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Abstract 

Despite remarkable advances in treatment options, chronic lymphocytic leukaemia (CLL) 

remains an incurable disease. Interaction of CLL cells with various components in the tumour 

microenvironment is believed to contribute to drug resistance in CLL. One of the critical 

microenvironment-mediated pro-survival signals involves the engagement of CD40 receptor 

on CLL cells by CD40 ligand on T cells, which leads to the activation of canonical and 

noncanonical NF-κB pathway, as well as several other signalling pathways. The initiation of 

CD40 signalling is primarily mediated by family members of the tumour necrosis factor 

receptor-associated factors (TRAFs). However, the mechanisms by which TRAFs mediate the 

CD40 signalling pathway resulting in CLL cell survival and drug resistance are not well 

characterised. Therefore, the present study aimed to uncover the immediate signalling events 

initiated upon CD40 ligation in primary CLL cells. Co-culture experiments used to mimic T 

cells effect on CLL cells showed that CD40 stimulation protected CLL cells from fludarabine-

induced cell death. This protection was associated with overexpression of TRAF1 and post-

transcriptional degradation of TRAF3 in primary CLL cells, suggesting the involvement of the 

TRAFs in the regulation of CD40 signalling. Using the in situ proximity ligation assay (PLA), 

it was shown that CD40 ligation induced rapid recruitment of TRAF2 and TRAF5 to CD40 

receptor in primary CLL cells. RNA interference experiments showed that CD40 stimulation-

mediated canonical activation of the NF-κB pathway was impaired in CLL-like HG3 cells with 

reduced expression of TRAF2, suggesting a role for TRAF2 in the activation of NF-κB. In 

contrast, cells transfected with TRAF5 siRNA showed normal NF-κB activation in response to 

CD40 ligation. Importantly, the current study identified for the first time a critical role 

of TRAF2 in mediating CD40 stimulation-induced resistance to fludarabine as knockdown of 

TRAF2, but not TRAF5, enhanced fludarabine-induced apoptosis in CD40-stimulated cells. 

Further studies are still required to identify the exact mechanisms by which TRAF2 modulates 

CD40 stimulation-mediated resistance to fludarabine. The findings from this study collectively 

suggest a role for TRAF2 protein in regulating CD40 stimulation-induced NF-κB activation 

and subsequent resistance to fludarabine treatment. Additional work is, however, still needed 

to validate the study findings. 
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1. Chapter 1: General introduction 

1.1 Chronic lymphocytic leukaemia (CLL)  

Chronic lymphocytic leukaemia (CLL) is characterised by the accumulation of monoclonal 

mature CD5+ malignant B lymphocytes in the peripheral blood, bone marrow, lymph node or 

other lymphoid tissues (Zenz et al., 2010c). CLL is a disease considered as a type of low-grade 

non-Hodgkin lymphoma where the neoplastic B cells are primarily located in the bloodstream 

and the bone marrow, which is different from small lymphocytic lymphoma (SLL), where 

malignant B cells are predominantly localised the lymph nodes rather than peripheral blood 

(Swerdlow et al., 2016).  

1.1.1 Epidemiology 

CLL is the most common form of adult leukaemia in Western countries, accounting for 

approximately 37% of all leukaemia cases in Europe and the United States (US) (Kipps et al., 

2017, Zenz et al., 2010c). It is relatively less common among people of Asian origin, with an 

average incidence of <0.01% (Wu et al., 2010, Yang and Zhang, 1991). CLL incidence is 

strongly related to age, with the highest incidence rates being in the elderly. In the United 

Kingdom (UK), 3,824 new cases diagnosed every year, of which 41% aged 75 and over 

(cancerresearchuk.org, 2020). The incidence of CLL in men is nearly twice as high as in 

women and this incidence has increased by 17% in the UK since the 1990s (Figure 1.1) 

(cancerresearchuk.org, 2020), which may reflect ageing population and improvements in 

diagnosis. 

The US National Cancer Institute Surveillance, Epidemiology, and End Results (SEER) 

programme has estimated the annual overall incidence rate of CLL to be 4.9 per 100,000 

populations, with a median age of 70 years at the time of diagnosis (seer.cancer.gov, 2020). It 

is estimated that in 2020, 21,040 new cases will be diagnosed in the US, with a male to female 

ratio of approximately 1.6:1 (Siegel et al., 2020). The overall 5-year relative survival for CLL 

is around 86.1%, based on SEER13 2010-2016 (seer.cancer.gov, 2020). It is estimated that in 

2020, around 4,060 men and women diagnosed with CLL will die in the US (Figure 1.2).  

The aetiology of CLL is still unknown. However, emerging evidence strongly suggests the 

involvement of genetic alterations in the developing CLL. The variation of CLL incidence by 

race and geographical regions indicates genetic contributions to the disease (Yamamoto and 
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Goodman, 2008). Studies have also demonstrated an increased CLL prevalence among first-

degree relatives (Cerhan and Slager, 2015, Cuttner, 1992, Goldin et al., 2004). A case-control 

study analysing 9,717 CLL cases found that relatives of CLL patients had an increased relative 

risk (RR) of 8.5-fold for CLL and 1.9-fold for other non-Hodgkin lymphomas when compared 

to first-degree relatives of the control group (Goldin et al., 2009). Genome-wide association 

studies of CLL have shown that common genetic variation contributes to the heritable risk of 

CLL. These studies demonstrate frequent single nucleotide polymorphisms (SNPs) variants in 

several loci associated with familial CLL (Berndt et al., 2016, Speedy et al., 2014). These 

findings provide further insights into the genetic and biological basis of inherited genetic 

susceptibility to CLL. No consistent association between CLL development and environmental 

factors, such as ionising radiation, chemicals and drugs has yet emerged (Brandt, 1985, Malone 

et al., 1989, Schubauer-Berigan et al., 2007).  

Antigens deriving from microbial pathogens or apoptotic cells have been implicated in the CLL 

ontogeny (Messmer et al., 2004, Lanemo Myhrinder et al., 2008). However, the exact nature 

of these antigenic stimuli remains elusive (Seifert et al., 2012). The compelling evidence 

showing that CLL can be divided into two groups based on the mutational status of the B cell 

receptor (BCR) rearranged immunoglobulin heavy variable (IGHV) genes highlighted the role 

of the BCR and antigens stimulation in the CLL onset and development. This notion was 

supported by the discovery of stereotyped B cell receptor immunoglobulins (BCR Ig) among 

one-third of unrelated patients with CLL (Agathangelidis et al., 2012). The expression of 

stereotyped BCR Ig is more frequent among CLL patients with unmutated versus mutated 

IGHV genes (Messmer et al., 2004, Stamatopoulos et al., 2007). Systemic analysis of the BCR 

Ig stereotyped revealed 19 major subsets, each defined by unique amino acid sequences in the 

heavy variable complementarity determining region 3 (CDR3) (Agathangelidis et al., 2012). 

Major stereotyped subsets collectively represented 41% of all stereotyped cases and 12.4% of 

all CLL cases. These stereotyped BCR Ig could recognise similar antigenic epitopes that may 

trigger the expansion and clonal transformation of CLL cells (Ghia et al., 2005, Ghiotto et al., 

2004).  

With regarding microbial stimuli, it has been shown that BCR Ig of subset #4 display a 

significantly higher incidence of persistent Epstein–Barr virus (EBV) and/or cytomegalovirus 

(CMV) infections in comparison to all other cases analysed (Kostareli et al., 2009). A 

subsequent study linked CLL patients with subset #13 to hepatitis C virus-associated mixed 
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cryoglobulinemia type II (Kostareli et al., 2012). A small subset of stereotyped BCR Ig cells 

was found to be highly specific for β-(1,6)-glucan, a major antigenic determinant of yeasts and 

filamentous fungi (Hoogeboom et al., 2013). Furthermore, autoantigens associated with 

apoptotic cells have been reported in different stereotyped subsets. For example, a study by 

Chu et al. (2010) showed that stereotyped BCR Ig subset 8 react to the cytoskeleton protein 

vimentin exposed on apoptotic cells. The author also showed that BCR Ig subset #6 and subset 

#8 bind to apoptotic cells with exposed non-muscle MYHIIA (Chu et al., 2010). Another study 

showed that BCR Ig subset #2 and subset #5 react to cofilin-1, an essential actin-regulating 

protein (Lanemo Myhrinder et al., 2008). The CLL microenvironment has been also suggested 

as a source of autoantigenic stimulation. A study by ten Hacken et al. (2017) showed that BCR 

Ig subsets #1 and #8 triggered by the protein calreticulin that can be found on the surface of 

nurse-like cells. Collectively, these findings indicated that infections linked to microbial 

pathogens or autoantigens could trigger the expansion and clonal transformation of CLL cells. 

 

 

Figure 1.1: Average number of new CLL cases per year and age 
specific CLL incidence rates per 100,000 population, UK (2015-2017). 
Source: Cancer Research UK (https://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-cancer-type/leukaemia-
cll/incidence#heading-One).   
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Figure 1.2: Percentage of CLL-specific death by age group between 
2014-2018, US. Source: National Cancer Institute 
(https://seer.cancer.gov/statfacts/html/clyl.html). 

1.1.2 Diagnosis 

Most patients are asymptomatic at diagnosis. Other patients may present with symptoms of 

infections, fatigue, malaise, lymphadenopathy, hepato-splenomegaly and bone marrow failure. 

Neutropenia, anaemia, and thrombocytopenia may also be observed at the initial diagnosis and 

used as prognostic indicators. CLL is typically diagnosed by the presence of ≥5000 monoclonal 

B lymphocytes per microliter of peripheral blood for at least three months (Eichhorst et al., 

2008, Hallek et al., 2008). Cytopenia or disease-related symptoms are now insufficient to make 

a diagnosis of CLL with <5000 monoclonal B lymphocytes per microliter of peripheral blood, 

according to the new 2016 World Health Organisation Classification (WHO) (Swerdlow et al., 

2016). Instead, patients with monoclonal B lymphocytes less than 5000 per microliter of 

peripheral blood and no evidence of other disease manifestations are diagnosed with 

monoclonal B cell lymphocytosis (MBL) (Marti et al., 2005). However, patients with cytopenia 

caused by a typical marrow infiltrate are diagnosed with CLL regardless of the number of 

peripheral blood B lymphocytes or the lymph node involvement, according to the 2018 

International Workshop on Chronic Lymphocytic Leukaemia (iwCLL) guidelines (Hallek et 

al., 2018). It is believed that MBL is a premalignant B cell proliferative disorder that is found 

in up to 15% of the population aged ≥50 years with an estimation of 1-2% progression rate to 

CLL per year (Rawstron et al., 2008, Shim et al., 2007, Strati and Shanafelt, 2015). 

 

Morphologically, CLL cells are small, mature appearing lymphocytes with a dense nucleus and 

partially aggregated chromatin with no nucleoli and scanty cytoplasm. B cell clonality and 
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marker molecule expression should be confirmed by immunophenotypic analysis to establish 

a CLL diagnosis. CLL cells express the T-cell antigen CD5 in addition to the B cell surface 

antigens CD19, CD20, and CD23, whereas the levels of surface membrane CD20 and CD79b 

are characteristically low compared to the normal mature B lymphocytes (Chiorazzi et al., 

2005, Eichhorst et al., 2008, Hallek et al., 2008, Ginaldi et al., 1998). In addition, clonal B cells 

express a low level of surface membrane immunoglobulin (sIg), mostly IgM or both IgM and 

IgD, with either kappa-immunoglobulin or lambda- immunoglobulin light chains (Rawstron et 

al., 2007). Bone marrow aspirate and biopsy are not required to diagnose CLL (Eichhorst et 

al., 2008). Lymph node biopsy can be used to diagnose SLL in patients demonstrating 

lymphadenopathy with peripheral lymphocyte count less than 5000 monoclonal B lymphocytes 

per microliter of peripheral blood (Hallek et al., 2008).  

1.1.3 Clinical staging systems 

Two clinical staging systems are widely used to divide patients with CLL into three major 

subgroups with distinct clinical outcomes: the Rai system and the Binet system (Binet et al., 

1981, Rai et al., 1975). In general, staging is based on the number of involved areas and whether 

there is anaemia or thrombocytopenia. These staging systems provide a basic framework for 

estimating the clinical course path and prognosis and incorporated into the current WHO and 

iwCLL guidelines for CLL treatment. 

1.1.3.1 Rai staging 

The original Rai system included five stages from 0 to 4; this has been modified to 3 stages 

that range from a low-risk group (stage 0) to a high-risk group (stage III & IV) (Table 1.1) (Rai 

and Han, 1990). The Rai system is widely applied in North America practices and classify CLL 

patients according to three primary parameters: 1) lymphocytosis >5000/microliter in blood or 

bone marrow for four weeks, 2) lymphadenopathy or splenomegaly diagnosis, 3) the presence 

of anaemia with a haemoglobin level of <11g/dl, and/or thrombocytopenia of <100,000/µl 

platelets.  

1.1.3.2 Binet staging 

The Binet system is more commonly used in Europe and comprises three categories (A, B, C) 

(Table 1.2). The Binet classification focuses more on the number of enlarged lymphoid areas 

involved, such as cervical, axillary, inguinal lymph nodes, spleen or liver palpable, and the 

presence or absence of anaemia and/or thrombocytopenia. In general, low risk classified 

patients by Rai or Binet staging systems have a median survival of more than 13 years, and 
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usually, they do not require intervention. The low-risk CLL group comprises approximately 

80% of newly diagnosed patients (Van Bockstaele et al., 2009). Individuals with Rai stage 

III/IV or Binet stage C meet the therapy criteria and will require further investigation (Hallek 

et al., 2008). However, although both systems correlate with survival, the sub-stage alone 

cannot predict each CLL patient progression to a more aggressive stage nor patient’s response 

to therapy, particularly in low-risk (Binet A) groups (Catovsky et al., 1989, Montserrat et al., 

1991, Vroblova et al., 2009, Zenz et al., 2010b). Therefore, other parameters are used as 

prognostic markers to determine disease managements along with the staging system.  

 

Table 1.1: Rai staging system 

Stage Clinical features 

Median 

survival from 

diagnosis 

Low risk 

(Rai stage 0/I) 

Clonal lymphocytosis only (>5000/microliter) in 

blood or bone marrow 

 

>10 years 

Intermediate 

risk (Rai stage 

II) 

Lymphocytosis, lymphadenopathy and/or 

splenomegaly, but without cytopenia 
8 years 

High risk 

(Rai stage 

III/IV) 

 

Lymphocytosis and cytopenia (anaemia with 

haemoglobin level <11g/dl and/or thrombocytopenia 

with platelets level <100,000/µl) 

2 years 

Adapted from Rai and Han (1990)  

 
 
Table 1.2: Binet staging system 

Stage Clinical features 
Median survival 

from diagnosis 

A (Low risk) 

 

Less than three enlarged lymphoid areas* without 

cytopenia 

 

>10 years 

 

B (Intermediate 

risk) 

Three or more enlarged lymphoid areas without 

cytopenia 
8 years 
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C (High risk) 

 

Presence of cytopenia (anaemia with haemoglobin 

level <10g/dl and/or thrombocytopenia with 

platelets level <100,000/µl) 

2 years 

*Areas include cervical, axillary, or inguinal lymph nodes, whether unilateral or bilateral, 

or spleen and liver. 

Adapted from Binet et al. (1981) 

1.1.4 Prognostic indicators 

CLL is a heterogeneous disease with extremely variable clinical outcomes; many patients will 

remain asymptomatic with an indolent state of the disease and will not need any intervention. 

Other patients will experience more rapid manifestations and require therapeutic intervention 

soon after diagnosis. Several prognostics factors can help to predict the clinical course needed 

and the outcome for each patient; these include classical parameters; such as stage, age and 

gender (Catovsky et al., 1989, Wierda et al., 2007), pattern of bone marrow involvement (Han 

et al., 1984, Geisler et al., 1986) number of pro-lymphocytes in blood or bone marrow (Melo 

et al., 1987, Oscier et al., 1997) lymphocyte doubling time (LDT) (Molica and Alberti, 1987, 

Vallespi et al., 1991), specific cytogenetic abnormalities, genetic mutations, molecular and 

biochemical characteristics of the CLL cell (Table 1.3).  

 

Overall survival is greater in female and younger CLL patients, whereas the diffuse pattern of 

bone marrow infiltration and the presence of pro-lymphocytes or cleaved lymphocytes 

correlate with poor prognosis. Patients with LDT greater than 12 months have a favourable 

prognosis, while shorter LDT <12 months is associated with aggressive cases (Moreno and 

Montserrat, 2008, Sagatys and Zhang, 2012, Wierda et al., 2007) (Table 1.3).  

 

Table 1.3: Classical and newer prognostic factors in CLL 

 Prognostic Factor  Favourable prognosis  Poor prognosis 
 Clinical stages: 
- Binet clinical stage 
- Rai clinical stage 

 
 A 
 0  

 
 B. C 
 I, II, III, IV 

 Bone marrow infiltration  Nodular  Diffuse 
 Lymphocyte count  ≤50 x 109/L  >50 x 109/L 
 Prolymphocytes in peripheral blood  ≤10%  >10% 
 Lymphocyte doubling time (LDT)  >12 m  ≤12 m 
 Cytogenetics  Normal, del (13q)  del (11q), del (17p) 
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 IGHV mutational status  Mutated  Unmutated 
 CD38 expression  ≤ 30%  >30% 
 ZAP-70 expression  ≤ 20%  >20% 
 Serum markers*   Normal  Elevated 
 * LDH, β2-microglobulin, Thymidine kinase (TK); Serum CD23 level. 
 Adapted from a review by (Moreno and Montserrat, 2008, Sagatys and Zhang, 2012) 
 

1.1.4.1 Genetic aberrations 

1.1.4.1.1 Cytogenetic abnormalities 

Cytogenetic abnormalities can be identified in approximately 80% of CLL patients by 

interphase fluorescence in situ hybridization (FISH) (Dewald et al., 2003, Dohner et al., 2000). 

Most common CLL cytogenetic aberrations; in order, include del(13q14), del(11q23), trisomy 

12, and del(17p13). Of these, sole deletion of bands 13q14 and trisomy 12 are favourable 

prognostic marker with a median survival of 133 months and 114 months, respectively, 

overcoming the median survival of normal cytogenetic of 111 months (Dohner et al., 2000). A 

complex cytogenetic karyotype (≥3 chromosomal abnormalities) can be identified in 

approximately 16% of CLL patients and is usually associated with CD38 expression and 

unmutated IGHV, both indicators of poor prognostic features (Haferlach et al., 2007, Herling 

et al., 2016, Landau et al., 2015). 

 

Patients with del(17p13) or del(11q23) have been associated with drug-resistance, short 

relapse-free survival and rapid disease progression, with median survival time of 32 months 

and 79 months, respectively (Tam et al., 2009, Dohner et al., 2000). The poor prognosis of 

these abnormalities might be explained by the involvement of two crucial tumour suppressor 

genes that participate in the cellular response to DNA damage. The deletion of the 17p13 region 

results in the deletion of the tumour suppressor gene TP53. TP53 gene is responsible for 

encoding the cell cycle regulatory protein p53, hence 17p13 deletion results in irregular cell 

division which can contribute to CLL cells survival (Zenz et al., 2008). Although 70% of CLL 

cases with 17p13 deletion co-occurred with TP53 mutation on the second allele, monoallelic 

17p13 deletion can occur without TP53 mutation on the second allele and vice versa, which 

predict poor outcome in CLL (Malcikova et al., 2009, Zenz et al., 2010a, Zenz et al., 2008). 

 

In addition to their prognostic value, the detection of del(17p13) or TP53 mutation is crucial 

for treatment decisions. Patients with these genetic aberrations respond poorly to conventional 
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fludarabine or alkylating agent-based regimens, as both agents require p53-dependent 

pathways to induce cell death (Hallek et al., 2010, Laurenti et al., 2011, Rosenwald et al., 2004, 

Turgut et al., 2007, Zenz et al., 2010a, Stilgenbauer et al., 2014). A non-chemotherapy regimen 

or allogeneic stem-cell transplantation is usually recommended for young patients with these 

abnormalities (Dreger et al., 2014, Kharfan-Dabaja et al., 2016, Montserrat and Dreger, 2016).  

 

Moreover, around one-third of del(11q23) CLL cases involve mutations in the ataxia-

telangiectasia mutated ATM gene, a critical gene that mediates cellular responses to DNA 

double-strand breaks, inducing apoptosis of damaged DNA. Patients with del(11q23) and ATM 

mutation have significantly worse overall survival than those with 11q23 deletion alone 

(Austen et al., 2007). It has been suggested that deletion and/or somatic mutations of the ATM 

gene might contribute to CLL pathogenesis by accumulating mutations during DNA 

replication. 

1.1.4.1.2 Gene mutations 

Recently, next-generation sequencing technologies have identified recurrent mutations in 

several genes in the high-risk CLL group that may display prognostic values. However, more 

prospective data are needed to validate these mutations before introducing them in practice. 

Example of these mutations include mutations in NOTCH1, BIRC3 and SF3B1 gene (Dreger 

et al., 2013, Oscier et al., 2013).  

NOTCH1 gene encodes for proteins that are involved in regulating hematopoietic cell 

development and apoptosis. It has been suggested that in CLL, NOTCH1 signalling activate 

the downstream pathway of NF-κB (nuclear factor κ-light-chain-enhancer of activated B cells), 

which mediate CLL resistance to apoptosis (Aster et al., 2011, Rosati et al., 2009). Mutations 

in NOTCH1 have been identified in 5-10% of newly-diagnosed CLL cases with increasing 

frequencies in advanced disease stages (Puente et al., 2015). A multivariate analysis was 

performed on 309 newly diagnosed CLL cases found that mutations of NOTCH1 were an 

independent predictor of poor overall survival (Rossi et al., 2012b). This data was backed up 

by a study that evaluated cases from the UK LRF CLL4 randomised trial and found that 

NOTCH1 mutations associated with decreased disease-free progression and poor overall 

survival (Oscier et al., 2013). 

The baculoviral IAP repeat-containing 3 (BIRC3) gene is located on chromosome 11q23 along 

with the ATM gene and involved in the negative regulation of the noncanonical NF-κB 
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signalling (Rossi et al., 2011b, Zarnegar et al., 2008). Thus, deletion and/or somatic mutations 

of the BIRC3 gene lead to the activation of noncanonical NF-κB signalling, which is regarded 

as a mechanism of resistance to disease eradication in CLL. Only 4% of CLL cases carried 

BIRC3 disruption at the time of diagnosis; however, this percentage increased to 24% in 

fludarabine-refractory CLL cases and found to be absent in progressive fludarabine-sensitive 

cases (Rossi et al., 2012a). BIRC3 disruption was found to be an independent prognostic factor 

that identified high-risk patients with a poor outcome similar to that associated with TP53 

abnormalities (Rossi et al., 2012a). 

SF3B1 is a core component of the spliceosome that catalyses the removal of introns from 

precursor messenger RNA (pre-mRNA) to form mature mRNA. In CLL, SF3B1 was found to 

be the second most frequently mutated gene with a prevalence that ranges from 7 to 15%, 

depending on the composition of the cohort studies and whether relapsed cases have been 

included (Quesada et al., 2011, Rossi et al., 2011a, Wang et al., 2011). These studies show that 

SF3B1 mutation associated with a more aggressive course of the disease and a shorter overall 

survival rate. Rossi et al. (2011a) demonstrated that out of the 59 CLL fludarabine-refractory 

cases included in their study, 17% expressed SF3B1 mutation with a greater frequency than 

that observed in a consecutive CLL cohort sampled at the time of diagnosis, suggesting that 

they occur during clonal evolution of the disease and can be used as a predictive factor of 

disease progression.  

1.1.4.1.3 IGHV mutational status 

In the germinal centre (GC), the variable (V) regions of the immunoglobulin heavy chain genes 

(IGHV) of B cells undergo somatic hypermutation under the influence of T cells, which leads 

to the selection of mature B cell that produces an antibody with high affinity for its target 

antigen (MacLennan, 1994). In CLL, around 60% of CLL cases derived from post-germinal B 

cells that undergone somatic mutation (M-IGHV), while ~40% of the cases carried B cells with 

unmutated IGHV (UM-IGHV) that have not differentiated in the GC (Damle et al., 1999, Fais 

et al., 1998, Hamblin et al., 1999). These two CLL subsets followed different clinical 

behaviour; patients with M-IGHV type show more favourable prognosis, whereas patients with 

UM-IGHV tend to have a poor prognosis and more aggressive course of the disease with a 

shorter remission and high-risk of cytogenetic aberrations (Krober et al., 2002, Stilgenbauer et 

al., 2007, Hamblin et al., 1999, Damle et al., 1999). A correlation study between IGHV 

mutational status and prognosis in Binet stage-A patients showed that the median overall 
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survival significantly lower in the UM-IGHV group (~8 years) than in the M-IGHV group 

(more than 24 years) (Damle et al., 1999, Hamblin et al., 1999). A gene sequencing of the 

IGHV gene was used to determine the homology of IGHV sequences as compared with the 

gene sequence of the nearest germ-line, in which ≥98% homologous to germ-line were 

considered to have undergone somatic hypermutation (UM-IGHV) whereas ≤98% difference 

was classed as mutated (M-IGHV) (Ghia et al., 2007). The use of 98% sequence homology 

threshold remains debatable, with a fraction of CLL cells that described as M-IGHV found to 

behave like an unmutated clone with immunoglobulin heavy chains encoded by mutated 

IGHV3-21 and immunoglobulin light chains encoded by unmutated IGHV3-21 (Ghia et al., 

2008, Tobin et al., 2002). In addition, a higher frequency of p53 dysfunction and poorer 

survival were found to be associated with IGHV3-21 subtype (Lin et al., 2003). In general, 

UM-IGHV is associated with elevated levels of β2-microglobulin, CD38 overexpression, ZAP-

70 positivity, NOTCH1 mutations and unfavourable cytogenetic changes (Chevallier et al., 

2002, Gentile et al., 2009, Krober et al., 2002, Orchard et al., 2004, Stilgenbauer et al., 2007). 

1.1.4.2 Serum markers 

An elevated level of serological markers such as β2-microglobulin (β2M) (Gentile et al., 2009, 

Hallek et al., 1996, Wierda et al., 2009), thymidine kinase (TK) enzyme (Hallek et al., 1999) 

and soluble CD23 (Knauf et al., 1997, Meuleman et al., 2008) have been observed in patients 

with high tumour burden and shorter median survival. β2M is an extracellular protein 

representing malignant disease activity, whereas TK and soluble CD23 are proteins produced 

during DNA replication and cells dividing and considered as proliferation indicators. The lower 

level of β2M, TK and CD23 shown to be independent predictors of a favourable outcome and 

associate with more prolonged overall survival (Wierda et al., 2009, Hallek et al., 1999, Knauf 

et al., 1997). Thus, these serological markers were proposed as independent predictors of 

disease progression, complete remission and overall survival.  

1.1.4.3 A new prognostic score for CLL 

While each prognostic factor has been found to correlate with clinical features and outcome of 

the disease when evaluated individually, a more efficient prognostic model is needed when it 

comes to clinical practice. A German CLL study group (GCLLSG) proposed a comprehensive 

CLL prognostic index by analysing 23 prognostics factors of independent importance obtained 

from phase 3 prospective clinical trials (Pflug et al., 2014). Using a multivariable Cox 

regression model, they identified eight independent predictors of overall survival, including 

sex, age, performance status, del(17p), del(11q), IGHV mutation status, serum β2M, and 
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TK. Although the model eliminates the Rai and Binet stage, it manages to stratify overall 

survival within all tested subgroups. The index can also identify “very-high-risk” patients with 

poor projected survival in need of more aggressive treatment approaches, especially in the 

del(17p) group. Despite the promising outcomes, the index has not been fully adapted yet in 

clinical practice for several reasons. One of those is that some prognostic marker required for 

scoring, such as IGHV mutation or serum TK, are not routinely measured in many clinics (Tam 

and Seymour, 2014).  

 

A more recently proposed prognostic model is the CLL international prognostic index (CLL-

IPI) (International, 2016). The study conducted a meta-analysis on data from eight different 

CLL trials and produced a weighted score index that included five independent prognostic 

factors, such as the clinical stage, age, IGHV mutational status, serum β2M, and the presence 

of del(17p13) and/or TP53 mutations. The model has been validated extensively in various 

studies and been applied in several clinics (da Cunha-Bang et al., 2016, Gentile et al., 2018, 

Gentile et al., 2016, Molica et al., 2017, Molica et al., 2018). 

1.1.5 Current clinical treatment 

The need for clinical treatment usually depends on several factors due to CLL disease’s 

heterogeneity, such as initial diagnoses, prognostic factors and potential benefits of treatment 

versus the risks associated with available drugs (Ghia and Hallek, 2014). According to the 

iwCLL updated guidelines, patients with asymptomatic early stage of the disease (Rai 0, Binet 

A) should be monitored without any therapy intervention unless there are signs of disease 

progression (Table 1.4) (Hallek et al., 2018). These recommendations were based on studies 

that demonstrated that early intervention has no significant survival benefits in patients with 

an early stage of the disease (Dighiero et al., 1998, Geisler et al., 1999, Spanish Cooperative 

Group, 1991). Generally, patients with intermediate to high risk are more favourable for 

medical intervention; however, some of these patients with intermediate-risk (stages I and II, 

or B) can be held back from treatment and monitored for signs of disease progression (Hallek 

et al., 2018). Over the past decades, CLL management and treatments options have been 

improved significantly. These include the use of the traditional alkylating agents, 

immunochemotherapy, novel compounds such as BCR signalling inhibitors and 

immunomodulatory agents.  
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Table 1.4: Indications for initiating therapy in previously untreated CLL 

 At least 1 of the following criteria should be met 
•  • Evidence of progressive marrow failure: development/worsening anaemia or 

thrombocytopenia 
• Massive (i.e. >6 cm below the left costal margin) or progressive or symptomatic 

splenomegaly 
• Massive nodes (i.e., >10 cm in longest diameter) or progressive or symptomatic 

lymphadenopathy 
• Progressive lymphocytosis with an increase of >50% over a 2-month period, or 

lymphocyte doubling time of less than 6 months 
• Autoimmune complications including anaemia and/or thrombocytopenia poorly 

responsive to corticosteroids or other standard therapy 
• Symptomatic or functional extra-nodal involvement (e.g. skin, kidney, lung and 

spine) 
• disease-related symptoms as defined by any of the following: 

o Unintentional weight loss of >10% within the previous 6 months 
o Significant fatigue (i.e. ECOG performance status 2 or worse) 
o Fevers ≥100.5°F for 2 or more weeks without evidence of 

infection 
o Night sweats for ≥1 month without evidence of infection 

 Adopted from Hallek et al. (2018). 
 

1.1.5.1 Chemotherapies 

1.1.5.1.1 Alkylating agents 

Chlorambucil is one of the most widely used alkylating agents for the treatment of CLL for 

many years. It acts by intercalating DNA molecules leading to cell cycle arrest and apoptosis 

of CLL cells (Rai et al., 2000).  The CLL5 trial from GCLLSG compared the benefits of 

fludarabine versus chlorambucil in elderly patients with advance CLL  (Eichhorst et al., 2009). 

They demonstrated that, although the response rates were high in the fludarabine-treated group 

(72%) compared to 51% for the chlorambucil-treated group, there was no statistically 

significant difference in progression-free survival. The study also showed that drugs-related 

toxicity was significantly higher in the fludarabine-treated group than the chlorambucil-treated 

group, which indicates that chlorambucil is an important front line treatment, especially for 

elderly patients who otherwise would not tolerate a more intensive treatment with 

chemotherapy (Eichhorst et al., 2009).  

 

Cyclophosphamide is a pro-drug that, once it enters cells and is metabolised, induces the pro-

apoptotic proteins’ expression (Hall and Tilby, 1992). Although cyclophosphamide agent has 

been evaluated in several studies, it failed to show promising overall response or survival rates 
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compared to other agents when introduced as a single treatment (Begleiter et al., 1996) or in 

combination (Kimby et al., 1994, Raphael et al., 1991). 

 

Bendamustine is another alkylating agent approved by the United States Food and Drug 

Administration (FDA) in 2008 for CLL treatment.  A randomised phase III trial compared 

bendamustine with chlorambucil found that although there were no significant differences 

between the two treated group in term of overall survival and quality of life, the bendamustine-

treated group had a higher complete response when compared with the chlorambucil-treated 

group (21% vs 10%) (Knauf et al., 2012). Bendamustine also showed superiority over 

cyclophosphamide as a first-line treatment for patients who can’t tolerate more aggressive 

treatment (Dohner et al., 2000).   

1.1.5.1.2  Purine analogues 

Purine analogues such as fludarabine, cladribine, and pentostatin were considered a more 

aggressive approach for CLL management and usually used to treat fit and younger patients 

with progressive CLL (Robak et al., 2010b). Purine analogues act by blocking several enzymes 

involved in DNA synthesis and repair, leading to cell apoptosis (Pettitt, 2003). Among these 

agents, fludarabine is the most commonly used first-line therapy in CLL, either alone or in 

combination with cyclophosphamide and rituximab (FCR) (Badoux et al., 2011, Pettitt, 2003). 

Fludarabine needs to be de-phosphorylated to become 9-β-D-arabinosyl-2-fluoroadenine (F-

ara-A), which can then enter CLL cells and is converted into the active metabolite F-ara-ATP. 

The active F-ara-ATP then interferes with the DNA ribonucleotide reductase and polymerase 

to inhibit DNA synthesis, resulting in cell apoptosis (Gandhi and Plunkett, 2002, Ricci et al., 

2009). 

 

Patients with 17p13 (TP53 gene) deletion respond poorly to purine analogues or alkylating 

agent-based regimens, as both agents require p53-dependent pathways to induce cell death 

(Laurenti et al., 2011, Rosenwald et al., 2004, Turgut et al., 2007). Allogeneic transplantation 

has been considered the treatment of choice for fludarabine refractory patients (Gribben, 2018). 

However, due to age and the presence of co-morbidities, stem cell transplantation is not often 

the best option for these patients.  

1.1.5.2 Monoclonal antibody therapy 

Monoclonal antibodies have been established in recent decades for the treatment of CLL. As 

CLL cells express CD20 and CD52 proteins at the cell surface (Winkler et al., 1999), 
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monoclonal antibodies against CD20 or CD52 were used as single or combined with 

chemotherapy to aid the management of CLL. Anti-CD20 antibodies such as obinutuzumab, 

ofatumumab, or rituximab demonstrate higher efficiency in treating fludarabine refractory 

patients when combined with chlorambucil comparing to chlorambucil alone (Hainsworth et 

al., 2003, Furman et al., 2014, Goede et al., 2014, Hillmen et al., 2015). However, they are of 

low efficiency when used as a single agent. Alemtuzumab is an antibody against CD52 that 

demonstrated effectiveness in treating CLL patients with TP53 deletions/mutations (Rodig et 

al., 2006, Pettitt et al., 2012). 

1.1.5.3 Chemo-immunotherapy 

The combination of monoclonal antibodies with chemotherapeutic agents has demonstrated 

significant improvements in response rate and overall survival (Woyach et al., 2011). FCR 

regimen has been shown to demonstrate higher remission rates than either fludarabine alone or 

fludarabine and cyclophosphamide (FC) (Hallek et al., 2010, Robak et al., 2010a). The 

combined drugs act in synergy to enhance the response of CLL cells to treatment. For example, 

it has been shown that fludarabine enhances the rituximab’s action by downregulating the 

expression of complement inhibitory proteins CD55 and CD59 (Di Gaetano et al., 2001). In 

contrast, rituximab restores resistant malignant cells sensitivity to fludarabine and other 

cytotoxic agents by inhibiting the expression of anti-apoptotic proteins IL-10 and BCL-2 (Alas 

et al., 2001). 

 

Robak et al. (2010a) compared the FCR regimen with FC in previously treated CLL patients 

and found that patients who received FCR demonstrated significantly better clinical response 

and progression-free survival. The improved response rates and overall survival in the FCR-

treated arm were also confirmed in phase III of the CLL8 study compared to treatment with 

fludarabine and cyclophosphamide alone (Hallek et al., 2010). However, the FCR regimen was 

less effective in relapsed or refractory CLL patients (Hallek et al., 2010, Keating et al., 2005, 

Wierda et al., 2005). Despite the promising results of chemo-immunotherapy, CLL 

management’s current focus is to employ molecularly targeted therapies to avoid the traditional 

chemo-immunotherapy severe side effects. 

1.1.5.4 Immunomodulatory drugs (IMiDs)  

Immunomodulatory agents (such as thalidomide, lenalidomide and pomalidomide) have a 

common pharmacological structure and function by targeting the cereblon (CRBN) gene (Ito 

et al., 2010). The binding between IMiD and CRBN lead to the degradation of transcript factors 
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Ikaros (IKZF1) and Aiolos (IKZF3), responsible for B cell maturation and development (Ito et 

al., 2010, Schmitt et al., 2002). As CLL cells express Ikaros and Aiolos, IMiDs have been 

introduced in clinical trials and display promising outcomes in CLL patients (Kater et al., 

2014). 

 

Lenalidomide has been approved by the FDA for the treatment of multiple myeloma (MM) and 

myelodysplastic syndromes (MDS) (Hernandez-Ilizaliturri and Batoo, 2011). CLL studies 

showed that although lenalidomide has no direct cytotoxic effects on CLL cells in vitro 

(Fecteau et al., 2014), it possess anti-tumour activity by activating/modulating normal immune 

cells such as NK and CD4+ T cells as well as inducing IL-2, which results in inhibition of CLL 

cells proliferation (Kater et al., 2014). Clinical studies have shown that lenalidomide can be 

used as monotherapy or combined with other drugs for the treatment of relapsed/refractory 

CLL. A study by Chanan-Khan et al. (2006) introduces lenalidomide as monotherapy for pre-

treated patients with CLL patients, 51% with fludarabine refractory. An impressive overall 

response rate of 47% was reached with complete remission of 9%. A phase II study used 

lenalidomide as a first-line treatment for patients with high-risk cytogenetic features showed 

an overall response rate of 72% (Chen et al., 2012). 

1.1.5.5 Novel therapeutic agents 

CLL pathology’s improved understanding has opened the door for a more advanced therapy 

that targets the specific proteins expressed by the malignant cells or microenvironment 

contributing to CLL cell survival and development. B cell receptor (BCR) signalling inhibitors 

and BCL-2 inhibitors are some of the most established targeted therapies that demonstrated 

their enhanced efficiency over traditional chemotherapy in targeting CLL cell.  

1.1.5.5.1  BCR signalling inhibitors 

The developed BCR inhibitors targeted the BCR signalling pathway’s key kinases, including 

Bruton’s Tyrosine Kinase (BTK), PI3 kinase (PI3K) and SYK. BTK expression level is high 

in CLL, where it plays a vital role in the malignant B cell pathology (Herman et al., 2011). The 

BTK inhibitor ibrutinib was approved by the FDA as a first-line treatment for CLL patients 

with del(17) (Byrd et al., 2014). The RESONATE-2 study compared ibrutinib to chlorambucil 

in previously untreated CLL patients who were 65 years or older. It found that ibrutinib 

significantly improved progression-free survival, overall survival and reduced death rate 

compared to chlorambucil (Burger et al., 2015). However, hypertension and cardiotoxicity are 

common adverse effects in ibrutinib treated patients (Dickerson et al., 2019). 
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PI3K mediates signal transduction from the BCR (Fruman and Rommel, 2014). The delta 

isoform of class I PI3K (PI3Kd) plays a vital role in the B cell development and survival and 

is found to be overexpressed in CLL (Fruman and Rommel, 2014). The selective PI3Kδ 

inhibitor idelalisib acts by inhibiting AKT and ERK phosphorylation, the downstream kinases 

of PI3K essential in delivering the pro-survival signal, resulting in CLL cell apoptosis 

(Hoellenriegel et al., 2011). The drug was approved in the UK as second-line therapy for 

relapsed/refractory CLL patients who are unfit for chemotherapy and failed to respond to BTK 

inhibitor but not as first-line therapy due to significant toxicity (Kipps et al., 2017). Recently, 

a combination regimen that included idelalisib and rituximab have shown a better efficacy 

when compared to rituximab alone in relapsed CLL patient with an overall response rate of 

81% versus 13% and overall survival rate of 92% versus 80%, respectively (Furman et al., 

2014). 
 

SYK is an essential component of the BCR downstream signalling pathway in CLL (Gobessi 

et al., 2009). Fostamatinib is an SYK inhibitor that showed promising initial results in patients 

with relapsed and refractory CLL (Friedberg et al., 2010, Herman et al., 2013). However, 

serious adverse events associated with fostamatinib therapy, including diarrhoea, fatigue, 

cytopenia, hypertension, and nausea (Friedberg et al., 2010). A more selective SYK inhibitor, 

entospletinib (GS-9973), is currently in a trial to treat patients with relapsed or refractory CLL 

(Sharman et al., 2015). 

1.1.5.5.2  BCL-2 inhibitor 

BCL-2 is an anti-apoptotic protein that localised in the outer membrane of mitochondria and 

plays a crucial role in cell survival by inhibiting the pro-apoptotic BCL-2 family proteins BAX 

and BAK. BCL-2 is overexpressed in CLL cells which attracted the attention as a possible 

target for novel therapeutic agents (Anderson et al., 2014). Several successful BH3 mimetic 

inhibitors were developed that mimic the action of BH3 only proteins, the natural BCL-2 

inhibitors; these include ABT-737, ABT-263, and ABT-199.  

 

ABT-737 has a higher affinity for BCL-2, Bcl-xL and Bcl-w and showed promising results in 

vitro studies (Hann et al., 2008). However, it was not introduced in clinical trials due to its 

harmful pharmacological properties (Vogler et al., 2010). ABT-263 (Navitoclax) has similar 

pharmacological effects as ABT-737 and can be introduced orally to patients. Although 

Navitoclax showed exciting results in refractory/relapsed CLL patients with an overall 
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response of 35%, it showed no effects on patients with del(17) (Vogler et al., 2010). 

Furthermore, dose-limiting thrombocytopenia was observed in treated patients due to Bcl-xL 

inhibition (Rudin et al., 2012, Kaefer et al., 2014). 

  

The new generation of BH3 mimetic venetoclax (ABT-199) is a highly selective inhibitor of 

BCL-2, but not Bcl-xL or Bcl-w, by disrupting the BCL-2/BIM complex (Pan et al., 2014), 

thereby had no side effects on platelets (Souers et al., 2013). A study by Seymour et al. (2013) 

demonstrates an effective overall response rate of 84% in relapsed/refractory CLL patients and 

patients with del(17) or TP53 mutation when treated with ABT-199. Combination therapy of 

ABT-199 with rituximab or ibrutinib had higher clinical responses than rituximab or ibrutinib 

alone (Anderson et al., 2013, Portell et al., 2014). In 2016, the FDA approved ABT-199 as a 

second-line treatment for relapsed/refractory CLL patients and for patients with del(17) 

(www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ ucm495253.htm). 

1.2 Pathogenesis of CLL 

The variability in the CLL progression and clinical outcome most likely reflects the biological 

heterogeneity of the disease. This difference emphasises the importance of understanding the 

origin of the disease, how it develops and what factors influence its progression.  

1.2.1 Cell origin of CLL 

As described earlier, CLL results from clonal expansion of mature B lymphocytes that express 

CD5+, CD19+, and CD23+. This immunophenotypic profile of CLL cells differs from that of 

most normal B cell subsets. Several B cell sub-types have been suggested as giving rise to 

CLL, including normal naive B cells, splenic marginal zone (sMGZ) B cells, adult CD5+ B 

cells, class-switched B cells, and IgM+ memory B cells (Chiorazzi and Ferrarini, 2011, Forconi 

et al., 2010, Klein et al., 2001). A recent study by Seifert et al. (2012) compared CLL cells to 

normal naive B cells, sMGZ B cells, adult CD5+ B cells, class-switched B cells, and 

IgM+ memory B cells and found that CLL cells have a gene-expression profile that is very 

similar to that of CD5+ B cells found in the peripheral blood of healthy adults.  

 

Furthermore, the transcriptome analyses of the immunoglobulin variable region (IGV) gene 

revealed that unmutated CLL derives from unmutated mature CD5+ B cells, whereas mutated 

CLL derives from a distinct, previously unrecognised CD5+, CD27+ post-germinal centre B 

cell subset (Figure 1.3) (Seifert et al., 2012). This finding is consistent with the existence of 
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two CLL classes defined by the presence or absence of IGHV hypermutation. Moreover, it has 

been reported that hematopoietic stem cells (HSCs) isolated from CLL patients are primed to 

undergo differentiation into B cell progenitors (Kikushige et al., 2011). The  B cell progenitors 

may subsequently develop into mono- or oligoclonal B cells with a CLL like phenotype 

(Kikushige et al., 2011), suggesting that the early leukemogenic events of CLL might involve 

multipotent, self-renewing HSCs. 

1.2.2 BCR signalling and IGHV mutational status 

B cells are responsible for the production of antigen-specific antibodies that help eliminate 

exogenous and autologous threats to homeostasis. During the development of normal B cell, 

immature B cells interact with CD4+ T helper cells (Th) in the germinal centre (GC) of a lymph 

node, in which the V gene segments undergo point mutations in the immunoglobulin heavy 

chains by somatic hypermutation and class-switch recombination (Rickert, 2013). This normal 

process is a natural part of the antibodies’ affinity maturation, and it is mediated by the B cell 

receptor (BCR) in response to antigens in both normal and malignant B cells. The BCR is a 

membrane complex consisting of surface membrane ligand-binding immunoglobulin (sIg) and 

co-receptors CD79a and CD79b (Pleiman et al., 1994). The sIg composed of two regions, a 

variable (V) region for antigen binding and constant (C) region responsible for the Ig isotype 

variation (e.g. IgA, IgD, IgE, IgG and IgM) of the BCR or antibody (Black, 1997). 

 

Several studies have implicated BCR in playing a central role in CLL-cell survival and 

proliferation, as well as the pathogenesis of the disease (Stevenson and Caligaris-Cappio, 2004, 

Chiorazzi and Ferrarini, 2003). In response to antigen engagement, a number of the BCR 

signalling pathways are activated including, mitogen-activated protein kinases (MAPK), AKT, 

PI3K, and Nf-κB pathways, mediated by several kinases and adaptor proteins, such as spleen 

tyrosine kinase (Syk), BTK and Lyn (Burger, 2012, Gauld et al., 2002). However, the specific 

BCR antigens that drive CLL still debatable. It has been suggested that CLL is driven by BCR 

antigen-independent cell-autonomous signalling, which is dependent on the heavy-chain 

complementarity-determining region (HCDR3) and an internal epitope of the BCR (Duhren-

von Minden et al., 2012). Other investigators argued that this does not explain why there are 

subgroups of CLL patients expressing highly similar BCR stereotypes with shared somatic 

mutations. They proposed that it is more likely that antigens of fungal origin (Hoogeboom et 

al., 2013) or self-origin, such as cytoskeletal proteins from apoptotic cells (Chu et al., 2010), 

drive the CLL pathogenesis (Catera et al., 2008). In summary, based on IGHV mutational status 
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and gene usage, generally speaking, M-CLL cells are considered to be antigen-GC-experienced 

B cells, whereas UM-CLL cells are considered to have undergone T-cell independent antigen 

activation and of a marginal zone B cell origin (Figure 1.3) (Seifert et al., 2012, Rosenwald et 

al., 2001, Klein et al., 2001).  

 
Figure 1.3: The cellular origin of CLL. The genetic and epigenetic alterations leading to CLL 

development have been suggested to occur at an early stage from haematopoietic stem cells 

(HSC). These aberrations may give rise to increased production of polyclonal progenitor B 

cells, which will, in turn, differentiate to a high number of monoclonal or oligoclonal CD5+ B 

cell that carries the same genetic abnormalities. B cell receptor (BCR)-stimulated signalling 

may lead to clonal selection and expansion of oligoclonal B cell populations into monoclonal 

B cell lymphocytosis (MBL). CLL cells with M-IGHV are likely to originate from the post-

germinal centre (post-GC) CD5+CD27+ B cells, whereas unmutated CLL cells (UM-IGHV) 

are driven from CD5+CD27- naive B cells that have not undergone GC maturation. Several 

genetic and epigenetic alterations may involve the full transformation of MBL into monoclonal 

CLL cells, including BCR stimulation and tumour microenvironmental signalling. Adapted 

from Fabbri and Dalla-Favera (2016). 

 

Polyclonal Oligoclonal Monoclonal
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1.2.3 Apoptosis and proliferation of CLL cells 

1.2.3.1 Pathways of apoptosis 

Apoptosis is a physiological process by which damaged or infected cells are eradicated through 

a process that involves chromatin condensation and nucleus fragmentation (Ziegler and 

Groscurth, 2004). The apoptosis program plays a critical role in maintaining cellular 

homeostasis and development, and any defect in the death process may lead to tumorigenesis 

and accumulation of genetic alteration within the cell (Johnstone et al., 2002). The molecular 

mechanisms that regulate cellular apoptosis are complex and involve two main 

activation pathways, an extrinsic pathway (death receptor-dependent) and the intrinsic pathway 

(mitochondria-dependent).  

 

The extrinsic pathway is triggered by the interaction between the cell death receptors (e.g. 

TNF-R, Fas, DR4) and their corresponding ligands (e.g. TNF, Fas-L, TRAIL), which 

subsequently activates the initiator caspase-8 (Strasser et al., 2011). The intrinsic pathway can 

be activated by several intracellular signals and regulated by the BCL-2 family of proteins 

(Martinou and Youle, 2011). These proteins are characterised by the presence of at least one 

of the four BCL-2 homologues (BH) domains (BH 1-4) and divided into two groups based on 

their pro-survival or pro-apoptotic function. According to the BH domain, the pro-apoptotic 

members are furtherly subdivided into two major groups, multi-BH domain members and BH3-

only members (Table 1.5) (Martinou and Youle, 2011, Cory et al., 2003). In a typical setting, 

the pro-survival members of the BCL-2 family proteins monitor the pro-apoptotic members 

BAX and BAK that are usually localised on the outer mitochondrial membrane. However, upon 

activation by apoptosis inducers, the pro-apoptotic BH3-only members bind to and sequester 

the pro-survival proteins leading to the release and activation of BAX and BAK. The activated 

BAX and BAK oligomerise and permeabilise the mitochondrial membrane, leading to the 

release of apoptogenic factors such as cytochrome c and subsequently initiating cell death 

programme (Strasser et al., 2011). The pro-apoptotic BH3-only members can also initiate the 

apoptotic process by interacting directly with BAX and BAK.  

 

In CLL, overexpression of pro-survival members (e.g. BCL-2 and MCL-1) is frequently 

observed and usually linked with aggressive disease and poor survival (Hallaert et al., 2007, 

Pepper et al., 1999). Studies on co-cultured CLL cells with stromal cells, nurse-like cells (NLC) 

and CD40 ligand expressing fibroblast showed overexpression of these pro-survival proteins 
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leading to the development of drug resistance in vitro (Zhuang et al., 2014, Vogler et al., 2009, 

Kitada et al., 1999). Furthermore, p53 protein is an apoptotic regulator that is frequently 

mutated in CLL, causing defective cell apoptosis machinery (Trbusek and Malcikova, 2013). 

Upon cell stress or damage, p53 initiate transcriptional activation of BH3-only pro-apoptotic 

proteins (Bad, Noxa and Bik), leading to cell cycle arrest and apoptosis (Levine, 1997). TP53 

gene mutations are an unfavourable prognostic factor and can be detected in up to 55% of CLL 

patients (Dicker et al., 2009). 

 

Table 1.5: Classification of BCL-2 family proteins. 

Pro-survival Multi-BH domain pro-apoptotic BH3-only pro-apoptotic 

BCL-2 

Bcl-xL 

Bcl-w 

MCL-1 

Bfl-1 

 

BAX 

BAK 

Bok 

Bcl-xs 

Bad 

Bik 

Bid 

BIM 

Noxa 

Puma 

 

1.2.3.2 Proliferation of CLL cells 

Recent emerging evidence has shown that CLL is a proliferative disease, unlike what has been 

thought before that CLL is merely an accumulative disease of malignant B cells. Landau et al. 

(2013) demonstrate that some CLL clones undergo genetic mutations and chromosomal 

abnormalities over the disease’s clinical course that leads to their expansion.  In the in vivo 

study, a safe isotopic labelling method was used to determine the CLL cell birth rate (Messmer 

et al., 2005). The results show that the CLL cells proliferate at a relatively high rate with birth 

rates varied between patients (01.-1.0% per day) and that patients who express a higher birth 

rate (greater than 0.35% per day) are more likely to developed progressive disease compared 

to those with a lower rate. These studies show that CLL cells actively proliferate in vivo.  

 

Moreover, proliferation studies have suggested that CLL cells proliferate mainly in lymph node 

rather than bone marrow or peripheral blood (van Gent et al., 2008). Using a deuterium oxide 

(2H2O) in vivo labelling method, Herndon et al. (2017) found that lymph node harbour the 

largest fraction of newly born CLL cells with a birth rate high as 3.3% per day, compared to 

bone marrow and peripheral blood. The proliferation of CLL cells occurs in microanatomical 
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sites known as pseudofollicles, where CLL cells interact with different types of accessory cells 

(Burger, 2013). Several models have since been developed to mimic the CLL proliferation in 

vitro. The most common one is co-culturing CLL with transfected fibroblasts expressing CD40 

ligand (CD40L) plus IL-21 (Pascutti et al., 2013). Alternative methods include stimulating 

CLL cells with CD40L+ IL-4 (Banchereau and Rousset, 1991) or CD40L+IL-2+IL-10 in co-

culture with stromal cells (Plander et al., 2009). A study by Purroy et al. (2015) showed that 

primary CLL cells co-cultured with BM stromal cells, CD40 ligand and CpG ODN shared 

many phenotypical features with circulating proliferative CLL cells, such as upregulation of 

ZAP-70 and CD38 and higher CD49d and CD62L expression.  

1.2.4 Mechanisms of resistance to apoptosis in CLL 

1.2.4.1 Mutations in proteins leading to NF-κB activation 

Various genetic factors may be involved in the deregulation of the NF-κB pathway and the 

disease’s pathogenesis. Several mutations have been reported to occur in CLL patient that 

enhanced or activated the NF-κB pathway. These include gene mutations involving BIRC3, 

MYD88 or NKFBIE genes that interfere with NF-κB inhibitors and promote their deregulation 

(Puente et al., 2011, Rossi et al., 2012a, Mansouri et al., 2015). Mutations on one of the NF-

κB proteins (NF-κB2) in transgenic mice’s lymphocytes showed that it caused constitutively 

active NF-κB leading to the development of small B cell lymphoma, which also involved the 

increased expression of TRAF1 (Zhang et al., 2007). Other factors, such as epigenetic changes, 

mainly in DNA methylation (Cahill and Rosenquist, 2013) and aberrant microRNA expression 

(Balatti et al., 2016), has been shown to activate the NF-κB pathway in CLL. 

1.2.4.2 The CLL microenvironment 

The fact that CLL cells are long-lived in vivo but rapidly undergo apoptosis in vitro (Burger, 

2011, Caligaris-Cappio et al., 2014, Collins et al., 1989, Coscia et al., 2011) strongly indicates 

that they retain essential biochemical machinery to execute apoptosis and that their prolonged 

survival in vivo depends on the tissue microenvironment. Over the past decade, it became 

increasingly clear that the crosstalk between CLL cells and the microenvironment components 

such as mesenchymal stromal cells, monocyte-derived NLCs, endothelial cells and T cells 

promotes leukemic cell survival and proliferation, contributing to the development of minimal 

residual disease (MRD) (Figure 1.4) (Burger, 2011, Caligaris-Cappio et al., 2014, Meads et al., 

2009). CLL cells interactions with microenvironment components are not targeted by current 

front-line chemo-immunotherapies, which may explain why CLL remains an incurable disease. 
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Therefore, it is crucial that the newer therapeutic agents target not only non-cycling CLL cells 

in the peripheral blood but also those residing in the tissue microenvironment (Bogner et al., 

2003). The following sections will focus on reviewing the literature describing the interactions 

between CLL cells and T cells, particularly via the CD40-CD40L signalling pathway. 

 

 
Figure 1.4: Components of the CLL microenvironment. CLL cells interact with the 

accessory cells within the bone marrow and/or lymph nodes microenvironment leading to 

malignant cells survival, proliferation and retention to tissues. CLL crosstalk with activated T 

cells via CD40-CD40L interaction, which promotes cell survival and mediates the secretion of 

several cytokines essential for cell proliferation and expansion, such as IL-4 and IL-10. PD-1 

ligation by PD-L1 on T cell favours immune evasion of malignant cells from T cell 

cytotoxicity. In turn, CLL cells produce CCL3/4 to attract more T cells and nurse-like cells 

(NLC) to the CLL microenvironment. The migration of CLL cells into lymphoid tissues and 

the bone marrow is mediated by chemokines CXCL12 and CXCL13 secreted predominately 

by the stromal cells and NLC, respectively. Chemokines CCL19 and CCL21 produced by 

endothelial cells can also attract CLL cells to microenvironment tissues via the corresponding 
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CCR7 receptor on CLL cells. The adhesion molecule CD49d on CLL cells supported cells 

migration via interactions with VCAM1 receptor on stromal cells. The secreted ligand Wnt by 

stromal cells also contributes to the homing of CLL cells to tissues. The hyaluronan expressed 

by endothelial cells can mediate B cell signalling via interaction with the CD44 receptor. 

Additionally, CLL cell survival is promoted through the interactions of chemokine receptors 

expressed on CLL cells with the corresponding ligands on NLC, including CD31, BAFF and 

APRIL. B cell receptor (BCR) signalling due to stimulation by antigens from the environment 

promotes CLL cell survival and expansion. VCAM1, vascular cell adhesion protein 1; BAFF, 

B cell-activating factor; BCMA, B cell maturation protein; TACI, transmembrane activator. 

Adapted from Kipps et al. (2017). 

 
 

1.2.4.2.1 Role of T cells in CLL development 

It has been shown that CLL patients usually have a higher number of subset T cells in their 

peripheral blood and that these T cells show profound functional defects and signs of chronic 

activation (Ramsay et al., 2008). Upon BCR activation, CLL cells attract T cells in the 

pseudofollicles of lymph nodes and bone marrow through the secretion of cytokines such as 

CCL3 and CCL4 (Burger, 2011, Ghia et al., 2002). The interaction between CD4+ T helper 

cells (Th) and CLL cells promotes proliferation and clonal expansion of CLL cells (Patten et 

al., 2008). T cells requirement in CLL development was demonstrated by an in vivo study in 

which human CLL cells were transplanted into immunodeficient mice. It was shown that the 

CLL cells transplanted in these mice failed to proliferate and expand without the presence of 

autologous, activated Th cells (Bagnara et al., 2011). One of the crucial mechanisms by which 

T cells mediate CLL cells survival and proliferation is the engagement of  CD40 receptor on 

CLL cells by  CD40 ligand (CD40L, also known as CD154) on Th cells (Granziero et al., 2001, 

Pizzolo et al., 1983, Schmid and Isaacson, 1994). A study by Os et al. (2013) showed that the 

activation of CLL cells by Th cells was dependent on cell-cell contact and involved interaction 

between CD40 and CD40L, which the addition of anti-CD40L antibody can inhibit. Hence, 

CD40-CD40L interaction plays a vital role in mediating the crosstalk between T cells and CLL 

cells. 
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1.3 CD40 signalling in B lymphocytes 

1.3.1 CD40 ligand  

CD40 ligand (CD154) is a member of the tumour necrosis factor (TNF) superfamily of 

molecules primarily expressed in activated Th cells. It is characterised by an extracellular 

sandwich structure that consists of a β-sheet on the two ends and an α-helix loop in the middle, 

which allows for the trimerisation of CD40L with CD40 (Karpusas et al., 1995). It is, along 

with CD28, one of the main costimulatory signals by which B cells proliferate and differentiate 

into antibody-secreting effector cells (Covey et al., 1994, Spriggs et al., 1992). Defective 

mutations in the CD40 ligand gene results in T cells unable to induce B cells to 

undergo immunoglobulin class switching, leading to an X-linked variant of hyper IgM 

syndrome in humans (Allen et al., 1993). 

1.3.2 CD40 receptor 

CD40 is a member of the tumour necrosis factor receptor (TNFR) superfamily expressed in 

antigen-presenting cells, including B lymphocytes, macrophage, dendritic cells and endothelial 

cells (Stamenkovic et al., 1989, Schonbeck and Libby, 2001). The type 1 transmembrane 

receptor comprises 298 amino acid residues (aa) that form the extracellular domain, leader 

sequence, transmembrane domain and intracellular domain (van Kooten and Banchereau, 

2000). The extracellular domain is rich with cysteine residues; a feature shared between TNFR 

family members, which comprises four domains (D1-D4), with each consisting of two modules 

(Figure 1.5). The CD40L binding site located on the extracellular part of the receptor between 

the second and third domain of CD40. Upon ligation of CD40 by CD40L, CD40 receptors 

undergo trimerisation and subsequent oligomerisation, a critical step in initiating signal 

transduction (Fanslow et al., 1994). Moreover, the trimeric form of CD40L exhibits higher 

potency to trimerise CD40 compared to monomeric or dimeric forms of the ligand, which 

generates stronger intracellular signals (Haswell et al., 2001). The cytoplasmic domain of 

CD40 contains several binding motifs for intercellular proteins such as tumour necrosis factor 

receptor-associated factors (TRAFs) and Janus kinase 3 (JAK3) (Singh et al., 1998). These 

binding sites play an essential role in mediating signal transduction since the CD40 receptor 

lacks intrinsic protein kinase activities (Graf et al., 1992). 
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Figure 1.5: Schematics diagram of the CD40 receptor molecular structure. CD40 

extracellular receptor (N-terminal) comprises four domains (D1-D4), with each consisting of 

two modules. CD40L binds to the CD40 receptor on the region within D2 and D3. The 

intracellular domain (C-terminal) contains several binding motifs for intercellular signalling 

mediator proteins such as JAK3 and TRAFs. Upon CD40 ligation, JAK3 recruited to the upper 

cytoplasmic tail. TRAF6 recruited to the QEPQEINF motif at the membrane-proximal 

intracellular domain of CD40, whereas TRAF2 and TRAF3 recruited to the PVQET sequence 

at the cytoplasmic tail. Adapted from (Gong et al., 2009). 

1.3.3  CD40-CD40L interaction 

CD40 ligation by CD40L activates several downstream signalling pathways involved in B 

cell development and homeostasis (Schwartz et al., 2014). The activated CD40 signals mediate 

B cell immunoglobulin isotype switching and differentiation into plasma cells and/or memory 

cells in the presence of interleukin 2 (IL-2) (Elgueta et al., 2009, Rickert et al., 2011). Although 

T cell priming and B cell activation can occur independently of CD40 signals, a defect in the 

CD40 gene can affect a wide variety of immune and inflammatory responses, including T cell-

dependent isotype switching, memory B cell development, and GC formation (Kawabe et al., 

1994, Schwartz et al., 2014). Furthermore, stimulation of B cells with CD40L upregulate 

several surface markers (CD27, CD30, CD40, CD80, CD95/Fas and MHC II), adhesion 

receptors (CD54, CD11a/CD18, CD23) and cytokines (TNF-α, TNF-β and IL-4, 10) important 

in B cell proliferation and survival (Bishop and Hostager, 2001, Schonbeck and Libby, 2001, 

Elgueta et al., 2009).  

 

CD40L binding site

JAK3 binding site

TRAF6 binding site

TRAF2/3 binding site
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CD40 oligomerisation, in response to CD40L, leads to the recruitment of the adapter proteins 

TRAFs to the CD40 cytoplasmic domain. These TRAFs play a vital role in the intracellular 

signals transduction, resulting in the activation of several downstream signalling pathways, 

including canonical and noncanonical NF-κB pathways (Bishop et al., 2007). Activation of 

NF-κB results in elevated expression of pro-survival factors such as BCL-2, Bcl-xL, Bfl-1, 

inhibitors of apoptosis protein cIAP1 and cIAP2 (Mineva et al., 2007, Elgueta et al., 2009). 

However, CD40 activation of some downstream pathways can occur independently of TRAF 

proteins. For example, JAk3 can be recruited directly to the upper cytoplasmic membrane of 

CD40 upon ligation, leading to the phosphorylation and activation of transcription STAT6 

(Karras et al., 1997). The following sections will review the characteristics of each TRAFs and 

JAK3 and their functions relevant to B cells.  

1.3.4 TRAF family proteins & JAK3 

TRAFs are a family of adaptor proteins (TRAF1-6) with no intrinsic enzymatic activity 

(Bishop et al., 2002). TRAFs are believed to be the major signal transducers for a wide variety 

of upstream receptors involved in regulating many cellular processes and survival. These 

include the TNF receptor superfamily and the interleukin-1 receptor (IL-1R)/Toll-like receptor 

(TLR) superfamily, in which TRAFs acts as signalling mediator to their downstream effectors 

and signalling cascades (Hacker et al., 2011, Xie, 2013) (Table 1.6). The receptor superfamily 

of members usually requires more than one TRAF protein to transmit and activate their 

signalling cascades, and often different TRAF members are involved in activating the same 

pathways (Bishop et al., 2002). Therefore, the expression level of TRAFs may play an essential 

role in determining the activation outcomes. Upon CD40 ligation, TRAFs aggregate to the 

cytoplasmic tail of the CD40 receptor, whereas JAK3 is recruited to the upper cytoplasmic tail, 

where it is bound to specific motifs of the receptor, forming a stable signalling complex (Figure 

1.5) (Pullen et al., 1999b, Xie, 2013). The binding affinity of TRAFs and the ability to 

oligomerise with CD40 receptors are different among its members, explaining the different 

interaction patterns of TRAFs (Pullen et al., 1999b, Xie, 2013). 

 

In general, TRAF2, 3, and 6 are ubiquitously expressed and can be found in almost every tissue, 

whereas expressions of TRAF1, 4, and 5 relatively cell type-specific, with B lymphocytes 

expressing all TRAFs members (Zapata et al., 2000, Arch et al., 1998, Rothe et al., 1994). The 

level of TRAF2 protein expression found to be the highest compared to other TRAFs in 

unstimulated B cell, whereas TRAF1 was undetectable (Zapata et al., 2000). However, our 
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understanding of the pattern and dynamic of CD40-TRAFs interactions in the normal and 

malignant B cells is limited as most of the published data on their interactions is based on work 

carried out using cell lines (e.g. human embryonic kidney cells, HEK293). Additionally, 

studies on the TRAF family of proteins using different cell types showed that TRAF protein’s 

function might be cell type-specific. For example, studies on HEK293 cells show that TRAF5 

and TRAF6 are essential in the activation of NF-κB pathway mediated by CD40 stimulation, 

whereas NF-κB activation by CD40L was not impaired in B cells deficient in TRAF5 or 

TRAF6 (Nakano et al., 1999, Rowland et al., 2007, Ishida et al., 1996, Jalukar et al., 2000). 

Therefore, the CD40-TRAFs interaction and their subsequent signalling cascades in normal 

and malignant B cell cannot be assessed using experimental data obtained from other cell types. 

Thus, I will focus my review below on published studies reporting findings of the roles of 

TRAFs and JAK3 in mediating CD40 signalling in B lymphocytes. 

 

It has been reported that in normal B cell, CD40 signalling can be mediated through TRAF1, 

2, 3, 5, 6 and JAK3, which subsequently activate different intracellular signalling pathways 

including NF-κB, MAPK, and PI3K, individually or in combination (Xie, 2013, Bishop et al., 

2007). Cooperation and collaboration between the different TRAF members might be required 

in mediating CD40 signalling in B cells. However, the exact mechanisms of signal transduction 

from the CD40 receptor remains largely undefined. Furthermore, TRAFs play an essential role 

in regulating and inducing B cell humoral immunity. For example, TRAF2 and TRAF3 can 

mediate signals for Ig class switching (Jabara et al., 2002), while TRAF6 is involved in the Ig 

affinity maturation and plasma cells generation (Ahonen et al., 2002). Collectively, this 

suggests that, although TRAFs members may functionally compensate one another, each 

TRAF has its distinct biological roles. 

 

Table 1.6: The TNF receptor and IL-1R/TLR superfamily members that interact with the 

TRAF family members 

TNF receptor superfamily 

v Receptors with intracellular death domains: 

TNFR1, Fas, p75NTR, DR3, DR4, DR5, DR6, NGFR, EDAR, TRAIL-R1 

v Receptors with no intracellular death domains:  

TNFR2, LTβR, CD40, CD30, OX40, CD27, 4-1BB, RANK/TRANCE-R, Troy, 

HVEM, EDAR, XEDAR, AITR, TACI, BCMA, BAFF-R, GITR, Fn14 
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IL-1R/TLR superfamily 

v IL-1 receptor family: 

IL-1R, IL-1RAcp, IL-18R, IL-18RAcp  

v Toll-like receptor family: 

TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, TLR10 

Adapted and modified from (Xie, 2013, Hacker et al., 2011) 

 

1.3.4.1  Molecular structure of TRAFs 

Structurally, the TRAF family molecules share a highly conserved carboxyl domain known as 

the TRAF domain that enables them to mediate the intracellular signalling (Figure 1.6). 

Crystallographic studies showed that the TRAF domain has a trimeric mushroom-shaped 

structure in which the carboxyl-terminal (C-terminal) forms a unique eight stranded anti-

parallel β-sheet, whereas the amino-terminal (N-terminal) part forms a triple-helical coiled-coil 

(Park et al., 1999, Ahonen et al., 2002, McWhirter et al., 1999, Ni et al., 2000). Moreover, the 

N-terminal domain of TRAFs composed of zinc fingers preceded by a zinc RING domain, 

except for TRAF1 that has only one zinc finger and no zinc RING domain (Figure 1.6) (Wajant 

et al., 2001, Inoue et al., 2000, Rothe et al., 1994). The C-terminal mediates the interaction 

with cytoplasmic domains of CD40 and other receptors, whereas the N-terminal mediates 

TRAFs homo- and hetero-oligomerisation and signal transduction (Malinin et al., 1997, Cheng 

et al., 1995, Cheng and Baltimore, 1996, Rothe et al., 1996). The zinc RING domain from 

TRAF2 to TRAF6 serves as an E3 ubiquitin ligase, in addition to their function as an adaptor 

(Xie, 2013, Bishop et al., 2007). The TRAF domain structure differences between individual 

TRAF members could influence their binding affinity to different receptors, homo- and hetero-

oligomerisation with other proteins, leading to activation of different downstream signalling 

cascades (Bishop et al., 2002).  

 

The crystal structure studies of the TRAF family members confirmed that stimulation of 

receptor leads to a conformational change of the TRAF-peptide core motifs on the receptors 

domain, which may explain the differences in the binding specificity and affinity of the TRAF 

members before and after receptor stimulation (Ye et al., 2002). McWhirter et al. (1999) 

explored the conformational changes of the CD40 cytoplasmic tail bound to TRAF2 after 

stimulation with CD40L. They showed that ligation with CD40L result in trimerisation of the 
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CD40 receptor, which exposed the canonical motif for TRAF2 in the CD40 cytoplasmic 

domain, enabling the trimeric TRAF2 to interact with three cytoplasmic tails of CD40, thus 

providing a molecular explanation of the differences in the level of TRAFs recruitment before 

and after CD40 stimulation. It has been shown that higher levels of oligomerisation of TRAF2 

with four or more CD40 cytoplasmic tails might be required to trigger a full CD40 signalling 

cascade effectively (McWhirter et al., 1999). Therefore, the degree of oligomerisation may 

result in different patterns of TRAFs recruitment to the CD40 domain and highly oligomeric 

forms of CD40 may be needed to sustain the interaction with TRAFs, especially for low-

affinity adaptors such as TRAF1 or TRAF6 (Haswell et al., 2001, Pullen et al., 1999a, Xie, 

2013).  

 
Figure 1.6: Schematics diagram of the TRAF family proteins domain structure. (A) The 

carboxyl domain of the different family members of TRAFs. All TRAFs share the same domain 

structure consisting of TRAF-C terminal domain, TRAF-N terminal domain, zinc fingers and 

RING except for TRAF1 with only one zinc finger and no RING finger. (B) A representative 

model of the overall structure of TRAFs. TRAF-C terminal domain has a trimeric mushroom-

shaped structure by which TRAFs oligomerises with CD40 cytoplasmic tail upon ligation.  The 
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TRAF-N part consisting of triple-helical coiled-coil followed by zinc fingers, and a RING 

known as the zinc finger domain. Modified from Xie (2013) and Park (2018). 

 

1.3.4.2 TRAFs binding motifs 

The genetic deletion of the TRAF zinc finger domain produced dominant loss-of-function 

TRAF proteins that could not transmit activation signals, demonstrating the importance of this 

domain in signal transduction (Bishop et al., 2007). Protein-protein interaction studies revealed 

that TRAF2 and TRAF3 directly bind to the cytoplasmic tail of CD40 upon stimulation with 

CD40L (Lu et al., 2007, Ahonen et al., 2002, Jabara et al., 2002, Yasui et al., 2002), whereas 

TRAF1 and TRAF5 bound indirectly by forming hetero-oligomerisation with TRAF2 and 

TRAF3, respectively (Ishida et al., 1996, Cheng et al., 1995, Lee et al., 1999, Pullen et al., 

1998). However, other study showed that, in the absence of TRAF2, TRAF1 appeared to bind 

weakly to the CD40 cytoplasmic domains (Pullen et al., 1998), suggesting that TRAF1 can 

also interact with CD40 receptor. Additionally, TRAF1, 2, 3, and 5 have an overlapping 

canonical binding site located at the distal domain of the CD40 cytoplasmic tail characterised 

by the amino acid sequence PVQET (Figure 1.5) (Pullen et al., 1998, Pullen et al., 1999b). 

Therefore, these TRAFs might compete among themselves for CD40 binding before and after 

stimulation. The binding affinities of TRAF 2 and TRAF3 for CD40 are greater than TRAF 5, 

6 and JAK3 (Lee et al., 1999). Mutations of the PVQET sequence via mutagenesis assay 

resulted in disruption of TRAF2 and TRAF3 bindings to the CD40 receptor and consequently 

abolished activation of NF-κB and p38/MAPK pathways upon stimulation (Davies et al., 2005, 

Manning et al., 2002). However, an alternative binding site for TRAF2 has also been identified 

at the C-terminus of the CD40 domain (Lu et al., 2003), by which TRAF2 was able to activate 

NF-κB signalling upon CD40 stimulation in B cell with the mutated classical binding site of 

the receptor (Lu et al., 2007). In addition, TRAF6 can be recruited to the QEPQEINF motif at 

the membrane-proximal domain of CD40 (Pullen et al., 1998, Bishop et al., 2007), whereas the 

TRAF4 binding motif is yet to be identified in the CD40 receptor. 

  

Bishop et al. (2002) summarised the published data identifying endogenous CD40-TRAFs 

interaction in B lymphocytes (Table 1.7). However, it must be emphasised that none of the 

studies published in the literature so far has examined the interaction of endogenous CD40 and 

TRAFs in CLL cells. Moreover, most studies used artificial systems to explore the CD40-

TRAFs interactions such as yeast two-hybrid assay, gene mutation and overexpression of 
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particular proteins in cell lines, which may alter the natural interaction of TRAF molecules 

with CD40 receptor occurring in vivo. For example, since TRAF1, 2 and 3 have an overlapping 

binding site, the overexpression of one of these TRAFs may produce an artificial CD40–

TRAFs interaction that was not reflective of the actual interaction occurring in B cells 

(Haxhinasto and Bishop, 2004). Thus, the limitation of the techniques used must be considered 

when interpreting the data in the literature.  

 

Table 1.7: A summary of the reported endogenous association between CD40 and TRAFs in 

B lymphocyte 

TRAF-CD40 Degree of association 

TRAF1 ++ (via TRAF2) 

TRAF2 ++ 

TRAF3 ++ 

TRAF4 - 

TRAF5 - 

TRAF6 + 

(++) strong binding 

(+) weak binding 

(-) no or undetectable binding  

Adopted from Bishop et al. (2002) 

 

1.3.4.3  Signalling-dependent TRAFs trafficking  

It has been hypothesised that the intracellular localisation of TRAFs before and after CD40 

ligation is an important regulatory mechanism in mediating signal transduction. It has thus been 

shown that in unstimulated cells, most TRAF molecules distribute freely throughout the 

cytoplasm (Mosialos et al., 1995, Hostager et al., 2000). Upon CD40 stimulation, many TRAFs 

re-localise to the cytoplasmic membrane, with some penetrating the plasma membrane rafts 

rich with sphingolipid and cholesterol (Vidalain et al., 2000b). It was speculated that such 

penetration by TRAFs might play an essential role in stabilising the oligomerisation of TRAFs 

with CD40 cytoplasmic domain leading to a more sustained CD40 signalling. In contrast, 

Hostager et al. (2000) found that CD40 stimulation of B cells results in the rapid recruitment 

of TRAF2 and TRAF3 to the plasma membrane rafts without evidence of penetration. 

However, the integration of some TRAFs into the cell membranes may reduce in their 
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cytoplasmic level and negatively regulate signal transduction of other pathways (Arch et al., 

2000). Therefore, TRAFs trafficking can positively and/or negatively regulate the CD40 

signalling magnitude and intensity.  

1.3.4.4  TRAF1 

TRAF1 displays a dual role in the CD40 regulated NF-κB activation (Schwenzer et al., 1999, 

Nolan et al., 2000, Carpentier and Beyaert, 1999, Wang et al., 1998). Firstly, since it lacks the 

zinc RING domain, TRAF1 is involved in the NF-κB activation by hetero-oligomerisation with 

TRAF2 (Pullen et al., 1998). Using B cell line deficient for both TRAF2 and TRAF1, Xie et 

al. (2006) showed that after stimulating with CD40L, the B cells deficient in TRAF1 and 

TRAF2 exhibit a reduction in the activation of the pathway of NF-κB signalling, as compared 

to B cells deficient in either TRAF1 or TRAF2. TRAF1 deficient B cells exhibit a reduction in 

TRAF2 recruitment to the CD40 domain and an increase in TRAF2 and TRAF3 degradation 

in response to CD40 ligation. These data suggested that TRAF1 and TRAF2 recruitment to the 

CD40 domain is needed to sustain TRAF2-dependent CD40 activation of NF-κB pathway. 

Crystal structure studies of TRAF1 and cIAP1/2 demonstrate that two chains of TRAF2 trimer 

interacts with one cIAP2 and, by contrast, TRAF1 interacts very weakly with cIAP2 (Zheng et 

al., 2010). However, TRAF1/TRAF2 heterodimer exhibit stronger interaction with cIAP2 than 

TRAF2 alone, implicating TRAF1 in the modulation of TRAF2 interaction with cIAP1/2. 

Moreover, it has been suggested that TRAF1 also modulate TRAF2 degradation by cIAP1/2. 

Upon TRAF1/2/cIAP1/2 complex formation, the major sites of ubiquitination of TRAF1 by 

cIAP1/2 are exposed, redirecting the ubiquitination by cIAP1/2 from TRAF2 to TRAF1 and 

thereby sustaining TRAF2-dependent signalling (Xie et al., 2006). Overall, this evidence 

shows that in normal B cells, both TRAF1 and TRAF2 collaborate to activate the canonical 

pathway of NF-κB signalling and that TRAF1 can regulate TRAF2 recruitment and 

degradation. 

 

In vivo and in vitro studies had shown a significant upregulation of TRAF1 when B cells were 

stimulated with different stimuli such as CD40L, anti-CD40, IL-1, TNF-α, and anti-IgM 

(Schwenzer et al., 1999). In that study, the authors showed that the promoter of the TRAF1 

gene consists of several NF-κB binding sites, explaining the upregulation of TRAF1 as a result 

of NF-κB activation. This was supported by other studies demonstrating TRAF1 as a target 

gene of NF-κB (Wang et al., 1998, Siemienski et al., 1997). In CLL, higher levels of TRAF1 

were detected compared to normal B cells, whereas the other TRAFs were expressed at similar 
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levels (Zapata et al., 2000, Munzert et al., 2002), suggesting a role for TRAF1 as oncogenic 

factors that may be involved in the development of B cell lymphoma. 

1.3.4.5  TRAF2 

Studies on normal B cells suggested that TRAF2 and TRAF3 play important roles as negative 

regulators of the canonical and noncanonical activation of the NF-ĸB pathway. In unstimulated 

B cells, TRAF3 constitutively binds to the NF-ĸB inducing kinase (NIK) and forms a complex 

with TRAF2, which directly interacts with cIAP1 and cIAP2. The TRAF2/3/cIAP1/2 complex 

serves as an E3 ligase adaptor by which cIAP1/2 induces constant ubiquitination and 

proteasomal degradation of NIK, leading to the inhibition of the noncanonical activation of 

NF-ĸB signalling (Figure 1.7) (Vallabhapurapu et al., 2008, Zarnegar et al., 2008).  

 

Following CD40-CD40L engagement, the recruitment of TRAF2 induces cIAP1/2 proteins to 

ubiquitylate TRAF3, promoting its degradation and subsequent accumulation of NIK in the 

cytoplasm, which in turn activate noncanonical pathway of NF-ĸB signalling by initiating the 

process of p100 to p52 (Figure 1.7) (Bishop et al., 2007, Hostager et al., 2003, Hacker et al., 

2011). The proteasomal degradation of TRAF2 and TRAF3 is mainly dependent on TRAF2 

recruitment to CD40 upon ligation, in which TRAF2 self-degraded through its E3-ubiquitin 

ligase, whereas the degradation of TRAF3 depends on cIAP1/cIAP2 (Zarnegar et al., 2008, 

Brown et al., 2002, Hacker et al., 2011). Thus, CD40-induced degradation of TRAF2 may serve 

as a feedback mechanism to regulate and inhibit the activated signals.  

 

Moreover, TRAF2-deficient mouse B cells (TRAF2-/-) displayed high levels of the 

noncanonical NF-κB activation in the absence of stimulus, indicating that TRAF2 and TRAF3 

are required for NIK degradation in unstimulated cells (Grech et al., 2004, Vallabhapurapu et 

al., 2008). However, when stimulated with anti-CD40 or CD40L, TRAF2-/- B cells exhibit a 

defect in the degradation of TRAF3, resulting in an increased level of TRAF3 and delayed, but 

not abolished, canonical activation of NF-κB (Hostager et al., 2003, Gardam et al., 2011, 

Munroe and Bishop, 2004, Nguyen et al., 1999). Similarly, a study on B cells expressing 

mutant CD40 constructs that specifically abolish binding of TRAF2, TRAF3, or JAK3 to the 

CD40 cytoplasmic domain found that TRAF2-binding site in the CD40 cytoplasmic domain is 

required for CD40-mediated NF-κB and SAPK activation (Lee et al., 1999), thus supporting 

the idea that TRAF2, but not TRAF3, recruitment to CD40 receptor plays an important role in 

the canonical activation of NF-κB pathway. However, it has also been shown that TRAF3 is 
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composed of four mRNA species and that some splice variants do induce NF-κB activation 

(van Eyndhoven et al., 1999), which may be masked by other overlaps TRAFs. Overall, these 

data show that although TRAF2 and TRAF3 prevent noncanonical activation of the NF-κB 

pathway in unstimulated cells, they are crucial for the canonical activation of NF-κB upon 

CD40 stimulation. 

 

Interestingly, a study by Hsing et al. (1997) on transfected mouse B cells expressing wild-type 

or mutant human CD40 found that when a truncation of the CD40 cytoplasmic domain was 

introduced at threonine 234, which is a binding site for TRAF2, TRAF3, and TRAF5, signs of 

NF-ĸB activation were detected. These data suggest that in B cells, CD40-induced NF-ĸB 

activation can occur independently of TRAF2, TRAF3 and/or TRAF5 association or through 

weak undetectable association with TRAF2, TRAF3, and/or TRAF5. Furthermore, TRAF2 has 

also been shown to involve in the activation of JNK, AKT, and MAPK pathways in response 

to CD40 stimulation (Hostager et al., 2003, Lee et al., 1997, Gallagher et al., 2007).  

 

 
Figure 1.7: TRAF3-ubiquitination by TRAF2 recruitment mediate the activation of 

noncanonical NF-ĸB pathway. In resting B lymphocyte, TRAF2/cIAP1/2 complex attract 

TRAF3 protein constitutively bound to the NF-ĸB inducing kinase (NIK) in the cytoplasm. 

The TRAF2/3/cIAP1/2 complex serves as an E3 ligase adaptor by which cIAP1/2 induces 

constant ubiquitin and proteasomal degradation of NIK, thereby preventing the activation of 

the noncanonical NF-ĸB pathway. Upon CD40 stimulation with CD40L, TRAF2 recruited to 
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the CD40 receptor domain, which causes cIAP1/2 proteins to ubiquitylate TRAF3 and 

stimulate its degradation. Subsequent accumulation of NIK in the cytoplasm mediate the 

activation of the noncanonical NF-ĸB pathway by initiating the process of p100 to p52. 

Modified from Hacker et al. (2011). Ub, ubiquitination. 

 

1.3.4.6  TRAF3 

Accumulating evidence suggests that recruitment of TRAF2, but not TRAF3, to CD40 upon 

ligation is critical in subsequent activation of the NF-κB pathway. A study employing a mutant 

CD40 plasmid that lacked the binding site for TRAF3, but not TRAF2, showed that expression 

of such mutant did not impair the activation of NF-κB and JNK pathways (He et al., 2007). 

Likewise, CD40 signalling was normal in B cells deficient in TRAF3 (Xie et al., 2004). 

However, other studies suggested that TRAF3 was a negative regulator of NF-κB activation. 

It has been shown that in B cells expressing both TRAF2 and TRAF3, TRAF3 hetero-

oligomerised with TRAF2 and that overexpression of  TRAF3 in these B cells inhibited CD40-

induced activation of NF-κB (He et al., 2004), suggesting that TRAF3 inhibited TRAF2 ability 

to transduce CD40 signals by competitive binding to CD40. In addition, TRAF3−/− B cells 

exhibited strong constitutive activation of the noncanonical NF-κB pathway (Xie et al., 2007, 

Vallabhapurapu et al., 2008) and enhanced NF-κB activation in response to CD40 stimulation 

(Xie et al., 2004), implicating TRAF3 as a negative regulator of the noncanonical NF-κB 

pathway. Moreover, TRAF3 gene deletions and mutations can be found in several B cell 

malignancies, including CLL (Nagel et al., 2009, Rossi et al., 2011b). It has also been shown 

that mice with TRAF3-/- B cells eventually developed an autoimmune B cell lymphoma (Xie 

et al., 2007, Moore et al., 2012),  implicating a role of TRAF3 disruption in the pathogenesis 

and development of malignant B cells.  

 

In terms of CD40-mediating antibody secretion in B cells, the overexpression of TRAF3 

inhibited antibody secretion in CD40-stimulated B cells. In contrast, overexpression of TRAF2 

augmented CD40-mediated antibody secretion (Hostager and Bishop, 1999), suggesting that 

TRAF2 act as a positive regulator of B cell antibody secretion mediated by CD40, while 

TRAF3 is the negative regulator.  

1.3.4.7  TRAF4 and TRAF5 

There is limited information in the literature about the role of TRAF4 and 5 in CD40 signalling 

in B cells. To this date, the implication of TRAF4 in the CD40 signalling has not been 
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demonstrated in B cells (Cherfils-Vicini et al., 2008, Xie, 2013, Park, 2018). However, it has 

been found that TRAF4 possesses several nuclear localisation signals and can be found in the 

cell cytoplasm and nucleus (Kedinger and Rio, 2007). Studies on TRAF5-deficient mice 

showed that the activation of NF-κB induced by CD40 stimulation was not abrogated (Nakano 

et al., 1999). However, TRAF5-/- B cells showed defects in their proliferation and Ig production 

in response to CD40 stimulation (Nakano et al., 1999). Moreover, studies on different cell types 

showed different outcomes concerning the function of TRAF5. For example, in the HEK293 

cell line, TRAF5 knockdown reduced the activation of NF-κB induced by CD40 stimulation 

(Hauer et al., 2005), whereas overexpression of TRAF5 resulted in the activation of the NF-κB 

pathway (van Kooten and Banchereau, 1997). These data suggest that TRAF5 has cell type-

specific functions. Interestingly, a study on mice with TRAF2/TRAF5 double knockout 

demonstrated a severe reduction in TNF-induced NF-κB activation, whereas knockout of 

TRAF2 or TRAF5 alone resulted in a mild reduction in NF-κB activation or no effects, 

respectively (Nakano et al., 1999, Tada et al., 2001, Yeh et al., 1997). Thus, TRAF5 and 

TRAF2 can partially compensate each other in terms of NF-κB activation, which may be due 

to their high level of similarity in molecular structure (Tada et al., 2001). Further studies are 

thus needed to fully understand TRAF4 and TRAF5 functions in B cells in the context of CD40 

signalling.  

1.3.4.8  TRAF6 

TRAF6 binds weakly to the cytoplasmic domain of CD40 upon stimulation and is involved in 

the activation of several signalling pathways (Arron et al., 2001, Ishida et al., 1996). A study 

showed that B cells transfected with dominant-negative TRAF6 failed to induce IL-6 and Ig 

secretion in response to CD40 stimulation, whereas the activation of NF-κB and JNK is 

unaffected (Jalukar et al., 2000). Ahonen et al. (2002) showed that TRAF6 is involved in B 

cells affinity maturation and plasma cells generation, while Kobayashi et al. (2009) showed 

that TRAF6 is required for the generation of CD5+ B1 cells and T cell-dependent and 

independent antibody responses. These data suggest that TRAF6 may have important roles in 

B cell humoral immunity and development. Moreover, Rowland et al. (2007) showed that 

TRAF6 was able to bind with TRAF2 upon CD40 stimulation despite lacking the classical 

binding site of TRAF6 in the CD40 cytoplasmic domain, indicating that TRAF6 may regulate 

CD40 signalling through hetero-oligomerisation with TRAF2. This notion was supported by 

Hostager et al. (2003) study who reported a defect in noncanonical NF-κB activation in B cells 

with a double deficiency in TRAF2 and TRAF6. Therefore, TRAF2 and TRAF6 may have 
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overlapping functions in CD40-mediated NF-κB activation. Further studies are needed to 

illustrate the role of TRAF6 in mediating CD40 signalling in B cells. 

1.3.4.9 JAK3 

Janus family kinase (JAK) are members of protein tyrosine kinases, including JAK1, JAK2, 

JAK3, and tyrosine kinase 2. In B cells, it has been argued that JAK3 interacts with the 

proximal cytoplasmic domain of CD40 upon stimulation and subsequently induces the 

phosphorylation and activation of transcription STAT5a (Hanissian and Geha, 1997), and 

STAT6 (Karras et al., 1997). Although JAK3 protein expression was not detected in peripheral 

blood B cells, the immature B cells expressed JAK3 protein, which was upregulated when cells 

were stimulated with anti-CD40 antibody (Tortolani et al., 1995). However, other studies on B 

cells showed that JAK3 had little significance in mediating CD40 signalling (Jabara et al., 

1998) and that CD40 ligation did not lead to JAK3 phosphorylation and STAT activation, 

unlike in monocytes and dendritic cells (Revy et al., 1999, Saemann et al., 2002). Hence, the 

role of JAK3 in mediating CD40 signals in normal and malignant B cells remains to be 

characterised, and further studies are needed. 

1.3.5 NF-κB pathways  

NF-κB is a family of transcription factors that control various target genes involved in different 

biological processes, including immune response, inflammation, survival and proliferation 

(Hayden and Ghosh, 2011, Vallabhapurapu and Karin, 2009). Many CD40-mediated biological 

effects are highly dependent on NF-κB activation, such as upregulation of CD80 and IgM 

production. At the same time, other functions were found to be partially dependent (e.g. the 

upregulation of CD23, CD95, and ICAM-1) or independent of NF-κB activation (e.g. 

upregulation of LFA-1, IL-6 production, and JNK activation) (Jalukar et al., 2000, Baccam and 

Bishop, 1999, Hsing and Bishop, 1999).  

 

The NF-κB family consists of five transcription factors, RelA/p65, RelB, c-Rel (Rel), NF-

κB1/p50, and NF-κB2/p52, that share a common conserved Rel homology domain (RHD) and 

associate with each other in homo- or heterodimeric complexes. The RHD domain enables the 

NF-κB proteins to bind the promoters of target genes, interact with IkB inhibitors, or nuclear 

translocation (Mansouri et al., 2016, Hayden and Ghosh, 2014). In addition, RelA/p65, RelB 

and c-Rel proteins contain transactivation domains that facilitate the transcriptional activation 

of target genes by recruiting co-activators and co-repressors. At the same time, NF-κB1/p50 
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and NF-κB2/p52 form heterodimer complex with other NF-κB proteins or inhibitors and 

binding to DNA (Oeckinghaus and Ghosh, 2009). Activation of NF-κB pathway by CD40 

signalling involves two general mechanisms: the canonical ‘classical’ pathway (RelA/p50, NF-

κB1) and noncanonical ‘alternative’ NF-κB pathway (RelB/p52, NF-κB2) (Kosaka et al., 1999, 

Hornung et al., 1998, Xie, 2013). The canonical NF-κB pathway in B cell is triggered by 

ligation of most TNF receptors such as TLRs, TNFR, BCR, TCR, CD40 signalling through 

TRAF2 recruitment (Xie, 2013, Hayden and Ghosh, 2014, Kosaka et al., 1999). In contrast, 

activation of noncanonical NF-κB is mediated by a subset of TNF receptors, including CD40, 

BAFFR, lymphotoxin-β receptor (LTβR), receptor activator nuclear factor-κB ligand 

(RANKL), and CD30 (Vallabhapurapu and Karin, 2009, Sun, 2011, Hayden and Ghosh, 2014, 

Coope et al., 2002). The recruitment of TRAF2 and TRAF3 has been proposed as mediators of 

noncanonical NF-κB activation (Hacker et al., 2011, Vallabhapurapu et al., 2008).  

 

Initiation of both NF-κB pathways involves the activation of IκB (IKK) kinases that lead 

to phosphorylation and degradation of the inhibitor of kappa B (IκB) proteins, enabling the 

translocation of NF-κB proteins into the nucleus where they bind to DNA and activate 

transcription of target genes. In resting cells, the NF-κB dimers are inhibited by IκB proteins 

in the cytoplasm (Hayden and Ghosh, 2011). The IκB family are characterised by multiple 

ankyrin repeat domains that mediate binding to the RHD domain of NF-κB proteins. There are 

eight IκB proteins: IκBα, IκBβ, IκBε, IκBζ, BCL-3, IκBNS (IκBδ), and the immature precursor 

forms of NF-κB1 and NF-κB2 known as p105 and p100 respectively (Sun and Ley, 2008). In 

summary, IκBα targets and sequesters the RelA/p65 heterodimer complex in the cytosol by 

interfering with its nuclear localisation signals (NLS), thus preventing p65 translocation to the 

nucleus and abolishing the canonical NF-κB activation (Hayden and Ghosh, 2014, Karin et al., 

2004). The noncanonical NF-κB is regulated by the TRAF2/3 complex that induces the 

constant ubiquitination and degradation of NIK through a complex with cIAP1/2. This negative 

regulatory mechanism ensures that NIK is kept at a low level, thus preventing RelB nuclear 

translocation and activation of noncanonical NF-κB pathway (Vallabhapurapu et al., 2008, 

Liao et al., 2004, Sun, 2010, Vince et al., 2007, Zarnegar et al., 2008). 
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1.3.5.1 Canonical and noncanonical NF-κB pathways activated by 

CD40 stimulation 

1.3.5.1.1 Canonical NF-κB activation 

Activation of the canonical NF-κB pathway occurs rapidly and is mediated primarily by the 

IκB kinase (IKK) complex. The IKK complex consists of the catalytic IKKα and IKKβ subunits 

and the regulatory IKKγ subunit (also known as NEMO) (Karin et al., 2004). Ligation of CD40 

by CD40L induces the recruitment of TRAF2, which in turn lead to the activation of IKK 

kinase (Figure 1.8). Kosaka et al. (1999) showed that the overexpression of TRAF2 in human 

B cell induces TRAF2 association with the CD40 receptor domain and subsequent activation 

of IKKα/IKKβ kinas and NF-κB pathway, demonstrating a functional link between TRAF2 

and IKK activity. However, the mechanism underlying signal transmission from TRAF2 to 

IKK complex in B cells is unclear since the physical complex has not been detected between 

TRAF2 or TRAF3 and IKK nor between IKK and NIK (Kosaka et al., 1999), unlike what has 

been shown in different cell types (Nakano et al., 1998, Ling et al., 1998). Activation of IKK 

complex results in the phosphorylation of the serine residues at 32 and 36 located in the IκBα 

domain, which in turn leads to the polyubiquitination and proteasomal degradation of IκBα 

(Chen et al., 1995, Karin and Ben-Neriah, 2000). The degradation of IκBα allows the release 

and translocation of RelA/p65 into the nucleus of the cell where it binds to κB sites located in 

the promoter region of targeted genes, inducing the expression of cytokines and other factors 

important in cell survival and development (Henkel et al., 1993, Lin et al., 1995). NF-κB 

activation eventually leads to the synthesis of new IκBα proteins that inhibit its activation, 

serving as an auto-inhibitory feedback loop and giving the oscillatory character with decreasing 

magnitude over time (Nelson et al., 2004). 

 

1.3.5.1.2 Noncanonical NF-κB activation  

The noncanonical activation of the NF-κB pathway usually requires the synthesis of new 

proteins and occurs after the canonical pathway activation. The induction of noncanonical NF-

κB depends on the sequential phosphorylation of NIK, IKKα, and proteolytic processing of the 

precursor p100 (Sun, 2011). CD40-CD40L interaction is considered as the representative 

model of noncanonical NF-κB activation (Figure 1.8). Upon receptor stimulation, TRAF2 is 

recruited to the cytoplasmic domain of the CD40 receptor, where it forms a complex with 

cIAP1/2 (Hacker et al., 2011, Sun, 2010). The TRAF2/cIAP1/2 complex attracts TRAF3 that 

is constitutively bound to NIK, resulting in the polyubiquitination of TRAF3 at K48 by 
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cIAP1/2 and its degradation in a TRAF2-dependent manner (Xiao et al., 2004, Vallabhapurapu 

et al., 2008). Therefore, CD40-induced TRAF3 degradation depends on TRAF2-mediated 

activation of K48-ubiquitin ligase function of cIAP1/2 (Vallabhapurapu et al., 2008, Hostager 

et al., 2003). The degradation of TRAF3 enables the release, accumulation and phosphorylation 

of NIK in the cytoplasm. Activated NIK protein then phosphorylate the IKKα homodimers, 

which in turn leads to the phosphorylation and degradation of RelB/p100 at serines 866 and 

870 residues at the C-terminal (Xiao et al., 2004). The phosphorylation of p100 leads to 

polyubiquitination and proteasomal degradation of p100 inhibitory C-terminal, releasing the 

mature N-terminal p52 subunit associated with RelB via the RHD domain. The RelB/p52 

heterodimer translocate into the cell nucleus where it binds to the DNA and active the 

downstream transcription of targeted genes (Vallabhapurapu et al., 2008, Liao et al., 2004, Sun, 

2010, Vince et al., 2007, Zarnegar et al., 2008). Therefore, TRAF2 and TRAF3, together with 

NIK, play an essential role in negatively regulating the noncanonical NF-κB pathway in B 

cells. 

 

 

 
Figure 1.8: Canonical and noncanonical activation of NF-κB pathways mediated by 

CD40-stimulation. Upon CD40 ligation by CD40L, TRAF2 recruitment mediate the 

activation of the IKK complex (IKKα, IKKβ, and IKKγ), which in turn promote IκBα 
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phosphorylation and subsequent ubiquitin and proteasomal degradation. Thus, results in rapid 

nuclear translocation of RelA/p50 and activation of the canonical NF-κB pathway. Subsequent 

activation of the noncanonical NF-κB pathway is mediated by the recruitment of TRAF2 to the 

receptor tail and formation of TRAF2/TRAF3/cIAP1/2 complex. In the formed complex, 

cIAP1/2 induces the ubiquitylation and proteasomal degradation of TRAF3, resulting in the 

accumulation of NIK in the cytoplasm. NIK mediate the phosphorylation of IKKα, which in 

turn leads to the phosphorylation and degradation of RelB/p100 to the active form RelB/p52. 

The nuclear translocation of RelB/p52 promotes the activation of noncanonical NF-ĸB 

transcriptional factors by binding to the DNA of targeted genes important in cell survival and 

development. NIK, NF-ĸB inducing kinase; P, phosphorylation; Ub, ubiquitination. Modified 

from Xie (2013) and Kennedy and Klein (2018). 

 

1.3.5.2 Induction of gene expression by NF-κB  

CD40 signalling regulates the expression of several NF-κB target genes. A study on CD40-

stimulated mouse B cells showed that most upregulated target genes were involved in the NF-

κB and PI3K pathways, whereas most downregulated genes were involved in the p38/MAPK 

pathway (Dadgostar et al., 2002). CD40 stimulation by CD40L induces the upregulation of 

several anti-apoptotic genes through activation of NF-κB, which include BCL-2, Bcl-xL, 

MCL-1, Bid, Bfl-1, c-Flip, X-linked inhibitor of apoptosis protein (XIAP), cIAP1, cIAP2, 

BCL-2/A1, A20, c-Myc, and PIM1 (Pascutti et al., 2013, Elgueta et al., 2009, Kuss et al., 1999, 

Song et al., 1996, Schauer et al., 1996, Olsson et al., 2007). Additionally, CD40-induced NF-

κB activation mediates the upregulation of cell surface proteins that enable B cells to cross-

talk with other immune cells, which include ICAM-1, CD95/Fas, B7, p21 and SERPINB9 

(Pascutti et al., 2013, Lee et al., 1999, Rickert et al., 2011). CD40, TRAF1 and TRAF2 were 

also identified as targeted genes of NF-κB transcriptional activity (Wang et al., 1998, 

Schwenzer et al., 1999, Hinz et al., 2001).  Furthermore, the expression of different target genes 

is regulated via different TRAFs in CD40 signalling. For example, TRAF2 rather than TRAF3 

or JAK3 was critical in mediating CD40-dependent NF-κB transcription of the ICAM-1 gene, 

a cell-adhesion molecule necessary for the cell to cell interactions and inflammation (Lee et 

al., 1999).  

1.4 CD40 signalling in CLL cells 

NF-κB is constitutively active in CLL and plays a central role in mediating malignant cells 

survival and their resistance to chemotherapy (Furman et al., 2000, Cuni et al., 2004, Tracey et 
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al., 2005). The constitutive activation of NF-κB is believed to be mediated by signals from the 

tumour microenvironment. Interaction of CLL cells with T cells has been shown to induce 

CLL-cell survival and resistance to chemotherapy both in vitro and in vivo (Burger, 2011, 

Pascutti et al., 2013, Furman et al., 2000, Granziero et al., 2001, Os et al., 2013). In vitro CD40 

triggering by CD40L induces CLL cells resistance to fludarabine (Romano et al., 1998, Younes 

et al., 1998) and BCL-2 inhibitor ABT-737 (Vogler et al., 2009), through the activation of NF-

κB and upregulation of anti-apoptotic proteins including Bcl-xL and MCL-1. Although the 

underlying molecular mechanisms involved remain largely unknown, it has been suggested 

that activated RelA, NF-κB subunit involved in canonical activation of NF-κB, mediated 

resistance of CLL cells to fludarabine (Hewamana et al., 2008). In contrast, activated RelB, a 

subunit involved in noncanonical activation of NF-κB, had little effect on CLL cells sensitivity 

to fludarabine (Xu et al., 2014). These data imply that the transcriptional activity of NF-κB 

activated through the canonical pathway may be responsible for the fludarabine resistance. 

However, the molecules involved in mediating these anti-apoptotic signalling in CLL remains 

to be elucidated. Inhibition of NF-κB activity has been found to downregulate target genes that 

otherwise give the CLL cells the anti-apoptotic advantage (Lopez-Guerra et al., 2009). 

Therefore, the early disruption of the immediate signalling events initiated upon CD40-CD40L 

engagement that induce the activation of NF-κB in CLL cells may serve as an important 

therapeutic target to restore drug resistance in CLL. The TRAF family of proteins has been 

found to play critical roles as a signalling mediator of several intracellular pathways in B cells 

(Vallabhapurapu and Karin, 2009, So and Croft, 2013, Elgueta et al., 2009, Schattner, 2000). 

However, their roles in mediating CD40 stimulation-induced anti-apoptotic signalling are 

unknown in CLL cells. Moreover, studies reported higher levels of TRAF1 and TRAF2 in CLL 

cells compared to normal B cells, whereas the other TRAFs were expressed at similar levels 

(Zapata et al., 2000, Munzert et al., 2002). However, there is limited information in terms of 

TRAFs and JAK3 protein expression in response to CD40 stimulation in the malignant B cells 

in the literature. A better understanding of the TRAFs expression in response to CD40 trigging 

by CD40L, and their functions in mediating drug resistance in the CLL cells may help identify 

novel therapeutic targets. 

1.4.1 In vitro model of CD40 and CD40L interaction 

Understanding the complex interactions between CLL cells and microenvironment 

components can provide insights into CLL biology and help assess the potential and 

effectiveness of novel drugs. Several models have been established to recapitulate the effects 
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of CD40-CD40L interaction on CLL cell survival and proliferation in vitro. One of the most 

common models is a co-culture system where primary CLL cells are cultured with transfected 

mouse fibroblasts expressing human CD40L. By using this co-culture system, it has been found 

that CD40-CD40L interaction not only protected CLL cells from spontaneous and drug-

induced apoptosis but also induced CLL cell proliferation in vitro in the presence of IL-4 or -

21 (Granziero et al., 2001, Kitada et al., 1999, Pascutti et al., 2013, Vogler et al., 2009, Zhuang 

et al., 2014, Chapman et al., 2017). Co-culturing CLL cells with CD40L expressing fibroblast 

reduced CLL cells sensitivity to chemotherapeutic agents, including fludarabine and BH3-

mimetic ABT-737, resulted in activation of NF-κB pathway and expression of BCL-2-family 

proteins such as Bcl-xL (Romano et al., 1998, Vogler et al., 2009). 

 

Other models that mimic CD40-CD40L interaction involve the addition of soluble anti-CD40 

antibodies or recombinant CD40L directly to CLL cells, often in combination with exogenous 

IL-4 or -21 for proliferation studies (Banchereau and Rousset, 1991, Pascutti et al., 2013). 

However, it has also been reported that co-culture of primary CLL cells with fibroblasts 

expressing CD40L alone induced proliferation in a small number of cases (Tromp et al., 2010). 

The soluble form of CD40L is secreted by activated T cells (Graf et al., 1995) and may display 

slightly different effects on CLL cells in vitro when compared to the membrane-bound CD40L 

(e.g. fibroblasts expressing human CD40L). Both stimulation systems promoted CLL cell 

survival and caused drug resistance. However, the membrane-bound CD40L was more potent 

in inducing CLL cell proliferation than soluble CD40L (Schattner, 2000). In addition, 

membrane-bound CD40L induced production of cytokine IL-6 and up-regulation of IL-6 

mRNA, unlike anti-CD40 antibody (Baccam and Bishop, 1999). 

1.4.2 Targeting CD40 and TRAFs for therapeutic intervention  

As CD40-CD40L interaction is implicated in CLL disease pathogenesis and drug resistance, 

disruption of the CD40 signalling events has been of therapeutic interest in past years (Law 

and Grewal, 2009). Luqman et al. (2008) used an antagonist antibody against CD40 (HCD122) 

on CLL cells in vitro, and results showed an inhibition of CD40 stimulation-induced 

proliferation, survival and secretion of cytokines when CLL cells were treated with HCD122. 

In addition, HCD122 promoted antibody-dependent cellular cytotoxicity (ADCC)-mediated 

CLL cells apoptosis (Luqman et al., 2008). However, the clinical efficacy of HCD122 remains 

to be established.  
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A more recent study used the antagonist anti-human CD40 mAb (PG102) to inhibit CD40 

signalling in B cells and showed interesting results (Bankert et al., 2015). Although PG102 did 

not block the interaction of CD40L with CD40, it inhibited and prevented CD40L-induced 

CD40 activation by altering TRAFs recruitment and association, resulting in the formation of 

dysfunctional CD40 signalling complex and ineffective induction of kinase and transcription 

factor activation. However, the clinical efficacy of PG102 has not been established. 

Meanwhile, the structural studies on TRAF family members showed that agonist or antagonist 

peptides could be designed to modulate the binding of particular TRAFs and block or enhance 

the subsequent signalling pathways regardless of CD40 activation (McWhirter et al., 1999). 

Therefore, tumour therapy with pharmacological inhibitor that disturb the CD40-TRAFs 

interaction instead of blocking CD40-CD40L interaction may be a promising approach. 

However, a clinically approved therapeutic TRAFs inhibitors is yet to be developed. Therefore, 

a better understanding of CD40-TRAFs dynamic interactions and functions in mediating anti-

apoptotic signalling in CLL cells is needed for better pharmacological targeting of TRAFs in 

the disease. 

1.5 Rationale of the research project 

1.5.1 Drug resistance is a significant challenge in the clinical 

management of CLL 

Despite the remarkable advances in our understanding of the disease’s biology and the 

introduction of novel, molecularly-targeted agents to the clinics in recent years, CLL remains 

an incurable disease (Sharma and Rai, 2019, Parikh et al., 2020). The option of stem cell 

transplantation can only be offered to fit and younger patients, whereas most of CLL patients 

fall into the unfit and older demographic populations. Current CLL treatment strategies focus 

on delaying disease progression and prolonging survival. However, most CLL patients will 

develop drug resistance, even though the latest administration of BCR-inhibitors has shown 

some effectiveness in the management of relapsed/refractory CLL patients. Therefore, a better 

understanding of the different pathways and their mechanisms involved in the development of 

drug resistance is the first rational step in advancing treatment and management strategies to 

overcome the recurrent theme of relapse in CLL patients. 
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1.5.2 Interactions of CLL cells with microenvironment contribute to 

the development of drug resistance 

Whilst mutations/deletions of TP53 are strongly related to inadequate response to drug 

therapies, tumour microenvironment-mediated protection of drug-induced apoptosis is also 

known to contribute to the development of drug resistance in CLL, given the fact that the 

leukemic cells rely on tissue microenvironmental factors for their survival (Burger and 

Gribben, 2014, Shain et al., 2015). Drug resistance mediated by the microenvironment is now 

considered a form of de novo drug resistance where the surrounding environment shields 

leukemic cells from the initial assault of therapeutic agents. As a result, leukemic cells gain a 

survival advantage, evading the drug’s cytotoxic effects, leading to MRD (Meads et al., 2009). 

Consequently, these tissue residual leukemic cells can expand and evolve by acquiring of 

additional genetic mutations or selecting pre-existing clones that have survived therapy and 

eventually develop drug-resistance and relapsed disease. Until recently, CLL cells interactions 

with microenvironment components have not been targeted by standard first line 

chemoimmunotherapy, which may explain why CLL remains an incurable disease. As 

described earlier, T cells are a major component of the CLL microenvironment in the lymph 

nodes and bone marrow and intimately involved in CLL disease development. Interactions 

between CD40 and CD40L play a vital role in mediating T cells and CLL cells crosstalk. 

However, molecular mechanisms mediating the activation of CD40 signalling in CLL cells are 

not very well characterised. Therefore, further studies are still required.  

1.6 Aims 

Given the importance of TRAF family members in mediating survival signals following 

ligation of CD40 on CLL cells by CD40L on T cells, the project was thus aimed at investigating 

how TRAF family proteins mediate signalling events leading to activation of the CD40 

signalling pathway that results in CLL cell survival and drug resistance in response to stimuli 

relevant to the lymph node microenvironment. In order to achieve this objective, I set out to 

address the following specific research questions:  
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1- What are the expression levels of TRAFs and JAK3 proteins and whether CD40 

stimulation alters these proteins expression in CLL cells? 

2- Do interactions between CD40 and TRAFs and JAK3 proteins change in CLL cells 

following stimulation by CD40L? 

3- What are the key TRAF family of proteins involved in the activation of the NF-κB 

pathway by CD40 signalling in CLL cells? 

4- How does the identified TRAF protein(s) mediate the CD40 stimulation-induced drug 

resistance in CLL?    

By better understanding CD40 signalling mechanisms in CLL, I hope that my study would lead 

to identification of novel targets for therapeutic intervention, thus providing a proof of concept 

that CD40 stimulation-mediated drug resistance can be overcome in CLL. 
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2. Chapter 2: Methodology 

2.1 Tissue culturing techniques  

2.1.1 Maintenance of primary CLL cells 

2.1.1.1 CLL cells isolation and storage  

Peripheral blood samples from CLL patients were obtained with informed consent and the 

Liverpool Research Ethics Committee’s approval. All patients met the National Institute for 

Health and Care Excellence (NICE) diagnostic criteria for CLL diagnosis. Blood samples were 

processed according to a standard operating procedure (SOP) developed by the Liverpool 

Leukaemia Biobank, University of Liverpool. Peripheral blood mononuclear cells (PMBCs) 

were prepared from CLL patient samples by LymphoPrepTM (Axis-Shield PoC AS, Oslo, 

Norway). Blood was overlayed on LymphoPrepTM at 2 to 1 ratio, followed by centrifugation at 

800g for 30 mins at room temperature (RT). 

 

The isolated lymphocytes were washed and resuspended in ice-cold RPMI-1640 medium 

containing 10% FCS (Merck Sigma-Aldrich).  An equal amount of ice-cold RPMI-1640 

medium containing 20% dimethyl sulfoxide (DMSO) (Merck Sigma-Aldrich) was added to the 

lymphocyte mixture in a dropwise fashion. Cells concentration for freezing was approximately 

2x107 cells per 1 ml per cryopreserve tube (NuncTM) to be stored at -150°C.  

2.1.1.2 Thawing of cryopreserved CLL 

Cryopreserved CLL cells were first thawed at 37°C in a water-bath before they were transferred 

into 20 ml universal tubes placed on ice. A pre-chilled complete RPMI-1640 medium with 10% 

heat-inactivated FCS, 2 mM L-glutamine, and 1% penicillin/streptomycin (all from Merck 

Sigma-Aldrich) was added at a volume of 10 ml in a dropwise fashion with gentle agitation. 

Thawed cells were then centrifuged at 550g for 5 min at 4°C, followed by washing and 

resuspending in 2-5 ml of the RPMI-1640 medium depending on the size of the cell pellet. 

Cells were then left for recovering in a 5% CO2 incubator at 37°C for 1 hr. Following the 

recovery, cells viability was measured using trypan blue exclusion on Cellometer (Cellometer 

Auto T4 Cell Viability Counter, Nexcelom Bioscience), and only samples with more than 80% 

viability were included in further experiments. The CLL samples clinical and laboratory 

characteristics that have been used in this study are summarised in appendix 1.1. 
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2.1.2 Maintenance of cell lines 

2.1.2.1 Maintenance of human B lymphocyte cell lines 

The human B lymphocyte cell lines Mec-1 and HG3 were obtained from the Leibniz Institute 

(DSMZ) German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). 

Mec-1 cell line was established in 1993 from the peripheral blood of a 61-year-old man with 

CLL that was going under prolymphocytic transformation to B-PLL. Mec-1 cell line carry both 

17p deletion (Del17p) and TP53 mutations (TP53Del/Mut) (Stacchini et al., 1999). HG3 CLL cell 

line is derived from a 70-year-old man with CLL disease (Rai stage II) (Rosen et al., 2012). 

Fludarabine-resistant HG3 cells (FR-HG3) was kindly gifted by Dr Umair Khan, University of 

Liverpool, UK. 

 

Mec-1 cells were cultured in complete Dulbecco's Modified Eagle Medium (DMEM) (Merck 

Sigma-Aldrich), whereas HG3 cells were kept in complete RPMI-1640 medium. Cell cultures 

were maintained in a 5% CO2 incubator at 37°C and were regularly tested for mycoplasma 

infection by our department technician using an established protocol (Appendix 1.2). Cell 

cultures were passaged every three days to maintain optimal growth, with a maximum number 

of 10 passages to minimise genetic and phenotypic changes. 

2.1.2.2 Maintenance of parental and CD154-expressing mouse 

fibroblasts cell lines 

Transfected mouse fibroblasts cell line expressing human CD154 (CD154) and parental empty-

plasmid transfected control fibroblasts (PAR) were purchased from the American type culture 

collection (ATCC), USA. Cells were cultured in DMEM medium (Merck Sigma-Aldrich), 

supplemented with (10% FCS, 2mM L-glutamine, and 1% penicillin/streptomycin) and 

maintained in a vented culture flask at a 5% CO2 incubator at 37°C as described by (Vogler et 

al., 2009). For passage, an appropriate volume of Cell Dissociation Solution (#C5789, Merck 

Sigma-Aldrich) was added to the cells and incubated at 37°C for 5 mins. Detached cells were 

then collected by centrifugation at 550g for 5 mins. The formed pellet was then resuspended in 

a 1:10 ratio of cells to a new complete medium and maintained at a 5% CO2 incubator at 37°C. 

Before experiments, fibroblast cells (6x105 cells/ml) were irradiated with γ-irradiation at 75 

Gy (Gammacell® 3000 Elan) over 25 mins to inhibit cell growth. Cells were then seeded at 

3x105 cells/well in 12-well plates with a culture medium. Cells were left in a 5% CO2 incubator 

at 37°C to adhere and recover overnight. 
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2.1.2.3 Maintenance of other cell-lines 

Human adenocarcinoma cell line MCF-7 and the human T lymphoblastoid cell line Jurkat were 

used as positive controls in some part of the study. Cells were kept in complete RPMI-1640 

medium and maintained in a 5% CO2 incubator at 37°C. For MCF-7 passaging, an appropriate 

volume of Cell Dissociation Solution (#C5789, Merck Sigma-Aldrich) was added to the cells 

and incubated at 37°C for 5 mins. Detached cells were then collected by centrifugation at 550g 

for 5 mins. The formed pellet was then resuspended in a 1:8 ratio of cells to a new complete 

medium. 

2.1.2.4 Cryopreservation of cell lines 

The cryopreserved stock of cell lines (Mec-1, HG3, PAR, CD154) was prepared from a low 

passage mycoplasma-free cell culture and stored at -80°C to be accessed when needed. Cells 

were spun at 550g for 5 mins at 4°C and resuspend in 2-5 ml of pre-chilled complete media.  

Next, cells count was determinate by trypan blue exclusion, and the appropriate volume of 

media was added to reach a cell density of 2x106/ml. Cell suspensions were topped up with 

half the required volume of the used media, followed by an equal volume of ice-cold media 

containing 20% DMSO in a dropwise fashion. An aliquot of 1 ml cell suspension (2x106 cells) 

was placed into cryovials and stored at -80°C and then transferred to -150°C the following day. 

When reviving cells, cryopreserved vials were rapidly thawed at 37ᴼC water-bath before they 

were transferred into universal tubes placed on ice, followed by the same subsequent procedure 

used for reviving primary CLL cells.   

2.1.3 Co-culture system 

Two co-culture systems were used where appropriate to recapitulate the CD40-CD40L ligation 

effects in vitro: CD154 (also known as CD40L)-expressing fibroblast and soluble CD40L. The 

membrane-expressing CD154 co-culture system used mainly for primary CLL cells, whereas 

the soluble CD40L system was used when stimulating cells from the Mec-1 and HG3 cell line 

to avoid cross-contamination of cell lines.  

2.1.3.1 CLL cells stimulation by CD154-expressing fibroblast 

CLL cells were seeded at 3x106 cells per 1 ml RPMI-1640 medium on CD154-expressing 

fibroblast or parental fibroblasts monolayer at 37°C for 24 hrs. The CLL cells were then 

carefully harvested from the respective adherent monolayers by gentle pipetting and washed 

twice with cold phosphate buffer saline (PBS). Aliquots of approximately 5x106 cells were 
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pelleted down and stored at -20°C to be used in the downstream analysis by Western blotting, 

immunofluorescence or flow cytometry. 

2.1.3.2 CLL cells stimulation by CD40 ligand 

In some parts of the study, CLL cells were co-cultured at 37°C for the appropriate period with 

the following soluble human recombinant CD40 ligand: 

• Monomeric HA-tagged CD40 ligand (#640-CL-025, R&D systems®) plus the cross-

linker anti-HA peptide (#MAB060, R&D systems®) at a final concentration of 0.5µg/ml 

according to the manufacturer’s recommendations. 

•  Multimeric CD40 ligand (#AG-40B-0010, AdipoGen Life Sciences) at an optimised 

final concentration of 0.2µg/ml. 

Cells then were washed twice with cold PBS, and aliquots of approximately 5x106 cells were 

pelleted down and stored at -20°C to be used in further experiments.  

2.2 Western blotting analysis 

Western blotting (WB) is a semi-quantitative technique used to detect specific proteins in a 

given sample (Mahmood and Yang, 2012). The method involves three major processes: sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE), immunoblotting and 

detection. PAGE separate proteins according to their molecular weight in the present of the 

anionic detergent SDS. Two different types of polyacrylamide gel are used in WB: stacking 

and separating gel. Stacking gel of low percentage acrylamide is used for the initial separation 

of proteins, which will form a sharp, well-defined band before running onto the separating gel. 

For efficient protein separation, a different percentage of acrylamide is used to make the 

separating gels. Low percentage acrylamide gels are used to resolve large molecular weight 

proteins, whereas high percentage gels are used to resolve low molecular weight proteins 

(Ghosh et al., 2014). The addition of SDS in the running buffer helps denature and unfold the 

proteins by breaking the hydrogen bonds within or between molecules, resulting in negatively 

charged proteins. An electrical field is then used to enable negatively-charged protein 

migration within gels towards the positive electrode (MacPhee, 2010). The separated proteins 

are then transferred onto polyvinylidene difluoride (PVDF) membranes that have been sunk in 

methanol. Sinking PVDF in methanol activates the positive charge groups on the membrane, 

which promote combination with the negatively charged proteins. For protein detection, the 

membrane blots should be washed with TBST buffer to retain protein structure by maintaining 

proteins interaction during protein emulsification. Following washing, membrane blots should 
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be blocked with either 5% non-fat dried milk powder or 3% bovine serum albumin (BSA) in 

TBST to prevent non-specific binding of antibodies (Ghosh et al., 2014). Blocking with BSA 

is preferred when using phosphoprotein antibodies since milk contains casein, which itself is a 

phosphoprotein. Adequate washing steps should be proceeded to lower the background when 

acquiring an image.  

 

For detection of the targeted proteins, monoclonal antibodies against the single specific antigen 

are usually the primary choice of antibody. However, polyclonal antibodies might be a better 

choice when the protein antigen site is known to be affected by denaturation (Mahmood and 

Yang, 2012). Conjugated secondary antibodies with alkaline phosphatase (AP) or horseradish 

peroxidase (HRP) are chosen according to the primary antibodies host species to facilitate 

detection. The most common detection method used is enhanced chemiluminescence (ECL), 

in which the luminescent substance luminol reacts with the conjugated HRP in the secondary 

antibody resulting in the emission of luminescing that is captured by the detector (MacPhee, 

2010). Signals can be detected when the blot is sensitised on ECL-rated film or by using 

Charge-coupled device (CCD) camera systems. Densitometry is usually used to evaluate the 

target protein levels and location. The target protein’s molecular weight can be determined by 

comparison with a ladder control of proteins with known molecular weights (Ghosh et al., 

2014). 

2.2.1 Proteins electrophoresis 

2.2.1.1 Cell lysate preparation 

Cell pellets, approximately 5x106 cells, were washed with ice-cold PBS and lysed in 100μl of 

RIPA buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton-X100, 0.1% SDS, 0.5% 

Na Deoxycholate, supplemented directly before the experiment with 1 in 100 dilutions of 

protease (#P8340, Merck Sigma-Aldrich) and phosphatase (#524625, Millipore) inhibitor 

cocktail to minimise protein degradation or modification. Cells were vortex from time to time 

and kept on ice for 10 mins, then sonicated 5x (30s ON/ 30s OFF) on high setting in the 

Diagenode Bioruptor® Standard sonication device (Seraing, Belgium). Lysates were then spun 

at 10,000g for 20 mins at 4°C, and supernatants were transferred into new labelled tubes.  

2.2.1.2 Protein quantification 

Bio-Rad DC™ (detergent compatible) protein assay kit (Bio-Rad Ltd, UK) was used for protein 

concentration determination according to the manufacturer’s recommendations. The Bio-Rad 
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kit based on the Lowry assay principle in that the colour develops due to a reduction in the 

Folin reagent mediated by the copper-treated protein in an alkaline media. Thereby, it can 

produce several possible reduced species with a characteristic blue colour with maximum 

absorbance at 750nm and minimum absorbance at 405nm (Lowry et al., 1951). Briefly, 5μl of 

sample or standard were plated out in duplicate in a 96-well plate. To that, 25μl of working 

reagent A’ (1ml reagent A + 20μl reagent S) and 200μl of reagent B was added to each well. 

The reaction was left for 15 mins at RT and then read at 650nm on BioTek® Microplate Reader. 

Protein concentration was determined by reference to a standard curve consisting of known 

concentrations of pre-made BSA protein standards (0, 0.5, 1, 1.5, 2, 2.5 and 3 mg/ml).  

2.2.1.3 SDS-PAGE and immunoblotting 

The volume of cell lysate producing 10μg of protein was calculated and transferred to newly 

labelled eppendorf to which the final volume made up to 20μl by topping up with RIBA buffer 

and 2x or 4x Laemelli buffer. Samples were then boiled at 95°C for 5 mins along with a 

BenchMark™ Pre-Stained Protein Ladder (#10748-010, Life Technologies). The boiled lysates 

were loaded and separated on SDS-PAGE (5% stacking gel, 8-12% resolving gel, Geneflow) 

with SDS running buffer at a constant current of 120V. The composition of the gels and buffers 

used in this study are described in appendix 1.3. The separated proteins were then transferred 

to an activated PVDF membrane (#IPVH00010, Millipore) using the gel-membrane-filter 

sandwich method (Figure 2.1). Proteins were transferred in ice-cold transferring buffer at a 

constant current of 400mA for 1 hr. The PVDF membranes were then washed with TBST and 

blocked with 5% non-fat milk or 3% BSA in TBST for 1 hr. Membranes were then probed with 

primary antibodies diluted in either 3% BSA/TBST or 5% milk/TBST overnight at 4°C (Table 

2.2). PVDF membranes were then washed, blocked and probed with HRP-labelled secondary 

antibodies against the primary antibody host (Table 2.3) The monoclonal β-actin antibody 

(#A5316-100UL, Merck Sigma-Aldrich) was used as a loading control throughout the project. 

In some experiments, stripping buffer was added to the membranes at 50°C for 30 mins to re-

prob with a different primary antibody. 

2.2.1.4 Image acquisition and densitometry 

Signals were visualised on Chemidoc™ MP imaging system (Bio-Rad) using Immobilon 

Western Chemiluminescent HRP Substrate (#WBKLS0100, Millipore). Densitometry 

quantification was performed using ImageJ software.  
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Figure 2.1: Schematic diagram of transfer assembly for western blot. The PVDF 

membrane is placed on the top of the gel in the gel-membrane-filter sandwich method. Proteins 

wet-transferred and immobilised into the membrane at a constant current. 

2.3 Flow cytometry  

Flowcytometric techniques were used to analyse cells immunophenotyping, viability and 

signals intensity for proximity ligation assay. The Attune NxT Flow Cytometer (Thermo Fisher 

Scientific) was used in this study.  

2.3.1 Standard flowcytometric analysis of CD154 expression in 

transfected fibroblasts 

Phenotypic expression of CD154 (also known as CD40L) surface molecules on transfected 

fibroblast cells was routinely monitored using standard flow cytometric immunofluorescence 

staining. Briefly, fibroblast monolayers were washed twice with pre-warmed PBS and then 

dissociated using 5ml of trypsin ethylenediaminetetraacetic acid (EDTA) (0.25% trypsin in 

PBS, Na2-EDTA). Cells were then collected and spun at 300g for 5mins, washed with PBS, 

spun again. An aliquot of 5x105 cells was resuspended in labelled tubes containing 0.5 ml of 

staining buffer (1% BSA in PBS). Cells were then incubated at RT for 10 mins with either 10μl 

of FITC mouse anti-human CD154 (#555699, BD Biosciences) or FITC mouse IgG1 κ isotype 

control antibody (#555748, BD Biosciences). After incubation, cells were spun at 300g for 5 

mins and resuspended in 0.5 ml of staining buffer. CD154 expression was measured by Attune 

flow cytometer on BL-1 (Figure 2.2).  
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Figure 2.2: Analysis of CD154 expression in transfected fibroblasts by flow Cytometer. 

Fibroblast monolayers were dissociated from the culture flask by washing twice with pre-

warmed PBS and then adding 5ml Trypsin-Ethylene-diamine-tetra-acetic acid (EDTA). Cells 

were then collected and spun at 300g for 5 mins, washed with PBS, spun again, and finally, an 

aliquot of 5x105 cells was resuspended in tubes containing 0.5 ml of 1% BSA. Cells were then 

incubated at RT for 10 mins with either 10μl of FITC mouse anti-human CD154 or FITC mouse 

IgG1κ isotype control antibody. After incubation, cells were spun at 300g for 5 mins and 

resuspended in 0.5ml of 1% BSA. CD154 expression was measured by Attune NxT Flow 

Cytometer on BL-1.  

2.3.2 Flowcytometric analysis of cell viability using Annexin-V/7-

ADD 

Percentage of CLL cells total apoptosis was determined by Annexin-V/7-ADD staining and 

flow cytometric analysis. Annexin-V protein binds to cells expressing phosphatidylserine on 

their surface, a marker of early apoptosis, whereas 7-amino-actinomycin D (7-AAD) binds the 

nucleus DNA, indicating necrotic cells. Cells stained with both FITC Annexin-V (#556419, 

BD Biosciences) and 7-ADD (#699350, Invitrogen) demonstrate the late stage of apoptosis 

and early necrosis (Boersma et al., 2005). Briefly, treated CLL cells were washed twice with 

staining buffer (1% BSA in PBS) and then resuspended in Annexin-V binding buffer (10 mM 

HEPES (pH 7.4), 140 mM NaCl, 2.5 mM CaCL2) at a concentration of 0.5x106 cells/ml. An 

aliquot of 100 µl of cell suspension was transferred into a new tube. To that, 5µl of Annexin-

V was added with a gentle mix followed by 10 mins incubation in the dark at RT. Following 

IgG FITC
CD154 FITC

Parental fibroblast CD154 fibroblast
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incubation, 5µl of 7-AAD was added to cells suspension and incubated for an additional 5 mins 

in the dark at RT. Cells were then topped by 400µl of binding buffer followed by 

flowcytometric analysis. The percentage of total apoptosis cells (% early apoptotic + % late 

apoptotic staining cells) were estimated. Annexin-V-/7-AAD-= live, Annexin-V+/7-AAD-= 

early apoptotic, Annexin-V+/7-AAD+= late apoptotic.  

2.4 Immunofluorescence techniques 

The immunofluorescence method uses antibodies for the detection and localisation of targets 

proteins in a given sample. There are two types of immunofluorescence, direct and indirect. 

The direct immunofluorescence method involves a fluorochrome-coated antibody that binds 

directly to the targeted antigen. On the other hand, two antibodies are used in indirect 

immunofluorescence, a primary antibody that binds directly to the target antigen, followed by 

a correspondent fluorochrome-conjugated secondary antibody. The use of two antibodies helps 

in detecting antigens co-localisation when combined with other biological techniques. Both 

immunofluorescence methods involve fixation and permeabilisation of the cells. Cells fixation 

helps in retaining their cellular morphology, whereas permeabilisation enables intracellular 

staining of the intact cells. The optimal concentration of antibodies must be used to minimise 

non-specific antibody binding. In addition, the specificity of antibodies must be evaluated using 

negative controls such as sample stained with secondary antibody or non-specific antibody. 

2.4.1 Analysing protein expression by indirect immunofluorescence 

staining using fluorescent microscopy 

CLL cells were harvested from the fibroblast monolayer as described, washed and resuspended 

in sterile PBS at a density of 1x107/ml. An aliquot of 500 μl of cells suspension per primary 

antibody was spun at 300g for 3 mins, then fixed with 4% paraformaldehyde (PFH) for 15 mins 

at RT (#158127, Merck Sigma-Aldrich). After fixation, cells were washed and permeabilise 

with 0.2% Triton-x-100 in PBS for 5 mins at RT. Cells were then washed and resuspended in 

blocking buffer (0.5% BSA (pH 7.2), 0.1% gelatine, 0.1% Azide, 5% donkey serum) for 30 

mins at RT to block non-specific binding of an antibody to unreacted sites or Fc receptors. 

Following blocking, cells were stained with monoclonal anti-CD40 (1:2000) (#40868, Cell 

signalling technologies) combined with either monoclonal anti-TRAF1 antibody (1:300) 

(#4715, Cell signalling technologies) or monoclonal anti-TRAF3 antibody (1:500) (#4729, 

Cell signalling technologies) for 1 hr at room temperature. Negative controls were stained with 
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IgG isotype antibody (1:3000) (#12-370, Millipore) and IgG1 κ isotype antibody (1:1000) 

(#555748, BD Biosciences). Cells were washed with PBS and incubated with the 

corresponding secondary Alexa Fluor 488 donkey anti-mouse antibody (1:1000) (#R37114, 

ThermoFisher SCIENTIFIC) or Alexa Fluor 647 donkey anti-rabbit antibody (1:1000) (#A-

31573, ThermoFisher SCIENTIFIC) for 1 hr at RT. Afterwards, samples were washed, blocked 

and stained with 4′,6-diamidino-2-phenylindole (DAPI) for 1 min in the dark (#D1306, 

ThermoFisher SCIENTIFIC). Cells were left to adhere on poly-l-lysine-coated glass slides for 

30 mins in the dark after washing with PBS (#P4832, Merck Sigma-Aldrich), and then 

coverslips and sealed with mounting media (#18606-20, Polysciences Europe GmbH). Images 

were acquired by standard fluorescence microscopy in a dark room, and raw data were analysed 

using ImageJ. The corrected total cell fluorescence (CTCF) was calculated using the following 

formula: 

CTCF = 	Integrated	Density	 − (Area	of	selected	cell × 

	Mean	fluorescence	of	background	readings)		 

2.5 Polymerase Chain Reaction (PCR) 

2.5.1 Total RNA extraction 

Total RNA was extracted from the co-cultured CLL cells (5-6x106 cells) using the RNeasy 

mini kit (#74104, Qiagen) according to the manufacturer’s recommendations (Appendix 1.4). 

The purity and quantity of isolated RNA were measured at A260nm/A280nm using Nanodrop 

ND2000 Spectrophotometer (ThermoFisher SCIENTIFIC). An absorbance ratio that fell 

within the range of 1.8 to 2.0 was accepted as pure RNA. For RNA quantification, 1 unit of 

A280nm assumed to equal 40μg/μl RNA. The absorbance value at A260nm was divided by 0.025 

(the extinction coefficient for single-stranded RNA) to obtain the concentration in ng/µl. 

Aliquots of 50ng/μl RNA were immediately stored at -80°C until further used. 

2.5.2  Reverse transcriptase of RNA to cDNA 

Total RNA was used as a temple to produce complementary DNA (cDNA). Reverse 

transcriptase reagents were obtained from Promega unless stated otherwise.   Briefly, 1μg of 

RNA was added to RNase-free labelled tube containing a mixture of Oligo (dT)15 primers 

(0.5μg/μl), dNTP (10 mM) and Nuclease-free water to a final volume of 20μl. The Oligo 

primers anneal to the template mRNA strand, enabling cDNA synthesis by transcriptional 

enzymes. Samples were heated at 70°C in the heating block for 5 mins, then cool on ice for 5 
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mins. A reverse transcription mixture (1μl DTT (0.1M), 1μl RNase inhibitor (40u/μl), 1μl 

SuperScriptTM III First-Strand Synthesis System (#18080-044, Invitrogen), 4μl 5xReaction 

buffer) was then added to the sample tubes to start the cDNA synthesis. Samples were heated 

at 50°C for 60 mins followed by 95°C for another 5 mins. Synthesised cDNA was stored at -

20°C until needed.  

2.5.3 Primers design 

Primers coding for TRAF3 isoforms were designed using genome sequence retrieved from the 

GenBank (www.ncbi.nlm.nih.gov/Genbank). The genome sequence was plotted using 

Primer3web version 4.1.0 software (https://primer3.ut.ee) to design primers based on specific 

parameters. Internal primers that target short DNA fragment were also designed as controls. 

Primer-Blast online software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to 

confirm primers align specifically to the desired genomic sequence. Primers were purchased 

from Merck Sigma-Aldrich. Primer pairs used for TRAF3 gene expression analysis are listed 

in Table 2.1. 

2.5.4 PCR 

PCR was performed using OneTaq® Quick-Load® 2x Master Mix (#M0486S, BioLabs). The 

total PCR reaction contain 10μL of OneTaq®, 1μl cDNA, 1μl each for the forward and reverse 

primers (20µM), and 7μl Nuclease-free water to make a final reaction of 20µl. Amplification 

was performed on PCR reaction (20μl) using DNA Engine PTC-200 Peltier thermal cycler 

(BioRad). A negative control containing Nuclease-free water instead of cDNA and positive 

control of full-length TRA3 plasmid were included alongside the tested samples. In addition, 

the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase GAPDH was amplified to 

ensure cDNA quality. The following thermal profile was used: an initial step of 2 mins at 95°C, 

followed by 35 cycles of denaturation for 30 sec at 95°C, annealing for 30 sec at 58°C and 

extension for 2 mins at 68°C. At the end of the 35 cycles, the reaction was further extended for 

one cycle at 72°C for 5 mins. The PCR products were then analysed using agarose gel 

electrophoresis.  

2.5.5 Agarose gel electrophoresis 

Agarose gel electrophoresis used to separate and quantify DNA fragments based on their size. 

1% agarose gel containing Midori Green Advance DNA Stain (#MG04, NIPPON Genetics 

Europe) in Tris-borate EDTA (TBE) buffer (#T7527, Merck Sigma-Aldrich) was used in this 
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study. To make 1% agarose gel, 0.5g of agarose gel powder (#16500500, ThermoFisher 

SCIENTIFIC) was added to 50 ml TBE buffer. The mixture was then heated in the microwave 

until agarose was completely dissolved and then left to cool down for 5 mins. Next, 5μl of 

Midori Green Advance DNA Stain was added to the agarose to stain the nucleic acids. The 

melted agarose mixture was then poured into an electrophoresis tray and a sample comb placed 

into the gel. The agarose gel allowed to solidify before it was placed in an electrophoresis tank 

and covered with TBE buffer. The PCR samples were mixed with 6xloading dye (New England 

Biolabs) before loading into wells and separated at 110V for 25 mins. The gel was visualised 

under a UV transilluminator using Image Reader LAS-1000 (Fujifilm, Tokyo, Japan). A DNA 

ladder of 100-1,500 bp bands molecular size (#N3231, New England Biolabs) and 500-10,000 

bp (#N3232, New England Biolabs) were included to measure the band size. Full-length 

TRFAF3 plasmid generously gifted by Dr Nicholas Harper was used as a positive control. 
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Table 2.1: Description of the TRAF3 primers used in the present investigation 

 

2.6 Protein-protein interaction analysis 

The interaction between different proteins within the cell can mediate the activation of distinct 

downstream signalling pathways, promoting cells survival or apoptosis (Pawson and Nash, 

2000). Two methods were used in this study for the detection of CD40-TRAFs interactions 

prior and post CD40 stimulation by CD40 ligand: co-immunoprecipitation and in situ 

proximity ligation assay. 

Primer 
combination 

Primer sequence (5′ -≥ 3′) Accession no. PCR 
product 
(bp) 

Standard 

(F+R) 

Forward: 

ATGGAGTCGAGTAAAAAGATGGAC 

Reverse: 

TCAGGGATCGGGCAGATCCGAAG 

Isoform 1, variant 1 

NM_145725.2 

Isoform 1, variant 3 

NM_003300.3 

Isoform 2, variant 2 
NM_145726.2 

Isoform 3, variant 4 

NM_001199427.1  

 

1707 

 

1707 

 
1632 

 

1458 

Standard (F) 

Internal (R) 

Forward: 

ATGGAGTCGAGTAAAAAGATGGAC 

Reverse: 

CTCCACGCTGCTCTTCATGC 

Isoform 1, variant 1 

NM_145725.2 

Isoform 1, variant 3 

NM_003300.3 

Isoform 2, variant 2 

NM_145726.2 

Isoform 3, variant 4 

NM_001199427.1  

 

1065 

 

1065 

 

990 

 

816 

Internal (F) 

Standard (R) 

Forward: 

AGAAAAGGTCTTGAGGAAAGACC 

Reverse: 

TCAGGGATCGGGCAGATCCGAAG 

Isoform 1, variant 1 

NM_145725.2 

Isoform 1, variant 3 

NM_003300.3 

Isoform 2, variant 2 

NM_145726.2 

Isoform 3, variant 4 

NM_001199427.1  

1246 

 

1246 

 

1171 

 

997 

Internal (F) 

Internal (R) 

Forward: 

AGAAAAGGTCTTGAGGAAAGACC 

Reverse: 

CTCCACGCTGCTCTTCATGC 

Isoform 1, variant 1 

NM_145725.2 

Isoform 1, variant 3 

NM_003300.3 

 

604 

 

604 
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2.6.1 Co-immunoprecipitation 

Co-immunoprecipitation (co-IP) is a technique that allows the detection of protein-protein 

interactions through the use of specific antibodies to isolate target proteins, then 

identifying the interacting proteins in the complex. Although co-IP is a widely accepted 

technique in protein studies, low affinity or transient protein-protein interactions may not be 

detected by such a method. For this study, different strengths of co-IP lysis and wash buffers 

were used in an attempt to stabilise the protein-protein interaction throughout the method’s 

vigorous mechanical and chemical steps. A description of the different reagents and buffers 

used for co-IP optimisation can be found in appendix 1.5. Briefly, 1-2x107 cells were lysed 

with co-IP buffer supplemented with 1 in 100 dilutions of protease inhibitor and incubated on 

a rotary shaker for 20 mins at 4°C to allow for complete lysis. Cell lysates were then centrifuged 

10,000g for 5 mins at 4°C. The supernatant was then collected, and protein concentration was 

measured using the Bio-Rad assay kit as described in section 2.2.1.2. Aliquots of 0.1-1mg of 

protein lysate were transferred to IP labelled eppendorfs, and the remaining lysate stored at -

20 to be analysed as pre-IP (10μg). The IP lysates were precleared for 1 hr with recombinant 

Protein G Sepharose beads (#10-1241, ThermoFisher SCIENTIFIC; #10-1241, Invitrogen) or 

recombinant protein A sepharose beads (#15918-014, Invitrogen) on a rotary shaker at 4°C to 

remove non-specific binding. Beads were spun down at 1000g for 10 mins at 4°C, and the 

cleared supernatants were transferred to new eppendorfs. Then, 5µg of the specific antibodies 

were added to the precleared lysate, and the total volume was adjusted to 800μl using a pre-

chilled co-IP buffer. The IP lysates were incubated overnight on a rotary shaker at 4°C for 

proper mixing. The following day, complexes were captured by incubating with 50µl of co-IP 

buffer equilibrated beads for 2 hrs on a rotary shaker at 4°C. Beads-proteins complex was then 

spun down at 300g for 5 mins at 4°C, and supernatants were transferred into labelled eppindorfs 

for post-IP analysis. The beads were washed three times with 1ml of pre-chilled co-IP buffer, 

then eluted by resuspending in 2x Laemelli buffer and heated at 95°C for 5 mins before loading 

to SDS-PAGE. 

2.6.2 Crosslinking by DMS 

Crosslinking reagents can be used to capture transient proteins interaction by covalently 

bonding them together in vitro (Mattson et al., 1993). The crosslinker dimethyl suberimidate 

(DMS) (#20700, ThermoFisher SCIENTIFIC) was used according to the manufacturer’s 

recommendations. DMS is a membrane-permeable homobifunctional crosslinker with amine-

reactive groups on both ends that can crosslink two proteins by forming a bond with their N-
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terminal amines group. Briefly, whole cells were treated with DMS (100 mM) in 1 ml of 0.2M 

triethanolamine-HCL buffer (triethanolamine, HCI (pH 8.0), dH2O) for 1 hr on a rotary shaker 

at 4°C. Glycine (20 mM) then was added to the cells and left to incubate for 5 mins to stop the 

reaction. Cells were then washed 3-5 times with PBS then lysed with co-IP buffer. Co-IP was 

performed as described in section 2.6.1. 

2.6.3 In situ proximity ligation assay 

The in situ proximity ligation assay (PLA) can be used to detect protein-protein interactions in 

unmodified cells. PLA require the fixation of cells at the beginning of the experiment, which 

gives an advantage of capturing transient protein interactions that otherwise may be lost during 

traditional approaches. The method is based upon the use of two primary antibodies from 

different species that recognise target proteins involved in the interaction (Figure 2.3 A). 

Secondary antibodies coupled to DNA oligonucleotides (PLA probes) then bind to their 

corresponding primary antibody (Figure 2.3 B). If the targeted proteins in close proximity, less 

than 40 nm, the two DNA oligonucleotides joined and form a circle DNA template with the 

help of ligase enzymes (Figure 2.3 C). This newly formed DNA template allows for the 

generation of DNA oligonucleotides during rolling-circle amplification via the addition of 

DNA polymerase (Figure 2.3 D). Finally, detection occurs through the hybridisation of 

fluorophore-coupled DNA oligonucleotide within the amplified DNA sequences (Figure 2.3 

E), generating PLA signals that can be visualised and quantified by fluorescence microscope 

or flow cytometer (Leuchowius et al., 2011, Leuchowius et al., 2009, Soderberg et al., 2006). 

The use of dual recognition by antibodies and amplified signals provide a highly sensitive and 

specific detection method of protein-protein interactions. Another advantage of PLA is the 

ability to detect protein interactions in cells without the need for introduced modification (e.g. 

genetic constructs), allowing for the use of patient samples. 
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Figure 2.3: Schematic of in situ proximity ligation assay. (A) Two primary antibodies raised 

in different species recognise target proteins in the cell. (B)  Secondary antibodies-conjugated 

oligonucleotides bind to the primary antibody. (C) If the two antibodies are in close proximity, 

the oligonucleotides joined by connector oligos and ligated to form a circular DNA template. 

(D) This newly formed DNA-template can be amplified by rolling circle amplification with the 

help of DNA polymerase. (E) The hybridisation of fluorescently coated complementary 

oligonucleotides within the amplicons enables the detection of PLA signals by fluorescent 

microscopy or flow cytometry. Based on Leuchowius et al. (2009). 

 

2.6.3.1 Fixation and permeabilisation   

For fixation, 2% and 1% PFH were initially used on unstimulated and CD40-stimulated cells 

for optimisation. Cells fixation was successful with both concentrations of PFH, and no 

significant differences were observed between them. Cells fixation with 1% PFH was chosen 

for flow cytometry analysis as lower concentrations of PFH can minimise autofluorescence 

(Lanier and Warner, 1981). Cells (5x105) were resuspended in ice-cold 1% PFH and incubate 

on ice for 10 mins. Cells were then spun at 500g for 5 mins at 4°C then resuspended in ice-cold 

100% methanol for 10 mins on ice. The pellets were washed twice with TBS/0.5% BSA (spun 

at 500g for 5 mins at 4°C) and were susceptible to in situ PLA protocol.  

A B C

D E
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2.6.3.2 Primary antibodies validation 

Primary antibodies used for PLA were first validated for the detection of targeted antigens by 

standard flowcytometric staining in Attune NxT Flow Cytometer (Thermo Fisher Scientific). 

Briefly, cells (5x105) were fixed and permeabilised, then washed with TBS and blocked with 

Duolink® Blocking Solution/5%Donkey serum for 30 mins at RT. Cells were then spun at 300g 

for 5 mins and resuspended in 0.5ml of staining buffer (1% BSA in PBS) with 2μg/ml of 

primary antibody for 1 hr at RT. Negative controls were stained with IgG isotype antibody 

(#12-370, Millipore) or IgG1 κ isotype antibody (#555748, BD Biosciences). Cells were then 

washed with TBS/0.5% BSA and incubated at RT for 30 mins with the corresponding 

secondary Alexa Fluor 488 donkey anti-mouse antibody (1:1000) (#R37114, ThermoFisher 

SCIENTIFIC) or Alexa Fluor 647 donkey anti-rabbit antibody (1:1000) (#A-31573, 

ThermoFisher SCIENTIFIC). Next, cells were washed with TBS/0.5% BSA and resuspended 

in 0.5 ml of staining buffer and analysed by Attune flow cytometer. 

2.6.3.3 Primary antibodies titration 

Antibody titration was applied to establish an optimum antibodies concentration that can 

produce the highest signals with minimum autofluorescence background. Briefly, fixed and 

permeabilised cells (5x105) were incubated with 2-fold serially diluted antibodies in staining 

buffer (1% BSA in PBS), with a starting concentration of 8μg/ml for 1 hr at room temperature 

(Error! Reference source not found.). Cells were then washed with TBS/0.5% BSA and 

incubated with the corresponding secondary Alexa Fluor 488 donkey anti-mouse antibody 

(1:1000) or Alexa Fluor 647 donkey anti-rabbit antibody (1:1000) for 30 mins at RT. After 

incubation, cells were spun at 300g for 5 mins and resuspended in 0.5ml of staining buffer 

before measuring with Attune flow cytometer. To identify the best concentration, stain index 

(SI), which is defined as the ratio of the separation between the positive and negative 

population divided by two times the standard deviation of the negative population (Hulspas et 

al., 2009), was calculated as follows:  

 

Stain	index	(SI) =
MFI	(ABCDEFG) − MFI	(HGIJDEFG)

2	X	SD	(HGIJDEFG)
	 

 

The better discrimination between the positive and negative MFI of the population, the higher 

the SI. As shown in (Figure 2.5 A and B), primary antibodies used for flow cytometry showed 

a positive shift in MFI from controls. Most of the primary antibodies showed higher SI around 
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the titer of 2μg/ml (Figure 2.5 C). Therefore, an optimal concentration of 2μg/ml was applied 

for all primary antibodies used in PLA.  

 

 

Figure 2.4: Serial dilution of primary antibodies for proximity ligation assay. Cells were fixed 

and permeabilised, and an aliquot of 5x105 cells per 100μl of staining buffer was added to each 

tube. Antibody at a starting concentration of 8μg reconstituted in 100μl staining buffer was 

added to the first tube followed by two-fold serial dilution as demonstrated. 

 

 

Antibody concentration 8 μg/ml  4 μg/ml  2 μg/ml  1 μg/ml  0.5 μg/ml  0.25 μg/ml  

starting volume 200 μl 100 μl 100 μl 100 μl 100 μl 100 μl

100 μl100 μl100 μl100 μl100 μl100 μl

Final volume 100 μl 100 μl 100 μl 100 μl 100 μl 100 μl

100 μl
Ab
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Figure 2.5: Antibody validation and titration for flow cytometry. (A, B) Cells were fixed 

and permeabilised, then stained with primary antibody against targeted proteins or negative 

anti-mouse IgG1 isotype antibody (A) or anti-rabbit IgG isotype antibody (B), and MFI was 

analysed by flow cytometry. (C) Titration curve analysis of primary antibodies used in PLA to 

detect targeted antigens at decreasing concentrations of antibodies. MFI; mean fluorescence 

intensity, SI; stain index. 
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2.6.3.4 In situ PLA protocol 

For this study, Duolink® flowPLA Detection kit-Green (DUO94002), Duolink® In Situ 

Detection Reagents Green (DUO92014), anti-rabbit MINUS (DUO92005), and anti-mouse 

PLUS (DUO92001) secondary probes were purchased from Merck Sigma-Aldrich and in situ 

PLA was performed according to the manufacturer’s recommendations with modifications. An 

extra step of adding a detection buffer is required in the Duolink® flowPLA Detection kit. 

Similar results were obtained when comparing the two PLA kits on flow cytometry; however, 

the intensity of PLA signals was more potent when the detection buffer was added. For the 

washing step, in house washing buffer (TBS/0.5% BSA) was optimised and used. I found that 

the addition of 0.5% BSA to the washing buffer improved the cells yield after several washing 

and centrifugation steps compared to TBS alone. The washing time recommended by the 

manufacturer was increased to minimise non-specific binding. Additionally, 5% donkey serum 

was added to the blocking buffer to prevent non-specific antibody binding to the Fc receptors 

in the sample. Finally, the amplification step was increased to 4 hrs to allow for the detection 

of weak proteins interaction.  

Briefly, 5×105 cells were blocked with Duolink® Blocking Solution/5%Donkey serum and 

Incubate at 37°C for 1 hr. Cells were spun at 500g for 5 mins, and the supernatant was carefully 

removed by aspiration. Primary antibodies diluted in Duolink® Antibody Diluent at the 

optimum concentration were added to the cells and incubated overnight on a rotary shaker at 

4°C. The next day, cells were washed twice with TBS/0.5% BSA and then incubated with plus 

and minus secondary probes (1:5 each in Duolink Probe Diluent) for 1 hr at 37°C. Cells were 

then centrifuged at 500g for 5 mins and washed twice with TBS/0.5% BSA. Ligase (1:40 in 

Duolink Ligation buffer) was then added to the cells and incubated for 30 mins at 37°C, 

followed by washing and centrifugation as described earlier. Cells were then incubated with 

polymerase (1:80 in amplification buffer) for 4 hrs at 37°C. Detection flowPLA was added to 

cells after washing for 30 mins at 37°C with 1xflowPLA Detection Solution. Finally, cells were 

washed twice with TBS/0.5% BSA and resuspended in 0.5 ml staining buffer. PLA signals 

were measured by Attune NxT Flow Cytometer (Thermo Fisher Scientific) on the FITC 

channel and analysed with FlowJo software. 

2.7 RNAi interference 

RNA interference (RNAi) is a biological process by which small interfering RNA (siRNA) 

promotes gene-specific silencing through the degradation of mRNA. HG3 cells were 
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transiently transfected using INTERFERin® (#409-10, Polyplus Transfection®) according to 

the manufacture’s recommendations. siRNA for TRAF2 (FlexiTube GeneSolution GS7186, 

QIAGEN), TRAF5 (FlexiTube GeneSolution GS7188, QIAGEN) and AllStars Negative 

Control (#1027280, QIAGEN) at an optimal final concentration of 20nM were used for the 

transfection experiments. Briefly, on the day of transfection, cells were seeded in a 24-well 

plate at a density of 2x105 cells per 0.2 ml of complete RPMI-1640 medium. For siRNA 

preparation, 20nM of siRNA were diluted in 100μl RPMI-1640 medium without FCS, to which 

4μl INTERFERin® was added and immediately vortex for 10 sec. The transfection solution 

was then incubated for 15 mins at RT. Next, 100μl of the transfection solution was added to 

each well in a plate drop by drop with the plate gently swirling. siRNA duplexes were added 

to obtain an optimum final concentration of 20nM per 300μl of transfection volume. Cells were 

left in a 5% CO2 incubator at 37°C for 6 hrs, followed by the addition of 0.7 ml of complete 

RPMI-1640 medium. Cells were then maintained in a 5% CO2 incubator at 37°C, and 

knockdown of proteins was measured between 24-72 hrs by WB analysis. 

2.8 Reagents / drugs 

 
Table 2.2: Primary antibodies 

Description Company Catalogue 
number 

Source Application Molecular 
Weight 
(kDa) 

β-Actin (AC-74 
clone) 

Sigma A5316 Mouse 
mAb 

WB (1:20k) 42 

CD40 (D8W3N) CST 40868 Rabbit 
mAb 

WB (1:1000) 42 

CD40 (H-10) SC sc-13128 Mouse 
mAb 

WB (1:1000) 43 

CD40/TNFRSF5 
(IgG2B clone) 

R&D MAB6322 Mouse 
mAb 

WB (1:500) 
 

40 

CD40 (S2C6) MABTECH 3601-1-250 Mouse 
mAb 

Co-IP (5 µg) 40 

CD40 (G28.5) Absolute Ab00129-1.1 Mouse 
mAb 

Co-IP (5 µg) 
PLA (2μg/ml) 

42 

CD40 [EPR20735] abcam ab224639 Rabbit 
mAb 

PLA (2 μg/ml) 42 

TRAF1 (45D3) CST 4715 Rabbit 
mAb 

WB (1:1000) 
Co-IP (5 µg) 

PLA (2 μg/ml) 
IHC (1:300) 

50 

TRAF1 (H-3) SC sc-6253 Mouse 
mAb 

WB (1:1000) 52 

TRAF1 (H-132) SC sc-1831 Rabbit 
pAb 

WB (1:1000) 52 
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TRAF2 (C192) CST 4724 Rabbit 
mAb 

WB (1:1000) 
Co-IP (5 µg) 

53 

TRAF2 (IgG2A clone 
#324522) 

R&D MAB3277 Mouse 
mAb 

WB (1:500) 
PLA (2 μg/ml) 

53 

TRAF3 CST 4729 Rabbit 
mAb 

WB (1:1000) 
IHC (1:500) 

62 

TRAF3 abcam Ab62552 Rabbit 
pAb 

WB (1:1000) 
PLA (2 μg/ml) 

65 

TRAF3 (C-20) SC sc-949 Rabbit 
pAb 

WB (1:1000) 62 

TRAF3 (D1N5B) CST 61095 Rabbit 
mAb 

WB (1:1000) 
Co-IP (5 µg) 

62 

TRAF3 (G-6) SC sc-6933 Mouse 
mAb 

WB (1:500) 65 

TRAF4 (B-9) SC sc-390232 Mouse 
mAb 

WB (1:200) 53 

TRAF4 (H-72) SC sc-10776 Rabbit 
pAb 

WB (1:200) 53 

TRAF4 [EPR1729] abcam ab108991 Rabbit 
mAb 

PLA (2 μg/ml) 53 

TRAF5 (D3E2R) CST 41658 Rabbit 
mAb 

WB (1:1000) 64 

TRAF5 abcam ab137763 Rabbit 
pAb 

PLA (2 μg/ml) 64 

TRAF6 (D21G3) CST 8028 Rabbit 
mAb 

WB (1:1000) 60 

TRAF6 R&D MAB3284 Mouse 
mAb 

PLA (2 μg/ml) 60 

Phospho-IκBα CST 9246 Mouse 
mAb 

WB (1:1000) 40 

IκBα CST 9242 Rabbit 
pAb 

WB (1:1000) 39 

BIM [Y36] abcam ab32158 Rabbit 
mAb 

PLA (2 μg/ml) 22 

BCL-2 [100/D5]  abcam ab692 Mouse 
mAb 

PLA (2 μg/ml) 26 

BAX BD 
Biosciences 

610983 Mouse 
mAb 

PLA (2 μg/ml) 20 

Bcl-xL CST 2762 Rabbit 
mAb 

WB (1:1000) 30 

Jak3 CST 3775 Rabbit 
mAb 

WB (1:200) 115 

Iso type controls 

Mouse IgG1 k  BD 
Biosciences 

555746 Mouse Co-IP (5 µg) 
PLA (2 μg/ml) 

- 

Rabbit IgG Millipore 12-370 Rabbit Co-IP (5 µg) 
PLA (2 μg/ml) 

- 

 
CST – Cell signalling technologies, UK supplier: New England Biolabs, Inc. (NEB).  
SC – Santa Cruz, UK supplier: Insight Biotechnology Ltd.  
LT - Life Technologies Ltd (previously Invitrogen)  
R&D - R&D Systems, Minneapolis, MN 
TF- ThermoFisher SCIENTIFIC 
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Table 2.3: Secondary antibodies 

Description Company Catalogue 
number 

Dilution 

Anti-rabbit IgG-HRP CST 7074 
 

1:2000 

Anti-mouse IgG-HRP CST 7076 
 

1:2000 

Anti-goat-HRP SC sc-2033 1:2000 

Anti-mouse IgG for IP (HRP) abcam Ab131368 1:2000 

Anti-rabbit IgG (conformation Specific) (L27A9) mAb 
(HRP Conjugate) 

CST 5127 1:2000 

CST – Cell signalling technologies, UK supplier: New England Biolabs, Inc. (NEB).  
SC – Santa Cruz, UK supplier: Insight Biotechnology Ltd.  
 
Table 2.4: Reagents used to treat CLL cells before and after ligation by CD40L 

Description Company Catalogue 
number 

Venetoclax (ABT-199) abcam ab217298 
Fludarabine  Merck Sigma-

Aldrich 
F2773 

Cycloheximide (CHX) Merck Sigma-
Aldrich 

C7698 

Nα-Tosyl-L-lysine chloromethyl ketone hydrochloride 
(TLCK) 

Merck Sigma-
Aldrich 

T7254 

 

2.9 Statistical analysis  

Statistical analyses were performed using GraphPad Prism 5.0 software, ImageJ software, and 

FlowJo software (7.6.5 version). Only p-values less than 0.05 were considered as the difference 

being statistically significant.  

2.9.1 Parametric statistics 

Parametric statistics assume that the sample data are normally distributed. Two-tailed, paired 

student t-test was used when comparing two groups. One-way ANOVA was used when 

analysing the effects of one variable in three or more groups. Two-way ANOVA was used 

when analysing the effects of two variables in three or more groups. 

2.9.2 Non-parametric statistics 

Non-parametric statistics make no assumptions about the normal distributions of the variables. 

Mann-Whitney U used when comparing two independent groups.  
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2.9.3 Post-hoc test 

Tukey post-Hoc test was used to avoid type I error when making multiple comparisons on the 

same data sample.  
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3. Chapter 3: Characterisation of the expression of the TRAFs 

family and JAK3 proteins in unstimulated and CD40-stimulated 

in CLL cells  

3.1 Introduction 

The TRAF family of proteins usually work together with more than one family member to 

transmit and activate their signalling cascades, and often different TRAF members recruited to 

the signalling complex activate the different pathways. Therefore, the expression level of 

TRAFs before and after receptor stimulation may play an important role in the activation 

outcomes. CLL microenvironment within the lymph nodes and bone marrow plays a vital role 

in CLL-cell survival and protection from the cytotoxic effects of chemotherapeutic agents 

(Burger, 2011, Caligaris-Cappio et al., 2014, Meads et al., 2009). Therefore, it is vitally 

important to understand the molecular signalling mechanisms mediating CLL survival and 

proliferation induced by microenvironment stimuli so that pharmacological agents can be 

developed to target the critical components of the signalling complex that causes drug 

resistance in CLL. 

 

One such mechanism involves the interaction between CD40 receptor on CLL cells and CD40 

ligand (CD40L, also known as CD154) on T cells in the lymph node (Granziero et al., 2001, 

Pizzolo et al., 1983, Schmid and Isaacson, 1994). For example, CD40-CD40L interaction 

results in enhanced survival and drug resistance of CLL cells via the activation of NF-κB 

pathways, marked by the overexpression of Bfl-1 and Bcl-xL (Burger, 2011, Pascutti et al., 

2013, Furman et al., 2000, Granziero et al., 2001, Os et al., 2013). Studies have shown that 

different members of the TRAF family of proteins and JAK3 serves as adapter molecules 

linking CD40 signalling to activation of multiple downstream signalling pathways, leading to 

distinctive biological outcomes depending on the cell type(s) involved (Vallabhapurapu and 

Karin, 2009, So and Croft, 2013, Elgueta et al., 2009, Schattner, 2000, Karras et al., 1997). 

However, despite the importance of TRAFs and JAK3 in mediating CD40 signalling in 

response to survival signals from the microenvironment, the effects of CD40 stimulation by 

CD40L on TRAFs and JAK3 expression have not been fully characterised in CLL cells under 

conditions that model the microenvironment. Establishing the effects of CD40 stimulation on 

TRAFs and JAK3 expression will lead to a better understanding of mechanisms critical to the 

CD40-mediated survival in CLL.  
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Additionally, patients with CLL can be sub-grouped according to the IGHV mutational status, 

and those patients whose CLL cells expressing unmutated IGHV usually have poor clinical 

outcomes (Krober et al., 2002, Stilgenbauer et al., 2007, Hamblin et al., 1999, Damle et al., 

1999). IGHV-mutated CLL cells are generally considered to be undergone T-cell dependent 

antigen activation, whereas unmutated CLL cells are of a marginal zone B cell origin (Seifert 

et al., 2012, Rosenwald et al., 2001, Klein et al., 2001). The encounter with Th cells at an early 

stage may influence CLL cell response to CD40 stimulation by CD40L on T cells (Tromp et 

al., 2010). TRAFs and JAK3 proteins are recruited to signalling complex immediately after 

CD40 ligation, and thus their pattern of expression in response to ligation of CD40 may differ 

between IGHV-mutated and unmutated CLL cells. However, it is unclear whether the level of 

expression of these proteins is different in IGHV mutated versus unmutated CLL cells and 

whether their expression will differ in response to CD40 stimulation in the two subtypes of 

CLL cells. 

 

CD40 stimulation using in vitro models where CLL cells are stimulated with membrane-bound 

CD40L (e.g. co-culture with transfected fibroblasts expressing human CD154) or soluble 

CD40L has been shown to promote cell survival and prevent drug-induced apoptosis, mainly 

through the activation of NF-κB pathways (Romano et al., 1998, Vogler et al., 2009, Pascutti 

et al., 2013). In this part of the study, I characterised the protein expression of TRAFs and 

JAK3 in CD40-stimulated and unstimulated CLL cells under co-culture conditions that mimic 

the protective tissue microenvironment. 

 

Therefore, the main aims of this chapter were to determine the level of protein expression of 

TRAFs and JAK3 in primary CLL cells before and after CD40 stimulation and ascertain 

whether the expression of these proteins was different in IGHV-mutated and -unmutated CLL 

cells. 
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3.2 Results 

3.2.1 CLL cells expressed variable amounts of TRAFs protein with no 

or weak expression of TRAF4 and JAK3 at basal level 

With few studies reporting the levels of endogenous expression of TRAFs & JAK3 proteins in 

CLL cells, I first established the basal level of protein expression of TRAFs and JAK3 in CLL 

cells isolated from the peripheral blood of patients with CLL. The primary antibodies used for 

Western blotting (WB) were validated and optimised on two primary CLL cases prior to the 

main experiment (Appendix 2.1). Cells from the human adenocarcinoma cell line MCF-7 and 

the human T lymphoblastoid cell line Jurkat were used as positive controls for TRAF4 and 

JAK3, respectively, since the expression level of these two proteins are not well established in 

CLL cells. Cryopreserved CLL cells from ten different CLL cases were selected randomly and 

subjected to WB analysis. (5 IGHV-unmutated, 3 IGHV-mutated, 2 not known) A detailed 

description of the procedures for WB was provided in the Methodology chapter. 

 

As shown in Figure 3.1, TRAF1, 2, 3, 5, and 6 were clearly detected in all CLL samples albeit 

variably between CLL cases, whereas TRAF4 and JAK3 were far less prevalent as determined 

by WB (Figure 3.1 A), indicating that CLL cells expressed TRAF1, 2, 3, 5, and 6 constitutively 

at the basal level. Densitometry analysis of proteins expression showed that basal TRAF2 

expression was most prominent across CLL samples compared to other TRAFs, followed by 

TRAF1 (Figure 3.1 B).  

3.2.2 The IGHV mutational status had no significant effects on basal 

TRAFs and JAK3 protein expression in primary CLL cells 

Next, I compared the protein expression level of TRAFs and JAK3 in CLL samples according 

to IGHV mutational status. The results showed no statistically significant difference between 

mutated and unmutated CLL cells (Figure 3.1 C).  
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2.54

5 2.12 0.88 1.12 to 3.12

TRAF2 3 2.03 0.89 1.02 to  
3.04

5 3.3 1.6 1.49 to 5.11

TRAF3 3 0.71 0.19 0.495 to 
0.925

5 1.27 0.52 0.682 to 
1.86

TRAF4 3 0.009 0.007 0.00108 to 
0.0169

5 0.03 0.02 0.0074 to 
0.0526

TRAF5 3 1.65 0.96 0.56 to 2.74 5 1.34 1.17 0.02 to 2.66

TRAF6 3 1.27 0.57 0.625 to 
1.92

5 0.46 0.1 0.347 to 
0.573

JAK3 3 0.31 0.33 -0.063 to 
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5 0.13 0.08 0.0395 to 
0.221
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Figure 3.1: Endogenous protein expression of TRAFs & JAK3 in primary CLL cells. (A) 

Western blot analysis of TRAFs protein expression in ten CLL cases (5 unmutated, 3 mutated, 

2 N/K). MCF-7 and Jurkat cells were introduced as positive controls for the expression of 

TRAF4 and JAK3, respectively. β-actin served as a loading control. B) Densitometry analysis 

of TRAFs and JAK3 protein expression from two separate Western blot experiments (n=10). 

(C) Mann-Whitney U test was used to analyse the protein expression of TRAFs and JAK3 

from 5 unmutated and 3 mutated primary CLL cases. All data represent mean ± 2SD. IGHV 

status had no significant effect on TRAFs and JAK3 basal expression (p >0.05). N/K, not 

known; SD, standard division; 95% CI, confidence interval.  

3.2.3 Regulation of TRAFs and JAK3 protein expression in response 

to CD40 stimulation by membrane-bound CD40 ligand (CD40L) 

3.2.3.1 Activation of the NF-kB pathway by CD40 stimulation 

To explore whether changes in expression of TRAFs and JAK3 proteins might occur in CD40 

stimulated CLL cells, a co-culture system mimics CD40-CD40L interaction in the malignant 

B cell microenvironment was used. Briefly, primary CLL cells from 6 cases (3 IGHV-mutated 

and 3 -unmutated) were cultured for 24 hrs either alone under standard conditions (Standard) 

or co-cultured on parental fibroblasts (PAR) or CD40L (also known as CD154)-expressing 

fibroblasts (CD154). Cells lysates were subsequently separated by SDS-PAGE and 

immunoblotted with the indicated antibodies. As shown in Figure 3.2, CLL cells that were 

cultured under standard conditions (Standard) demonstrated similar results to the initial basal 

level of TRAFs and JAK3 protein expression shown previously in Figure 3.1. The biological 

effects of CD40 stimulation by CD154 was confirmed after 24 hrs co-culturing by measuring 

upregulation of Bcl-xL expression (Figure 3.2 A and B). When comparing the effect of CD40 

stimulation on IGHV-mutated and -unmutated CLL cells, both subgroups show significant 

upregulation of Bcl-xl, indicating that the IGHV mutational status had no influence on CD40 

induction of NF-kB pathway (Figure 3.2 C). In addition, CD40-stimulation enhanced CLL 

cells viability compared to standard or PAR co-cultured cells (Figure 3.2 D). However, 

elevations in Bcl-xL were also observed in CLL cells that were co-cultured with PAR 

fibroblasts compared to CLL cells cultured alone under standard conditions (Figure 3.2 A and 

B).  
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3.2.3.2 Up-regulation of TRAF1 expression and a reduction in TRAF3 

expression in CD40 stimulated CLL cells 

In CD40-stimulated CLL cells (C154), only TRAF1 was significantly up-regulated 

(approximately 5-fold increase) when compared to control (PAR) (Figure 3.2 E). In contrast, 

marked decreases in all other TRAF proteins were induced by CD40 stimulation, while the 

level of JAK3 protein remained relatively unchanged.  

 

Among the TRAFs with decreased expression, only TRAF3 protein expression was 

significantly reduced upon CD40 stimulation in CLL cells co-cultured with CD154-expressing 

fibroblasts for 24 hrs, when compared with CLL cells co-cultured with parental control 

fibroblasts (Figure 3.2 E). TRAF5 demonstrated a significant decrease in CLL cells either co-

cultured with parental or CD154-expressing fibroblasts when compared to standard, but no 

differences between CLL cells co-cultured with parental and CD154-expressing fibroblasts, 

suggesting that the reduction in TRAF5 may be caused mainly by the physical interaction with 

fibroblasts rather than CD40 stimulation. The overall results showed that CD40 ligation 

resulted in a reduction in TRAF3 protein levels and overexpression of TRAF1 in CLL cells. 

Notably, there was a positive correlation between Bcl-xL and TRAF1 overexpression in CLL 

cells (r(15)= 0.70, p=0.001) (Figure 3.2 F), whereas no correlation was found between Bcl-xL 

expression and other TRAFs.  

 

3.2.3.3 CD40 stimulation had differential effects on the expression of 

TRAF1 and TRAF3 proteins in CD40-stimulated and unstimulated 

primary CLL cells 

 
TRAFs and JAK3 protein expression were investigated according to the IGHV mutational 

status of CLL samples (Figure 3.2 G). Two-way ANOVA was used to analyse if there were an 

interactive effect by IGHV mutational status and CD40 stimulation on the protein expression 

of TRAFs and JAK3. There was insufficient evidence to reject the null hypothesis regarding 

the interactive effects of IGHV mutation and CD40 stimulation in all analysed TRAFs and 

JAK3 proteins. However, data analysis showed statistically significant differences in TRAF1, 

3 and 5 expressions in CLL cells based on IGHV mutational status. TRAF1 expression 

increased significantly in the unmutated CLL cells, whereas TRAF3 and TRAF5 were 

significantly downregulated in IGHV-mutated CLL cells (Figure 3.2 G). In addition, TRAF4 
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expression increased, although not significantly, in IGHV-unmutated CLL cells when co-

cultured with CD154-expressing fibroblasts, unlike mutated CLL cells where TRAF4 was 

downregulated (Figure 3.2 G). The opposite pattern was observed in TRAF6 expression, in 

which it increased in mutated CLL cells and decreased in unmutated CLL cells upon CD40 

stimulation (Figure 3.2 G).  

 

 

49

49

64

49

26

49

49

64

64

115

St
an
da
rd

PA
R

CD
15

4

St
an
da
rd

PA
R

CD
15

4

St
an
da
rd

PA
R

CD
15

4

TRAF1
(46-50 KDa) 

St
an
da
rd

PA
R

CD
15

4

St
an
da
rd

PA
R

CD
15

4

St
an
da
rd

PA
R

CD
15

4

#3361#2866 #2930 #3320 #3325#2263

TRAF3
(62-65 KDa) 

ß-actin
(45-47 KDa)

Bcl-xL
(30KDa)

TRAF2
(50-53 KDa) 

TRAF4
(53 Kda)

TRAF6
(60 KDa)

TRAF5
(64-66 KDa) 

JAK3
(116-120 KDa)

CLL sample #2263 #2866 #3361 #2930 #3320 #3325

IGHV Unmutated Unmutated Unmutated Mutated Mutated Mutated

A.

B. C.

E.

D.

Protein 
Standard PAR CD154
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TRAF1 0.26 0.1 0.1457 to 
0.3843 0.82 0.42 0.3638 to 

1.270 6.5 4.1 2.225 to 
10.78

TRAF2 5.7 4.9 0.5051 to 
10.92

6.7 4 2.42 to 
11.02

4.5 2.4 2.069 to 
7.058
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0.03 0.02 0.01094 to 
0.0553

0.028 0.03 -0.00371 to 
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0.1 0.14 -0.0338 to 
0.2789

0.06 0.08 -0.03273 to 
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E.
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Standard PAR CD154
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Figure 3.2: Expression of TRAFs & JAK3 in CD40-stimulated primary CLL. CLL cells 

from 6 cases (3 IGHV-mutated, 3 -unmutated) were thawed and recovered for 1 hr (Standard 
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culture) and cultured for 24 hrs either alone in standard culture (standard), or co-cultured on 

parental fibroblasts (PAR) or co-cultured with CD154-expressing fibroblasts (CD154). One-

way ANOVA and Tukey post-Hoc tests were used to determine statistically significant 

differences. (A) Immunoblot analysis of TRAFs and JAK3 protein expression. A new band 

below TRAF3 protein were detected by Western blot in CD154 co-cultured CLL cells marked 

by the red rectangle. Bcl-xL served as a positive control for CD40 stimulation. β-Actin served 

as a loading control. (B) Densitometric intensity of Bcl-xL in the experimental conditions 

indicated above. (C) Densitometry analysis of Bcl-xL in IGHV-mutated- and unmutated-CLL 

cells. (D) The percentage of CLL cells viability after co-culturing for 24 hrs. (E) Densitometry 

analysis of TRAFs and JAK3 protein expression from the Western blot. (F) TRAF1 expression 

is positively correlated with Bcl-xL in 17 CLL patients as determined by Western blotting 

analysis. Pearson correlation (r) and P-value are reported. (G) Two-way ANOVA analysis of 

TRAFs and JAK3 protein expression in co-cultured CLL cells according to their IGHV status. 

All Data represent mean ± 2SD, (n=6). 95% CI, confidence interval. 

3.2.3.4 The stimulation of CD40 by CD40L shows no effects on TRAF3 

isoforms mRNA levels in CLL cells using polymerase chain reaction 

(PCR) 

An interesting band around 14 KDa below TRAF3 anticipated molecular masses was overly 

expressed in CD40-stimulated CLL cells (Figure 3.2 A). As protease and phosphatase inhibitor 

cocktail was added to the RIBA buffer prior to cell lysis, it is less likely that the new band 

resulted from protein degradation. Therefore, I further investigated if the new band represented 

an isoform arising from alternative mRNA splicing or a proteolytic cleavage product of the 

TRAF3 protein resulting from CD40 stimulation.  

 

TRAF3 mRNA level was analysed in unstimulated and CD40-stimulated CLL using PCR. 

Although the PCR analysis is not a quantitative method, it can provide information about the 

presence and relative levels of TRAF3 mRNA isoforms. Genome sequence of TRAF3 

retrieved from the GenBank (www.ncbi.nlm.nih.gov/Genbank) was used as a template to 

design primers manually for standard and internal primers. The standard primers pair were 

designed to sequence the full-length TRAF3 (Q13114), isoform 1, variant 1 (NM_145725.2), 

isoform 1, variant 3 (NM_003300.3), isoform 2, variant 2 (NM_145726.2), and isoform 3, 

variant 4 (NM_001199427.1). In addition, two internal primers were designed and used in 

combination with standard primers. This is because the target full-length TRAF3 PCR product 
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is above 1500bp, which is considered a large amplification product. Using internal primers, I 

can sequence small regions of the different isoforms that standard primers may not reach. To 

test the validity of TRAF3 primers, a plasmid of the full-length TRFAF3 protein generously 

gifted by Dr Nicholas Harper was used as a positive control throughout the experiment. 

 

Briefly, cells from HG3 cell-line and two primary CLL cases (#2263 and #3369) were 

incubated with soluble CD40L and anti-HA peptide (0.5μg/ml) (CD40L) or with anti-HA 

peptide alone (0.5μg/ml) (Standard) for 24 hrs. Total RNA extraction and cDNA synthesis was 

performed as described in the Methodology chapter. PCR reactions were performed using the 

OneTaq® Quick-Load® 2x Master Mix (BioLabs) and amplified using DNA Engine PTC-200 

Peltier thermal cycler (BioRad). The housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used to ensure the quality of the cDNA product.  

 

The standard primers were initially tested on unstimulated and CD40-stimulated HG3 cells 

(Figure 3.3 A). The results show that only TRAF3 isoform1 was present in both unstimulated 

and CD40-stimulated cells. In the second round, four combinations of standard and internal 

primers were used to amplify a small fragment of the different TRAF3 isoforms (Figure 3.3 

B). All four primers combinations were confirmed successful and demonstrated no changes in 

the mRNA levels of TRAF3 between unstimulated and CD40-stimulated HG3 cells (Figure 

3.3 B). Similar results were obtained from primary CLL cells (Figure 3.3 C). Overall, the PCR 

results showed that TRAF3 regulation by CD40 does not involve transcriptional mechanisms. 

Thus, I conclude that the new band detected around 14 KDa below TRAF3 anticipated 

molecular masses that was overly expressed in CD40-stimulated CLL cells is not an alternative 

mRNA splicing of TRAF3. Further investigation showed that the band in question was likely 

due to its cross-reactivity with a particular TRAF3 antibody from one source of the supplier 

(for details, see the data provided in Appendix 2.2). 
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Figure 3.3: Detection of TRAF3 mRNA in unstimulated and CD40-stimulated CLL cells 

using PCR. Cells from HG3 cell-line and two primary CLL cases (#2263 and #3369) were 

incubated with soluble CD40L and anti-HA peptide (0.5μg/ml) (CD40L) or with anti-HA 

peptide alone (0.5μg/ml) (Standard) for 24 hrs. (A) PCR for TRAF3 (1707 bp) and GAPDH 

(452 bp) from HG3 cells was performed and analysed on 1% agarose gels. TRAF3 plasmid 

(full length) was used as a positive control. (B) Additional four primer pairs combinations were 

used to amplify small fragments of TRAF3 isoforms in HG3 cells. (C) TRAF3 PCR in primary 
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and secondary CLL cells. (C.1) Western blotting was performed on unstimulated and CD40-

stimulated primary CLL cells and immunoblot for Bcl-xL. β-Actin served as a loading control. 

(C.2) The PCR product of TRAF3 mRNA in unstimulated and C40-stimulated CLL cells. 

GAPDH was used as an internal reference gene. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase.  

3.2.3.5 CD40 stimulation induced CD40 receptor expression on 

primary CLL cells 

The observation described above from Western blotting experiments prompted me to validate 

the effects of CD40 stimulation on TRAF1, TRAF3 and CD40 protein levels and distribution 

using an independent method, namely fluorescence microscopy. CLL cells from three cases 

were co-cultured for 24 hrs, either on PAR or CD154-expressing fibroblasts. Cells were then 

fixed, permeabilised and examined under a fluorescence microscope as described in the 

Methodology chapter. Each sample was stained with three types of dual stain: anti-CD40 and 

anti-TRAF1, or anti-CD40 and TRAF3, or anti-IgG1 and anti-IgG isotype control antibodies. 

In agreement with previous data, TRAF1 protein levels were increased upon CD40-

stimulation, while TRAF3 levels decreased (Figure 3.4). In addition, co-culture with CD154-

expressing fibroblasts enhanced the expression of the CD40 receptor (Figure 3.4). All three 

CLL cases show the same results (Appendix 2.3), and pooled data analysis showed that the 

changes induced by CD40 stimulation were statistically significant. 
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Figure 3.4: Immunofluorescence analysis of TRAF1, TRAF3 and CD40 expression in 

unstimulated and CD40-stimulated CLL cells. Cells from CLL cases #2263, #2866, and 

#3361 were co-cultured for 24 hrs, either on parental fibroblasts (PAR) or CD154-expressing 

fibroblasts (CD154). Each case was stained with the dual stain of anti-CD40 and anti-TRAF1, 

or anti-CD40 and TRAF3, or anti-IgG1 and anti-IgG and analyse using fluorescence 

microscopy. Blue stain represents the nuclease: DAPI; Green stain represents CD40, and red 

stain represents either TRAF1 or TRAF3. Scale bar= 10µm. Images are representative of one 

of three CLL cases studied with similar results. Corrected total cell fluorescence (CTCF) of 

TRAF1, TRAF3 and CD40 expression were calculated after 24 hrs co-culturing with either 

PAR or CD154. Paired student t-test was used to determine statistically significant differences. 

Data represent as mean ± 2SD.  95% CI, confidence interval. 
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3.3 Discussion 

The work described in this chapter aimed to characterise the levels of expression of endogenous 

proteins of TRAFs family and JAK3 in CLL cells and to determine the effects of CD40 

stimulation on their expression. Previous studies have shown that different members of the 

TRAFs family proteins and JAK3 serve as adapter molecules linking CD40 to multiple 

downstream signalling pathways. However, to date, little is known about the protein expression 

levels of TRAFs and JAK3 in CLL cell. The study by Munzert et al. (2002) demonstrated only 

the mRNA levels of TRAF members in unstimulated CLL cells, which does not necessarily 

correlate with the proteins expression. Moreover, few studies have examined how the 

expression of TRAFs or JAK3 might change in response to CD40 stimulation. The data 

presented here showed that CLL cells expressed TRAF1, 2, 3, 5, and 6 constitutively with weak 

expression of TRAF4 and JAK3 proteins. The expression of these proteins was variable across 

the samples, which may be explained by the heterogenicity of CLL disease.  

 

Interestingly, basal TRAF2 expression was most prominent across CLL samples than other 

TRAFs, followed by TRAF1. The analysis of TRAFs protein levels in CLL cells compared 

with the reported patterns of TRAFs expression observed in normal B cells (Munzert et al., 

2002, Zapata et al., 2000), indicating some possible malignant cell-specific alterations in 

TRAFs expression. It has been shown that CLL cells express higher mRNA levels of TRAF1 

and TRAF2 compared to normal B cells, whereas other TRAFs were equally expressed 

(Munzert et al., 2002). These data collectively implicate that TRAF1 and TRAF2 may play 

significant roles in CLL disease pathogenesis and development. However, the molecular 

explanation for constitutively elevated levels of TRAF1 or TRAF2 in CLL cells remains 

unknown. Cytogenetic abnormalities of the TRAF1 gene are uncommon in lymphomas or 

leukaemia (Siemienski et al., 1997). The promoter of the TRAF1 gene composed of several 

binding sites of NF-κB and can be induced by NF-κB activation (Schwenzer et al., 1999). 

TRAF2 was also identified as gene targets of NF-κB transcriptional activity (Wang et al., 

1998). Since NF-κB is found to be constitutively active in CLL cells (Furman et al., 2000), this 

could explain why basal levels of TRAF1 and TRAF2 expression are high in CLL cells. 

Although the functional significance of elevated levels of TRAF1 and 2 in CLL cells remains 

to be characterised, it is most likely that increased expression of these proteins as a result of 

NF-κB activation enhance CLL-cell survival and resistance against apoptosis (Wang et al., 

1998, Chinnaiyan et al., 1996). Moreover, CLL cells from treatment-refractory patients display 



 88 

a significantly higher level of TRAF1 compared with untreated CLL patients, implicating an 

association between TRAF1 protein levels and CLL cells progression and resistance to 

chemotherapy (Zapata et al., 2000). Further investigation of how the expression of TRAF1 and 

TRAF2 changes during B cell malignant transformation may result in a better understanding 

of the role of the TRAF proteins in CLL pathogenesis.  

  

Analysis of the effects of CD40 stimulation on TRAFs and JAK3 expression showed that only 

TRAF1 expression was highly inducible by CD40 stimulation in primary CLL cells. 

Interestingly, a decline in all other TRAF proteins expression was induced by CD40 

stimulation, while JAK3 protein levels remain relatively unchanged. These alterations in TRAF 

family proteins levels after CD40 stimulation may be associated with enhanced survival of 

malignant cells. Previous studies in human B cells have demonstrated that CD40 stimulation-

induced TRAF1 gene expression (Gricks et al., 2004) and protein expression (Zapata et al., 

2000), consistent with the results presented in my study. However, the functional significance 

of TRAF1 overexpression in CLL cells remains to be fully elucidated. Studies on TRAF1 

overexpression as a possible prognostic marker shows no significant correlation with the 

clinical outcome or progression-free survival in CLL patients (Grever et al., 2007, Munzert et 

al., 2002). Future studies of TRAF1 expression in CLL cells are needed to establish the 

biological function of TRAF1 overexpression in CLL cells induced by the microenvironmental 

stimuli. Interestingly, I showed that prolong physical contact between CLL cells and fibroblast 

significantly increased the expression of the anti-apoptotic protein Bcl-xL in primary CLL cells 

regardless of CD154 membrane-bound ligand. The physical contact between CLL cells and 

fibroblast may serve as a “priming” mechanism of the NF-κB pathway, resulting in a more 

potent NF-κB activation in the presence of CD40 ligand. This could partially explain the 

positive correlation between TRAF1 and Bcl-xL expression since both proteins were identified 

as gene targets of the NF-κB pathway. In terms of other TRAFs and JAK3 protein expressions, 

only TRAF5 was significantly affected by co-culturing with the fibroblast, in which a reduction 

was observed in both PAR and CD154-expressing co-cultured CLL cells when comparing to a 

standard. Therefore, it is important to exclude the effects of the fibroblast by comparing the 

results driving from co-culturing with CD154 to the PAR as control when using the co-

culturing system. 

 

Moreover, the study revealed a significant depletion of TRAF3 following CD40 ligation. This 

may be explained by the proteasomal degradation of TRAF3 mediated by TRAF2/cIAP1/2 
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complex, followed by the release and accumulation of NIK and activation of the non-canonical 

NF-ĸB (Bishop et al., 2007, Hostager et al., 2003, Hacker et al., 2011). Additionally, TRAF2 

recruitment to CD40 upon ligation results in TRAF2 auto-degraded through its E3-ubiquitin 

ligase (Zarnegar et al., 2008, Brown et al., 2002, Hacker et al., 2011), which is also consistent 

with my observations. It has been suggested that the self-degradation of TRAF2 may serve as 

a negative feedback mechanism to inhibit the activated signals. However, my data showed 

slight depletion of TRAF2 levels in CD40-stimulated CLL cells compared to control 

unstimulated cells, which is unlikely to have inhibitory effects on CD40 signalling. Overall, 

my data showed that the reductions in TRAF3 levels mediated by CD40L stimulation might 

provide CLL cells with improved resistance to apoptosis. Moreover, TRAF3 mRNA levels did 

not change after CD40 stimulation as no difference in TRAF3 mRNA was observed between 

CD40 stimulated and unstimulated CLL, implicating that CD40 stimulation downregulated 

TRAF3 expression mainly by post-transcriptional mechanisms, which may be the case for 

other TRAFs.  

 

Next, I tested whether the IGHV mutational status may influence the level of TRAFs and JAK3 

protein expression in response to CD40L stimulation. My study results showed there was no 

statistically significant difference between IGHV-mutated and unmutated CLL cells without 

CD40 stimulation. However, unmutated CLL cells tend to express higher TRAF1, 2, 3, and 4 

at basal levels, whereas TRAF5, TRAF6 and JAK3 were expressed at higher levels in mutated 

CLL cells. Upon CD40 stimulation, the unmutated-IGHV CLL cells expressed increased 

TRAF1 levels, whereases TRAF3 and TRAF5 level were significantly decreased in mutated-

IGHV CLL. Levels of TRAF4 and TRAF6 expressions were increased, although not 

significant; in unmutated and mutated CLL cells, respectively. These results indicate slight 

differences between mutated and unmutated CLL cells concerning TRAFs and JAK3 

expression. However, due to the small sample size, the possibility that individual CLL samples 

variation causes the difference cannot be ruled out. A future study using a larger cohort of 

samples may provide definitive conclusions concerning the difference between the two 

subgroups in response to CD40 stimulation.  

Overall, the findings from this part of my study provided comprehensive information on the 

expression of endogenous TRAF family proteins and JAK3 in CLL cells. Additionally, to my 

knowledge, this was the first study to have characterised the protein expression of all TRAF 

members and JAK3 proteins in primary CLL cells with or without CD40 stimulation. However, 
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the functional significance of changes in expression of these adaptor molecules under the 

influence of CD40 stimulation is not clear. In particular, how TRAF family proteins are 

recruited immediately after ligation of CD40 receptor to form the signalling complex in CLL 

cells is unknown. Neither is known whether more than one member of the TRAF family of 

proteins involve in the initial signalling complex mediating CD40 signalling. Understanding 

these questions is important as it could help identify which adaptor molecules are required for 

the CD40 signalling transduction. Therefore, characterisation of the dynamic interaction 

between TRAFs and CD40 receptor before and after CD40 ligation is the topic of investigation 

for the following chapter. 
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4. Chapter 4: Characterisation of interaction between TRAF 

family proteins and CD40 following CD40 ligation in CLL cells 

4.1 Introduction 

Protein-protein interactions are a fundamental part of many cellular processes and any 

dysregulation in these interactions can contribute to many diseases pathogenesis. It has been 

well established that TRAF family proteins (TRAFs) are critically involved in the transduction 

of CD40 signalling to different downstream pathways upon stimulation (Vallabhapurapu and 

Karin, 2009, So and Croft, 2013, Elgueta et al., 2009, Schattner, 2000). In B cells, TRAFs play 

a vital role in the activation of NF-κB pathway driven by CD40-CD40L interaction (Bishop et 

al., 2007). However, the information in the literature is incomplete regarding how TRAFs 

interact with the cytoplasmic domain of CD40 following receptor ligation in normal and 

malignant B cells. Understanding how these interactions occur is important as it could help 

identify which members of the TRAFs are critically involved in initiating signalling cascade 

leading to activation of NF-κB upon CD40 ligation by CD40L. This, in turn, may help establish 

a rational strategy to develop therapeutic agents that can specifically target the interaction of 

CD40 with the TRAF proteins. Previews studies on interactions between CD40 and TRAFs 

from different types of cells produced contradictory results. It is now well appreciated that 

interactions between CD40 receptor and TRAFs are cell type-specific and that expression and 

function of TRAFs can also be cell-dependent (Bishop et al., 2018), thereby the findings drawn 

from one type of cells cannot be generalised to others. Moreover, the results from the majority 

of these studies on protein interactions were generated from the use of an artificial yeast two-

hybrid systems or experiments overexpressing exogenous protein of interest in human cell 

lines, e.g. human embryonic kidney cells HEK293, employing the conventional co-

immunoprecipitation (co-IP) method (Peters and Bishop, 2010, Ahonen et al., 2002, Jabara et 

al., 2002, Jalukar et al., 2000, Hostager and Bishop, 1999, Hsing et al., 1997, Ishida et al., 1996, 

Hu et al., 1994). Although studies using these approaches provided helpful information on the 

roles of TRAFs in CD40 signalling, they may not necessarily reflect the endogenous 

interactions between CD40 and TRAFs that occur in vivo. 

 

In addition to co-IP, several techniques have recently been developed that can be used to study 

protein interactions directly in cells with minimum manipulation. These include the in situ 

proximity ligation assay (PLA), which is an innovative method that has been developed to 
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detect, visualise and quantify protein-protein interactions in intact cells and tissues 

(Leuchowius et al., 2010, Leuchowius et al., 2009, Soderberg et al., 2006, Trifilieff et al., 

2011). The principle of PLA has been discussed in detail in the Methodology chapter. Briefly, 

specific protein-protein interaction can be detected using primary antibodies that target the 

interacting proteins. Corresponding secondary probes with a unique short DNA strand are then 

added. When the two target proteins are in proximate distance (≤ 40 nm), DNA-ligated circles 

form between the two probes through the addition of DNA oligonucleotides. Next, the addition 

of polymerase amplifies these DNA-ligated circles. This will result in concentrated 

fluorescence signals that can be detected and visualised through hybridising with fluorescence-

tagged oligonucleotides, giving the method its high sensitivity and specificity advantages over 

conventional methods (Leuchowius et al., 2011). In situ PLA has been employed in the study 

of protein-protein interactions in a wide range of studies such as immunology (Lasserre et al., 

2010), cancer biology (Sehat et al., 2010) and verification of immunoprecipitation data 

(Johansson et al., 2010). In this study, I also employed in situ PLA combined with flow 

cytometry to detect the interaction between CD40 and TRAFs in CLL cells upon CD40 

stimulation. From this chapter onwards, I will focus on the TRAF family proteins only and not 

include JAK3 protein due to its low expression in CLL cells, as shown earlier. To characterise 

the interactions between CD40 and TRAFs in response to CD40 ligation, I first employed the 

traditional co-IP method on primary CLL cells and CLL-like cell line HG3 cells. Due to the 

difficulty in detecting the interactions between the CD40 and TRAFs in these cells with the co-

IP method, I optimised the in situ PLA method in HG3 cells and investigated the dynamic 

interactions between CD40 receptor and TRAF family members upon CD40 stimulation. 

Finally, I validated the findings from HG3 cells in primary CLL cells.  

 

4.2 Results 

4.2.1 Short time stimulation of CD40 by CD40 ligand induced NF-κB 

activation marked by the phosphorylation and degradation of IκBα in 

CLL-like HG3 cells 

Ligation by CD40 ligand induced trimerisation of the CD40 receptor, which results in the 

exposure of protein binding sites of the CD40 cytoplasmic domain and thereby initiating CD40 

signal transduction (Fanslow et al., 1994). Using soluble CD40 ligand, it has been shown that 

the trimeric form of CD40 ligand exhibited a greater potency in mediating CD40 receptor 
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trimerisation than the monomeric or dimeric forms of CD40 ligand thus generating stronger 

signalling activity (Haswell et al., 2001). Therefore, I compared two different types of soluble 

CD40 ligand, monomeric HA-tagged CD40 ligand plus anti-HA antibody to cross-link the 

CD40 ligand (CD40L + anti-HA) and multimeric CD40 ligand (two trimeric CD40 ligands that 

have been cross-linked) to determine which one can generate the maximum stimulation 

potential shortly after CD40 ligation. 

To confirm the activation of NF-κB by CD40L in HG3 cells, I examined the phosphorylation 

and degradation of IκBα as a measure of NF-κB activation, as previously described (Henkel et 

al., 1993, Lin et al., 1995). To determine the efficiency of the multimeric CD40 ligand in 

activating NF-κB, serial concentrations were used. As shown in Figure 4.1 A, exposure of 

CLL-like HG3 cells to the multimeric CD40 ligand resulted in the phosphorylation and 

degradation of IκBα in a concentration-dependent manner.  

As shown in Figure 4.1 B, both forms of CD40L induced time‐dependent phosphorylation and 

degradation of IκBα. However, the monomeric CD40L reached maximum phosphorylation at 

10 mins, whereas the multimeric CD40L achieved this effect within 5 mins after incubation. 

Moreover, the concentration used to achieve the similar level of phosphorylation of IκBα was 

lower with the multimeric form of CD40L (i.e. 0.2 µg/ml) than the monomeric one (i.e. 0.5 

µg/ml). Altogether, it suggests that multimeric CD40L has greater stimulation efficiency than 

the monomeric CD40L. Therefore, multimeric CD40L at a concentration of 0.2 µg/ml was 

employed in further experiments. 
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Figure 4.1: CD40L induced the phosphorylation and degradation of IκBα. (A) HG3 cells 

were left unstimulated (Control) or stimulated with CD40L multimeric for 10 mins at the 

indicated concentration. Cells were then lysed using RIPA buffer and examined by Western 

blotting for the expression of total and phospho-IκBα. (B) HG3 cells were left unstimulated 

Control 0.01 0.05 0.1 0.2
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(Control) or stimulated with either monomeric CD40L and anti-HA peptide (0.5 µg/ml) or 

CD40L multimeric (0.2 µg/ml) at the indicated time points. Cells were then lysed using RIPA 

buffer and examined by Western blotting for the expression of total and phospho-IκBα. β-actin 

served as a loading control. Data represent three independent experiments (Mean ± 2SD). 

Paired student t-test was used to determine the significant differences from the control. 95% 

CI, confidence interval.  

4.2.2 Conventional co-immunoprecipitation method failed to detect 

protein interactions between CD40 and TRAFs in primary CD40-

stimulated CLL cells 

To detect interactions between CD40 and TRAFs, co-IP experiment was performed on CD40-

stimulated primary CLL samples. Briefly, primary CLL cells were left unstimulated or 

stimulated with multimeric CD40L (0.2 µg/ml) for 5 mins (Figure 4.2 A) or 10 mins (Figure 

4.2 B). At the end of the stimulation period, ice-cold PBS was added to inhibit CD40L 

functions. Next, pelleted cells were lysed with co-IP buffer supplemented with protease 

inhibitor and subjected to co-IP as described in the Methodology chapter. The pulldown of 

CD40 by anti-CD40 antibody was successful in all CLL cases, however, no interaction could 

be detected between CD40 and TRAF family of proteins in CD40-stimulated primary CLL 

cells (Figure 4.2 A & B).  
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Figure 4.2: Co-immunoprecipitation of CD40 and TRAFs failed to detect protein 

interactions in CD40-stimulated primary CLL cells. CLL cells (at 1-2x107 cells/ml) were 

treated with multimeric CD40L (0.2 µg/ml) at 5 and 10 mins. Whole-cell lysates were 

precleared and immunoprecipitated (IP) with anti-CD40. Anti-IgG1 was used as a negative 
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control. Lysates pre- and post-IP were used to confirm the immunodepleting of the targeted 

proteins. Immunoprecipitated complexes were resolved on SDS-PAGE and subjected to 

Western blotting using the indicated antibodies. (A) Representative immunoblotting analysis 

from #3325 CLL sample stimulated with CD40L for 5 mins. (B) Representative 

immunoblotting analysis from #2263 CLL sample stimulated with CD40L for 10 mins. β-Actin 

served as a loading control.  

4.2.3 Co-immunoprecipitation method also failed to detect protein 

interactions between CD40 and TRAFs in CD40-stimulated HG3 and 

Mec-1 cell lines 

As the above results from primary CLL cells were not in line with expectation, similar co-IP 

experiments were repeated using CLL-like cell lines HG3 and Mec-1 cells to optimise the 

technique. Using these two CLL-like cell lines in the study was mainly because of the limited 

access to primary CLL samples, as optimisation of the co-IP method would require large 

amounts of cells. In addition, work with cell lines would provide more consistent results.  

4.2.3.1 Characterisation of the expression of the TRAFs family and 

JAK3 proteins in unstimulated and CD40-stimulated HG3 and Mec-1 cell 

lines 

First, I experimented with examining the expression of TRAF family proteins and JAK3 in 

HG3 and Mec-1 cells with or without CD40 stimulation by CD40L, as I did with primary CLL 

cells using the Western blotting method. HG3 and Mec-1 cells were left unstimulated 

(Standard) or incubated with CD40L (0.2μg/ml) for 24 hrs. Human breast cancer cell line 

MCF-7 and leukemic cell line Jurkat cells were used as positive controls for the expression of 

TRAF4 and JAK3, respectively. As shown in Figure 4.3, both HG3 and Mec-1 cell lines show 

similar proteins expression profiles to that expressed by primary CLL cells (Figure 3.2 A). 

TRAF1, 2, 3, and 5 proteins were clearly detected, whereas expression of TRAF4 and TRAF6 

was low in unstimulated HG3 and Mec-1 cells (Standard) (Figure 4.3). Upon CD40-stimulation 

by CD40L, only TRAF1 was up-regulated in both cell lines whereas TRAF2, TRAF3 and 

TRAF5 were downregulated, with no or little changes for TRAF4, TRAF6 and JAK3 (Figure 

4.3). CD40 and Bcl-xL expression were induced by the CD40L, demonstrating the activation 

of CD40 signalling by CD40L in these cells.  
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Figure 4.3: Expression of TRAF family members & JAK3 protein in CD40-stimulated 

CLL-like HG3 and Mec-1 cell lines. Representative immunoblotting analysis of TRAFs and 

JAK3 protein expression in HG3 and Mec-1 cell lines was shown. Cells from the HG3 and 

Mec-1 cell lines were left unstimulated (Standard) or incubated with soluble CD40L (0.2 

μg/ml) for 24 hrs. MCF-7 and Jurkat cells were introduced as positive controls for the 

expression of TRAF4 and JAK3, respectively. Bcl-xL served as a positive control for CD40-

stimulation. β-actin served as a loading control. 

4.2.3.2 Protein interactions between CD40 and TRAFs cannot be 

detected in CD40-stimulated HG3 and Mec-1 cell lines using Co-IP 

Having confirmed that HG3 and Mec-1 cells expressed the TRAFs and JAK3 protein at a 

similar level seen in primary CLL cells, I proceeded with co-IP experiments using them. Cells 

from the HG3 cell line were left unstimulated or stimulated with CD40L multimeric for 5 and 

10 mins then were subjected to reciprocal co-IP as described in the Methodology chapter. As 

shown in Figure 4.4, the IP of CD40 (Figure 4.4 A) and IP of TRAF1 (Figure 4.4 B)  or TRAF2 

(Figure 4.4 C) was successful in the HG3 cell line. However, no interaction could be detected 

HG3 Mec-1

CD40L

TRAF1
(46-50 KDa) 49

TRAF2
(50-53 KDa) 49

TRAF3
(62-65 KDa) 64

TRAF5
(64-66 KDa) 64

TRAF6
(60 KDa)

64

115

JAK3
(116-120 KDa)

MCF-7Jurkat

TRAF4
(53 KDa)

49

Bcl-xL
(30 KDa)26

CD40
(45-48 KDa)

49

β-actin
(45-47 KDa)

49

Standard CD40LStandard



 99 

between the CD40 and TRAF family of proteins in CD40-stimulated cells (Figure 4.4). The 

same results were obtained from the Mec-1 cell line (Appendix 3.1).  

To test the possibility that the interactions between TRAFs and CD40 could be weak or 

transient and cannot be readily detected by conventional co-IP in cells, I used a chemical 

crosslinker during the co-IP procedure, as described (Mattson et al., 1993), to enhance the 

chances of detecting transient protein-protein interactions. The crosslinker dimethyl 

suberimidate (DMS) was used according to the manufacturer’s instructions followed by co-IP 

as described in the Methodology chapter. As shown in Figure 4.5, the IP of CD40 protein was 

observed in all experiments. However, no interaction between CD40 and TRAFs was detected 

in HG3 cells with or with CD40 stimulation by multimeric CD40L. 

Overall, the results showed that with the conventional co-IP method, I could not detect 

interactions between CD40 and TRAFs in primary CLL cells as well as HG3 and Mec-1 cell 

lines. Therefore, I explored alternative methods to examine the protein interaction between 

CD40 and TRAFs in intact CLL cells. 

 

Figure 4.4: Co-immunoprecipitation failed to detect protein interactions between CD40 

and TRAFs in unstimulated and CD40-stimulated HG3 cells. HG3 cells were treated with 

multimeric CD40L (0.2µg/ml) at 0, 5 and 10 mins then lysates were precleared and 

immunoprecipitated (IP) with anti-CD40 (A), anti-TRAF1 (B), and anti-TRAF2 (C) as 

described in the Methodology chapter. Anti-IgG1 or anti-IgG were used as negative controls. 

Lysates pre- and post-IP were used to confirm the immunodepleting of the targeted proteins. 

Immunoprecipitated complexes were resolved on SDS-PAGE and subjected to Western 

blotting using the indicated antibodies. β-Actin served as a loading control. 
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Figure 4.5: Co-immunoprecipitation and use of crosslinking agent also failed to detect 

protein interactions between CD40 and TRAFs in unstimulated and CD40-stimulated 

HG3 cells. HG3 cells were left untreated (Control) or stimulated with multimeric CD40L (0.2 

µg/ml) for 5 mins. Whole cells were then treated with membrane-permeable DMS (100 mM) 

followed by CD40-immunoprecipitation (IP). Anti-IgG1 was used as a negative control. 

Lysates pre- and post-IP were used to confirm the immunodepleting of the targeted proteins. 

Immunoprecipitated complexes were resolved on SDS-PAGE and subjected to Western 

blotting using the indicated antibodies. β-Actin served as a loading control. Data are 

representative of at least three independent experiments. DMS: dimethyl suberimidate. 

4.2.4 In situ PLA optimisation and validation for the detection of 

protein-protein interaction in HG3 cells using flow cytometry  

4.2.4.1 In situ PLA method optimisation using flow cytometry 

CD40 signal transduction cascades are complex processes. Endogenous interactions and/or 

initial interactions that may occur between the CD40 receptor and different TRAF members in 

response to CD40L ligation could be transient or weak, which may not be detected by the 

conventional co-IP method. In situ proximity ligation assay (PLA) combined with flow 

cytometry was the method I used to measure the interaction between CD40 and TRAF 

members in CLL cells.  
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paraformaldehyde followed by 100% methanol, then the gating of cells was optimised using 

the green (FITC) channel, and the same gating was employed throughout PLA experiments.  

 

The specificity and efficiency of PLA assay depend mainly on the quality of appropriate pairs 

of antibodies used. Additionally, using a lower concentration of the antibodies helps in 

minimising self-ligation of the proximity probes, thereby reducing non-specific background 

noises. Therefore, primary antibodies validation and titration were performed on fixed and 

permeabilised HG3 cells using flowcytometry (Figure 2.5) and optimal final concertation of 

2µg/ml was employed for all antibodies. A list of the primary antibodies used can be found in 

the Methodology chapter. 

 

A flowchart of the optimised in situ PLA protocol is presented in Figure 4.6. Briefly, cells were 

left untreated or treated with multimeric CD40L (0.2µg/ml) for the indicated times. Cells were 

then fixed, permeabilised, and incubated with two primary antibodies raised in different species 

overnight. The next day, hybridisation with PLA probes was performed followed by ligation, 

amplification, and detection. Finally, PLA signals were acquired by flow cytometry, and data 

analysis was done using FlowJo software.  
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Figure 4.6: An outline of the optimised in situ PLA protocol used for the detection of 

protein interactions by flow cytometry. Schematic outline summarising the modified 

procedure of PLA for the detection and quantification of endogenous and post-stimulation 

protein interactions using flow cytometry in CLL cells. Asterisk indicates the steps that have 

been adapted from the manufacturer’s procedure. 
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minimise the autofluorescence background.  
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occur between the two proteins. The unstained samples were included to detect 

autofluorescence background since ligation and amplification should not be possible if no 

proximity probes are present. For the positive control, antibodies directed against BCL-2 and 

BIM were used. BCL-2  protein was shown to endogenously interacting with BIM (Enders et 

al., 2003, Zhu et al., 2004) and this interaction was interrupted by the BCL-2 inhibitor ABT-

199 (Pan et al., 2014). Therefore, I furtherly treated HG3 cells with ABT-199 (100nM) for 6 

hrs to test the specificity and sensitivity of the PLA signals. A cut-off value for the PLA 

background was calculated from the results as two standard deviations over the isotype 

control’s background signals (Nordengrahn et al., 2008). This cut-off value represents the 

autofluorescence background or the probability of two proteins being in close proximity by 

chance. The values below the cut-off are considered negative for the targeted protein-protein 

interactions, while values above are positive. For this study, a cut-off value was set as mean 

fluorescence intensity (MFI) of 220 PLA signal. Consistent with the literature, the results show 

MFI below the cut-off value in all three negative controls, demonstrating a very low 

background (Figure 4.7 A). On the other hand, BCL2-BIM PLA signals exhibited a significant 

increase in MFI compared to the isotype control, confirming the selectivity of the assay (Figure 

4.7 B). In addition, HG3 cells treated with ABT-199 shows decreased MFI from BCL2-BIM 

PLA probes when compared to BCL2-BIM probes from cells not treated with ABT-199, 

demonstrating the sensitivity of the assay (Figure 4.7 A&B). Collectively, these results 

demonstrate the efficiency of the in situ PLA assay combined with flow cytometry as a 

powerful technique to detect molecular proximity between two proteins in non-adherent B-cell 

line.  
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Figure 4.7: Validation of optimised in situ PLA on CLL-like cell line HG3 for detection 

of proximity between BCL-2 and BIM proteins. HG3 cells were left untreated or exposed 

to ABT-199 (100nM) for 6 hrs. Cells were then washed, fixed and permeabilised and in situ 

PLA was performed. PLA signals were visualised using flow cytometry. (A) Representative 

histograms plot of the technical and biological controls used throughout in situ PLA 

experiments demonstrating the specificity and sensitivity of PLA signals. In situ PLA was 

performed between CD40 and TRAF2 with no secondary probes (green), isotype IgG and IgG1 

(red), BAX and CD40 (blue), BCL-2 and BIM (orange), and BCL-2 and BIM treated with 

ABT-199 (pink). (B) Mean fluorescence intensity (MFI) of PLA signals of at least three 

independent experiments (MFI ± 2S.D). (C) representative dot plot showing the optimised 

gating of PLA signals. Paired student t-test was used to determine the significant differences 

from the isotype control. The line represents the cut-off used to determine positive PLA signals 

(2 × S.D above the isotype control’s background signals). (D) 95% confidence interval (CI)  

analysis from three independent experiments. S.D: stander deviation. 
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4.2.4.3 Detection of interactions between CD40 and TRAFs in CD40-

stimulated primary CLL cells using in situ PLA 

Having demonstrated the efficiency of the optimised in situ PLA method in HG3 cells, the 

technique was applied to detect interactions between CD40 and TRAFs in unstimulated and 

CD40-stimulated primary CLL cells.  Briefly, CLL cells from three cases (#3299, #3325, and 

#3361) were left untreated or treated with multimeric CD40L (0.2µg/ml) for 10 mins. Cells 

were then washed, fixed and permeabilised and in situ PLA was performed as described in the 

Methodology chapter. PLA signals were then visualised using flow cytometry, and MFI was 

analysed by FlowJo software. PLA results showed that all TRAF protein members are in close 

proximity with the CD40 receptor at baseline. However, the physical proximity intensity varies 

between CD40 and different TRAF protein members, in which TRAF1, 3, and 4 demonstrated 

the strongest intensity (Figure 4.8). The PLA signals intensity of TRAF1, 2, 3 and 4 were 

significantly increased compared to the isotype control in unstimulated cells. Interestingly, 

CD40 stimulation by CD40L result in no significant change in MFI of CD40-TRAF1, CD40-

TRAF2 and CD40-TRAF6, whereas a slight decrease in MFI between CD40 and TRAF3 was 

found in CD40-stimulated cells. Surprisingly, only TRAF5 shows a significant increase in 

proximity with CD40 upon 10 mins stimulation with CD40L, while TRAF4 demonstrate a 

significant decline in proximity with CD40 receptor upon stimulation. No changes were 

observed on the positive control (BCL2-BIM) between unstimulated and CD40-stimulated 

cells as expected, reassuring that the effects on CD40-TRAFs interactions were driven from 

CD40-stimulation by CD40L. Unspecific binding was not observed using the isotype control 

(IgG-IgG1). 

 

Since CD40 stimulation of primary CLL cells for 10 mins showed increased MFI of only 

CD40-TRAF5 probes, I next explored the dynamics of CD40-TRAFs interactions overtime 

after ligation. For this purpose, to avoid the variability of primary CLL cells experiment was 

initially performed on the HG3 cell line first, then data were confirmed using primary CLL 

cells. Briefly, HG3 cells were left untreated or exposed to multimeric CD40L (0.2µg/ml) for 

5, 10 and 30 mins, and in situ PLA was performed as described in the Methodology chapter. 

The dynamic interactions between CD40 and TRAFs were observed over a short time in 

response to CD40L (Figure 4.9). A clear trend was observed in the proximity between CD40 

and TRAF1, 3, and 4 in which the PLA signals continuously decreased over time in response 

to CD40L before it gradually returned to the baseline levels around 30 mins later. TRAF6 
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showed no change in proximity with CD40 in response to CD40L. Moreover, TRAF2 showed 

an instant increase in proximity signals at 5 mins after ligation before it dropped at 10 mins, 

whereas TRAF5 demonstrated a steady increase in proximity with CD40 overtime. Overall, 

these results indicate dynamic interactions between CD40 and TRAF2 and TRAF5 protein 

members in CLL cells with CD40 stimulation.  

 

  
Figure 4.8: Relative quantification of CD40 and TRAFs interactions in unstimulated and 

CD40-stimulated primary CLL cell using in situ PLA. CLL cells were left untreated 

(Unstimulated) or exposed to multimeric CD40L (0.2µg/ml) for 10 mins (CD40L). Cells were 

then washed, fixed and permeabilised and in situ PLA was performed. PLA signals were 

visualised using flow cytometry. PLA was performed between IgG-IgG1 (-ve control), BCL2-

BIM (+ve control), TRAF1-CD40, TRAF2-CD40, TRAF3-CD40, TRAF4-CD40, TRAF5-

Protein 
Unstimulated CD40-stimulated

(CD40L)

Mean SD 95% CI Mean SD 95% CI

IgG-IgG1 171 17.2 127.9 to 213.4 161 23.71 102.4 to 220.2

BCL2-BIM 2414 223.6 1859 to 2970 2418 221.1 1868 to 2967

TRAF1-CD40 1212 102.1 958.8 to 1466 1174 117.2 882.8 to 1465

TRAF2-CD40 548 147.1 182.9 to 913.8 479 129.7 156.7 to 801.3

TRAF3-CD40 1249 194.9 764.5 to 1733 1017 235 432.8 to 1601

TRAF4-CD40 1396 5.8 1381 to 1410 782 7.55 763.2 to 800.8

TRAF5-CD40 473 135.5 136 to 809.4 727 136.7 387.4 to 1067

TRAF6-CD40 418 143.3 62.09 to 773.9 361 183.8 -95.83 to 817.2
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CD40, and TRAF6-CD40. Mean fluorescence intensity (MFI) of PLA signals from three 

independent experiments (MFI ± 2S.D, n=3). Paired student t-test was used to determine 

statistically significant differences between endogenous proteins interaction and isotype 

control (green) and between unstimulated and CD40L-stimulated cells (black). 95% CI, 

confidence interval. 

  

 

Figure 4.9: The dynamic interactions between CD40 and TRAFs over time mediated by 

CD40L using in situ PLA. HG3 cells were left untreated or exposed to multimeric CD40L 

(0.2µg/ml) for the indicated times. Cells were then washed, fixed and permeabilised and in situ 

PLA was performed. PLA signals were visualised using flow cytometry. PLA was performed 

between IgG-IgG1 (-ve control), BCL2-BIM (+ve control), TRAF1-CD40, TRAF2-CD40, 

TRAF3-CD40, TRAF4-CD40, TRAF5-CD40, and TRAF6-CD40. Only TRAF2 and TRAF5 

show higher physical proximity with CD40 post CD40L stimulation. Mean fluorescence 

intensity (MFI) of PLA signals were calculated using FlowJo. Data obtained from one 

experiment. 

4.2.4.4 Stimulation of CD40 by CD40 ligand induced rapid recruitment 

of TRAF2 and TRAF5 to CD40 receptor in primary CLL cells 

To ensure that the initial results regarding the dynamic interaction between (CD40 and TRAF2) 

and (CD40 and TRAF5) were reproducible, independent experiments were performed using 

primary CLL cells. Briefly, CLL cells from three cases (#3299, #3325, and #3361) were left 

untreated or exposed to multimeric CD40L (0.2µg/ml) for 5, 10 and 30 mins and in situ PLA 

was performed as described in the Methodology chapter. As shown in Figure 4.10, a 

statistically significant increase in the interaction of TRAF2 with CD40 receptor at 5 mins 
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following incubation with CD40L, followed by significant dissociation of TRAF2 from CD40 

at 10 and 30 mins (Figure 4.10 A). On the other hand, TRAF5 proximity with CD40 

significantly increased at 10 mins and remained steady over time (Figure 4.10 B). Short 

stimulation with CD40L show no effects on the protein expression of TRAF2 and TRAF5 in 

the indicated time (Figure 4.10 C).  These results suggest that stimulation of CD40 by CD40L 

induced rapid recruitment of TRAF2 and TRAF5 to CD40 in CLL cells.   
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Figure 4.10: Stimulation of CD40 by CD40L results in rapid recruitment of TRAF2 and 

TRAF5 to CD40 receptor in primary CLL cells. CLL cells were left untreated or exposed 

to multimeric CD40L (0.2µg/ml) for the indicated times. Cells were then washed, fixed and 

permeabilised and in situ PLA was performed. PLA signals were visualised using flow 

cytometry. PLA was performed between IgG-IgG1 (isotype), TRAF2-CD40 (A), and TRAF5-

CD40 (B). Mean fluorescence intensity (MFI) of PLA signals were calculated using FlowJo. 

Data obtained from three independent experiments (MFI ± 2S.D, n=3). (C) immunoblot 
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analysis of TRAF2 and TRAF5 expression. One-way ANOVA and Tukey post-Hoc tests were 

used to determine statistically significant differences.  

4.3 Discussion 

The purpose of the current chapter was to characterise interactions between CD40 receptor and 

TRAF family proteins in CLL cells with or without CD40 stimulation. To this end, the 

conventional co-IP and the more advanced in situ PLA methods were used to detect possible 

protein-protein interactions in CLL cells and HG3 cell line. In agreement with published results 

(Henkel et al., 1993, Lin et al., 1995), exposure to CD40 ligand resulted in rapid induction of 

IκBα phosphorylation and degradation, demonstrating the activation of NF-κB following 

ligation of CD40 by CD40 ligand. Furthermore, I observed that the multimeric variant of CD40 

ligand possessed a more robust stimulative activity than monomeric CD40 ligand in term of 

CD40 activation, consistent with previous finding (Haswell et al., 2001). Although previous 

studies reported interactions between CD40 and TRAFs mostly in cell lines using the co-IP 

method (Peters and Bishop, 2010, Yacoub et al., 2010, Vidalain et al., 2000a, Hostager and 

Bishop, 1999, Jalukar et al., 2000, Fang et al., 2014, Pullen et al., 1998), under the experimental 

conditions used in this study, the traditional co-IP failed to detect any interactions between 

CD40 and TRAFs in CLL cells with or without CD40 stimulation. The discrepancy, in my 

view, was mainly caused by different techniques and cell types used between the studies. For 

instance, many studies used an artificial system such as yeast two-hybrid to report the protein-

protein interaction (Hu et al., 1994, Cheng et al., 1995, Mosialos et al., 1995, Ishida et al., 

1996). Others detected interactions using cell lines that were transfected to overexpress 

exogenous CD40 or particular TRAFs (Peters and Bishop, 2010, Hostager and Bishop, 1999, 

Jalukar et al., 2000, Fang et al., 2014, Pullen et al., 1998, Jabara et al., 2002, Hsing et al., 1997). 

Overexpression of exogenous proteins may alter the binding of endogenous TRAFs with CD40 

or inadvertently allow binding of TRAFs to CD40 receptor that otherwise does not occur under 

physiological condition. Therefore, these results may not reflect the real dynamic interaction 

between CD40 and TRAFs that may occur in vivo. In the present study, I focused on the 

interaction of endogenous TRAFs and CD40 in primary CLL cells and CLL-like cell line 

(HG3) that are not being genetically manipulated, so the possibility of altering the native 

binding between CD40 and TRAFs by the overexpressed proteins was minimised. However, I 

have not been able to detect the protein interactions between TRAFs and CD40 in CD40-

stimulated CLL cells and HG3 cell line using the conventional co-IP methods. There were 

several reasons potentially explaining the negative findings. 
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First, technical issues may produce the negative results obtained by the co-IP method. Pound 

et al. (1999) highlighted that commercial anti-CD40 antibodies could function differently by 

binding to distinct epitopes of the CD40 receptor. Hence, one could speculate that anti-CD40 

antibody may mask the TRAFs binding sites on the CD40 receptor, thus interfering or 

disrupting the interaction. However, it has been shown that the epitopes recognised by anti-

CD40 monoclonal antibodies used in this study (S2C6 and G28.5) were within or overlapped 

with the CD40L binding site (D1 or D1/B2) (Pound et al., 1999, Malmborg Hager et al., 2003, 

Bjorck et al., 1994), suggesting that they bound mainly to the extracellular part of the CD40 

receptor and thereby it was unlikely to interfere with TRAFs interaction.  

 

The second possibility was that CD40-TRAFs interaction could be transient or of low affinity. 

Hence, the immunocomplex pulled down by co-IP may be disrupted during the co-IP 

procedure’s rigorous washing steps and thus not be detected in intact cells without 

experimental fixation. A simple chemically crosslinking residues-based method was used in 

the study in the hope of covalently stabilising the co-IP immunocomplex. However, the results 

showed no visible proteins interaction before or after CD40 stimulation. This method has been 

used to detect protein interaction from mainly large protein complexes with stable interactions 

but not transit interactions (Yang et al., 2017). Thus, despite using a mild co-IP buffer and 

chemical crosslinker, the interaction between CD40 and TRAFs might still be disrupted and 

lost during the process of cell lysing or centrifugation. Identification of transient or weak 

protein interactions is technically challenging and cannot be easily recognised by traditional 

techniques (Sali et al., 2003). Therefore, advanced sensitive and high-throughput methods are 

needed when analysing transient protein interactions. Additionally, conflicting results on 

interaction between CD40 and TRAFs have been reported using other intensive techniques 

such as CD40/TRAFs-deficient mouse models or exogenous overexpression experiments. For 

example, Ishida et al. (1996) reported interaction between CD40 and TRAF6 using yeast two-

hybrid method while CD40-/- mice transfected with wild type CD40 vector showed no 

detectable association with TRAF6 (Jabara et al., 2002).  

 

I next employed in situ PLA method combined with flow cytometry to detect the interaction 

between endogenous CD40 and TRAFs in CLL cells. In situ PLA is an innovative method that 

enables the detection of proximity between two proteins up to 40 nm, indicative of direct or 

indirect interaction. At the beginning of the method, the fixation of cells helped maintain the 

transient interactions, while signal amplification enabled the assay to detect weak interactions 
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with higher specificity, reliability, and accuracy. The use of flow cytometry instead of 

immunofluorescent microscopy as a readout helped minimise the bias in sample selection, 

ruling out human error when counting PLA signals. 

I optimised in situ PLA protocol with the use of both negative and positive controls in the 

study. My data showed that the optimised in situ PLA protocol was an effective tool for 

detecting molecular proximity between the CD40 receptor and TRAF members in CLL cells. 

The assay’s specificity was validated by the detection of the known endogenous protein 

interaction between BCL-2 and BIM in CLL cells. I further demonstrated the optimised in situ 

PLA procedure’s sensitivity through the time course and dose-response experiments.  

Using the optimised in situ PLA, I uncovered for the first time a more complex and dynamic 

protein-protein interaction between CD40 receptor and different TRAF members over time as 

a result of CD40 stimulation by CD40 ligand. My data showed that TRAF1, 2, 3 and 4 were in 

close proximity with the CD40 receptor in CLL cells. These observations were in accordance 

with the published data in normal B cells (Bishop et al., 2002). Nevertheless, using the highly 

sensitive in situ PLA technique, I demonstrated an association between CD40 and TRAF4 that 

have not been reported before. However, although the in situ PLA approach demonstrated 

sensitivity and selectivity, there are limitations as with any other methods. For instance, in situ 

PLA can only detect proximity between two proteins and cannot provide definitive evidence 

of direct interaction between two proteins. Hence, the proximity between CD40 and TRAF4 

may indicate direct or indirect interaction through a third molecule. Thereby, I cannot prove 

that the two proteins are conclusively interacting.  

My data indicated that stimulation of CD40 by CD40 ligand induced rapid recruitment of 

TRAF2 and TRAF5 to CD40 receptor in CLL cells, while it inhibits the interaction of other 

TRAFs with CD40 receptor. Interestingly, TRAF2 recruitment to CD40 receptor occurred 

within 5 mins before its dissociation at 10 mins post-stimulation. It can be speculated that CD40 

ligation by CD40 ligand caused CD40 oligomerisation, creating a higher affinity binding site 

for TRAF2 molecules, thus resulting in a rapid aggregation of TRAF2 to the CD40 receptor 

before it was released into the cytoplasm. Similar observations were presented by Chaudhuri 

et al. (1997) in which they demonstrated a dramatic decrease in the amount of CD40-associated 

TRAF2 following 30 mins stimulation with an anti-CD40 Ab in several human B cell lines. 

They argue that CD40 activation trigger TRAF2 phosphorylation on serine residues and that 
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this phosphorylation inhibits the constitutive CD40-TRAF2 interaction (Chaudhuri et al., 

1999). In a very recent study on B cells, they demonstrated that the phosphorylation of TRAF2 

mediated by CD40 activation started around 10 mins and peak at 30 mins post-stimulation 

(Workman et al., 2020), consistent with my observation in which a dramatic dissociation of 

TRAF2 was observed around 10 mins post CD40 stimulation. Moreover, Workman et al. 

(2020) showed that upon CD40 ligation, TRAF2 was recruited to the CD40 receptor in which 

two possible routes may occur: 1) TRAF2 phosphorylation by TANK-binding kinase 1 

(TBK1), resulting in the cytoplasmic translocation of TRAF2 to initiate the prolong activation 

of canonical NF-κB pathway. 2) if TRAF2 was not phosphorylated, then the activation of CD40 

will cause translocation of TRAF2 complex to lipid rafts where TRAF2 and TRAF3 are 

degraded, resulting in noncanonical NF-κB activation.  

Moreover, since TRAF2 share the same binding site on CD40 cytoplasmic tail with TRAF1, 3 

and 5 (Pullen et al., 1999a), the association of CD40 with TRAF2 may displace other TRAF 

proteins that were previously bound to CD40, as indicated by the decrease in the proximity 

intensity between CD40 and TRAF1 or TRAF3 upon CD40 ligation. Another explanation 

could be that both TRAF2 and 5 can hetero-trimerise with TRAF1 and 3, respectively, in 

response to CD40 stimulation (Pullen et al., 1998, Lee et al., 1999). Thus, the changes that 

occur in the protein structure upon hetero-trimerisation may disrupt the signalling complex 

from the receptor, which was reflected by changes in the PLA signal intensity in my study. 

Once TRAF2 was released into the cytoplasm, TRAF5 molecule, not TRAF1 or 3; aggregated 

gradually around CD40 receptor. Again, this may be due to binding motif competition or 

heterotrimerisation with TRAF3. It has also been suggested that TRAF5 and TRAF2 can 

partially compensate for each other in term of NF-κB activation due to their high molecular 

structure similarity. In addition, a study on mice with TRAF2/TRAF5 double knockout exhibit 

a severe reduction in CD40-induced NF-κB activation in response to TNF, whereas single 

knockout of TRAF2 or TRAF5 results in a mild reduction in NF-κB activation or no effects, 

respectively (Nakano et al., 1999, Tada et al., 2001, Yeh et al., 1997). It would be interesting 

to see if the same reduction pattern in NF-κB activation would be observed in CD40L-

stimulated CLL cells with either TRAF2 or TRAF5 knockdown. Thus, combining my data 

with that from previous studies, it is reasonable to suggest that in CLL cells, TRAF2 and/or 

TRAF5 play a vital role in the activation of the NF-κB pathway in response to CD40 ligation.  
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Moreover, I showed for the first time that there was a possible endogenous association between 

CD40 and TRAF4 in CLL cells. TRAF4 can be found in the cell cytoplasm and nucleus 

(Kedinger and Rio, 2007); however, the binding motif of TRAF4 is yet to be revealed. This 

makes me question if the detected association was due to a third molecule; hence, the 

significant drop in proximity between TRAF4 and CD40 after stimulation may be a 

dissociation between the CD40 receptor and the third molecule rather than TRAF4 itself. 

Moreover, I previously showed that the cellular protein level of TRAF4 is very low in CLL 

cells, and its level of expression was, although not significantly, increased upon CD40 ligation 

(24 hrs). Thereby it is unsurprising that TRAF4 may play a feedback role in the CD40 

signalling through a yet unknown mechanism. Further studies are needed to illustrate the role 

of TRAF4 in mediating CD40 signalling in CLL cells. 

TRAF6 had no significant association with the CD40 receptor in endogenous and stimulated 

CLL. Previous studies showed that TRAF6 might bind to TRAF2 and may be indirectly 

involved in the NF-κB activation (Rowland et al., 2007, Hostager et al., 2003). However, my 

data demonstrated no change in the proximity between CD40 and TRAF6 before or after 

stimulation, unlike TRAF2, implying that TRAF6 may not have a role in the initial protein-

protein interaction leading to activation of CD40 signalling in CLL cells. These differences 

between my data and what have been reported in other cell types indicated that interaction 

between CD40 and TRAFs is likely cell type-specific, highlighting the need for a better 

understanding of CD40 signalling in CLL cells, given the importance of such signalling in the 

biology of the disease. Therefore, in the next chapter, I will describe the functional significance 

of the interactions between CD40 and TRAFs identified here, namely TRAF2 and TRAF5 in 

CD40-stimulated CLL cells. 
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5. Chapter 5: TRAF2, but not TRAF5, was involved in 

mediating resistance to fludarabine-induced apoptosis in 

malignant B cells 

 

5.1 Introduction 

As described in the previous chapter, the ligation of CD40 by CD40 ligand activated the 

canonical and noncanonical pathways of NF-κB, resulting in predominantly pro-survival and 

proliferative signalling in CLL cells. CD40-mediated activation of the canonical pathway 

involves the phosphorylation and proteasomal degradation of IκBα, followed by subsequent 

nuclear translocation of the DNA-binding subunits RelA/p50 (Henkel et al., 1993, Lin et al., 

1995, Chen et al., 1995). In the noncanonical pathway of NF-κB activation, TRAF2 forms a 

complex with TRAF3 and cIAP-1/2, where cIAP-1/2 ubiquitinates TRAF3 and induces its 

degradation, resulting in the accumulation of NIK (Xiao et al., 2004, Vallabhapurapu et al., 

2008, Hostager et al., 2003). The accumulation of NIK promotes phosphorylation and 

degradation of p100 and subsequent translocation of RelB/p52 to the nucleus (Vallabhapurapu 

et al., 2008, Liao et al., 2004, Sun, 2010, Vince et al., 2007, Zarnegar et al., 2008, Xiao et al., 

2004). Translocation of the DNA-binding subunits RelA/p50 and RelB/p52 to the nucleus 

promote transcription of several anti-apoptotic proteins, including Bfl-1 and Bcl-xL, 

respectively (Lee et al., 1999). Earlier studies have shown that NF-κB is constitutively active 

in CLL cells compared with normal B cells (Furman et al., 2000), which may explain the 

inherent resistance to apoptosis of CLL cells in vivo. However, the mechanisms by which NF-

κB signalling mediates cytoprotective effects against drug-induced apoptosis in CLL cells are 

still not well characterised. In particular, little is known which pathway activated by the NF-

κB plays a predominant role in developing resistance against fludarabine in CLL cells. 

Moreover, whether the TRAF family members are involved in mediating resistance to 

apoptosis in CLL cells is unknown.  It has been suggested that activation of the canonical NF-

κB pathway is associated with in vitro CLL survival and fludarabine resistance (Hewamana et 

al., 2008). The study showed that in primary CLL cells, nuclear RelA expression correlated 

inversely with sensitivity to fludarabine. However, the immediate upstream events that involve 

signal transduction by TRAF members and their role in NF-κB activation and fludarabine 

resistance were not addressed.  
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In the previous chapter, I have shown that only TRAF2 and TRAF5 proteins were significantly 

associated with CD40 upon stimulation with CD40 ligand. TRAF2 has been implicated in 

regulating the canonical and noncanonical NF-κB pathway in response to various stimuli 

(Bishop et al., 2007). TRAF5, on the other hand, has not been shown to directly associated 

with NF-κB pathway activation. However, it has been suggested that TRAF5 can compensate 

for TRAF2 in TNFα-mediated NF-κB activation (Tada et al., 2001). This was confirmed by a 

study showing a complete abolition of TNFα-induced NF-κB activation in TRAF2 and TRAF5 

double deficient cells, whereases cells with TRAF2 knockout alone showed partial impaired 

NF-κB activation (Tada et al., 2001). On the other hand, TRAF5 deficient B cells showed a 

minor defect in CD40-mediated activation of NF-κB activation (Nakano et al., 1999).  

 

However, how TRAF2 and TRAF5 regulate NF-κB activation and fludarabine resistance in 

CLL cells is unknown. To investigate the roles of TRAF2 and TRAF5 in CD40-induced NF-

κB activation, small interfering RNA (siRNA) were used to induce gene silencing of TRAF2 

or TRAF5 in the HG3 cell line. I then analysed the basal and CD40-induced activation of the 

canonical and noncanonical NF-κB pathways in the context of IκBα degradation and NF-κB 

target gene expression. Furthermore, changes in sensitivity to fludarabine were assessed in 

HG3 cells with TRAF2 or TRAF5 knockdown stimulated by CD40 ligand to establish their 

individual role in fludarabine resistance. 

 

5.2 Results 

5.2.1 Optimisation of TRAF2 and TRAF5 knockdown in HG3 cells 

using siRNA 

5.2.1.1 Determining the half-life of TRAF2 and TRAF5 in HG3 cells 

The transient knockdown of a given protein by siRNA can be affected by the protein turnover 

rate (also known as half-life) (Curtis and Nardulli, 2009).  Therefore, I first established the 

protein half-life of TRAF2 and TRAF5 in HG3 cells using cycloheximide (CHX). CHX at 1μM 

has been shown to have no cytotoxic effects on the HG3 cell line in our laboratory. HG3 cells 

were treated with 1μM CHX for 0, 6, 12, 24, 36 and 48 hrs. Cell lysates were then subjected to 

Western blotting analysis. As shown in Figure 5.1, the expression level of TRAF2 protein 

decreased by ~50% within 24 hrs (Figure 5.1 A), whereas TRAF5 protein level decreased by 

~50% around 48 hrs in HG3 cells treated with 1μM CHX (Figure 5.1 B). These data indicate 
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that TRAF5 protein had a longer half-life than TRAF2 and that it required a more extended 

incubation period with TRAF5 siRNA for the knockdown to take effect. 

  

 

 
 

Figure 5.1: Half-life of TRAF2 and TRAF5 proteins. HG3 cells were treated with 

cycloheximide (CHX) at a final concentration of 1 µM for the indicated times. Total cell lysates 

were subjected to Western blotting analysis with (A) anti-TRAF2, (B) anti-TRAF5 antibodies, 

respectively. β-actin served as a loading control. Data represent three independent experiments 

(means ± 2SD). Paired student t-test was used to determine the significant differences from 

control (0 mins). 95% CI, confidence interval. 
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5.2.1.2 Determining knockdown efficiency of siRNA specific to TRAF2 

or TRAF5 using different gene-specific siRNA oligonucleotides in HG3 

cells 

Different siRNA oligonucleotides with a particular sequence can target different regions of the 

target genes and thereby can have different knockdown efficiencies (Dykxhoorn et al., 2003)., 

Four commercially available siRNA oligonucleotides with different sequences were analysed 

individually or pooled together to identify a particular oligonucleotide or combination that can 

produce the best knockdown efficiency for each TRAF. Lipid-based transfection reagents 

(INTERFERin, Polyplus Transfection®) was used according to the manufacturer’s 

recommendations, and the detailed procedure was described in the Methodology chapter. 

Untransfected HG3 cells and those cells transfected with non-specific target siRNAs 

(scrambled) were included as negative controls to assess the specific effects of TRAF siRNA 

following transfection. Cells were transfected with 20nM siRNA specific to TRAF2 or TRAF5 

for 24 hrs and 48 hrs, respectively, and knockdown efficiency was measured using Western 

blotting analysis. As shown in Figure 5.2, siRNA_4 for TRAF2 and pooled siRNA for TRAF5 

exhibited the most effective gene silencing. The densitometry data demonstrated a significant 

decrease of TRAF2 and TRAF5 protein expression by up to 80% compared to the negative 

control (Figure 5.2 A and B). Therefore, TRAF2 siRNA_4 and TRAF5 pooled siRNA were 

used in subsequent experiments. Different concentrations of TRAF2 siRNA_4 and TRAF5 

pooled siRNA ranging from 5 to 40nM were also analysed, and an optimal final concentration 

of 20nM was determined (Appendix 4.1). Cell viability was monitored by Annexin-V/7-AAD 

staining and flow cytometry (Figure 5.2 C and D). Data showed no significant induction of 

apoptosis in both siRNA_4 for TRAF2 and pooled siRNA for TRAF5 compared to their 

respective controls. Knockdown efficiency for TRAF2 and TRAF5 maintained above ~60% 

on the fifth-day post-transfection (Appendix 4.2). Hence, siRNA knockdown’s functional 

effects were investigated between the 2ed and 5th days following transfection. 
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Figure 5.2: Optimisation of transient transfection of TRAF2 and TRAF5 siRNA in HG3 

cells. HG3 cells were transduced in 12-well plate and left untransfected (HG3-WT) or 

transfected with 20nM of scrambled siRNA (siControl) and TRAF2 siRNA [siRNA4, 

siRNA5, siRNA6, and siRNA7], or TRAF5 siRNA [siRNA5, siRNA6, siRNA8, siRNA9, and 

a pool of siRNA (siPool)]. Cells were collected at 24 hrs, 48 hrs post-transfection for TRAF2 

(A) and TRAF5 (B), respectively, and knockdown efficiency was analysed 
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by Western blotting. β-actin served as a loading control. (C, D) Flowcytometric analysis of 

apoptosis in HG3 cells transfected with TRAF2 and TRAF5 siRNA. Cells were transfected 

with 20nM of TRAF2 siRNA_4, and TRAF5 pooled siRNA for 24 hrs and 48 hrs, respectively. 

The percent (%) of total apoptosis was determined by Annexin-V/7-ADD staining and 

flowcytometric analysis. (C) A graphic plot of the percentage of dead cells ± SD for TRAF2 

siRNA and TRAF5 siRNA. (D) Representative dot plot of Annexin-V/7-ADD staining of cells 

either transfected with siControl, siTRAF2 (top) or siTRAF5 (bottom). Data were analysed 

with FlowJo software. Data represent at least three independent experiments (means ± 2SD). 

Paired student t-test was used to determine the significant differences from siControl 

transfected cells. siRNA, small interfering RNA; HG3-WT, wild-type HG3 cells; 95% CI, 

confidence interval. 

5.2.1.3 The siRNA knockdown of TRAF2 and TRAF5 did not affect 

CD40 expression 

Having successfully knocked down TRAF2 and TRAF5 expression in HG3 cells individually, 

I next questioned if this knockdown would affect other proteins expression level within the 

signalling pathways, particularly CD40 expression. HG3 cells were left untransfected (HG3-

WT) or transfected with siControl, siTRAF2 and siTRAF5. Cells were collected at 24 hrs and 

48 hrs after transfection with siTRAF2 and siTRAF5, respectively and were subjected to 

Western blotting analysis. As shown in Figure 5.3, the protein expression of CD40 was not 

affected by the knockdown of TRAF2 (Figure 5.3 A) or TRAF5 (Figure 5.3 B). In addition, 

since TRAF2 and TRAF5 share similar molecular structure (Rothe et al., 1994, Tada et al., 

2001), siRNA of TRAF2 may have off-target effects on TRAF5 expression or vice versa, 

siTRAF5 on TRAF2 expression. To address the question, TRAF2 and TRAF5 expression were 

analysed in cells transfected with TRAF5 siRNA (siTRAF5) or TRAF2 siRNA (siTRAF2), 

respectively. Data showed no off-target effects of siTRAF2 on TRAF5 or siTRAF5 on TRAF2 

expression (Figure 5.3 A and B). Finally, I checked if the siRNA’s introduction could alter the 

cell surface expression of the CD40 receptor on HG3 cells, which may affect CD40 interaction 

with CD40L. Standard flowcytometric immunofluorescence staining was used to analyse 

CD40 surface expression from siTRAF2 and siTRAF5 transfected HG3 cells. The results 

demonstrated no changes in surface expression of CD40 in cells transfected with siTRAF2 or 

siTRAF5 (Figure 5.3 C). 
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Figure 5.3: siRNA knockdown of TRAF2 or TRAF5 proteins have no effects on CD40 

expression. HG3 cells were left untransfected (HG3-WT) or transfected with control siRNA 

(siControl) and TRAF2 siRNA (siTRAF2) or TRAF5 siRNA (siTRAF5). Cells were collected 

at 24 hrs and 48 hrs post-transfection for TRAF2 and TRAF5, respectively. Cell lysates were 

analysed for the expression of CD40, TRAF2 (A), and TRAF5 (B) by Western blotting. β-actin 

served as a loading control. Flowcytometric analysis of CD40 surface expression. Cells were 

stained for iso-IgG (control) or CD40 using standard immunofluorescences staining. (C) 

Representative histogram plot of CD40 surface staining on HG3 cells transfected with TRAF2 

siRNA (top) or TRAF5 siRNA (bottom). siRNA, small interfering RNA; HG3-WT, wild-type. 

5.2.2 CD40-dependent canonical NF-κB activation is impaired in 

TRAF2-knockdown but not TRAF5-knockdown HG3 cells  

Previous studies have implicated TRAF2 in CD40-mediated activation of the canonical NF-κB 

pathway in mature B cells (Nguyen et al., 1999, Hostager et al., 2003). However, the roles of 

TRAF2 in mediating CD40-dependent activation of the NF-κB pathway in CLL cells were not 

well characterised. In addition, I have previously shown that TRAF5 was also associated with 
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CD40 following CD40 stimulation. Therefore, I examined the role of TRAF2 and TRAF5 in 

CD40-induced NF-κB in CLL cells. Briefly, HG3 cells were left untransfected (HG3-WT) or 

transfected with control siRNA (siControl) and TRAF2 siRNA (siTRAF2) or TRAF5 siRNA 

(siTRAF5) as described in the Methodology chapter. After transfection, cells were stimulated 

with multimeric CD40L (0.2 µg) for 0, 5, 10 and 30 mins. For canonical NF-κB activation, the 

expression of total and phospho IκBα protein were analysed by Western blotting. Data revealed 

that endogenous IκBα expression was comparable between HG3 wild-type and siTRAF2 or 

siTRAF5 cells (Figure 5.4 A&B). However, upon CD40 ligation, siTRAF2 transfected cells 

showed significantly diminished phosphorylation and degradation of IκBα (Figure 5.4 A), 

whereas there were no significant changes in siTRAF5 transfected cells (Figure 5.4 B). These 

data indicate that TRAF2 but not TRAF5 was involved in CD40-mediated activation of 

canonical NF-κB signalling in malignant B cells. 
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Figure 5.4: The knockdown of TRAF2 expression but not TRAF5 expression results in 

diminish CD40-induced NF-κB activation in CLL cells. HG3 cells were left untransfected 
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(HG3-WT) or transfected with control siRNA (siControl) and TRAF2 siRNA (siTRAF2) or 

TRAF5 siRNA (siTRAF5). After transfection, cells were left untreated or treated with 

multimeric CD40L (0.2 µg) at the indicated times. Lysates were isolated and analysed for the 

expression of total and phospho IκBα, TRAF2 (A) or TRAF5 (B) by Western blotting. β-actin 

served as a loading control. Data are representative of at least three independent experiments 

(Mean ± 2SD). Paired student t-test was used to determine statistically significant differences 

from control. siRNA, small interfering RNA; HG3-WT, wild-type; 95% CI, confidence 

interval. 

4.3 Noncanonical NF-κB activation is augmented in HG3 cells with TRAF2-

knockdown 

I next investigated the effects of TRAF2- and TRAF5-knockdown on CD40-induced 

noncanonical NF-κB activation. Transfected cells were stimulated with multimeric CD40L 

(0.2 µg/ml) for 0, 10 mins, 4 hrs and 24 hrs. Cells were then analysed for the processing of 

p100 to p52 by Western blotting. Detectable levels of p52 can be seen in unstimulated siTRAF2 

and siTRAF5 transfected cells (Figure 5.5), suggesting that the processing of p100 to p52 is 

constitutively active in these cells. Stimulation with CD40 ligand induced higher levels of p52 

across all groups of cells, notably at 24 hrs post-stimulation (Figure 5.5), indicating that 

noncanonical NF-κB activation is augmented in HG3 cells with TRAF2-knockdown.  
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Figure 5.5: TRAF2 modulates p100/p52 activity in malignant B cells. HG3 cells were 

transfected with control siRNA (siControl) and TRAF2 siRNA (siTRAF2) or TRAF5 siRNA 

(siTRAF5). After transfection, cells were left untreated or treated with multimeric CD40L 

(0.2µg) at the indicated times. Lysates were isolated and analysed for the processing of p100 

to p52. Knockdown efficiency was monitored using anti-TRAF2 and anti-TRAF5 antibodies. 

Degradation of IκBα served as a positive control for CD40-stimulation. β-actin served as a 

loading control. siRNA, small interfering RNA. 

5.2.3 CD40-mediated TRAF3 degradation is TRAF2-dependent in 

CLL cells  

I next investigated the effects of TRAF2 and TRAF5 knockdown on the expression of relevant 

NF-κB pathway components, particularly TRAF1, TRAF3, cIAP1 and Bcl-xL. As shown in 

Figure 5.6 A, knockdown of TRAF2 expression resulted in an increased level of TRAF3 

expression compared to controls. When cells were stimulated with CD40L, TRAF3 

degradation was limited in these cells. These data suggest that TRAF3 degradation is dependent 

on the TRAF2 in HG3 cells. Further analysis showed no changes in the basal expression of 

cIAP1 and TRAF1 in the TRAF2 knockdown cells compared to controls (Figure 5.6 A). CD40 

stimulation resulted in overexpression of cIAP1 and TRAF1 in both TRAF2 knockdown and 

controls cells (Figure 5.6 A). 
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On the other hand, HG3 cells with TRAF5 knockdown expressed a similar level of TRAF3 to 

that of control HG3 cells (Figure 5.6 B). CD40 stimulation-induced depletion of TRAF3 and 

overexpression of Bcl-xL was comparable between TRAF5 knockdown and controls cells, 

suggesting that TRAF5 may not play any role in CD40-mediated activation of the noncanonical 

NF-κB pathway.  
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Figure 5.6: Effects of TRAF2 or TRAF5 knockdown on the expression of NF-κB-

associated signalling components. HG3 cells were left untransfected (HG3-WT) or 

transfected with control siRNA (siControl) and TRAF2 siRNA (siTRAF2) or TRAF5 siRNA 

(siTRAF5) as described previously. After transfection, cells were left untreated or stimulated 

with multimeric CD40L (0.2µg) for 24 hrs. Lysates were isolated and analysed for the presence 

of the indicated proteins by Western blotting. Representative images of the immunoblotting 

analysis from TRAF2 siRNA-cells (siTRAF2) (A) and TRAF5 siRNA-cells (siTRAF5) (B). β-

actin served as a loading control. siRNA, small interfering RNA; HG3-WT, wild-type.  
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5.2.4 TRAF2 modulate TRAF3 association with CD40 receptor in 

CD40-stimulated HG3 cells 

In view of the above results, I tested if TRAF2 knockdown modified TRAF3 association with 

CD40 receptor. HG3 cells were transfected with TRAF2 or control siRNA for 24 hrs and then 

stimulated with 0.2µg/ml multimeric CD40L for 0, 5, 10 and 30 mins.  Next, in situ PLA was 

used to evaluate TRAF3 association with the CD40 receptor. Interestingly, TRAF3 association 

with CD40 receptor was significantly stabilised in CD40-stimulated TRAF2 knockdown 

(Figure 5.7), suggesting that TRAF2 may modulate TRAF3 interaction with CD40 receptor in 

response to CD40L. 

 

  

Figure 5.7: TRAF2 knockdown impaired TRAF3 dissociation from CD40 receptor 

mediated by CD40L. HG3 cells were transfected with control siRNA (siControl) and TRAF2 

siRNA for 24 hrs. After transfection, cells were left untreated or exposed to multimeric CD40L 
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(0.2 µg/ml) for the indicated times. Cells were then washed, fixed and permeabilised and in 

situ PLA was performed. PLA signals were then visualised using flow cytometry. PLA was 

performed between IgG-IgG1 (isotype), Bcl2-BIM (+ve control), and TRAF3-CD40. Mean 

fluorescence intensity (MFI) of PLA signals were calculated using FlowJo. Data are 

representative of at least three independent experiments (means ± 2SD). Paired student t-test 

was used to determine statistically significant differences from control. siRNA, small 

interfering RNA; PLA, proximity ligation assay; 95% CI, confidence interval.  

5.2.5 Knockdown of TRAF2 enhanced fludarabine-mediated 

apoptosis in CD40-stimulated HG3 cells 

5.2.5.1 CD40 stimulation induced fludarabine-resistance in HG3 cells 

It has been shown that CD40 stimulation sensitises CLL cells to fludarabine-induced cell death 

(Romano et al., 1998, Hewamana et al., 2008, Younes et al., 1998). However, the underlying 

mechanisms are not fully understood. To test if TRAF family proteins were involved in CD40 

stimulation-mediate resistance to fludarabine, I cultured wild-type HG3 cells (HG3-WT) 

overnight in the presence or absence of 0.2µg/ml multimeric CD40 ligand. The next day, cells 

were treated with increasing concentrations of fludarabine (0.3, 1, 3, 10, 30µM) or with 0.1% 

DMSO as a negative control for additional 48 hrs. Duration of incubation with fludarabine for 

48 hrs has previously been shown to be the optimal period needed to induce maximum 

apoptosis in the HG3 cell line in our laboratory. For this reason, 48 hrs time point was chosen 

as incubation time in this study. Apoptotic cells were determined by Annexin-V/7-ADD 

staining and flowcytometric analysis. As expected, in the absence of CD40 stimulation, HG3 

cells were highly susceptible to fludarabine-induced apoptosis in a concentration-dependent 

fashion (Figure 5.8 A). However, stimulation of cells with CD40 ligand induced resistance to 

fludarabine, resulting in a reduction of apoptosis by ~20% in CD40-stimulated cells treated 

with 3 and 10µM fludarabine (Figure 5.8 A), confirming that CD40 stimulation caused 

resistance to fludarabine. However, similar apoptosis levels were detected in these cells when 

treated with a high concentration of fludarabine (30µM) regardless of CD40 stimulation. 

5.2.5.2 Knockdown of TRAF2 and TRAF5 does not affect fludarabine-

induced apoptosis in unstimulated HG3 cells 

I next investigated whether knockdown of TRAF2 and TRAF5 would alter the sensitivity of 

unstimulated cells to fludarabine. Unstimulated HG3 cells were transfected with siControl, 
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siTRAF2 and siTRAF5, as described previously, and results shown in Figure 5.8 B confirmed 

that siTRAF2 and siTRAF5 decreased expression of TRAF2 and TRAF5, respectively, in these 

transfected cells. Following transfection, cells were treated with increasing concentrations of 

fludarabine (0.3, 1, 3, 10, 30µM) or with 0.1% DMSO as a negative control for additional 48 

hrs. Apoptotic cells were detected by Annexin-V/7-ADD staining and flowcytometric analysis. 

As shown in Figure 5.8 C and D, there were no significant differences between wild-type HG3 

cells, siTRAF2 and siTRAF5-transfected cells in term of the percentage of apoptotic cells 

treated with fludarabine. 

5.2.5.3 Knockdown of TRAF2, but not TRAF5, enhanced fludarabine-

induced apoptosis in CD40-stimulated HG3 cells 

I then tested the effects of knockdown of TRAF2 and TRAF5 on CD40-mediated protection 

against fludarabine-induced apoptosis. HG3 cells transfected with siTRAF2 or siTRAF5 were 

thus stimulated with multimeric CD40 ligand overnight prior to treatment with fludarabine for 

48 hrs as previously described. In the presence of CD40 ligand, HG3 cells transfected with 

TRAF2 siRNA, but not TRAF5 siRNA, were highly susceptible to fludarabine-induced cell 

death level comparable to that seen in unstimulated HG3-WT cells (Figure 5.8 E and F). 

However, higher doses of fludarabine (30µM) increased the percentage of cell death to similar 

levels across all groups of cells regardless of TRAF2 knockdown or CD40 stimulation. 

Collectively, these data suggest that TRAF2 may mediate CD40 stimulation-induced resistance 

to fludarabine in HG3 cells.  
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Figure 5.8: Induction of apoptosis in CD40-stimulated cells by fludarabine is enhanced 

in TRAF2 knockdown HG3 cells. (A) wild-type HG3 cells (HG3-WT) were left untreated or 

preincubated overnight with multimeric CD40L (0.2µg/ml). The next day, cells were treated 

in triplicates with the indicated concentrations of fludarabine for 48 hrs. DMSO was used as a 

negative control at a final concentration of 0.1%. The percent (%) of apoptosis 

was determined by Annexin-V/7-ADD staining and flowcytometric analysis. (B-F) HG3 cells 

were transfected with control siRNA (siControl) and TRAF2 siRNA (siTRAF2) or TRAF5 

siRNA (siTRAF5). (B) Representative immunoblotting analysis of knockdown efficiency. β-

actin served as a loading control. HG3-WT and siRNA transfected cells were left unstimulated 

or stimulated with multimeric CD40L (0.2µg/ml) for 24 hrs. The next day, cells were treated 

in triplicates with the indicated concentrations of fludarabine for 48 hrs. DMSO was used as a 

negative control at a final concentration of 0.1%. The percent (%) of apoptosis 

was determined by Annexin-V/7-ADD staining and flowcytometric analysis. A graphic plot of 

the percentage of dead cells from unstimulated siTRAF2 transfected cells (C), unstimulated 

siTRAF5 (D), CD40-stimulated siTRAF2 cells (E), CD40-stimulated siTRAF5 cells (F). Data 

are representative of at least three independent experiments (means ± 2SD). Paired student t-

test was used to determine statistically significant differences from siControl transfected cells. 

siRNA, small interfering RNA; DMSO, Dimethyl sulfoxide; 95% CI, confidence interval. 

E. F.

Conc.

Unstimulated CD40 stimulated

HG3-WT HG3-WT siControl siTRAF2

Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI

DMSO 9.833 1.556 8.07 to 
11.6 7.975 0.31 7.62 to 

8.33 9.113 0.795 8.21 to 10 10.58 1.862 8.47 to 
12.7

0.3 13.4 3.347 9.61 to 
17.2 9.8 0.3179 9.44 to 

10.2 9.2 1.1
7.96 to 

10.4 13.25 3.229 9.6 to 16.9

1 19.2 2.9 15.9 to 
22.5 16.7 4.1 12.1 to 

21.3 15.58 1.202 14.2 to 
16.9 18.2 2.286 15.6 to 

20.8

3 46.8 0.721 46 to 47.6 37.4 0.91 36.4 to 
38.4 35.6 1.5 33.9 to 

37.3 48.08 1.296 46.6 to 
49.5

10 76.1 0.65 75.4 to 
76.8 59.22 5.51 53 to 65.5 56.52 5.32 50.5 to 

62.5 75.02 3.795 70.7 to 
79.3

30 80.89 0.87 79.9 to 
81.9 81.2 2.9 77.9 to 

84.5 81.17 0.9485 80.1 to 
82.2 84.5 5.515 78.3 to 

90.7

Conc.

Unstimulated CD40 stimulated

HG3-WT HG3-WT siControl siTRAF5

Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI

DMSO 10.6 4.91 5.04 to 
16.2 8.84 0.32 8.48 to 

9.2 9.083 0.825 8.15 to 10 10.7 0.4 9.68 to 
11.7

0.3 12.2 3.34 8.42 to 16 9.94 0.16 9.76 to 
10.1 9.0883 0.7778 8.21 to 

9.97 10.8 0.85 9.84 to 
11.8

1 21.3 3.2 17.7 to 
24.9 17.38 3.701 13.2 to 

21.6 16 1.92 13.8 to 
18.2 16.2 0.9899 15.1 to 

17.3

3 46.1 0.9071 45.1 to 
47.1 37.3 1.1 36.1 to 

38.5 35.4 1.414 33.8 to 37 34.15 1.485 32.5 to 
35.8

10 75.94 0.6643 75.2 to 
76.7 61.72 4.502 56.6 to 

66.8 63.02 3.371 59.2 to 
66.8 65.95 1.202 64.6 to 

67.3

30 80.32 0.664 79.6 to 
81.1 81.4 3.613 77.3 to 

85.5 80.17 0.8485 79.2 to 
81.1 79.55 0.6364 78.8 to 

80.3



 133 

5.2.6 Knockdown of TRAF2 increased sensitivity to fludarabine in 

established fludarabine-resistant HG3 cells  

To determine whether TRAF2 was involved in the acquired resistance to fludarabine, 

established fludarabine-resistant HG3 cells (FR-HG3), kindly gifted by Dr Umair Khan 

(University of Liverpool, UK), were used in the study. To confirm the resistance to fludarabine 

in FR-HG3, cells from wild-type and fludarabine-resistant HG3 cells were treated with 

increasing concentrations of fludarabine (0.3, 1, 3, 10, 30µM) for 48 hrs. Apoptosis was then 

determined by Annexin-V/7-ADD staining and flowcytometric analysis. As shown in Figure 

5.9 A, significant differences in cell death levels induced by fludarabine were observed 

between HG3-WT and FR-HG3, confirming the resistance to fludarabine in FR-HG3 cells. 

Next, I examined if TRAF2 was able to modulate sensitivity to fludarabine in FR-HG3 cells. 

Cells from wild-type HG3 cells and FR-HG3 cells were left untransfected (Standard) or 

transfected with siControl and siTRAF2 for 24 hrs. The next day, cells were treated with 

increasing concentrations of fludarabine (0.3, 1, 3, 10, 30µM) or with 0.1% DMSO as a 

negative control for additional 48 hrs. After treatment, knockdown of TRAF2 was analysed by 

Western blotting (Figure 5.9 B). Flowcytometric analysis of apoptosis by Annexin-V/7-ADD 

staining showed that knockdown of TRAF2 significantly increased apoptosis in FR-HG3 cells 

treated with fludarabine (Figure 5.9 C), thus providing evidence that TRAF2 was involved in 

developing resistance to fludarabine in FR-HG3 cells.  
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Figure 5.9: Knockdown of TRAF2 expression restores the sensitivity to fludarabine in 

established fludarabine-resistant HG3 cells. Fludarabine-resistant HG3 cells (FR-HG3) 

were transfected with control siRNA (siControl) or TRAF2 siRNA (siTRAF2). Cells with or 

without TRAF2 knockdown were then treated in triplicates with the indicated concentrations 

of fludarabine for 48 hrs. DMSO was used as a negative control at a final concentration of 

0.1%. The percent (%) of apoptosis was determined by Annexin-V/7-ADD staining and 

flowcytometric analysis.  (A) Graphic plot of the percentage of dead cells in HG3-WT and FR-

HG3 cells. Paired student t-test was used to determine statistically significant differences. (B) 

Representative immunoblotting analysis conforming the knockdown efficiency in HG3-WT 

and FR-HG3. β-actin served as a loading control. (C) Graphic plot of the percentage of dead 

cells in siTRAF2 transfected HG3-WT and FR-HG3 cells.. Paired student t-test was used to 

determine statistically significant differences from siControl transfected cells. All data are 

representative of at least three independent experiments (means ± 2SD). siRNA, small 

interfering RNA; HG3-WT, wild-type; 95% CI, confidence interval. 

 

5.3 Discussion 

Interactions with many microenvironment components can influence drug resistance in CLL 

cells. Previous work from our lab and others showed that ligation of the CD40 receptor on CLL 

cells by CD40 ligand induced resistance to fludarabine in vitro (Zhuang et al., 2014, Romano 

et al., 1998, Younes et al., 1998, Hewamana et al., 2008). The induced resistance is likely to 

be mediated by the activation of canonical and nonconical NF-κB pathways. However, the 

exact mechanisms by which signal transduction from the ligation of CD40 receptor to the 

downstream signalling pathways in malignant B cells are not well characterised. In the previous 

chapter, I have shown that TRAF2 and TRAF5 interacted with CD40 receptor in response to 

CD40 ligation in CLL cells. In this chapter, I investigated the role of TRAF2 and TRAF5 in 

mediating the signal transduction responsible for drug resistance in CLL cells using the CLL-

like HG3 cell line. The regulation of CD40 signalling events leading to NF-κB activation is a 

complex and dynamic process. Here I showed that prolonged CD40 stimulation induced 

sequential activation of the canonical and noncanonical NF-κB pathways, as shown by IκBα 

degradation and Bcl-xL upregulation, respectively. Importantly, my results confirmed the 

requirement for TRAF2 in CD40-mediated activation of the canonical NF-κB pathway in CLL 

cells as knockdown of TRAF2 significantly diminished, but not eliminate, CD40 signal 
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transduction of the canonical NF-κB pathway. These observations were in agreement with 

earlier studies demonstrating a critical role of TRAF2 in mediating CD40 stimulation-induced 

NF-κB activation in B cells and splenocytes (Nguyen et al., 1999, Hostager et al., 2003). It is 

possible that other TRAF members may compensate in the absence of TRAF2 in the context 

of CD40 signalling as a study by Hsing et al. (1997) showed that CD40-induced NF-κB 

activation proceeded without interaction with TRAF2 in B cells. Further studies to identify the 

interacting TRAF family proteins with CD40 prior and post CD40 ligation using TRAF2 

deficient cells are needed to clarify the role of TRAF2 in CD40-induced canonical activation 

of NF-κB signalling pathway. 

 

Moreover, my data also showed that knockdown of TRAF2 expression appeared to augment 

noncanonical activation of NF-κB as shown by the spontaneous processing of p100 to p52 in 

HG3 cells treated with TRAF2 siRNA. These observations were in accordance with findings 

from earlier studies using TRAF2-deficient B cells and splenocytes (Nguyen et al., 1999, 

Hostager et al., 2003), where noncanonical NF-κB activation can occur independently of 

canonical NF-κB activation in CD40-stimulated cells. However, my data show that despite the 

spontaneous processing of p100 to p52 in TRAF2 knockdown HG3 cells, the basal expression 

of Bcl-xL was not further induced in CLL cells, unlike what has been shown by the studies in 

normal B cells and splenocytes (Nguyen et al., 1999, Hostager et al., 2003). CLL cells are 

known to exhibit high constitutive NF-κB activation compared to normal B lymphocytes 

(Furman et al., 2000, Cuni et al., 2004, Tracey et al., 2005), thus knockdown of TRAF2 may 

not have further effects on Bcl-xL expression in CLL cells.  

 

On the other hand, the knockdown of TRAF2 altered the expression level of TRAF3, promoting 

its accumulation in unstimulated and CD40-stimulated CLL cells. These data agreed with 

previous studies showing that TRAF3 ubiquitination and degradation depend on 

TRAF2/cIAP1/2 complex formation (Zarnegar et al., 2008, Hacker et al., 2011, 

Vallabhapurapu et al., 2008). My results showed that noncanonical activation of NF-κB might 

occur independently of TRAF3 degradation. Moreover, cells with TRAF2 knockdown showed 

normal levels of cIAP1 expression, suggesting that the spontaneous processing of p100 to p52 

in these cells was not due to the lower level of cIAP1 but mainly due to TRAF2 knockdown. 

These observations are consistent with findings from earlier studies in which it was shown that 

binding of cIAP1 to TRAF2 was needed for cIAP1-mediated ubiquitination and degradation 

of NIK (Varfolomeev et al., 2007, Zarnegar et al., 2008, Vallabhapurapu et al., 2008). 
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Collectively, my data suggested a dual role of TRAF2 in the NF-κB pathways, acting as a 

positive regulator of the canonical activation of the NF-κB pathway and a negative regulator 

of the noncanonical activation of the NF-κB pathway. 

 

Meanwhile, CD40-mediated canonical and noncanonical activation of NF-κB appeared to be 

unaffected in HG3 cells with TRAF5 knockdown, indicating that TRAF5 interaction with 

CD40 was not essential for the activation of NF-κB upon CD40 ligation. This result was in 

agreement with the published data from studies using TRAF5 deficient B cells (Tada et al., 

2001, Nakano et al., 1999). However, a study revealed that TNF-induced NF-κB activation was 

severely impaired in TRAF2/TRAF5 double knockout B cell (Tada et al., 2001). They argued 

that TRAF2 and TRAF5 may partially compensate each other for NF-κB activation due to the 

high similarity in molecular structure. It has also been shown that TRAF2 competed with 

TRAF3 for the binding site on CD40 cytoplasmic tail (Xie et al., 2004, Pullen et al., 1998, 

Pullen et al., 1999b) and that TRAF2 and TRAF3 bound directly to the cytoplasmic tail of 

CD40 upon ligation whereas TRAF5 bound indirectly by hetero-oligomerisation with TRAF3 

(Lu et al., 2007, Jabara et al., 2002, Pullen et al., 1998). My data showed that the association 

between the CD40 receptor and TRAF3 was stabilised in CD40-stimulated cells in the absence 

of TRAF2. Therefore, it is possible that in the absence of TRAF2, CD40-induced activation of 

NF-κB was mediated by TRAF5 through the hetero-oligomerisation with TRAF3. However, it 

is also possible that other TRAF family members or other molecules may account for the 

regulation of NF-κB activation. Further study using TRAF2/TRAF5 double deficient cells was 

required to elucidate further the functional role of TRAF5 in CD40-induced activation of NF-

κB.  

 

Microenvironment-mediated drug resistance contributes to the development of disease-relapse, 

which is a major clinical problem in CLL. My results confirmed that in vitro CD40 ligation by 

CD40 ligand rescued CLL cells from apoptosis induced by fludarabine. CD40 stimulation 

exhibited a potent protective effect of 20% against fludarabine-induced apoptosis when 

compared with unstimulated cells. Importantly, in examining the sensitivity of cells with 

TRAF2- and TRAF5-knockdown to fludarabine, I have revealed an important role of TRAF2 

in CD40-stimulated CLL cells. I showed that TRAF2 was involved in mediating CD40 

stimulation-mediated protection from fludarabine-induced apoptosis. In the absence of CD40 

ligation, cells with TRAF2- and TRAF5-knockdown were highly susceptible to fludarabine-

induced apoptosis (Figure 5.8 C and D). Upon CD40 ligation, cells with TRAF2 but not TRAF5 
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knockdown showed increased sensitivity to fludarabine (Figure 5.8 E and F). Collectively, 

these data suggested that TRAF2 but not TRAF5 may mediate NF-κB-dependent activation of 

anti-apoptotic pathway following CD40 stimulation. The exact mechanisms by which TRAF2 

modulates CD40-mediated resistance to fludarabine are yet to be fully characterised. The active 

form of NF-κB subunit RelA has been described to promote in vitro resistance to fludarabine 

in CLL cells (Hewamana et al., 2008). Hewamana et al. (2008) showed that DNA binding 

potency of RelA, a component of the canonical pathway of NF-κB activation, was correlated 

with CLL-cell survival in vitro. The authors further demonstrated that the activity of DNA 

binding by RelA was positively correlated with fludarabine resistance in primary CLL cells, 

implicating RelA in the NF-κB-mediated resistance to fludarabine. Moreover, CD40 signalling 

has been shown to induce the expression of the anti-apoptotic Bcl-2 family members such as 

Bfl-1 and Bcl-xL (Lee et al., 1999) and that downregulation of Bfl-1 induced apoptosis in drug-

resistant CLL cells (Olsson et al., 2007). However, further studies are needed to address the 

following questions: (1) is the activity of DNA binding by RelA altered by TRAF2 expression 

in CD40-stimulated CLL cells? (2) does it correlate with fludarabine resistance in these 

stimulated CLL cells? Answering these questions would help understand CD40 signalling 

events leading to NF-κB activation induced-fludarabine resistance.  

Finally, I showed that TRAF2 knockdown restored the sensitivity to fludarabine in fludarabine 

resistant HG3 cells and that fludarabine resistant cells expressed a higher level of TRAF2 

protein comparing to WT cells. Collectively, these data supporting a role of TRAF2 expression 

in mediating NF-κB-dependent anti-apoptotic effects in CLL cells. Further study was required 

to understand how TRAF2 mediates the NF-κB-induced resistance to fludarabine in CLL cells. 
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6. Chapter 6: General discussion  

The interaction between the CD40 receptor on CLL cells and its ligand CD40L on T cells has 

been shown to promote CLL cells survival and resistance to chemotherapy both in vitro and in 

vivo. CD40 stimulation mediate activation and regulation of several anti-apoptotic signalling 

pathways, including the NF-κB pathway. The activated CD40 signalling are believed to be 

transduced through a number of the TRAF adaptor proteins. A better understanding of these 

key signalling mediators could help in directing therapeutic designing by inhibiting mediators 

of CD40 signalling and subsequently restoring CLL cells sensitivity to chemotherapy. The 

present study’s main aim was to obtain new insight into TRAF members role in mediating 

CD40 anti-apoptotic signalling pathway, in particular NF-κB activation. A model system of 

transfected fibroblasts expressing membrane CD40 ligand or soluble CD40 ligand was used 

throughout the study to mimic the interaction between CLL cells and T cells within the tumour 

microenvironment. Here I attempt to summarise the main experimental findings and provide a 

unifying explanation for the role of TRAFs in CD40 stimulation-induced drug resistance in 

CLL cells.  

6.1 Expression of the TRAF family and JAK3 proteins in CD40-

stimulated and unstimulated primary CLL cells 

At the beginning of this work, few studies have reported the different TRAF members protein 

expression in CD40 stimulated CLL cells. Therefore, I performed experiments to 

comprehensively characterise TRAFs and JAK3 protein expression in primary CLL cells. 

Analysis of expression of TRAFs and JAK3 protein was performed on CLL cells with three 

different status: unstimulated cells, cells stimulated with CD40L, and cells with mutated and 

unmutated IGHV. CLL cells expressed variable amounts of TRAFs protein at the basal level 

with no or little expression of TRAF4 and JAK3. The heterogenicity of the CLL disease may 

explain the variability in the expression of these proteins. It has been previously shown that 

TRAF1, TRAF2 and TRAF6 protein levels were variously expressed in B lymphocytes from 

patients with CLL (Munzert et al., 2002, Spaner et al., 2006). However, no prior studies have 

examined TRAF3, TRAF4, TRAF5 and JAK3 protein expression in primary CLL cells to the 

best of my knowledge. The study conducted by Munzert et al. (2002) demonstrated only the 

mRNA levels of TRAF members (1-6) in unstimulated B lymphocytes from CLL patients. 

Elevated TRAF2 and TRAF1 mRNA levels were observed in the CLL samples reported in that 
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study, which was consistent with the increased expression of TRAF1 and TRAF2 proteins 

reported in my study and that of others. Increased expression of TRAF1 and TRAF2 may be 

caused by the consecutive activation of the NF-κB pathway found in CLL cells. It has been 

shown that disruption of TRAF2 function promotes the development of CLL/SLL, implying a 

role for TRAF2 as a B cell tumour suppressor (Zapata et al., 2004). The elevated levels of 

TRAF1 and TRAF2 protein expression suggest a role for these proteins in the pathogenesis of 

CLL. However, the exact biological role of TRAF1 and TRAF2 in CLL remains largely 

unknown.  

 

Furthermore, I analysed the effects of CD40 stimulation on the protein expression of TRAFs 

and JAK3 in primary CLL cells. Results revealed significant upregulation of TRAF1 

expression and degradation of TRAF3 protein in response to CD40 ligation. Moreover, CD40 

stimulation by CD40 ligand induced the expressions of Bcl-xL and increased expression of 

CD40 receptor in primary CLL cells, potentially by NF-κB targeted transcriptional activity 

(Hinz et al., 2001, Elgueta et al., 2009). Additionally, there were no statistically significant 

differences between IGHV-mutated and unmutated CLL samples regarding the expression of 

the TRAF family of proteins and JAK3. These findings are in keeping with previous studies 

on CLL cells (Gricks et al., 2004) and normal human B cells (Zapata et al., 2000), in which 

CD40 stimulation induced expression of TRAF1 at both mRNA and protein levels. Although 

the functionality of elevated TRAF1 expression in CLL pathogenesis remains to be elucidated, 

it has been shown that overexpression of TRAF1 sustain the interaction of TRAF2 to CD40 

receptor in response to stimuli (Xie et al., 2006). However, the exact mechanism by which 

TRAF1 contributes to the activation of CD40 signalling remains largely unknown.  

 

In addition, TRAF3 protein degradation in response to CD40 stimulation was reported by 

several studies on murine B cell line (Hostager et al., 2003, Brown et al., 2002, Hostager et al., 

2000). Using primary CLL cells, I showed that CD40 stimulation regulated TRAF3 expression 

mainly by post-transcriptional mechanisms. My result was consistent with the previously 

reported role of TRAF3 in CD40-dependent NF-κB activation, where engagement of CD40 

resulted in TRAF3 ubiquitination and degradation through TRAF2/cIAP1/2 complex, which 

in turn leads to accumulation of NIK and subsequent activation of NF-κB pathway (Bishop et 

al., 2007, Hostager et al., 2003, Hacker et al., 2011). It must be emphesised that the 

observastions of the first chapter were based on small sample size and a larger sample size is 

needed in order to generate definitive conclusion.  



 141 

It has been previously suggested that TRAF2 recruitment to CD40 receptor in response to 

stimuli is required for CD40-dependent proteasomal degradation of TRAF3 (Zarnegar et al., 

2008, Brown et al., 2002, Grech et al., 2004, Hostager et al., 2003). In agreement with this 

suggestion, I have shown a significant association between CD40 receptor and TRAF2 in 

response to CD40 ligand, followed by the activation of NF-κB pathways and cellular 

degradation of TRAF3 and TRAF2 in both primary and secondary CLL cells. However, in 

TRAF2 knockdown cells, CD40 sensitisation by CD40 ligand did not result in TRAF3 

degradation, thus supporting the notion that TRAF2 is required for CD40-dependent 

degradation of TRAF3. While TRAF3 is generally considered a negative regulator of the CD40 

signalling pathway and its degradation is required for CD40 activation, TRAF2 degradation 

may function as a negative feedback mechanism to terminate the continued activation of CD40 

signalling (Brown et al., 2002).  

6.2 Protein interactions between TRAF family proteins and CD40 

following CD40 ligation in CLL cells 

To obtain a better understanding of TRAFs role in mediating CD40 signalling, protein-protein 

interactions between CD40 receptor and TRAF family proteins in CD40-stimulated CLL cells 

was analysed using two methods: conventional co-IP and in situ PLA. Unexpectedly, the co-

IP method failed to detect any interactions between CD40 and TRAFs with or without CD40 

stimulation under experimental conditions used in my study. In my view, this could be caused 

by experimental design and/or the nature of CD40-TRAFs interactions. Previous studies 

reported interactions between CD40 and TRAFs using the co-IP method on cell-lines that are 

different or modified, hence may not reflect the natural interaction between CD40 and TRAFs 

that may occur in CLL cells in vivo (Peters and Bishop, 2010, Hostager and Bishop, 1999, 

Jalukar et al., 2000, Fang et al., 2014, Pullen et al., 1998, Jabara et al., 2002, Hsing et al., 1997). 

Moreover, the nature of CD40-TRAFs interaction could be transient or low affinity, which 

might be disrupted or lost during the rigorous co-IP procedure. Transient or weak protein 

interactions may not be easily detected by traditional techniques and might require a different 

technical approach with higher sensitivity and specificity. As my study focused on 

understanding how TRAFs interact with CD40 in its native form without introducing 

exogenous proteins, which may interfere with the binding between endogenous TRAFs and 

CD40 proteins, primary CLL cells and CLL-like cell line (HG3) without genetic manipulation 

were used in the study.   
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In the current study, I have adopted the in situ PLA combined with flow cytometry to detect 

intracellular protein-protein interactions in intact CLL cells. The advantage of in situ PLA is 

demonstrated by its high sensitivity and specificity in detecting proteins interaction in intact 

cells. The in situ PLA method also helps detect transient or weak interactions, providing 

reliable and consistent results. With this method, I uncovered a more complex and dynamic 

protein-protein interaction between the CD40 receptor and the different TRAF protein 

members overtime due to CD40 stimulation by the CD40 ligand. I have shown in unstimulated 

CLL cells, the association of TRAF1, TRAF2, TRAF3, TRAF5 and novel association of 

TRAF4 with CD40 receptor. Interestingly, CD40 stimulation induced a higher affinity binding 

of TRAF2 and TRAF5 to the CD40 receptor. It must be emphesised that these observastion 

were based on small sample size. 

6.3 Biological functions of TRAF2 and TRAF5 in mediating CD40-

induced NF-κB activation in malignant B cells 

The results presented earlier showed that TRAF2 instantly aggregated around the CD40 

receptor in response to CD40-CD40L ligation and then disassociated from CD40 within a short 

period, suggesting that TRAF2 protein acts as a rapid signal mediator of the CD40 signalling. 

Similar observations in human B cell lines were reported using different methods in which it 

was shown that CD40 stimulation by anti-CD40 Ab induced TRAF2 phosphorylation, resulting 

in its cytoplasmic translocation and dissociation from CD40 (Chaudhuri et al., 1999, Workman 

et al., 2020). In addition, overexpression of TRAF2 in human B cells promoted the association 

of TRAF2 with CD40 receptor and subsequent activation of IKKα/IKKβ kinas and NF-κB 

pathway (Kosaka et al., 1999), supporting a role for TRAF2 in mediating CD40 signalling. 

However, it must be emphasised that the in situ PLA method only reveals the close proximity 

between two proteins and cannot distinguish whether the interaction is direct or indirect. 

Accordingly, another independent method is needed to provide definitive evidence regarding 

CD40-TRAFs interactions in primary CLL cells. 

Moreover, to further elucidate the functional significance of the interactions between TRAF2 

or TRAF5 and CD40 in CD40-dependent activation of the NF-κB pathway, I knocked down 

the expression of TRAF2 or TRAF5 in HG3 cell-line using siRNA. The use of primary CLL 

cells in functional studies of this kind was nearly impossible as the transfection of siRNA 

involved an electroporation process which caused significant cell death to CLL cells (Seiffert 

et al., 2007, Tam et al., 2013). My results showed that in the stimulated cells with TRAF2-
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knockdown, CD40-dependent canonical NF-κB activation was significantly diminished, 

suggesting an important role for TRAF2 in the canonical NF-κB activation mechanism. 

However, the canonical NF-κB pathway’s activation was not completely eliminated in TRAF2 

knockdown cells, pointing to the possibility of an alternative TRAF2-independent mechanism 

of mediating canonical NF-κB activation that may involve other TRAFs. It has been suggested 

that TRAF5 and TRAF2 can partially compensate for each other in terms of their function in 

NF-κB activation due to their high molecular structure similarity (Nakano et al., 1999, Tada et 

al., 2001, Yeh et al., 1997). Thus, TRAF5 may act as a “redundant” mediator of CD40-

mediated canonical NF-κB activation. However, knockdown of TRAF5 showed no effects on 

CD40 mediation of canonical NF-κB activation, confirming that TRAF2 is the primary 

mediator of CD40-dependent canonical NF-κB activation in malignant B cells.  

Moreover, knockdown of TRAF2 but not TRAF5 expression resulted in the elevated level of 

TRAF3 protein expression without affecting the expression level of cIAP1, suggesting that 

CD40-mediated degradation of TRAF3 protein is TRAF2-dependent. These data agree with 

the notion that TRAF2 regulates cIAP1/2 ubiquitin and degradation of TRAF3 (Zarnegar et al., 

2008, Hacker et al., 2011, Vallabhapurapu et al., 2008), implicating TRAF2 as a negative 

regulator of the noncanonical NF-κB activation.  

 

Importantly, the current study identified for the first time a critical role for TRAF2 in mediating 

CD40-induced resistance to fludarabine. Knockdown of TRAF2 enhanced fludarabine-

mediated apoptosis in CD40-stimulated HG3 cells (Figure 5.8 E). However, the exact 

mechanisms by which TRAF2 modulate CD40-mediated resistance to fludarabine treatment 

are yet to be fully characterised. Based on the results I showed earlier, it is possible that the 

resistance to fludarabine in CD40-stimulated HG3 cells may involve the activation of the NF-

κB pathway in a TRAF2-dependent mechanism. The results obtained from my study 

collectively suggest a role for TRAF2 in regulating CD40-mediated NF-κB activation and 

subsequently resistance to fludarabine treatment in HG3 cells. However, functional data 

presented in this study were obtained mainly using the CLL-like cell line HG3 and thereby 

may not necessary reflect TRAF2 functions in primary CLL cells in vivo. 

 

Based on my study’s findings, the following model is proposed for TRAF2-dependent 

regulation of CD40 signalling. In the absence of stimuli, TRAF2 forms a complex with 

TRAF3/cIAP1/2 by which they negatively regulate the noncanonical NF-κB activation. The 
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structural configuration of the CD40 receptor upon stimulation with CD40 ligand may expose 

binding sites with higher affinity to TRAF2. This could disrupt the interaction of CD40 with 

other TRAFs.  Rapid aggregation of TRAF2 to CD40 domain is followed by its dissociation 

and translocation into the cytoplasm, which, through a yet to be characterised mechanism, 

initiate the canonical activation of NF-κB. Additionally, the recruitment of TRAF2 induces 

K46 ubiquitination and degradation of TRAF3 by cIAP1/2, resulting in NIK accumulation and 

noncanonical activation of NF-κB.  

6.4 Future work  

6.4.1 characterising CD40-TRAFs interactions on a larger sample 

size  

To further consolidate the findings obtained from the study, interactions of CD40 with the 

members of TRAF family proteins in CD40-stimulated primary CLL cells should be 

investigated using larger sample size. In addition, results detected by in situ PLA should be 

confirmed by another independent method. As PLA experiments showed that the protein 

interactions between CD40 and TRAFs were dynamic and changed overtime in response to 

CD40 ligation, another sensitive method is suggested to detect such protein interactions. 

Yellow fluorescent protein (YFP)-based protein fragment complementation assay (PCA) can 

be used for the detection of protein-protein interactions in living cells in vitro (Nyfeler et al., 

2005). The method is based on the binding of split yellow fluorescent protein (YFP) fragments 

to two interacting proteins. When the YFP fragments are in close proximity, they fold into the 

functional 3D structure fluorophore. YFP-PCA could detect weak or transient protein 

interactions that may not be detected by co-IP and chemical cross-linking (Nyfeler et al., 2005). 

6.4.2 Investigating CD40-mediated canonical NF-κB activation in 

TRAF2 single knockout and TRAF2/TRAF5 double knockout  

A significant association of CD40 receptor with TRAF2 and TRAF5 was detected in CD40 

stimulated cells. However, only TRAF2 was shown to be involved in the activation of 

canonical NF-κB, whereas TRAF5 showed no effects on CD40-mediated NF-κB activation. 

Nevertheless, data were obtained using the CLL-like cell line HG3 cells and thereby may not 

necessary reflect functions of TRAF2 in primary CLL cells in vivo. Furthermore, it has been 

suggested that TRAF5 may compensate for TRAF2 in mediating CD40-activation of canonical 

NF-κB pathway through hetero-oligomerisation with TRAF3 in CLL cells. Previous studies on 
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mice with TRAF2/TRAF5 double knockout reported a severe reduction in TNF-induced NF-

κB activation, whereas single knockout of TRAF2 or TRAF5 results in a mild reduction in NF-

κB activation or no effects respectively (Nakano et al., 1999, Tada et al., 2001, Yeh et al., 

1997). However, TRAF5 has been shown to possess a cell-type-specific function, and the same 

could be for different stimuli. Therefore, knockout of TRAF2 and/or TRAF2/TRAF5 could 

help consolidate the role of TRAF2 and TRAF5 in CD40-mediated NF-κB activation. 

Transfection of primary leukaemia cells, in general, is proven to be complicated. Therefore, 

the mice model of CLL could be an appropriate approach for functional studies. Exogenous 

expression of the human TCL1 gene under the control of the IGHV promoter and IGH enhancer 

(Eμ) in mice results in the clonal expansion of CD5+ B cells and development of leukaemia 

(Bichi et al., 2002, Johnson et al., 2006). TCL1 transgenic mice model can be used to generate 

TRAF2 single knockout and TRAF2/TRAF5 double knockout malignant B cells for further 

characterisation of TRAF2 and TRAF5 roles in CD40-stimulated cells. 

6.4.3 Further characterisation of NF-κB activation mediated by CD40 

signalling in TRAF2 knockout cells 

I showed that resistance to fludarabine in CD40-stimulated cells might involve the activation 

of the NF-κB pathway in a TRAF2-dependent mechanism. Further characterisation of the NF-

κB cascade in wild-type and TRAF2 knockout B cells from TCL1 transgenic mice could 

elucidate key molecules involved in the TRAF2-dependent NF-κB activation in response to 

CD40 ligand. Activation of the IKK complex (IKKα, IKKβ, and IKKγ) is a critical step in the 

induction of the NF-κB pathway. Therefore, two experiments are suggested: 

 

• investigating the interaction between TRAF2 and the different IKK complex members 

in response to CD40 stimulation using in situ PLA in wild-type and TRAF2 knockout 

cells. 

• analysing the effects of TRAF2 knockout on IKK complex activity levels using 

Western blotting. 

The data obtained from these experiments would help understand the mechanism by which 

TRAF2 may mediate CD40-dependent NF-κB activation in CLL cells.  

6.4.4 Investigating resistance to fludarabine in TRAF2 knockout cells 

I showed that knockdown of TRAF2 enhances resistance to fludarabine in CD40-stimulated 

HG3 cells. To further consolidate the study’s findings, flowcytometric analysis of sensitivity 
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to fludarabine treatment in CD40-stimulated wild-type and TRAF2 knockout B cells from 

TCL1 transgenic mice is suggested. The proposed study could provide supporting evidence of 

TRAF2 role in mediating resistance to fludarabine treatment in CD40-stimulated CLL cells. 

 

In conclusion, the present study provided further evidence on the TRAF family of proteins 

functions through their expression and dynamic interactions with the CD40 receptor in 

unstimulated and CD40-stimulated CLL cells. Moreover, the present work suggests a role of 

TRAF2 protein in mediating CD40 stimulation-induced drug resistance in CLL cells. However, 

further studies are still required to identify the molecular mechanisms by which TRAF2 

mediates the drug resistance in CD40-stimulated CLL cells.    



 147 

7. Appendix 1 

1.1 Clinical properties of primary CLL samples 
                  
Appendix Table 1.1: Clinical properties of primary CLL samples used in the present study 

Sample 
number 

Patient 
number Gender Age at 

diagnosis 
Rai 

stage 
Binet 
stage 

WBC 
(109/l) 

Lymphocyte 
count (109/l) 

 

p53 
 

IGHV 
status* 

 

% 
VH 

 

VH Gene 
Usage 

 

IGVH 
Class  

Chromosomal 
abnormalities  

1728  F            
1864         UM     
1936         M     
2263 388 M 66 years   366.5  B UM 0.68 1-69/Yac-7 M 11q- (97%) 
2597         UM     
2866         UM     
2930         M     
3299  M           11q- & 30q- 
3320         M     
3325 106 F  IV C 171.4   M 5.21 3-23*01 M 17p- (77%) 
3361 383 M 68 years II B 172.3 165.8  UM 0.35 3-74*01 UM 17p- 
3369              
3373              

*IGHV status refers to somatic mutation in IGHV gene of CLL cells as compared with the gene sequence of the nearest germ-line using 2% as a cut-off. 
M=mutated; UM=un-mutated. 
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1.2 Mycoplasma test protocol 
The mycoplasma infection test was routinely checked by the department technicians. A 

minimum of 5x104 cells were washed twice with sterile PBS and then resuspended in 100μl 

PBS. The cell suspension was heated for 10 mins at 95°C, followed by a rapid vortex for 5-10 

sec. Cells were then spun down at 13,000 RPM for 2 mins, and then the supernatant was 

collected in sterile eppendorff and placed in ice to be analysed by the department technicians 

using e-MycoTM Mycoplasma PCR detection kit (v.2.0) (Intro Biotechnologies, Korea). 

Briefly, 10μl of the cell suspension was added to a tube containing 10μl of sterile water to 

produce a PCR reaction of 20μl. The PCR reactions were analysed in PCR according to the 

manufacture’s recommendations, and the PCR products were run in 2% agarose gel. The 

samples consider infected if they showed a similar band size to that of the positive control. 
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1.3 Reagents used in Western blot analysis 
 
Appendix Table 1.2: Compositions used for resolving gel in western blot 

% Resolving gel 8% 10% 
30% acrylamide (mL) 5.4 6.7 
Resolving buffer (mL) 5 5 
ddH2O (mL) 9.4 8.2 
10% Ammonium persulphate (APS) (μL) 200 200 

Tetramethylethylenediamine (TEMED) (μL) 12 8 

 
 
Appendix Table 1.3: Compositions used for stacking gel in western blot 

% Stacking gel 5% 
30% acrylamide (mL) 0.85 
Stacking buffer (mL) 1.25 
ddH2O (mL) 2.9 
10% APS (μL) 50 
TEMED (μL) 5 

 
 

 
Appendix Table 1.4: Western blot buffer compensations 

Buffer Compensation  
2 x Laemelli buffer 125mM Tris-HCl (pH 6.8), 4% SDS, 30% Glycerol, 0.1% 

Bromophenol Blue, 20 mM EDTA, 5% β-mercaptoethanol 
4 x Laemelli buffer 250 mM Tris-HCl (pH 6.8), 8% SDS, 40% Glycerol, 0.02% 

Bromophenol blue, 10% β-mercaptoethanol 
TBST 25 mM Tris-HCI (pH7.6), 150 mM NaCl, 0.1% Tween-20  
1×SDS running buffer 0.1% SDS, 25 mM Tris-HCI (pH 8.3), 192 mM glycine  
Transfer buffer 25 mM Tris-HCI,192 mM glycine, 0.1% SDS (#EC880, 

National diagnositic) 
Blocking buffer 5% non-fat milk or 3% BSA in TBST  
Stripping buffer 62.5 mM Tris-HCl (pH 6.7), 2% SDS and 100 mM 2-

mercaptoethanol 
 
 
 
 
 
 
 
 
 
 
 



 150 

1.4 RNA extraction protocol using RNeasy mini kit (Qiagen) 

The RLT Buffer was prepared under the hood and was supplemented with 10μl of β-

mercaptoethanol per 1ml. To lyse the cells, 700μl buffer of RLT buffer was added to pelleted 

CLL cells at a density of 5x10
6 cells and mixed by pipetting. The cell suspension was then 

transferred into labelled Q1Ashredder column for homogenising and spun for 2 mins at 

14000g. Next, 700µl of 70% ethanol was added and mixed by pipetting, then 700µl of the 

mixture was transferred to a new labelled RNeasy spun column and centrifuge at 10,000g for 

30 sec at RT. The flow-through was discarded, and the step was repeated with the remaining 

sample mixture to maximise the RNA yield. Once the flow-through was discarded, 350μl of 

RW1 buffer was added to the column and centrifuged as above. The flow-through was 

discarded, and 80μl of the DNase 1 incubation mix (10μl DNase I stock to 70μl buffer RDD) 

was applied directly onto the RNeasy membrane and incubated for 15 mins at RT (#79254, 

QIAGEN). Next, 350μl of buffer RW1 was added to the RNeasy spun column and centrifuged 

as above. The flow-through was discarded, and 500μl of buffer RPE was added to the column, 

spun, and flow-through was discarded. Another 500μl buffer RPE was added and centrifuged 

at 10,000g for 2 mins to wash the RNeasy membrane. The RNeasy spun column was then 

transferred to a new 2ml collection tube and centrifuged at 10,000g for 1 min to dry the column. 

The RNeasy spun column was then placed in a new collection tube, and 50μl of RNase-free 

water was added directly to the spun column membrane to elute the RNA. Samples were left 

to incubate for 5 mins and then centrifuge at 10,000g for 1 min. The extracted RNA was stored 

at -80°C. 
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1.5 Buffer compositions used for co-immunoprecipitation (co-IP) 

 A range of mild non-ionic detergent was used to optimise our co-IP protocol. Buffers were 

sterile-filtered and supplemented immediately before use with protease inhibitor (EDTA free; 

Merck Sigma-Aldrich). 

Appendix Table 1.5: Buffer compositions used for co-immunoprecipitation 

Detergents (%) Tris-HCL 
(pH 7.4) 

HEPES 
(pH 7.4) 

NaCl 
(mM) 

MgCl2 CaCl2 

0.5% NP-40 20 mM - 100 mM 2 mM 1 mM 
0.2% NP-40 20 mM - 50 mM 2 mM 1 mM 
0.2% NP-40  - 20 mM 50 mM 5 mM 0.5 mM 
0.2% NP-40 - 10 mM 50 mM 5 mM 1 mM 
0.5% Triton X-100 20 mM - 100 mM 1 mM 1 mM 

1% Brij 98 - 20 mM 150 mM 1 mM 0.5 mM 
1% CHAPS - 10 mM 100 mM 1 mM 0.5 mM 

 
 
   1.5.1 Reagent used for CD40 IP optimisation 
 
For the purpose of optimisation, two different anti-CD40 antibodies used for CD40 

immunoprecipitation; S2C6 (#3601-1-250, MABTECH) & G28.5 (#Ab00129-1.1, Absolute). 

Both anti-CD40 antibodies showed similar efficiency and were successful in the 

immunoprecipitation of CD40 protein.  
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Appendix 2 

2.1 Antibody validation for TRAFs and JAK3 in primary CLL cells 
Several antibodies against TRAFs and JAK3 proteins were validated for Western blotting using 

two primary CLL samples (#2866 & #2263). Cells from the human adenocarcinoma cell line 

MCF-7 and the human T lymphoblastoid cell line Jurkat were used as positive controls for 

TRAF4 and JAK3, respectively (Appendix Figure 2.1). 

 

 
Appendix Figure 2.1: Antibodies validation for TRAFs and JAK3 in primary CLL cells. 

Immunoblotting analysis of TRAFs and JAK3 protein expression from two primary CLL 

samples (#2866 & #2263). Cells from MCF-7 and Jurkat cell lines were introduced as positive 

controls for the expression of TRAF4 and JAK3, respectively. β-Actin served as a loading 

control.  
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2.2 Characterising the overexpressed TRAF3-related protein detected in 

CD40 stimulated CLL cells 
Post-translation cleavage and antibody cross-reactivity were investigated to characterise the 

new band around 14 KDa below TRAF3 anticipated molecular masses that was overly 

expressed in CD40-stimulated CLL cells. 

 

    2.2.1 Cycloheximide blocks CD40-mediated overexpression of the 

unknown band in CLL cells 
To investigate if the questioned band in CD40-stimulated CLL cells is a product of post-

translation cleavage, the protease inhibitors; Tosyl-L-lysine chloromethyl ketone 

hydrochloride (TLCK) and the protein synthesis inhibitor Cycloheximide (CHX) were 

used. TLCK is a trypsin-like serine proteases that block proteolytic cleavage of precursor forms 

of protein, while CHX inhibits the synthesis of new protein by interfering with the translocation 

step in protein synthesis. Briefly, CLL cells from three cases (#2263 #3325 and # 3361) were 

thawed and recovered for 1 hr in standard culture and then were co-cultured for 24 hrs with 

parental fibroblasts (PAR) or CD154-expressing fibroblasts (CD154). The next day, 2ml of the 

cultured cells were subject to WB to confirm CD40-stimulation while the remaining cells were 

washed and resuspended in new RPMI media then treated for 24 hrs with either 0.1% dimethyl 

sulfoxide DMSO as a control or with TLCK or CHX at two concentration (1 and 10 µM) 

(Appendix Figure 2.2 A&B). The results showed significant protein synthesis inhibition in 

CHX-treated cells in a concentration-dependent fashion (Appendix Figure 2.2 C). Measuring 

cells viability using trypan blue exclusion shows no inhibitor toxicity effects on treated cells 

when compared to control. A parallel depletion of TRAF3 protein was also detected in CHX 

treated cells, indicating that the new band is unlikely a result from degradation of TRAF3 

protein. Taken together, these data suggest that the questioned band is less likely to results 

from protease cleavage but rather a newly synthesised protein. 
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Appendix Figure 2.2: Cycloheximide blocks CD40-mediated overexpression of the 

unknown band in CLL cells. CLL cells were co-cultured for 24 hrs with parental fibroblasts 

(PAR) or CD154-expressing fibroblasts (CD154). (A) Representative immunoblot analysis for 

Bcl-xL expression. (B) The CD40-stimulated CLL cells were then treated for 24 hrs with 0.1% 

DMSO (control), TLCK, or CHX at the indicated concentrations. Trypan blue exclusion was 

used to test cells viability after treatment. β-Actin served as a loading control. (C) Paired 

student t-test was used to determine statistically significant differences from control in term of 

the unknown band below TRAF3. *p<0.01 (mean ± SD, n=3). DMSO: Dimethyl sulfoxide; 

TLCK: Nα-Tosyl-L-lysine chloromethyl ketone hydrochloride; CHX: cycloheximide. 

 

   2.2.2 Anti-TRAF3 antibody epitope sequence homologies with all three 

isoforms of TRAF3 proteins 
If the epitope recognised by an antibody is common between the protein isoforms or other 

proteins, multiple bands will be observed. Therefore, the homology of anti-TRAF3 antibody 

with possible TRAF3 isoforms and/or cross-react new proteins sequence was investigated. 

Polyclonal anti-TRAF3 antibodies were used as they are more susceptible to recognise a 

variety of different targets that share the same epitope sequence. TRAF3 antibodies raised at 
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different epitopes were obtained from Santa cruz (SC-949), Cell signalling technology (CST 

2749) and abcam (Ab62552). All included anti-TRAF3 antibodies have been reported to detect 

the full-length TRAF3 around 62-64 KDa (accession number Q13114), but no information on 

whether it can detect other TRAF3 isoforms. Briefly, CLL cells from three cases (#2263, #3369 

and #3373) cultured for 24 hrs either alone under standard conditions (Standard) or co-cultured 

on parental fibroblasts (PAR) or on CD154-expressing fibroblasts (CD154). Lysates were 

separated by SDS-PAGE and immunoblotted with anti-TRAF3 antibodies. Although both SC-

949 and Ab62552 TRAF3 antibodies detect a band around 49-51 KDa, only the SC-949 

TRAF3 antibody showed an overly expressed band in CD40-stimulated CLL cells (CD154) 

(Appendix Figure 2.3 A). Therefore, the epitope sequence between amino acids 525-565 of 

TRAF3 (accession number NP_663777) was used for sequence alignment with other possible 

proteins. Antibody epitope homology and alignments for anti-TRAF3 was performed using 

protein to protein BLAST database (Appendix Figure 2.3 B). The results showed 100% 

identical homology with all TRAF3 isoforms and unnamed proteins (1KZZ_A) and (1FLK_A). 

Among the TRAF3 isoforms proteins, only TRAF3 isoform 3 had an expected MW 

corresponding to the band shown in my WB data. Since the PCR analysis showed no changes 

in the mRNA levels of TRAF3 between unstimulated and CD40-stimulated HG3 cells (Figure 

3.3), I conclude that the questioned band is likely to results from new protein that cross-react 

with TRAF3 antibody. 
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Appendix Figure 2.3: Anti-TRAF3 antibody epitope sequence homology. (A) CLL cells 

from 3 cases were co-cultured for 24 hrs on parental fibroblasts (PAR) or co-cultured with 

CD154-expressing fibroblasts (CD154). Lysates were separated by SDS-PAGE and 

immunoblotted with anti-TRAF3 antibodies raised at different epitopes: Santa cruz (SC-949), 

Cell signalling technology (CST 2749), and abcam (Ab62552). Bcl-xL served as a positive 

control for CD40 stimulation. β-Actin served as a loading control. (B) TRAF3 epitope 

sequence alignment of amino acids between 525-565 (accession number NP_663777). The 

protein alignment showed 100% homology with all TRAF3 isoforms and two unnamed 

proteins. The sequences were aligned using protein to protein BLAST database. 

 

2.3 The effects of CD40 stimulation on TRAF1, TRAF3 and CD40 protein 

levels in CLL cells using fluorescence microscopy 
CLL cells from three cases (#2263, #2866, and #3361) were co-cultured for 24 hrs, either on 

PAR or CD154-expressing fibroblasts. Cells were then fixed, permeabilised and subjected to 

immunofluorescence staining as described in the Methodology chapter. Each sample was 

stained with three types of dual stain: anti-CD40 and anti-TRAF1 (Appendix Figure 2.4 A), or 

anti-CD40 and TRAF3 (Appendix Figure 2.4 B), or anti-IgG1 and anti-IgG isotype control 

antibodies. 
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Appendix Figure 2.4: Immunofluorescence analysis of TRAF1, TRAF3 and CD40 

expression in unstimulated and CD40-stimulated CLL cells. Cells from CLL cases #2263, 

#2866, and #3361 were co-cultured for 24 hrs, either on parental fibroblasts (PAR) or CD154-

expressing fibroblasts (CD154). Cells then were fixed, permeabilised and subjected to 

immunofluorescence staining. Each case was stained with the dual stain of anti-CD40 and anti-

TRAF1 (A), or anti-CD40 and TRAF3 (B), or anti-IgG1 and anti-IgG as control. Blue stain 

represents the nuclease: DAPI; Green stain represents CD40, and red stain represents either 

TRAF1 or TRAF3. Scale bar =10 µm. 
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Appendix 3 

3.1 Protein interactions between CD40 and TRAFs cannot be detected in 

CD40-stimulated HG3 and Mec-1 cell lines using co-IP 
Cells from the CLL-like cell line HG3 and Mec-1 were left unstimulated or stimulated with 

multimeric CD40L for 5 mins. At the end of the stimulation period, ice-cold PBS was added 

to inhibit CD40L functions. Next, pelleted cells were lysed with co-IP buffer supplemented 

with protease inhibitor and subjected to co-IP as described in the Methodology chapter. As 

shown in Appendix Figure 3.1, the IP of CD40 was successful in HG3 and Mec-1 cell line. 

However, no interaction could be detected between the CD40 and TRAF family of proteins in 

CD40-stimulated cells from these cell lines.  

 
Appendix Figure 3.1: Co-immunoprecipitation of CD40 and TRAFs failed to detect 

protein interactions in CD40-stimulated CLL-like HG3 and Mec-1 cell lines. Cells from 

HG3 and Mec-1 cell lines were treated with multimeric CD40L (0.2µg/ml) for 5 mins. Whole-

cell lysates were precleared and immunoprecipitated (IP) with anti-CD40 as described in the 

Methodology chapter. Anti-IgG1 was used as a negative control. Lysates pre- and post-IP were 

used to confirm the immunodepleting of the targeted proteins. Immunoprecipitated complexes 

were resolved on SDS-PAGE and subjected to Western blotting using the indicated antibodies. 

β-Actin served as a loading control.   
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Appendix 4 

4.1 Determining the optimum final concentration of TRAF2 siRNA_4 and 

TRAF5 siPool  
Cells from the CLL-like HG3 cell line were transfected with different concentrations of either 

TRAF2 siRNA-4 or TRAF5 siPool (5, 10, 20, and 40nM) using INTERFERin (Polyplus 

Transfection®). The detailed procedure was described in the Methodology chapter. Briefly, 

HG3 cells transfected with 40nM of non-specific target siRNAs (siControl) and TRAF2 

siRNA-4 or TRAF5 siPool for 24 hrs and 48 hrs, respectively, and knockdown efficiency was 

measured using Western blotting analysis. As shown in Appendix Figure 4.1, transfection with 

20 and 40 nM of both TRAF2 siRNA-4 (Appendix Figure 4.1 A) or TRAF5 siPool (Appendix 

Figure 4.1 B) exhibited the most effective gene silencing of TRAF2 and TRAF5. Both 

concentrations show similar knockdown efficiency. Hence transfection with 20nM was 

determined as an optimal final concentration to minimise transfection toxicity. 

 

 
 

Appendix Figure 4.1: The optimum final concentration of TRAF2 siRNA_4 and TRAF5 

siPool. HG3 cells were transduced in 12-well plate and transfected with scrambled 

siRNA (siControl) (40nM), TRAF2 siRNA4, or TRAF5 siPool (5, 10, 20 and 40nM) as 
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described in the Methodology chapter. Cells were collected at 24 hrs and 48 hrs post-

transfection for TRAF2 (A) and TRAF5 (B), respectively, and knockdown efficiency was 

analysed by Western blotting. β-actin served as a loading control. 

 
4.2 Knockdown efficiency of TRAF2 and TRAF5 siRNA on day five post-

transfection 
Cells from the HG3 cell-line were transfected with 20nM of non-specific target siRNAs 

(siControl) and TRAF2 siRNA-4 or TRAF5 siPool using INTERFERin (Polyplus 

Transfection®) according to the manufacturer’s recommendations. On the fifth day post-

transfection, cells were collected, and knockdown efficiency was measured using Western 

blotting analysis. As shown in Appendix Figure 4.2, Knockdown efficiency for TRAF2 

(Appendix Figure 4.2 A) and TRAF5 (Appendix Figure 4.2 B) maintained above ~60% on the 

fifth-day post-transfection. 

 
 

 
 

Appendix Figure 4.2: Knockdown efficiency of TRAF2 and TRAF5 siRNA on the fifth 

day post-transfection. HG3 cells were transduced in 12-well plate and transfected with 20nM 

of scrambled siRNA (siControl), TRAF2 siRNA4, or TRAF5 siPool as described in the 

Methodology chapter. Cells were collected on the fifth-day post-transfection for TRAF2 (A) 

and TRAF5 (B), and knockdown efficiency was analysed by Western blotting. β-actin served 

as a loading control.  
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