607(1µM) +IL-4: 0.4947. PRT 062607 (10µM): 0.2747. PRT 062607(10µM) 

+IL-4: 0.5648. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD. 
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Appendix Figure 33: The effect of IL-4 on ibrutinib (1 µM) induced inhibition of anti-IgM 

induced iCa2+ flux. NA=untreated control. A: Representative flow cytometry plot showing soluble anti-IgM 

(20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 (10ng/ml) pre-

treatment for 24h and ibrutinib (1 µM) for 1h. B: The percentage (%) of responding cells to anti-IgM (20µg/ml) 

induced iCa2+ flux for samples as described in A. Analysis was carried out on 8 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon 

matched pairs test. Mean: NA: 35.37. IL-4: 55.52. Ibrutinib: 7.629. Ibrutinib+IL-4: 27.91. Standard deviation 

(SD): NA: 14.37. IL-4: 17.88. Ibrutinib: 6.915. Ibrutinib+IL-4: 14.48. Grey: Unmutated-CLL. Black: Mutated-

CLL. Error bars represent mean ±SD.  
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Appendix Figure 34: The effect of IL-4 on idelalisib (1 µM) induced inhibition of anti-IgM 

induced iCa2+ flux. NA=untreated control. A: Representative flow cytometry plot showing soluble anti-IgM 

(20µg/ml) induced iCa2+ flux across time (secs) for CLL cells incubated with or without IL-4 (10ng/ml) pre-

treatment for 24h and idelalisib (1 µM) for 1h. B: The percentage (%) of responding cells to anti-IgM (20µg/ml) 

induced iCa2+ flux for samples as described in A. Analysis was carried out on 20 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using a paired t-

test. Mean: NA: 31.47. IL-4: 49.08. Idelalisib: 23.75. Idelalisib+IL-4: 39.77. Standard deviation (SD): NA: 

22.11. IL-4: 19.44. Idelalisib: 22.32. Idelalisib+IL-4: 25.27. Grey: Unmutated-CLL. Black: Mutated-CLL. 

Error bars represent mean ±SD.  
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Appendix Figure 35: The effect of IL-4 on SYK inhibitor PRT062070 and R406 inhibition of 

anti-IgM induced iCa2+ flux compared to idelalisib. NA=untreated control. A: Representative flow 

cytometry plot showing soluble anti-IgM (20µg/ml) induced iCa2+ flux across time (secs) for CLL cells 

incubated with or without IL-4 (10ng/ml) pre-treatment for 24h and PRT062607 (1µM), idelalisib (1µM) and 

R406 (1µM) for 1h. B: The percentage (%) of responding cells to anti-IgM induced iCa2+ flux for samples as 

described in A. Analysis was carried out on 5 different patient samples. Analysis was carried out on 1 repeat 

of each patient sample. Mean– standard deviation (SD) for PRT062070+IL-4 and R406+IL-4 is clipped at the 

x-axis limit. Mean: NA: 10.23. IL-4:18.72. Idelalisib: 1.905. Idelalisib+IL-4:9.608. PRT062070:1.155. 

PRT062070+IL-4: 0.094. R406:0.703. R406+IL-4:1.024. SD: NA: 6.475. IL-4:10.93. Idelalisib: 1.484. 

Idelalisib+IL-4:3.935. PRT062070:1.089. PRT062070+IL-4:0.211. R406: 0.621. R406+IL-4: 1.466. Grey: 

Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 36: The effect of IL-4 on BCR inhibition of phosphorylation-ERK (pERK). 
Immunoblots for pERK expression using protein extracted from CLL cells incubated with or without IL-4 

(10ng/ml) for 24h followed by incubation with ibrutinib (1µM), SU (10µM), R406 (1µM), idelalisib (1µM) or 

PRT062607 (1µM) for 1h. CLL cells were then incubated with soluble anti-IgM (20µg/ml) for 15 mins. Actin 

was used as a loading control. (Immunoblotting data courtesy of Dr Matthew Blunt, Steele Group). 

NA=untreated control. 

 
Appendix Figure 37: The effect of tofacitinib pre-treatment on idelalisib (1 µM) inhibition on 

anti-IgM induced iCa2+ flux in presence of IL-4. A: Representative plot showing soluble anti-IgM 

(20µg/ml) induced iCa2+ flux across time (secs) for samples pre-treated with or without tofacitinib (10µM) for 

1h prior to 24h incubation with IL-4 (10ng/ml) and 1h incubation with idelalisib (1µM). B: Percent responding 

cells for samples described in A. Analysis was carried out on 3 different patient samples. Analysis was carried 

out on 1 repeat of each patient sample. Mean: NA: 20.09. IL-4: 32.56. Idelalisib: 7.472. IL-4+ Idelalisib: 21.15. 

Tofacitinib: 18.57. Tofacitinib+IL-4: 15.83. Tofacitinib+idelalisib: 7.754. Tofacitinib+idelalisib+IL-4:10.98. 

Standard deviation (SD): NA: 19.23. IL-4:16.29. Idelalisib: 10.74. IL-4+ Idelalisib: 22.7. Tofacitinib: 11.31. 

Tofacitinib+IL-4:10.94. Tofacitinib+idelalisib: 11.03. Tofacitinib+idelalisib+IL-4:14.09. Error bars represent 

mean ±SD. 
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Appendix Figure 38: The effect of tofacitinib treatment in relation to IL-4 treatment on anti-

IgM induced iCa2+ flux. NA=untreated control. A: Representative plot showing soluble anti-IgM (20µg/ml) 

induced iCa2+ flux across time (secs) for samples treated with tofacitinib (5 µM) at either -1h pre-IL-4 treatment 

or 6h or 22h post-IL-4 (10ng/ml) treatment. B: Percent responding cells for samples as described in A. Analysis 

was carried out on 4 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

Mean: NA: 19.43. IL-4: 34.7. -1h Tofacitinib: 19.95. -1h Tofacitinib +IL-4:16.33. 6h Tofacitinib: 17.83. 6h 

Tofacitinib+IL-4: 26.88. 22h Tofacitinib: 18.9.  22h Tofacitinib+IL-4: 36.45. Standard deviation (SD): NA: 

13.78. IL-4:16.56. -1h Tofacitinib: 12.39. -1h Tofacitinib+IL-4: 13.45. 6h Tofacitinib: 11.95. 6h 

Tofacitinib+IL-4:17.72. 22h Tofacitinib: 13.91. 22h Tofacitinib+IL-4: 12.1. Grey: U-CLL cells. Error bars 

represent mean ±SD.   
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Appendix of Chapter 6: The effects of IL-4 on chemokine receptors and 

adhesion associated molecules in CLL. 

 

Appendix Figure 39: The effect of IL-4 on CXCR4 receptor density on T-cells following 24h 

incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for CXCR4 Receptor 

density (MFI) on CLL cells (CD19+CD5-) following 24h incubation with or without IL-4 (10 ng/ml). Green: 

IC’s, Red: NA 0h, Orange:  24h NA, Blue: 24h IL-4 (10 ng/ml). B: CXCR4 receptor density on CLL cells 

incubated for 24h with various concentrations of IL-4 (0, 0.1, 0.4, 1, 4 and 10ng/ml). Analysis was carried out 

on 5 different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using the Wilcoxon matched-paired test. Mean: 0 ng/ml: 95.12. 0.1 ng/ml: 90.40 0.4ng/ml:96.68 

1ng/ml: 101.5 4ng/ml: 120.5 10ng/ml: 114.6. Standard deviation (SD): 0 ng/ml: 28.26. 0.1 ng/ml: 33.25. 

0.4ng/ml: 21.93. 1ng/ml: 23.68. 4ng/ml: 56.06. 10ng/ml: 52.15. C: CXCR4 receptor expression (MFI) on CLL 

cells (CD19+CD5-) following 24h incubation with or without IL-4 (10ng/ml). Analysis was carried out on 27 

different patient samples. Analysis was carried out on 1 repeat of each patient sample. The P values were 

determined using a paired t-test. Mean: NA; 0. IL-4: 17.62. SD: NA: 0. IL-4: 27.07. D: Change in CXCR4 

receptor density (MFI) for samples described in C. The P value was determined using a paired t-test. Mean: 

NA; 70.53. IL-4: 88.15. SD: NA: 38.57. IL-4: 45.70. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars 

represent mean ±SD.  
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Appendix Figure 40: The effect of IL-4 on CXCR3 expression on T-cells. NA=untreated control. 

A: Representative flow cytometry plot for CXCR3 receptor density (MFI) on T-cells (CD5+CD5-) from CLL 

patient samples following 24h incubation with or without IL-4 (10ng/ml).  Orange: Isotype control, Red: NA, 

Blue: IL-4. Mean: NA: 23.21. IL-4: 20.30. Standard deviation (SD): NA: 10.31. IL-4: 8.066. B: CXCR3 

receptor density (MFI) for on T-cells (CD5+CD5-) from CLL patient samples following 24h incubation with 

or without IL-4 (10ng/ml) for 24h in vitro. Analysis was carried out on 16 different patient samples. Analysis 

was carried out on 1 repeat of each patient sample. The P value was determined using the Wilcoxon matched 

paired-test. C: Change in CXCR3 receptor density (MFI) on samples as described in B. Analysis was carried 

out on 16 different patient samples. Analysis was carried out on 1 repeat of each patient sample. Mean: NA: 0. 

IL-4: -2.913. SD: NA: 0. IL-4: 3.910. D: Comparison between the changes in CXCR3 receptor density (MFI) 

on T-cells of 8 M-CLL samples vs 8 U-CLL samples following 24h incubation in vitro with IL-4 (10ng/ml). 

Mean: M-CLL:-4.713. U-CLL: -1.113. SD: M-CLL: 4.601. U-CLL: 2.064. Grey: Unmutated-CLL. Black: 

Mutated-CLL. Error bars represent mean ±SD. 
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Appendix Figure 41: The effect of IL-4 on CD44 expression on T-cells (CD19+CD5-) from CLL 

samples. NA=untreated control. A: Representative flow cytometry plot for CD44 receptor density (MFI) on 

CD5+CD19- cells following 0h or 24h with or without IL-4 (10ng/ml). Grey: 0h IC, Black: 24h IC. Red:  0h 

NA. Green:  24h NA. Blue: 24h IL-4. B: CD44 Receptor density (MFI) on CD5+CD19- cells following 0h or 

24h incubation with or without IL-4 (10ng/ml). Analysis was carried out on 16 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using a paired t-

test. Mean: 0h NA: 931.1 24h NA: 854.9. 24h IL-4: 982.7. Standard deviation (SD): 0h NA: 222.2. 24h NA: 

337.4. 24h IL-4:340.7. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

 

Appendix Figure 42: The effect of IL-4 on CD29 expression receptor density (MFI) on CLL 

cells following 24h incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for 

CD29 receptor density (MFI) on CLL cells (CD19+CD5+) following 0h or 24h incubation with or without IL-

4 (10ng/ml). Grey: 0h and 24h isotype controls (IC). Red: 0h untreated. Green: 24h untreated. Blue: 24h IL-4. 

B: CD29 Receptor density (MFI) at 0h and 24h following incubation with or without IL-4 (10ng/ml). Analysis 

was carried out on 16 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P values were determined using the Wilcoxon matched paired test. Mean- standard deviation (SD) for 0h 

NA is clipped at the x-axis limit. Mean: 0h NA: 54.72. 24h NA: 41.32. 24h IL-4: 45.66. SD: 0h NA: 60.11. 

24h NA: 33.42. 24h IL-4: 38.99. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD. 
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Appendix Figure 43: CD29 expression on T-cells (CD19-CD5+) from CLL samples at 0h and 

24h following incubation with or without IL-4. NA=untreated control. A: Representative flow 

cytometry plot with sample 742B showing CD29 receptor density (MFI) on CD5+CD19- cells following 0h or 

24h with or without IL-4 (10ng/ml). Grey: 0h IC, Black: 24h IC. Red: 0h NA. Green: 24h NA. Blue: 24h IL-

4. B: CD29 Receptor density (MFI) on CD5+CD19- cells following 0h or 24h incubation with or without IL-4 

(10ng/ml). Analysis was carried out on 16 different patient samples. Analysis was carried out on 1 repeat of 

each patient sample. The P values were determined using a paired t-test. Mean: 0h NA: 299.6, 24h NA: 286.4, 

24h IL-4: 289.1. Standard deviation (SD): 0h NA: 124.8. 24h NA: 150.7. 24h IL-4:133. Grey: Unmutated-

CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  

 

Appendix Figure 44: The effect of IL-4 on CD49d expression receptor density (MFI) on CLL 

cells following 24h incubation in vitro. NA=untreated control. A: Representative flow cytometry plot for 

CD49d receptor density (MFI) on CLL cells (CD19+CD5+) following 0h or 24h incubation with or without IL-

4 (10ng/ml). Grey: 0h and 24h isotype control (IC). Red: 0h untreated. Green: 24h untreated. Blue: 24h IL-4. 

B: CD49d receptor density (MFI) at 0h and 24h following incubation with or without IL-4 (10ng/ml). Analysis 

was carried out on 16 different patient samples. Analysis was carried out on 1 repeat of each patient sample. 

The P values were determined using the Wilcoxon matched paired test. Mean - standard deviation (SD) for 0h 

NA is clipped at the x-axis limit. Mean: 0h NA: 4.913. 24h NA: 4.801. 24h IL-4: 4.983. SD: 0h NA: 5.77. 24h 

NA: 4.612. 24h IL-4: 4.606. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 45: The effect of IL-4 on CD49d expression on T-cells (CD19+CD5-) from 

CLL samples. NA=untreated control. A: Representative flow cytometry plot for CD49d Receptor density 

(MFI) on CD5+CD19- cells following 0h or 24h with or without IL-4 (10ng/ml). Grey: 0h IC, Black: 24h IC. 

Red:  0h NA. Green: 24h NA. Blue:  24h IL-4. B: CD49d Receptor density (MFI) on CD5+CD19- cells 

following 0h or 24h incubation with or without IL-4 (10ng/ml). Analysis was carried out on 17 different patient 

samples. Analysis was carried out on 1 repeat of each patient sample. The P values were determined using the 

Wilcoxon paired test. Mean: 0h NA: 22.64. 24h NA: 25.19. 24h IL-4: 23.05. Standard deviation (SD): 0h NA: 

8.86. 24h NA: 9.20. 24h IL-4:9.83. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean 

±SD.  

 

Appendix Figure 46: The effect of IL-4 on CD49e expression on T-cells (CD19+CD5-) from CLL 

samples. NA=untreated control.  A: Representative flow cytometry plot for CD49e receptor density (MFI) 

on CD5+CD19- cells following 0h or 24h with or without IL-4 (10ng/ml). Grey: 0h IC, Black: 24h IC. Red: 0h 

NA. Green: 24h NA. Blue: 24h IL-4. B: CD49e receptor density (MFI) on CD5+CD19- cells following 0h or 

24h incubation with or without IL-4 (10ng/ml). Analysis was carried out on 7 different patient samples. 

Analysis was carried out on 1 repeat of each patient sample. The P values were determined using the Wilcoxon 

test. Mean: 0h NA: 55.62. 24h NA: 57.18. IL-4 24h: 54.85. Standard deviation (SD): 0h NA: 23.29. 24h NA: 

15.72.  IL-4 24h: 54.85. Grey: Unmutated-CLL. Black: Mutated-CLL. Error bars represent mean ±SD.  
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Appendix Figure 47: The effect of IL-4 and soluble anti-IgM or PMA on adhesion of T-cells 

from CLL patients to fibronectin. NA=untreated control. Fold change of T-cells (CD19-ve CD5+ve) 

adhered to fibronectin following 24h incubation with or without IL-4 (10ng/ml) and/or soluble anti IgM 

(20µg/ml) for 30mins or PMA (100ng/ml) for 30mins. Data represents 7 different patient samples. Repeats 

were carried out 3 times for each patient sample. Mean: NA: 1 IL-4: 1.219 Anti-IgM: 1.515 Anti-IgM+IL-4: 

1.462 PMA: 20.37 PMA+ IL-4: 20.32. Standard deviation (SD): NA: 0. IL-4: 0.606. Antig-IgM: 0.255. Anti-

IgM+IL-4: 1.046. PMA: 12.54. PMA+ IL-4: 13.27. Error bars represent mean ±SD. 


