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Chronic Lymphocytic Leukaemia (CLL) remains incurable and novel treatments are 
ugently required to combat this disease. The proteasome inhibitor bortezomib induces 
high levels of apoptosis in vitro in CLL patient samples, but clinical trials have been 
discouraging. In this study, bortezomib induced apoptosis in all CLL samples tested 
at nanomolar concentrations. However, incubation of CLL cells with red blood cells 
(RBCs) reduced the activity of bortezomib. These data imply that RBC uptake may 
reduce the activity of bortezomib in vivo. 

TNF-related apoptosis inducing ligand (TRAIL) is an attractive cancer therapy 
because of its selectivity towards tumour cells. TRAIL and agonistic mAbs to two 
TRAIL receptors (TRAIL-RI and TRAIL-R2) are in clinical trials. CLL cells are 
resistant to TRAIL but can be sensitised by pre-treatment with histone deacetylase 
inhibitors (HDACi). HDACi sensitised CLL cells to preparations of TRAIL that 
induce apoptosis through TRAIL-RI but not through TRAIL-R2. In contrast, K562 
cells, when pre-treated with HDACi, responded to preparations of TRAIL that induce 

apoptosis through TRAIL-R2. To confirm this, TRAIL receptor-selective mutants 
were generated and tested for specificity in cell lines. CLL cells, pre-treated with 
depsipeptide, responded only to the TRAIL-RI mutant. These data confirm that CLL 

cells can be sensitised to TRAIL induced apoptosis primarily through TRAIL-RI and 
that clinical trials in CLL should focus on HDACi in combination with preparations 
of TRAIL that induce apoptosis through TRAIL-R1. 

Recent publications suggest that internalisation of CD95 and TNFRI are required for 
induction of apoptosis. TRAIL-internalisation has not been widely studied. In this 
study, TRAIL-induced DISC formation was shown to occur at the plasma membrane, 
suggesting that TRAIL signalling is unlike other members of the TNF superfamily 
(CD95L and TNFa). Inhibiting TRAIL internalisation with hyperosmotic solution did 

not inhibit apoptosis induction, suggesting that internalisation is not important for 
TRAIL activity. 
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Chapter 1: Introduction 

1.1 Chronic Lymphocytic Leukaemia 

Chronic Lymphocytic Leukaemia (CLL) is the most common form of leukaemia in the 

western world. It is an incurable disease that affects more men than women. Like most other 
forms of cancer, it is a disease of the elderly with a median age at diagnosis of 65. There is a 

genetic element to the disease as it is common for siblings to present with CLL, but further 

studies are required to investigate what underlies this genetic pre-disposition (Yuille, Matutes 

et al. 2000; Sellick, Catovsky et al. 2006). Interestingly, CLL tends to affect western 
populations more than eastern societies. Environmental factors are thought to play a minimal 

role in disease formation (Brandt 1985). 

In the absence of better prognostic markers, the prognosis of CLL is largely reliant on disease 

stage with early stage patients often not requiring treatment and living as long as age-matched 

controls, and late stage patients requiring urgent treatment with a life expectancy of as little as 

18 months after disease presentation (Binet, Auquier et al. 1981). The characteristics of 

different disease stages according to the Rai (Rai and Montserrat 1987) and Binet (Binet, 

Auquier et al. 1981) staging systems are summarized in Table 1.1. 

Table 1.1: Staging systems of CLL 

Staging 
system Stage Risk Clinical Features Median Survival Reference 

Binet Stages A Good prognosis No anemia or thrombocytope ia, less than three invol d lymphoid areas 12 yrs Binet et al 1981 

B Indem mediate-prog psis No anemia or thrombocytopenia, more than twee involved lymphoid areas 5 yrs Binet elm 1981 

C Poor-prognosis Anemia and low platelet count 2 yrs Binet et at 1981 

Rai Stages 0 Low-risk Lymphocytosis in blood and marrow 10 yrs Rai et al 1987 

Uli Idermediate-risk lymphocytosis, lymphadenopathy, splenomegaly andlor hepatomegaly 7 yrs Rai at at 1987 

IIIIN 11gb-risk Lymphocytosis, anaemia, thrombocytopenia 1.5 yrs Rai et al 1987 

The clinical course of CLL is staged according to the Rai or Binet system with earlier stages 

correlating with less progressive disease in most cases (Binet, Auquier et al. 1981; Rai and 

Montserrat 1987). The clinical characteristics of CLL include an elevated number of 

malignant lymphocytes sometimes accompanied by lymphadenopathy and splenomegaly, 

anaemia and thrombocytopenia (Binet, Auquier et al. 1981; Rai and Montserrat 1987). Most 

patients remain asymptomatic, even in cases with advanced diseases. Symptoms include 
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Chapter 1: Introduction 

weakness, fatigue, night sweats and fever as well as autoimmune diseases and an increase in 

infections, which become difficult to manage and are often the cause of death. In late stages 

of the disease, therapy is essential to manage many of the recurring symptoms associated with 
CLL. 

There are currently limited treatment options available to patients with CLL. Purine 

nucleoside analogues such as fludarabine or fludarabine in combination with 

cyclophosphamide tend to be first line therapy agents in the UK and response rates are 

generally favourable with approximately 95% overall response rates (Elter, Hallek et al. 
2006). Despite a good response to fludarabine as a first line treatment in CLL, there is no 
difference in survival of patients that have received fludarabine compared with patients that 

have remained untreated. Increasingly, combination regimens such as FCR (fludarabine, 

cyclophosphamide and rituximab) are being used and have shown promise in CLL (Keating, 

O'Brien et al. 2005). For refractory CLL, alemtuzumab/CAMPATH-1H (a monoclonal 

antibody to CD52) or allogenic bone marrow transplantation has shown some promise (Dreger 

and Montserrat 2002; Fiegl, Falkner et al. 2006). However, relapse is always incurable and 

acquired resistance to fludarabine is an issue that has not been overcome. Therefore, novel 

therapies are required to achieve prolonged survival after relapse. 

CLL is characterised by the clonal expansion of an abnormal population of B-lymphocytes 

that display an unusual range of molecules on the cell surface including co-expression of CD5, 

CD23, CD 19, CD20 and low surface IgM (Caligaris-Cappio and Hamblin 1999). 

Accumulation of CLL cells occurs primarily in the peripheral blood and bone marrow but also 

secondary lymphoid organs such as the spleen and lymph nodes. 

As CLL cells are arrested in the Go phase of the cell cycle, they were originally thought to 

accumulate as a result of failure to undergo apoptosis rather than excessive proliferation. This 

is demonstrated by their high protein expression levels of Mcl-1 and Bcl-2 (Packham and 

Stevenson 2005). CLL cells rapidly undergo spontaneous apoptosis when purified from whole 

blood and cultured in media suggesting strong environmental influences in its progression and 

survival (Collins, Verschuer et al. 1989). The level of spontaneous apoptosis is patient 
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Chapter 1: Introduction 

dependent and low spontaneous apoptosis has been associated with good prognosis 

cytogenetics (Jahrsdorfer, Wooldridge et al. 2005). Interestingly, the presence of defined 

"proliferation" centres in the bone marrow suggests that CLL cells can rapidly proliferate 

under certain circumstances, most likely due to unknown environmental factors within the 

bone marrow microenvironment (Schmid and Isaacson 1994). This is supported by data 

showing that increased survival of CLL cells occurs when they are cultured in contact with 
bone marrow stromal layers, in the presence of "nurse" cells or treated with a range of 

cytokines (IL-4, IFNa, IFNy, IL-8 or IL-13) (Jewell, Lydyard et al. 1995; Panayiotidis, Jones 

et al. 1996; Burger, Tsukada et at. 2000). 

In the past CLL has been considered as one disease by morphology and immunophenotype but 

it has extremely heterogeneous outcomes associated largely with mutational status as defined 

by the presence of IGHV mutations and other prognostic factors such as CD38 or ZAP70 

expression (Damle, Wasil et al. 1999; Oscier, Gardiner et al. 2002; Wiestner, Rosenwald et al. 

2003). Table 1.2 shows some common prognostic markers that are used in CLL. In recent 

years, much effort has been placed on determining new prognostic factors that are relatively 

easy to assess diagnostically in CLL patient samples, but the most common ones used are in 

Table 1.2. 

Table 1.2: Common prognostic markers used in CLL. 

Prognostic Factors % of all CLL Prognosis Reference 

VH mutated 60 Associated with Increased survival Oscier at at 2002 

VH unmutated 40 Associated with decreased survival Oscier at at 2002 

del 17q 7 Associated with poor survival and drug resistance Carteret at 2008 

trisomy 12 20 Associated with aggressive disease and atypical morphology Merup at at 1997 

del 11q 13-20 Associated with advanced clinical stage Fagan et at 1995 

del 13q 50 Associated with decreased survival Statosbk at &1 1999 

>30% CD38+ cells correlates with high disease stage Associated with requirement for continuous chemotherapy Damle at at 1999 

high ZAP70 expression correlates with unmutated IGHV genes Associated with inferior clinical outcome Weistner at &1 2003 

The origin of CLL cells with unmutated IGHV genes are generally thought to be pre-germinal 

naive B cells following an aggressive course, whereas mutations in IGHV gene segments 

would suggest that these CLL cells stem from the memory germinal centre and are antigen 

experienced, more mature and follow a benign course (Chiorazzi, Rai et at. 2005). Gene 
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expression microarray studies have suggested that the two classes (unmutated and mutated 

IGHV genes) of CLL should be categorised as one disease with two separate entities 

(Rosenwald, Alizadeh et al. 2001), but many feel that with two different cells of origin, CLL 

should be classed as two separate diseases and treated differently (Hamblin 2002; Chiorazzi, 

Rai et al. 2005). 

The presence of cytogentic abnormalities is not uniform in CLL but there are several common 

abnormalities that are associated with the disease, the most common being the 13g14 deletion 

present in about 55 % of all cases. This abnormality is associated with a good prognosis 

(Starostik, Manshouri et at. 1998; Starostik, O'Brien et at. 1999; Dohner, Stilgenbauer et al. 

2000). Other common abnormalities include deletion of 11g22-23 (18 % of all cases) 

affecting the ATM gene and associated with an unfavourable prognosis (Starostik, Manshouri 

et al. 1998; Dohner, Stilgenbauer et al. 2000; Austen, Powell et at. 2005), deletion of 17p13 

(Dohner, Stilgenbauer et at. 2000)(7 % of all cases) affecting the p53 gene and associated with 

a poor prognosis and resistance to chemotherapeutic drugs (Carter, Lin et al. 2006) and 

trisomy 12 (16 % of all cases) associated with a poor prognosis (Juliusson and Gahrton 1987; 

Krober, Seiler et al. 2002). 

Patients with unmutated IGHV genes have a much worse prognosis than those with mutated 

IGHV genes. As most cases of CLL can remain asymptomatic and stable there is a general 

attitude of "wait and see" when it comes to the treatment of CLL. However with an increasing 

number of less toxic and possibly more effective treatments, this idea is starting to waver. 
Current treatment strategies in CLL depend upon disease stage and prognosis and aim at 

achieving minimal residual disease (MRD), but new treatment options are urgently required to 

combat acquired resistance to existing therapies. 

1.2 Apoptosis and Cancer 

Apoptosis or programmed cell death is essential for an organism to undergo normal 

development and to remove damaged cells. It was originally characterised by observations in 

morphological changes which entailed nuclear condensation and membrane blebbing into 
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Chapter 1: Introduction 

apoptotic bodies that allowed surrounding macrophages and NK cells to engulf the apoptotic 

cell, thus avoiding inflammation (Kerr, Wyllie et al. 1972). 

Problems occur when the process of apoptosis is dysregulated. Apoptosis that occurs too 

frequently can lead to neurological disorders such as Huntington's disease. In contrast, the 

accumulation of damaged cells due to a failure to undergo apoptosis can lead to certain types 

of cancer, including CLL. Therefore, much effort is placed on understanding the process of 

apoptosis and its relation to disease. In the last decade notable progress has been made in 

identifying molecular changes that occur within a cell during the process of apoptosis. 

1.3 Cysteine aspartate proteases (caspases) 

Caspases are a highly conserved family of proteins that are essential to orchestrate apoptosis. 

They were originally identified because of their high sequence homology to the ced3 gene, 

known to orchestrate cell death in C. elegans (Yuan, Shaham et al. 1993). Under normal non- 

apoptotic conditions, caspases are synthesised and maintained in their inactive states 

(unprocessed zymogens). All caspases contain an N-terminal pro-domain, a large subunit and 

a small subunit. Once an apoptotic signal is initiated caspases can be activated by processing 

of their inactive zymogens to enzymatically active heterotetrameric fragments, containing 2 

large and 2 small subunits (Nicholson 1999; Fuentes-Prior and Salvesen 2004). 

There are currently 14 mammalian caspases that have been identified and the structures of 

each caspase is shown in Figure 1.1 and they can be divided into 3 groups, the initiator 

caspases (containing a large pro-domain often with a caspase recruitment domain (CARD) or 

death effector domain (DED)), the executioner caspases (containing a small pro-domain) and 

the caspases that are thought to play a role in inflammation (Nicholson 1999; Fuentes-Prior 

and Salvesen 2004). Caspases recognise and cleave tetrapeptide motifs with high specificity 

within their substrates and have high specificity for aspartic acid residues in the P1 position 

although specificity at other positions can vary (Nicholson 1999; Fuentes-Prior and Salvesen 

2004). After activation they can go on to cleave other caspases and caspase-substrates and 

eventually induce membrane blebbing and apoptosis (Nicholson 1999; Slee, Adrain et al. 

1999; Fuentes-Prior and Salvesen 2004). 
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Figure 1.1: The structure of the caspase family. All caspases contain a C-terminal small catalytic subunit 

(light blue) and a large subunit (dark blue), however caspases can be split into three groups. Group I represents 

caspases that are thought to play a role in immune function, while Group 11 contains initiator caspases and Group 

III contains excecutioner caspases. Initiator caspases can bind to Death Signalling structures through their CARD 

shown in pink or their DED shown in grey and initiate apoptosis. In contrast, excecutioner caspases are cleaved 

by activated initiator caspases and go on to cleave important structural molecules that lead to the breakdown of 

the cell. This figure was taken from Creagh, Conroy, Martin, 2003. 
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Caspases that are responsible for orchestrating apoptosis can be divided into two groups; the 

initiator caspases and the excecutioner caspases. Initiator caspases (caspase-8, -9, -2 and -10) 
have large pro-domains that recognize and form interactions with adaptor proteins in 

multiprotein complexes in response to apoptotic stimuli (Fuentes-Prior and Salvesen 2004). 

Within the complexes, initiator caspases are in close proximity with one another and undergo 

cleavage to their active subunits. Once activated initiator caspases activated by death ligands 

are released from the death-activating complexes and can go on to cleave effector caspases 

such as caspase-3, -7 and -6 thus initiating a caspase-cascade (Nicholson 1999; Slee, Adrain et 

at. 1999). Caspase-9 is activated by the apoptosome complex and can recruit and activate 

effector caspases within the complex (Shi 2006). After the initiation of the caspase-cascade, 

effector caspases go on to cleave a very wide range of substrates such as poly-ADP-ribose 

protein (PARP) or lamins (Nicholson 1999; Fuentes-Prior and Salvesen 2004). Cleavage of 

these products leads to the structural breakdown of the cell, membrane blebbing and, 

eventually, apoptosis (Nicholson 1999). 

1.4 The intrinsic pathway of apoptosis 

Apoptosis can be initiated through the stimulation of two known pathways, the intrinsic 

(mitochondrial) pathway or the extrinsic (death receptor) pathway. The intrinsic pathway of 

apoptosis can be initiated through treatment with DNA damaging agents such as fludarabine 

or by treatment with stress-inducing agents such as etoposide or staurosporine and is 

illustrated in Figure 1.2. 

The intrinsic pathway of apoptosis is regulated by the Bcl-2 family of proteins. This family of 

proteins is made up of pro- and anti-apoptotic proteins and can be divided into three groups. 

The anti-apoptotic proteins consist of Bcl-2, Bcl-XL, A1Bfl-1, Bcl-w, Boo/Diva/Bcl-B and 

Mcl-1 and they contain BH1-4 domains as well as a transmembrane domain (Marsden and 

Strasser 2003). CLL cells do not express high levels of the Bcl-XL protein, but express high 

levels of Mcl-1 and Bcl-2, thus providing a possible mechanism for their failure to undergo 

apoptosis in vivo (Hanada, Delia et al. 1993; Kitada and Reed 2004; Packharn and Stevenson 

2005). 
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Figure 1.2: The mitochondrial pathway to apoptosis. Upon stimulation with an apoptosis inducing signal, the 

balance between pro- and anti-apoptotic mitochondrial proteins is shifted in the favour of apoptosis and Bak and 

Bax form pores in the mitochondrial membrane. This causes the release of cytochrome c which then interacts 

with APAF-I and procaspase-9 to form an apoptosome complex. Within the apoptosome, caspase-9 is cleaved 

and released to cleave effector caspases which then go on to induce apoptosis. This figure was taken from Green 

2005. 
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Pro-apoptotic Bcl-2 protein family members can be further divided into two subgroups; the 

multi-domain proteins (Bax, Bak, Bok/Mtd, Bcl-xs and Bcl-GL) are pro-apoptotic and are 

structurally similar to the anti-apoptotic Bcl-2 proteins. The BH3-only proteins (Bim/Bod, 

Bad, Bid, Bik/Nbk, Bmf, Bcl-Gs, Blk, Hrk/DP5, Noxa and PUMA/Bbc3) are structurally 
divergent from other Bcl-2 protein family members and induce apoptosis (Marsden and 

Strasser 2003; Packham and Stevenson 2005). The multidomain proteins contain several 

BH1-3 domains and a transmembrane domain while BH3-only proteins contain only a BH3 

domain and, in some cases, a transmembrane domain (Packham and Stevenson 2005). 

The balance between pro- and anti-apoptotic Bcl-2 family members can be regulated on 

several levels. Many BH3-only proteins are regulated on the transcriptional level (Marsden 

and Strasser 2003). In addition, Bid is synthesised into a full-length inactive protein that 

requires cleavage (by caspase-8) to become active and amplify an apoptotic signal (Marsden 

and Strasser 2003). Furthermore, several 13113-only proteins can directly bind with pro- 

apoptotic Bcl-2 family members, rendering them inactive (Marsden and Strasser 2003). 

When cells are treated with apoptotic stimuli, the balance between pro- and anti-apoptotic 

proteins is disturbed and Bak and Bax undergo conformational changes allowing them to form 

pores in the mitochondrial membrane (Willis and Adams 2005). This allows the release of 

cytochrome c and the formation of a -700 kDa apoptosome complex containing Apaf-1, 

cytochrome c, and caspase-9 (Li, Nijhawan et al. 1997; Cain, Brown et al. 1999; Zou, Li et al. 

1999; Waterhouse, Ricci et al. 2002; Shi 2006). The enzymatic activity of caspase-9 is greatly 

increased within the apoptosome complex and this allows caspase-9 to be cleaved to its p35 

form. Once activated, caspase-9 is able to recruit other caspases (caspase-3 and -7) into the 

apoptosome complex and activate and release them from the complex thus initiating a caspase 

cascade (Shi 2006). Once activated, caspase-3 is believed to cleave caspase-9 to its p37 form. 

Once the mitochondrial membrane is no longer intact, the cell is committed to undergo 

apoptosis. 
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1.5 The extrinsic pathway of apoptosis 

The extrinsic pathway of apoptosis can be initiated by ligands (CD95/CD95L, Tumour 

Necrosis Factor (TNF) and TNF-Related Apoptosis-Inducing Ligand (TRAIL)) and 

monoclonal antibodies (mAbs) that bind to members of the death receptor family (CD95/Fas, 

TNF-R1, TRAIL-R1 or TRAIL-R2). A model of this pathway is shown in Figure 1.3. In the 

extrinsic pathway of apoptosis, antibody or trimeric ligand binds to a trimeric receptor 

complex thus exposing the Death Domain (DD) of the receptor (Chan, Chun et al. 2000; 

Sartorius, Schmitz et al. 2001; Clancy, Mruk et al. 2005). FADD is recruited to the DD of the 

ligand-receptor complex thus exposing the DED of FADD. Caspase-8 and, in some 

circumstances, caspase-10 has been shown to be recruited to the ligand-receptor DISC 

complex through binding of the FADD DED with the caspase DED (Boldin, Goncharov et al. 

1996; Muzio, Chinnaiyan et al. 1996; Ashkenazi and Dixit 1999). This step can be inhibited 

by the presence of c-FLIP, which can bind to FADD through its DED but does not have 

proteolytic activity and cannot induce apoptosis (Hu, Vincenz et al. 1997; Irmler, Thome et al. 

1997; Srinivasula, Ahmad et al. 1997). Some groups have suggested that c-FLIP is an 

activator of the DISC, but this has only been shown by overexpression (Han, Chaudhary et al. 

1997; Shu, Halpin et al. 1997; Chang, Xing et al. 2002). 

Once caspase-8 is bound to FADD within the DISC, it can activate itself through an induced 

proximity model (Ashkenazi and Dixit 1999; Sartorius, Schmitz et al. 2001). Caspase-8 is 

cleaved to its catalytically active p18 form and released from the DISC. Once activated, 

caspase-8 can cleave and activate caspase-3, -9, -6 and -7 thus initiating a caspase-cascade and 

ultimately induce apoptosis. 

In some cell types, the extrinsic apoptotic pathway may activate the intrinsic pathway and 

create an amplification loop (Scaffidi, Schmitz et al. 1999). These cell types are known as 

Type II cells and require the cleavage of the 1313-only protein Bid to its truncated form tBid 

which then initiates the mitochondrial apoptotic pathway. 

The distinction between Type I (that do not require the cleavage of Bid to tBid to undergo 

apoptosis) and Type II cells (that require Bid cleavage to tBid to undergo apoptosis) has 
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primarily been made using CD95L and needs to be further characterised with other death 

receptor ligands such as TNF and TRAIL. CLL cells appear to display characteristics similar 

to those of Type 11 cells such as, less extensive and less rapid DISC formation although this 

has not been extensively shown. 
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Figure 1.3: The Death Receptor pathway to apoptosis. TRAIL or CD95L bind to their respective receptors in 

the form of a trimer causing the DD of the cytoplasmic end of the receptor to become exposed. As a result the 

DD of FADD allows recruitment of FADD into the DISC to form a complex with the receptors. Through FADD 

homology domains or DEDs procaspase-8 is recruited into the DISC and activated, a step that c-FLIP can inhibit. 

Caspase-8 is released from the DISC and can cleave caspase-3 to initiate a caspase cascade. In Type ll cells Bid 

cleavage to tBid by caspase-8 is a requisite step to initiate a mitochondrial amplification loop to release 

cytochrome c and activate the intrinsic apoptotic pathway. This figure was adapted from Fulda and Debatin, 

2006. 
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1.6 The proteasome as a target for cancer therapy 

The function of the ubiquitin-proteasome pathway is to monitor protein quality and control the 

degradation of misfolded and unfolded proteins (Ciechanover 2003). Therefore, proteasome 

integrity is essential for the maintenance of the cell. Under normal conditions, the proteasome 

controls the degradation of intracellular proteins that are marked for proteolysis by the 

attachment of a polyubiquitin chain (Ciechanover 2003). Proteins are degraded into small 

peptides by the 26S proteasome after being marked for degradation by a polyubiquitin chain 

(Adams 2003; Ciechanover 2003; Kostova and Wolf 2003). 

The 26S proteasome is a large multi-subunit complex containing 3 minor subunits. It is 

present in the nucleus and cytoplasm of eukaryotes and is highly conserved. The catalytic 

core of this complex, known as the 20S proteasome, consists of four heptameric rings (2a 

subunits and 20 subunits) (Schwartz and Ciechanover 1999). The outer rings of the 20S 

proteasome are composed of a subunits while the proteolytically active sites of the proteasome 

form the inner rings and contain the ß-subunits. The N-terminal threonine of the ß-subunit 

attacks the carbonyl group of the peptide bond of the target protein. In addition to the 20S 

subunit, the 26S proteasome consists of two 19S subunits forming the "cap" of the structure. 

The 19S subunits bind to each end of the 20S proteasome and recognize and unfold 

proteasome substrates to feed them to the catalytic core. At the same time, the 19S subunits 

remove the polyubiquitin side chain for recycling. These processes are ATP dependent. 

Proteasome inhibition has been considered a good target for cancer therapy for a plethora of 

reasons outlined in Table 1.3 (Adams 2004). There are many reasons why proteasome 

inhibitors may be selective to transformed cells compared with normal cells. For example, 

many transformed cell types have a high proliferative index and therefore a high protein 

turnover, as more than 80 % of the cells proteins are degraded by the proteasome, proteasome 

inhibitors may target these cells to a greater extent than normal cells (Adams 2004; Adams 

2004). In addition, many cancer cells have constitutive NF-kB activation (Keutgens, Robert et 

al. 2006; Pacifico and Leonardi 2006) and by targeting the NF-kB pathway, proteasome 

inhibitors induce apoptosis in tumour cells selectively (Luo, Kamata et al. 2005). Moreover, 
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many transformed cells, such as CLL, have high levels of anti-apoptotic Bcl-2 proteins such as 

Mcl-1 or Bcl-2 (Packham and Stevenson 2005). Proteasome inhibitors can disrupt the 

balance between the pro- and anti- apoptotic proteins by inducing upregulation (either through 

transcription or stabilisation) of BH3-only proteins, such as Noxa or Bik/NBK (Qin, Ziffra et 

al. 2005; Zhu, Zhang et al. 2005; Perez-Galan, Roue et al. 2006). 

Table 1.3: Anti-tumour effects of proteasome inhibitors. 

General 
Mechanisms of 

Action Evidence Reference 

bortezomib inhibited NF-kB reporter activity at low concentrations in Squamous An, Sun et al 2004 and 
Blocks NF-kB cell carcinoma, expression of NF-kB family members p65 and p50 decreased Sunwoo, Chen et al 

activation after treatment with bortezomib in renal cell carcinoma 2001 

Upregulate BH3-only Proteasome inhibitors induce Noxa transcription in melanoma and myeloma 
pro-apoptotic cell Ines and RNAi against Noxa blocks the apoptotic activity of bortezomib by 

proteins up to 50 % Gin, Ziffra et al 2005 

Cause cell cycle 
arrest bortezomib induces cell cycle arrest in Hodgkin lymphoma cell lines Zheng et al 2004 

proteasome inhibitors induce a misfolded protein response and ROS through Fribley, Zeng and 
Induces ER stress ER stress, mechanism not clear Wang 2004 

bortezomib induced ROS generation in primary mantle cell lymphoma cells that Perez-Galan, Rone et 
Generates ROS pre-ceded apoptosis induction al 2006 

targets cells with Adams 2002, Adams 

high protein turnover 80 % of proteins in the cells undergo degradation via the proteasome 2004 

In general proteasome inhibitors have been found to upregulate or stabilise several pro- 

apoptotic molecules such as Bax, Noxa and Bim and downregulate anti-apoptotic pathways 

such as NFxB (Almond and Cohen 2002; Voorhees, Dees et al. 2003; Qin, Ziffra et al. 2005; 

Fribley, Evenchik et al. 2006; Mitsiades, Mitsiades et al. 2006; Perez-Galan, Roue et at. 2006). 

In addition, the inhibition of the proteasome may activate Endoplamic Reticulum (ER) stress 

pathways that, for unknown reasons, activate the intrinsic apoptotic pathway (Fribley and 

Wang 2006). However, the mechanisms of proteasome inhibition-induced apoptosis are cell- 
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type dependent and due to the general importance of the proteasome in maintaining healthy 

cells, may effect apoptotic and stress pathways on many levels. 

1.7 Bortezomib/PS-341/Velcade as a therapeutic agent in cancer 

There are several classes of proteasome inhibitors that have different effects on proteasome 

inhibition. However, many proteasome inhibitors are not suitable for clinical use because they 

are either irreversible or inhibit calpains and cathepsins (Tsubuki, Saito et al. 1996). One 

proteasome inhibitor that was originally identified as a good potential therapy by a screen of 

60 cell lines at the NCI is bortezomib (Adams 2002). It has shown promise as a therapeutic 

agent against many types of primary tumour cells including CLL in vitro. Bortezomib is a 

peptide boronic acid proteasome inhibitor that specifically, but reversibly, inhibits the 

chymotryptic site of the 20S proteasome. 

The specific role of proteasome inhibitors as therapeutic agents in CLL is still unknown, 

although there are many studies that document the activity of proteasome inhibitors as 

apoptotic agents. Work with the apoptosome and Bax have suggested that proteasome 
inhibitors induce apoptosis through the mitochondrial apoptotic pathway in CLL (Almond, 

Snowden et al. 2001; Dewson, Snowden et al. 2003); however, this has not been documented 

with bortezomib. Bortezomib has been widely tested on various tumour cells and is found to 

be effective in most (Adams 2002). Although the exact mechanism of action of bortezomib is 

unclear, several recent publications have defined its mechanism in various cell types. 

Pre-clinical studies have found bortezomib and other proteasome inhibitors to be very 

effective at killing CLL cells in vitro. Despite numerous studies investigating the efficacy of 

bortezomib in CLL (Pahler, Ruiz et al. 2003; Kelley, Alkan et al. 2004), very little work has 

been done on its specific mechanism of action. Although proteasome inhibitors, including 

bortezomib, are thought to be selective towards transformed cells, the mechanism of this 

selectivity is not entirely clear. It is thought to arise because transformed cells tend to 

proliferate at a higher rate than normal cells thus turning over proteins more rapidly. However 

in vitro results of bortezomib activity in CLL would suggest that this is not necessarily the 

case. CLL cells were found to be 10 times more sensitive to proteasome inhibitors than 
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normal lymphocytes (Chandra, Niemer et al. 1998), suggesting a degree of selectivity towards 

transformed cells, but independent of their proliferative index. 

Several studies have suggested that the stabilisation of BH3 only proteins, such as Bik or Bim, 

is a requirement for bortezomib induced apoptosis (Nikrad, Johnson et al. 2005). However it 

is difficult to attribute bortezomib-induced apoptosis to stabilisation of a specific protein 

without using siRNAs, which is not very effective in primary cells. Thus, a major difficulty in 

studying CLL concerns the lack of a good in vitro model that allows manipulation of specific 

genes. As yet there is no good mouse model for this disease. 

Another study suggested that generation of reactive oxygen species (ROS) could contribute to 

bortezomib-induced apoptosis in primary mantle cell lymphoma cells (Perez-Galan, Roue et 

al. 2006). However ROS generation occurred at least 4 hours after treatment with bortezomib 

and this group did not suggest a mechanism for ROS generation or a link of generation of 

ROS to apoptosis induction through the mitochondrial pathway of apoptosis. There have also 

been suggestions of a role for ER stress, causing an unfolded protein response, in bortezomib- 

induced apoptosis in pancreatic cancer, multiple myeloma and head and neck squamous cell 

carcinoma cells and that caspase-9 and -2 and possibly caspase-4 is involved in this pathway 

(Fribley, Zeng et al. 2004; Hitomi, Katayama et at. 2004; Nawrocki, Carew et al. 2005; 

Cheung, Lynn Kelly et at. 2006; Obeng, Carlson et at. 2006). However, this pathway has not 

been well characterised and has not been identified in CLL as a mechanism for bortezomib- 

induced apoptosis. 

In clinical trials, bortezomib has shown most promise in multiple myeloma and has been 

approved for use by the U. S. Food and Drug Administration (Kane, Farrell et al. 2006). It is 

also in clinical trials for use in many solid tumour malignancies and mantle cell lymphoma, 

follicular lymphoma and CLL. Toxicity has been severe in some cases, the most severe 

toxicity being; cardiac failure, peripheral neuropathy, neurotoxicity, thrombocytopenia, and 

tumour lysis syndrome (Agterof and Biesma 2005; Jaskiewicz, Herrington et al. 2005; Lonial, 

Waller et al. 2005; Van Regenmortel, Van de Voorde et at. 2005; Caravita, de Fabritiis et at. 

2006; Faderl, Rai et at. 2006; Richardson, Briemberg et at. 2006; Richardson, Mitsiades et at. 
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2006; Voortman and Giaccone 2006). Only one large study has been reported in CLL and 

toxicity was manageable in the majority of patients. However clinical responses were 

discouraging (Faderl, Rai et al. 2006). No complete or partial responses were reported. 

However biological activity of the drug was observed and manifested itself in the form of 

reduced WCC and lymph node sizes (Faderl, Rai et al. 2006). No work has currently been 

undertaken to investigate why bortezomib is unsuccessful in clinical trials in CLL but 

effective at killing the cells at low concentrations in vitro. 

1.8 The TNF superfamily 
The TNF superfamily is a growing family of cytokines that initiate survival, differentiation 

and apoptotic signals within a cell through binding to their respective receptors and activating 

specific pathways (Hehlgans and Pfeffer 2005). Members of the TNF superfamily often have 

more than one receptor and, upon ligand-receptor binding, can recruit adaptor proteins to 

specific complexes within the cell and initiate survival signals, via the NF-xB pathway (Gaur 

and Aggarwal 2003), or death signals via the extrinsic apoptotic pathway (Gaur and Aggarwal 

2003). Figure 1.4 depicts the currently known members of the TNF superfamily of ligands 

and their respective receptors. 

TNF superfamily receptors vary structurally depending on their functions. For example, 

Death Receptors (DRs) contain functioning DDs that, once stimulated with ligand, can recruit 

and bind DD containing adaptor molecules such as TRADD or FADD (Chinnaiyan, O'Rourke 

et al. 1996; Kischkel, Lawrence et al. 2000), thus forming an apoptosis-initiating DISC 

(Kischkel, Hellbardt et al. 1995; Boldin, Goncharov et al. 1996; Muzio, Chinnaiyan et al. 

1996; Medema, Scaffidi et al. 1997). TNFR1, CD95, TRAIL-R1 and TRAIL-R2 are the most 

well characterised DRs and have been implicated as potential therapeutic agents. However, 

because of problems with toxicity (Feinberg, Kurzrock et al. 1988; Ogasawara, Watanabe- 

Fukunaga et at. 1993), TRAIL is the only of these family members that remains viable for 

therapeutic exploitation (Ashkenazi, Pai et at. 1999). 
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Figure 1.4: Members of the TNF superfamily. TNF family members are shown ranked by chromosomal 

position. Arrows indicate which receptor each family member can bind. The red cylinder indicates the presence 

of a death domain. Some common survival and apoptotic pathways that are activated by binding to adaptor 

molecules are also shown. This figure was taken from Hehlgans and Pfeffer, 2005. 

In contrast to DD containing TNF family members, many members of the TNF superfamily 

can bind to their respective receptors to induce cell survival and proliferation through 

activation of the NF-kB pathway. In the case of TNFR2, the adaptor protein RIP is recruited 

to the NF-kB activating complex and the NF-kB regulatory protein NEMO is recruited into the 

complex (Kovalenko and Wallach 2006). Upon binding of NEMO to RIP the IKK signalling 

complex is activated thus inducing NF-kB activation and survival signals (Kovalenko and 

Wallach 2006). It is important to note that proteins that do not contain a DD have not been 

shown to induce apoptosis, in contrast, DD containing proteins have been shown to signal to 

and activate the NF-kB pathway upon stimulation with their respective ligand (Harper, Farrow 

et al. 2001; Ehrhardt, Fulda et al. 2003; Peter, Legembre et al. 2005). 
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1.9 TRAIL as a therapeutic agent in cancers 

TRAIL is a member of the TNF superfamily of proteins and was originally identified by its 

sequence homology to CD95L by two groups (Wiley, Schooley et at. 1995; Pitti, Marsters et 

al. 1996). TRAIL is known to bind as a trimer to four transmembrane receptors (Degli- 

Esposti, Dougall et at. 1997; Degli-Esposti, Smolak et al. 1997; MacFarlane, Ahmad et al. 

1997; Pan, Ni et at. 1997; Pan, O'Rourke et at. 1997; Walczak, Degli-Esposti et al. 1997) and 

osteoprotegrin (OPG), a soluble receptor, which has a low binding affinity to TRAIL (Truneh, 

Sharma et at. 2000). TRAIL-RI and TRAIL-R2 contain full cytoplasmic Death Domains 

(DD) and when stimulated with TRAIL can initiate cell death via the extrinsic apoptotic 

pathway (MacFarlane, Ahmad et al. 1997; Pan, Ni et al. 1997; Pan, O'Rourke et al. 1997; 

Walczak, Degli-Esposti et at. 1997; Sprick, Weigand et at. 2000). In contrast TRAIL-R3 and 

TRAIL-R4 are known as "decoy" receptors because TRAIL-R3 has a missing cytoplasmic DD 

and TRAIL-R4 has a truncated, non-functional DD and therefore these receptors cannot 

initiate apoptosis (Degli-Esposti, Dougall et al. 1997; Degli-Esposti, Smolak et al. 1997; 

MacFarlane, Ahmad et al. 1997; Pan, Ni et al. 1997). 

TRAIL-R3 and TRAIL-R4 were originally termed "decoy" receptors because of their high 

surface expression levels on normal cells, which are resistant to TRAIL (Sheridan, Marsters et 

al. 1997). In addition, one study found evidence suggesting that "decoy" receptors can form a 

stable DISC with TRAIL-R2 prior to stimulation with ligand, thus preventing TRAIL-induced 

apoptosis, which would support their status as "decoy" receptors (Clancy, Mruk et al. 2005). 

However, there has been some dispute as to whether they are true "decoy" receptors as surface 

expression of TRAIL receptors does not necessarily correlate with sensitivity to TRAIL and 

"decoy" receptor expression is present on transformed cells (Held and Schulze-Osthoff 2001). 

TRAIL is thought to bind pure TRAIL-R1 and TRAIL-R2 homocomplexes in the form of a 

trimer. There is evidence that TRAIL can bind to TRAIL-R1/TRAIL-R2 heterocomplexes, 

but the existence of these complexes has only been identified in one study using overexpressed 

proteins and not endogenous receptors (Kischkel, Lawrence et al. 2001). There has also been 

some evidence of preformed ligand assembly domains (PLADS) that are thought to exist prior 

to TRAIL-receptor binding (Clancy, Mruk et al. 2005). In that study, TRAIL-R2 and TRAIL- 
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R4 were thought to exist in a complex prior to ligand binding and this was thought to be a 

mechanism of TRAIL-R4-mediated resistance (Clancy, Mruk et at. 2005). However, this 

study suggests the existence of hetercomplexes between death and "decoy" receptors 

independent of ligand binding. 

TRAIL has been thought to be a good candidate for tumour therapy because it induces 

apoptosis in many tumour types but, unlike its family members CD95L, which causes severe 

liver toxicity (Ogasawara, Watanabe-Fukunaga et al. 1993), and TNF, which induces a sepsis- 

like syndrome (Feinberg, Kurzrock et al. 1988), it does not appear to be toxic to most normal 

cell types (Wiley, Schooley et at. 1995; Pitti, Marsters et at. 1996). Despite its discovery in 

1995, TRAIL and mAbs to TRAIL have only recently been admitted into clinical trials 

because of a concern that it may be toxic to normal human hepatocytes (Jo, Kim et al. 2000). 

Although the issue of whether TRAIL is toxic to hepatocytes is not yet clear, several groups 

have suggested that primary human hepatocytes only undergo apoptosis when stimulated with 

certain preparations of TRAIL and that untagged TRAIL does not induce hepatocyte toxicity 

(Lawrence, Shahrokh et al. 2001; Ganten, Koschny et al. 2006). In addition, several studies 

using blocking antibodies to TRAIL-R1 and TRAIL-R2 suggest that hepatocytes undergo 

TRAIL-induced apoptosis through both TRAIL-R1 and TRAIL-R2 in equal amounts (Mori, 

Thomas et al. 2004; Ganten, Koschny et al. 2006). Therefore, using preparations of TRAIL 

that can target one receptor type such as receptor-selective mutant ligands or antibodies may 

reduce hepatocyte toxicity and prove TRAIL to be an appropriate treatment in many tumour 

types. 

1.10 Versions of TRAIL in clinical trials 

There are currently several forms of TRAIL, including agonistic mAbs to TRAIL-RI and 

TRAIL-R2 that are in clinical trials. The mechanism of TRAIL induced apoptosis is well 

characterised, but the mechanism of mAb induced apoptosis is less well characterised. 

Lexatumumab (ETR2, Human Genome Sciences) and Mapatumumab (ETRI, Human Genome 

Sciences) are two mAbs that induce apoptosis in vitro without crosslinking however, most 

commercial antibodies for therapy require crosslinking to induce apoptosis in vitro (Ludwig, 
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Pereira et at. 2003; Georgakis, Li et at. 2005; Pukac, Kanakaraj et al. 2005; Zeng, Wu et at. 

2006). The two Human Genome Sciences (HGS) mAbs will be referred to as ETRI and 
ETR2 throughout the rest of this thesis. ETR1 and ETR2 were shown to bind and induce 

apoptosis specifically through their respective receptors. Crosslinking has been shown to 

enhance apoptosis but is not essential to induce apoptosis, suggesting that higher order 

structures may need to be formed in order to induce apoptosis in some cell types but, 

importantly, not all cell types (Georgakis, Li et at. 2005; Pukac, Kanakaraj et al. 2005). 

Recombinant Human TRAIUApo2L is currently in a phase 1111 clinical trials. Results of this 

study are not yet published (Duiker, Mom et at. 2006). Non-human primates were used in pre- 

clinical evaluation studies because of high sequence homology of their TRAIL receptors to 

human receptors (Duiker, Mom et al. 2006). Pre-clinical studies indicated that untagged 
TRAIL (Apo2L) showed significant anti-tumour activity and suppressed tumour activity in 

vivo in colon cancer models (Ashkenazi, Pai et al. 1999; Kelley, Harris et al. 2001). Apo2L 

was also found to be safe with few toxic side effects in non-human primates, however, this 

may not be the case with humans (Kelley, Harris et al. 2001). 

ETR1 and ETR2 are currently in phase II and phase I clinical trials, respectively (Duiker, 

Mom et al. 2006). ETR1 has shown some promise as a therapeutic agent particularly in 

follicular lymphoma with 8% of patients yielding a complete or partial response and 30% of 

patients with stable disease (Georgakis, Li et al. 2005). ETR1 has been well tolerated with a 

maximum tolerated dose yet to be reached (Georgakis, Li et al. 2005). ETR2 has also shown 

promise with 32% of patients with stable disease after treatment and minimal toxicity. One 

patient out of 20 died of renal failure, possibly associated with hepatotoxicity and maximum 

tolerated dose was reported to be 10 mg/kg. Three patients were reported to have minor 

toxicity in the form of hyperamylasemia (increased levels of the amylase enzyme) and 

increased alanine aminotransferase (AST) and aspartate aminotransferase (ALT) levels, 

suggesting the presence of damaged hepatocytes. 

Overall, Apo2L and mAbs appear to be safe as single agents although efficacy is not as high 

as expected as there was only one complete remission in response to ETR1 in follicular 

33 



Chapter 1: Introduction 

lymphoma. ETR2 induced renal failure in one patient that may be related to hepatotoxicity 

and this is cause for concern. Little has been done to determine the safety and efficacy of 

TRAIL or mAbs in combination with other therapeutic agents that may sensitise tumour cells 

to TRAIL-induced apoptosis and further studies need to be carried out to determine safety of 

combination therapies. 

1.11 Sensitisation of CLL cells to TRAIL-induced apoptosis 

CLL cells are resistant to TRAIL (MacFarlane, Harper et al. 2002). MacFarlane et al 2002 

showed that the block in TRAIL sensitivity is at the level of the DISC, not at the level of 

surface expression (MacFarlane, Harper et al. 2002). More recent studies have focussed on 

sensitising CLL cells to TRAIL induced apoptosis by pre-treatment or co-treatment with 

subtoxic doses of sensitising agents and therefore induce apoptosis in CLL cells without 

inducing toxicity in normal tissues. 

Inoue et al 2004 showed that pre-treatment of primary CLL cells with low non-toxic 

concentrations of the histone deacetylase (HDAC) inhibitors depsipeptide or valproate 

sensitised most patient samples to TRAIL-induced apoptosis (Inoue, MacFarlane et al. 2004). 

The proposed mechanism of sensitisation to TRAIL was through facilitation of FADD 

recruitment to the DISC but this was independent of de novo protein synthesis (Inoue, 

MacFarlane et al. 2004). Two subsequent publications have shown that HDAC I and 2 are 

involved in HDAC inhibitor sensitisation of TRAIL in CLL cells and that sensitisation of CLL 

cells to TRAIL is independent of upregulation of TRAIL-R2 (Inoue, Mai et al. 2006; Inoue, 

Twiddy et al. 2006). HDAC inhibitors are also known to sensitise other tumour cell types to 

TRAIL-induced apoptosis through various mechanisms that involve both the intrinsic and 

extrinsic pathways to apoptosis including; 1) redistribution of TRAIL and its receptors to lipid 

raft compartments, 2) downregulation of Bcl-xL, 3) upregulation of Bim and 4) increases in 

Bax and TRAIL-R2 (Neuzil, Swettenham et al. 2004; Shankar, Singh et al. 2005; Vanoosten, 

Moore et al. 2005; Butler, Liapis et al. 2006; Gillespie, Borrow et al. 2006). 

HDAC inhibitors are currently undergoing evaluation for use as a single agent in tumour 

therapies (Bolden, Peart et at. 2006). Depsipeptide and valproate have been evaluated most 
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thoroughly in terms of use as a combination therapy with TRAIL and are currently in phase III 

clinical trials for use as single agents in tumours including T-cell lymphoma, myelodysplastic 

syndromes and diffuse B-cell lymphoma (Bolden, Peart et al. 2006). Depsipeptide has shown 

significant cardiotoxicity (Shah, Binkley et al. 2006) and valproate has shown hepatotoxicity 

(Bottom, Adams et al. 1997; Yao, Mather et al. 1999). However this may not be an issue with 

TRAIL combination therapy because, in the case of depsipeptide, the doses required to 

sensitise are much lower than doses required to make an impact as a single agent (Inoue, 

MacFarlane et al. 2004). 

1.12 Mechanisms of resistance to TRAIL 

In recent years, much attention has been placed on understanding the mechanisms of 

resistance to TRAIL-induced apoptosis. Table 1.4 shows a list of possible mechanisms of 

resistance to TRAIL however, several factors that may be important in CLL resistance to 

TRAIL are discussed below. 

The study by MacFarlane et at 2002, emphasised the importance of relative levels of DISC 

proteins in CLL as a factor in determining resistance to TRAIL (MacFarlane, Harper et al. 

2002). In particular, they indicated the low ratio of caspase-8 to c-FLIP as a possible 

mechanism of resistance in CLL (MacFarlane, Harper et al. 2002). This could be relevant to 

other tumours and cell types that are resistant to TRAIL. However in a subsequent study, 

FADD recruitment to the DISC was shown to be the important step in determining sensitivity 

of CLL cells to TRAIL when pre-treated with an HDAC inhibitor, and increases in protein 

levels did not appear to play a role in CLL cell resistance to TRAIL (Inoue, MacFarlane et at. 

2004). 

In addition, different death receptor ligands are known to have different signalling capabilities. 

For example, TNFa is known to signal to and activate the NF-KB and c-Jun NH2 terminal 

kinase (JNK) pathways and promote cell survival through TNF-R1 recruitment of TRAF2 and 

RIP (Wallach, Varfolomeev et al. 1999). Alternatively, TNFa can also signal to apoptosis by 

recruiting FADD through the DD of TRADD, but TNF receptors cannot bind FADD directly 

(Wallach, Varfolomeev et al. 1999). In contrast, CD95L and TRAIL can stimulate their 
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respective death receptors and recruit and bind FADD and caspase-8 (Boldin, Goncharov et at. 
1996; Muzio, Chinnaiyan et al. 1996; Ashkenazi and Dixit 1999; Sprick, Weigand et al. 2000). 

Table 1.4: Mechanisms of Resistance to TRAIL. 

Mechanism of Resistance Evidence Reference 

Down regulation of TRAIL Death Shin et al 2001, Pai et al 
Receptors Loss of heterozygosity 8p deletions prevelent in B cell lymphomas 1998 

High levels of "decoy" receptors PLADS found to contain TRAIL-R2 and TRAIL-R4 Clancy et at 2005 

High levels of Decoy receptors expressed in TRAIL resistant cells Sanlioglu et al 2005 

Low caspase-8 to c-FLIP ratio Inducible degradation of c-FLIP senskised tumour cells to TRAIL Kim et al 2002 

Anti-cancer therapeutics can sensitise osteosarcoma cells to TRAIL by 
High levels of IAP family proteins downregulation of IAPs Mirandola et al 2006 

RNAI to XIAP and survivin sensitises tens to TRAIL-induced apoptosis Chawla-Sarkar et al 2005 

NF-kB activity constitutive in many TRAIL-resistant tumour types including 
constitutive NF-kappaB activation CLL Furman et at 2000 

Block of NF-kB activity can sensitise tumour ceps to TRAIL-induced 
apoptosis Lou at al 2004 

Deficiency in Bax or other BH3 only 
proteins Mutations or inactivation of Bax leads to TRAIL resistance LeBlanc et al 2002 

Death receptor tigands can induce Peter et al 2005, Wallach et 
survival signals TNF and CD95 have been shown to activate the NF-kB survival pathway al 1999 

TRAIL has been reported to induce proliferation in tumour cells Ehrhardt et al 2003 

TRAIL can activate the NF-kB and JNK survival pathways in a secondary 
signalling complex Varfolomeev et al 2005 

CD95-induced DISC internalisation is required for CD95L-induced 
Deficiency in endocytosis machinery apoptosis in Type I cells Lee e al 2006 

TNF receptor signalling is a two step process requiring internalisation for Schneider-Brachert et al 
DISC activation 2004 

Recruitment of the DISC components and signalling to apoptosis is thought to play a major 

role in CD95L and TRAIL signalling, but not TNF signalling, however there are several 

reports suggesting the TRAIL and, in particular, CD95L can induce anti-apoptotic signals in 

various cell types (Ehrhardt, Fulda et al. 2003; Peter, Legembre et al. 2005). More 

specifically, TRAIL has been shown to induce proliferation in the 293 tumour cell line in the 

absence of caspase activity and it can activate the NF-KB pathway through RIP recruitment to 

the DISC (Jeremias and Debatin 1998; Harper, Farrow et al. 2001; Ehrhardt, Fulda et al. 

2003). It is not yet clear what determines the amplification of pro- or anti-apoptotic signals by 

death receptor ligands but the mechanisms of NF-KB activation and apoptosis activation by 

death ligand needs further investigation. 
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Several recent reports have suggested that apoptotic signals are initiated upon receptor 

complex endocytosis and that survival signals are initiated at the plasma membrane 

(Schneider-Brachert, Tchikov et al. 2004; Lee, Feig et al. 2006). This is surprising given a 

previous report suggesting that CD95 DISC formation occurred at the plasma membrane and 

that internalisation of DISC complexes was dependent on caspase-8 activation (Algeciras- 

Schimnich, Shen et al. 2002). 

Several groups have published studies on endocytosis of death receptors and their components 

and proposed possible mechanisms of resistance to apoptosis in certain cell types. A recent 

report showed that, in Type I cells, clathrin-dependent internalisation was most likely required 
for CD95L-mediated DISC formation and apoptosis (Lee, Feig et al. 2006). They also showed 

that when CD95 internalisation was blocked, activation of non-apoptotic signalling pathways 

was induced. This phenomenon was not extended to Type II cells and was surprising given 

the same groups previous report suggesting that CD95 DISC formation occurred at the plasma 

membrane and caspase activation was required for internalization (Algeciras-Schimnich, Shen 

et al. 2002). 

Nevertheless, these results are fascinating given less recent findings that TNF-induced 

apoptosis is part of a two-step process and that DISC formation and activation is dependent on 

internalisation (Schneider-Brachen, Tchikov et al. 2004). However this study found that non- 

apoptotic functions of TNF-R1 were mediated at the plasma membrane further suggesting the 

importance of endocytosis in death receptor-mediated apoptosis (Schneider-Brachert, Tchikov 

et al. 2004). 

Although the importance of TRAIL and TRAIL-receptor internalisation has not been 

definitively studied, it is intriguing to speculate that defective internalisation may be a 

mechanism of resistance to TRAIL-induced apoptosis or even produce anti-apoptotic signals. 

One study on TRAIL-internalisation suggested that death receptor activation by TRAIL led to 

caspase-mediated cleavage of important clathrin adaptor molecules and aided in halting 

clathrin-mediated endocytosis, thus providing amplification of apoptosis (Austin, Lawrence et 
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al. 2006). Although this group did not study the effects of defective internalisation on TRAIL- 

mediated apoptosis, they suggested that internalisation may be important to amplify a TRAIL- 

induced cell death signal. 

1.13 Clathrin-mediated endocytosis 

Many important discoveries have been made in the field of endocytosis in recent years, 

however relatively little has been achieved in looking at endocytosis and its effects on 

apoptosis, particularly in relation to TRAIL. It is possible that defects in internalisation may 

be the cause of TRAIL-resistance in many tumour cells. Therefore, it is important to 

investigate the role of internalisation in TRAIL-induced apoptosis. 

Clathrin-mediated endocytosis is the best characterized and most common pathway for 

proteins to undergo endocytosis (Polo and Di Fiore 2006). It is orchestrated by interactions 

with a series of adaptor proteins whose role has been well characterized. Interestingly, many 

death receptors and their ligands, including TRAIL, are thought to undergo endocytosis 

through the clathrin-mediated endocytic pathway (Schneider-Brachert, Tchikov et at. 2004; 

Austin, Lawrence et at. 2006; Lee, Feig et al. 2006). However it is important to note that 

ligands and receptors may undergo endocytosis through a range of different pathways, and that 

in the absence of one pathway, compensatory pathways may be employed (Polo and Di Fiore 

2006). Moreover, alternative endocytic pathways are rapidly being defined and some of these 

pathways have similar characteristics to already defined pathways (Kirkham and Parton 2005). 

A scheme of clathrin-mediated endocytosis is shown in Figure 1.5. 
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Figure 1.5: A scheme of ligand-induced receptor internalisation. Receptor synthesis occurs in recycling 

centres in the golgi apparatus and transferred in vesicles to the cell surface. Upon ligand binding receptors are 

clustered and formed into coated pits by a series of adaptor molecules. The coated pits bud off the cell surface to 

form coated vesicles into early endosomes that can be recycled or transported within the cell. This figure was 

taken from Le Borgne, Bardin, and Schwelsguth, 2005. 

Clathrin-mediated endocytosis is initiated when clathrin coat components are recruited to the 

plasma membrane. The membrane is subsequently invaginated to form a clathrin-coated pit 

followed by a fission reaction into an endocytic vesicle. During the process of clathrin- 

mediated endocytosis, the small GTPase dynamin-1 has been shown to polymerise and form 

tubular structures around the neck of the pits augmenting fragmentation of the tubules and 

internalisation of the clathrin-coated pits (Takei, Haucke et al. 1998). Dynamin-1 is required 

for clathrin-mediated endocytosis, but is not necessarily required for other forms of 

endocytosis (Takei, Yoshida et at. 2005). 
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Clathrin-mediated endocytosis is also regulated by a number of other accessory proteins, such 

as AP proteins and actin, thought to be important in mediating clathrin-coated pit formation 

and internalisation (Mousavi, Malerod et al. 2004). Expression of dominant negative forms of 

many of these proteins, namely dynamin-1 and AP180 inhibits clathrin-mediated endocytosis 

as measured by transferrin uptake, transferrin being internalized purely through clathrin- 

coated pits (Mousavi, Malerod et al. 2004). 

After internalisation into early endosomes, distinct from other endosomes by expression of 

EEA-1, proteins and protein complexes are either transported to the Golgi apparatus via 

recycling endosomes to be recycled, or merge into lysosomal compartments with a low pH for 

degradation (Bishop 2003). 

1.14 Alternate forms of Endocytosis 

Although the majority of proteins are thought to undergo internalisation via clathrin-mediated 

endocytosis, several proteins are known to undergo endocytosis through different means 

including internalisation by lipid rafts, macropinocytosis, caveolin-induced internalisation, and 

a novel pathway recently described dependent on flotillin-1 (Amyere, Mettlen et al. 2002; 

Sigismund, Woelk et al. 2005; Cheng, Singh et al. 2006; Glebov, Bright et al. 2006; Orth, 

Krueger et al. 2006; Shaw 2006). Table 1.5 describes other pathways that have been identified 

as important in endocytosis. 
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Table 1.5: Endocytic pathways. 

Mechanism of endocytosis Characteristics Reference 

Involves formation of clathrin-coated pits that bud off from the plasma membrane to form 
Clathrin-dependent vesicles Takei, 1998 

Caveoin-dependent The coat protein caveoin forms a flask-Eke structure at the eel surface that bind and Cheng, Singh 
endocytosis intemalise proteins into endosomes et al 2006 

Involves cholesterol enriched membrane domains that are detergent-resistant that rapidly 
Endocytosis into lipid rafts internalise proteins, their biological significance is being disputed Shaw, 2006 

Amyere, Mellen 
Macropinocytosis Form actin-dependent exvaginations that engulf proteins Into endosomes et al 2002 

Flotillin-dependent clathrin- Glebov, Bright 
independent endocytosis Not well characterised, but is dependent on flotilliin and does not involve the use of clathrin et at 2006 

Endocytosis through Dorsal Restructuring of the actin-cytoskeleton causes ruffles at the cell surface that progress Inwards Orth, Krueger 
Ruffles to form a compact mass of tubules that generate large numbers of endosomes et al 2006 

Sigismund, 
Ubiquitin-dependent Proteins are marked for internalisation by a Ubiquitin (sometimes one Ubiquitin is sufficient) Woelk et all 

endocytosis and intemalised into endosomes 2005 

Other forms of clatrhin- 
independent endocytosis Not well characterised No reference 
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1.15 Aims 

The aims of this thesis are outlined as follows: 

1) Evaluate bortezomib for use as a single agent in CLL 

2) Evaluate and TRAIL mAbs for use as a single agent in CLL 

3) Determine the potential of sensitising agents to TRAIL-induced apoptosis in CLL with 

various preparations of TRAIL 

4) Generate and characterise receptor-selective mutants to TRAIL-R1 and TRAIL-R2 

5) Further characterise the general mechanism of action of TRAIL induced apoptosis 
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Chapter 2: Materials and Methods 
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2.1 Materials 

Unless otherwise stated all chemicals were from Fisher Scientific (Loughborough, UK). 

Bortezomib was from Millenium Pharmaceuticals (London, UK) and Fludarabine was from 

Shering Healthcare (Burgess Hill, UK). Depsipeptide was kindly provided by Dr. E. Sausville 

(National Cancer Institute, Bethseda, MD) and Valproic Acid was purchased from 

Calbiochem (La Jolla, CA). MG132 was purchased from Affiniti Research Products (Exeter, 

UK). ETR1 and ETR2 were kind gifts from Human Genome Sciences (Bethseda, MD). 

Apo2L was a kind gift from Genentech (South San Fransico, CA). His-tagged TRAIL further 

purified for low endotoxin and the blocking antibody HS 101 for TRAIL-RI were purchased 

from Alexis Biochemicals (Nottingham, UK). Propidium Iodide (PI), Imadazole, ETDA, 

Histopaque, kanamycin-sulphate, ethidium bromide, Lb broth, Lb agar, IPTG, Agarose, 

Bromophenol Blue, Amonium Persulphate, Saponin, Glycerol, Hepes, Paraformaldehyde and 

Formaldehyde were purchased from Sigma (Poole, UK). PE-conjugated CD19 and Anti- 

Mouse Bax Clone-3 Antibody were from Becton Dickenson (Oxford, UK). SOC buffer, 

Hoechst-33342, Streptavidin labelled Alexa-568, cholera toxin B directly conjugated with 

Alexa-488, Goat-anti-Mouse Alexa-488 Antibody, RPMI, DMEM, Foetal Calf Serum (FCS) 

and Glutamax were purchased from Invitrogen and primers for site directed mutagenesis were 

designed in collaboration with Marion MacFarlane and purchased from Invitrogen (Paisley, 

UK). FITC-conjugated Annexin V and CD19-FITC combined with CD-5 PE were from 

Caltag Medsystems (Buckingham, UK). PE-conjugated Antibodies to TRAIL-R1 and 

TRAIL-R2 (clones DJRI and DJR2, respectively) and anti-mouse PE-conjugated IgGI K light 

chain isotype control antibody (clone P3) was purchased from eBiosciences (San Diego, CA). 

Bradford protein assay reagent and ECL were from Pierce (Cramlington, UK). Acrylamide 

and Triton X were from National Diagnostics and BDH, respectively (Atlanta, GA and 

Auckland, New Zealand, respectively). Streptavidin-labelled Sepharose beads and Nickel- 

labelled Agarose beads were from Amersham Biosciences (Little Chalfort, UK). Complete 

Mini Protease inhibitor tablets and EDTA-Free mini-protease inhibitor tablets were from 

Roche (Burgess Hill, UK). Site Directed Mutagenesis kits were from Stratagene 

(Basingstoke, UK). Quiaspin® Miniprep kit and Dyex 2.0 Spin Columns were from Quiagen 

(Crawley, UK). Neutralising Antibody to TRAIL-R2 (Recombinant Human TRAIL-R2/Fc) 

and z-VAD. fmk were from R&D Systems and Enzyme Systems, respectively (Abingdon and 
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Newbury, UK, respectively). Anti-mouse caspase-9 Antibody was purchased from Marine 

Biological Laboratory (Woods Hole, MA). Hyperladder I was from Bioline (London, UK) 

and Protein Assay Reagent was from BioRad (Hemel Hempstead, UK). HeLa cells inducibly 

expressing the K44A mutant of dynamin and wt dynamin were kindly provided by Dr. Chris 

Bleackley (University of Alberta, Edmonton, Canada) with permission from Dr. Sandra 

Schmid (Scripps Research Institute, La Jolla, CA). BJAB cells were kindly provided by Dr. 

Andrew Thorbum (University of Colorado Health Sciences Center, Aurora, CO). 

A list of recipes for solutions used in this thesis is provided in the Appendix, Figure A. 1. 

2.2 Cell Lines and Cell Culture 

A list of cell lines used with culture conditions and origins are shown in Table 2.1. All cell 
lines were determined to be mycoplasma negative by PCR with the exception of K562 cells 

that tested mycoplasma positive. Cells were cultured in Medium (specified in Table 2.1) 

supplemented with 10% FCS and glutamax. 

Table 2.1: Cell lines and culture conditions 

Cad Line Origin 
Doubling Turn 

(hours) Culture Conditions Reference 

BJAB Bukt! Lymphoma 20 RPMI Menem at al 1975 

Elijah Bualatt Lymphoma 36 RPMI Rows at x11985 
DMEM with puromycin (25 yy/ml), 

Human Cervical Carcinoma tnnsfeded tetraeyclne (1 mg/ml) and geneticin 
HsLa wt dynardn with wt dynanürl 24 (400 VgIml) Damlee at al 1994 

HeLa dynemkt-1 Human CenAcal Carcinoma transfeded 

dorn e negative with K44A mutant dynamiml 24 same as HeLa with wt dynamn Damke at &1 1994 

Jutkat clone E1.1 Human leukemic T eel lymphoblast 24 RPMI Weiss et al 1984 

K562 Human Chronic Myeloid Leukemia 24 RPMI Lobo at a) 1977 

Human Beal Aeuts Lymphoblastic 
2.138 Leukemia 24 RPMI Estrow at al 1998 

Rye Human Bunatt's Lymphoma 36 RPMI Klein at al 1975 

HeLa cells were grown in the presence of tetracycline unless otherwise stated. 

2.3 Purification of CLL cells from whole blood 

Peripheral blood was collected into Li-Heparin tubes from patients diagnosed with CLL staged 

according to the Binet system. Blood was diluted 1: 2 in RPMI and loaded on a Ficol density 
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gradient (Histopaque) in a 1: 2 ratio. The gradients were centrifuged at 1600 rpm for 30 

minutes at room temperature and the lymphocyte fraction was collected. Figure 2.1 shows 
fractions that are separated by the ficol density gradient. After collection, cells were washed 
in RPMI and centrifuged at 1200 rpm for 10 minutes and resuspended in RPMI containing 

10% FCS and 2 mM glutamax. Cells were counted on a Sharfe Coulter cell counter and 

resuspended to 5x 106 per ml. 

A B 
Before Centrifugation After Centrifugation 

Diluted Blood Plasma 

White Blood Cells 

Histopaque Histopaque 

Red Blood Cells 

Figure 2.1: Purifying (l. l, cells on a ficol density gradient. Whole blood from CLL patients was diluted 1: 1 
in RPMI and loaded onto a ficol density gradient in a 2: 1 ratio as shown in part A. After centrifugation at 1600 

rpm for 30 minutes at room temperature, whole blood was separated by density with RBCs on the bottom of the 
gradient and plasma on the top. White blood cells (including CLL cells) formed a bully coat in the middle of the 
gradient as shown in part B. 

Purity of CLL cells was determined by the percentage of CD19/CD5 positive cells on the flow 

cytometer. Ix 106 cells were pelleted at 1000 rpm for 5 minutes and resuspended in 2% BSA 

on ice in the presence of CD I9-PE and CD5-FITC for 20 minutes, washed three times in ice- 

cold PBS and resuspended in cold PBS. Cells were analysed on a Becton Dickenson Flow 

Cytometer and cells that were stained for both CD 19 and CD5 were counted as CLL cells. An 

example of a typical cell count and measurement of CLL cell purity are shown in Figure 2.2. 

As a result of stimulating the cells with antibody, a small population of "activated" cells 

appeared to be larger than the normal population as determined by the Forward Scatter/Side 

Scatter profile. It appeared that these cells were brightly stained for CD19/5, but did not 

represent a larger port ion of the total population of CD l9/5 positive cells. 
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Figure 2.2: Assessing the purity of CLL cells separated from whole blood components by a ficol density 

gradient. 1x 106 cells were stained for CD19/5 purity as described in section 23. A) Unstained cells were set 
in the first quadrant of FL-1 and FL-2. B) The percentage of CD19/5 cells was determined by counting all cells 
that were positive for FL-1 (CD5) and FL-2 (CD 19). In this case, CLL cells are in the upper right quadrant and 

makeup 90% of the entire white cell population. C) Cells were gated to prevent acquisition of "activated" cells. 
No difference to the total %CD19/5 cells was observed, however the cells were less brightly stained. 

2.4 Culture and treatment of CLL cells 

Purified CLL cells were cultured at a density of 5x 106 per ml in RPMI containing 10% FCS 

and 2 mM glutamax for up to 24 hours. In Chapter 3 CLL cells were either treated with up to 

20% FCS or the serum layer containing plasma was removed from the ficol preparation and 

cells were treated in RPMI containing autologous plasma (up to 20%) during treatment with 

proteasome inhibitors. In addition in Chapter 3, purified CLL cells were treated in increasing 

concentrations of RBCs (0-50%) recovered from the ficol gradient. Unpurified CLL cells 

were treated in whole blood with bortezomib, MG 132 or vehicle alone (0.1% DMSO) as 

indicated in Chapter 3 for 6 or 24 hours. Cells were treated with various agents at a density of 

5x 106 per ml as described in Table 2.2. 
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Table 2.2: Agents used to treat CLL and cell lines in this thesis. 

Compound Concentration 
Length of time 
used (hours) Cell lines treated 

Used as a 
single 
agent Used to sensitise 

To TRAIL Induced 
apoptosia (1 nM for 18 

Bortezornb 1-100 nM 21o24 CLL cells Yes hours) 

MG132 1 pM 2 to 24 CLL cells Yes No 

To TRAIL-Induced 
Fkidarebine low 18 CLL cells No spoptosis 

To TRAIL-induced 
Depsipeptide 10 nM le CLL cells and K562 cells No apoptosis 

To TRAIL-induced 
Valproic Acid 2 ni I 18 CLL cells and K562 cells No apoptosis 

TRAIL (various CLL cells and all cell Ines In After treatment with 
preparations) 100-1000 nghnl 1 to 8 Table 2.1 Yes other sensitising agents 

To sensitise CLL cells to TRAIL-induced apoptosis, cells were treated for 16 hours with the 

indicated concentrations of sensitising agent and assessed for spontaneous apoptosis and 

receptor surface expression. Cells were subsequently treated with the indicated preparation of 

TRAIL for a further 6 hours and assessed for apoptosis induction by Annexin V/PI staining. 

Lysates were made and stored on selected treatments to assess apoptosis induction by 

measuring caspase-processing on a western blot. 

Where indicated, a blocking antibody to TRAIL-R1 (HS 101) and a neutralising antibody to 

TRAIL-R2 were used to determine the specificity of TRAIL mutants. To block TRAIL 

activity, cells were pre-treated with the TRAIL-RI blocking antibody (1 µg/ml) or the TRAIL- 

R2 neutralising antibody (5 gg/ml) for 30 minutes at 37oC. After treatment, TRAIL was 

added to the cells at the indicated concentrations and apoptosis assessed 4 hours later. 

2.5 Measurement of apoptosis induction by AnnexinV/PI binding 

In non-apoptotic cells, phosphatidylserine (PS) is localised to the inner side of the plasma 

membrane. When apoptosis is induced, PS is externalised to the outer surface of the plasma 

membrane and provides an engulfment signal to macrophages and NK cells (Fadok, Bratton et 

al. 1998). In 1995, Annexin V was discovered to preferentially bind to PS and therefore can 

mark apoptotic cells (Vermes, Haanen et al. 1995). Fluorescently-tagged Annexin V 
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(conjugated with FITC) can measure the extent of apoptosis in a given population (Vermes, 

Ilaanen et al. 1995). In conjunction with Propidium iodide (P1), to establish membrane 

integrity. apoptotic cells can be identified by flow cytometry. 

For each measurement. Ix 10" cells were collected and washed. Cells were resuspended in 

Annexin Buffer and 1.5 µl of FITC conjugated Annexin V was added to each sample. Cells 

were incubated for 10 mins at room temperature. After incubation, cells were placed on ice 

and 250 ng of PI was added to each sample. Samples were read on a Becton Dickenson 

FacsScan flo%k cytometer immediately. Figure 2.3 shows an example of a non-apoptotic 

Annexin V/PI profile and an apoptotic Annexin V/Pl profile. 

010704.001 
ö 010704.001 

VF in Smok ro: cL. L 3101 old 1 Oh 
IL ° 
> ýy 

owe %00ad %% Tow 
UL 7.11 Bot 
UR 4.07 993 C 
LL 06.46 65.84 

pQ 
°o t LR 0.37 0.30 

o 200 400 000 600 1000 100 t01 102 103 104 
For d ýa11w 1921-1_11 

b 
PI 

Gated on R1 

010704.000 olo? ouzx3 

.. 
0 Swc D: CLL 3148 I PS3 

it Quad %GaW %Total 
> I I 

UL 64.99 61.96 

ö UR 29.04 27.88 

L4" 

LL 6.51 5.25 

oCQ LR 0.47 0.44 

llý 
r 

1000 100 101 102 1 104 
Forwwd 

4 
Si 

00 
F1.244eigN 

Pý 

Figure 2.3: Apoptotic cells as measured by AnnexinV/P1 positivity. CLL cells were treated with vehicle alone 
(0.1% DMSO, top row) or 10 nM bortezomib (bottom row) for 16 hours. After treatment cells were stained for 
AnnexinV/Pl as described in section 2.5. Apoptotic cells are stained positive on FL-1 (Annexin V) and FL-1 and 
FL-2 (Annexin V and PI). The top row shows a non-apoptotic population (11% apoptosis) and the bottom row 
shows an apoptotic population (94% apoptosis). Changes in Forward Scatter and Side Scatter profiles reflect 
this. 
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HeLa cells were seeded at a density of 0.25 x 105 cells per ml in 6-well plates 48 hrs prior to 

treatment with TRAIL. After treatment, HeLa cells were trypsinised in 0.25 x trypsin/EDTA 

for 30 mins at 37°C prior to collection. After trypsinisation, HeLa cells were collected into 

Facs tubes and washed in pre-warmed media and incubated for 30 minutes at 37°C prior to 

addition of Annexin buffer or Annexin V. This was to allow the HeLa cells to recover from 

any stress caused by trypsinisation prior to staining with Annexin V. 

BJAB cells did not have a typical Annexin V profile, possibly because they express too little 

PS or they express high levels of PS on the plasma membrane surface under normal 

conditions. To overcome this, cells were collected and resuspended in Annexin Buffer and 5 

µl of FITC-conjugated Annexin V was added to each sample for 30 minutes at room 

temperature prior to addition of PI and measurement on the flow cytometer using Cell Quest 

Pro® Software (Becton Dickenson, Oxford, UK). 

2.6 Whole blood and RBC apoptosis assay 

Unpurified CLL cells in whole blood were treated with various concentrations of bortezomib 

or MG132 in sterile Facs tubes with the lid on. For the RBC apoptosis assay, purified CLL 

cells were treated in RPMI containing 20% FCS and 2 mM glutamax containing up to 50% 

RBCs obtained from the ficol preparation (Figure 2.1) and treated with various concentrations 

of bortezomib or MG 132 in 12-well plates. After treatment for 6 or 24 hours 50 µl of whole 

blood was removed from each Facs tube or well and placed into a fresh sterile Facs tube and 

incubated at RT in the dark with CD19-PE for 15 minutes. Cells were washed three times in 

PBS (1000 rpm for 5 minutes) at room temperature and resuspended in 500 µl Annexin 

Buffer. Cells were treated with 1.5 gl Annexin V-FITC for 15 minutes at room temperature 

followed by immediate addition of 5 µl 7-AAD to discriminate plasma membrane integrity. 

Cells were placed on ice and CLL cells considered to be apoptotic were CD19 positive and 

Annexin V positive. Results were analysed using Cell Quest Pro® Software. A typical 

example of how CLL cells were measured is shown in Figure 2.4. 
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Figure 2.4: Red Blood cell and Whole blood apoptosis assay. Whole blood from CLL patients, or CLL cells 
treated in combination with RBCs were treated with an apoptosis-inducing agent. After treatment cells were 
stained for CD19-PE (FL-2), Annexin V-FITC (FL-1) and 7-AAD (FL-3) as described in section 2.6. Cells 

shown in red were gated on RI (Forward Scatter, Side Scatter profiles) and represent the CD19 positive 
population. Cells shown in green were gated on Rl and R2 (Forward Scatter, Side Scatter profile and CD19, 
Side Scatter profile). Apoptotic CLL cells are positive for Annexin V and CDI9 and represent approximately 
50% of the gated population. 

2.7 Measurement of Bax conformational changes in CLL cells treated with bortezomib 

After treatment of CLL cells with increasing concentrations of bortezomib (1-100 nM), 

MG 132 (1 µM) or vehicle alone (0.1 % DMSO) cells were centrifuged at 1600 rpm for 3 

minutes and fixed in 2% formaldehyde for 10 mins at room temperature. Following fixation, 

cells were washed I time in PBS spun at 3000 rpm for 3 mins followed by incubation with I 

pg/ml Bax Clone 3 antibody in permeabilisation buffer (0.1 % saponin, 0.5% BSA in PBS) for 

45 mins at 4°C. Cells were washed in permeabilisation buffer spun at 3000 rpm for 3 mins. 

Cells were incubated in Goat-anti-Mouse directly labelled with Alexa-488 for 45 mins in the 

dark at 4°C. Cells were washed I time in permeabilisation buffer at 3000 rpm for 3 mins and 

resuspended in 500 µl of PBS. Positive cells were considered those in the second quadrant of 
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the FL-I channel of the flow cytometer. Data was analysed using Cell Quest Pro® Software 

(Becton Dickenson, Oxford, UK) 

2.8 Measurement of TRAIL death receptor surface expression in cell lines and CLL 

samples 
Surface expression of TRAIL-R1 and TRAIL-R2 was carried out in cell lines that were treated 

with TRAIL and in CLL cells that were pre-treated with vehicle alone (0.1% DMSO) or 

various sensitizing agents as specified in Chapter 4.1 x 106 cells were collected into Facs 

tubes and split into four treatments, untreated control, isotype control (IgGI kappa-PE), 

TRAIL-RI-PE and TRAIL-R2-PE and washed 1 time in PBS. Cells were treated with PE- 

labelled antibodies or vehicle only (1% PBS) in 10% goat serum in PBS (Sigma, Poole UK) 

on ice for 30 minutes. After treatment cells were washed 3 times in ice-cold PBS and 

resuspended in cold PBS. Surface expression of TRAIL-R1 or TRAIL-R2 was determined by 

setting the median fluorescence intensity of the isotype control on the FL-2 channel on a log 

scale. Isotype control cells were set so that cells remained in the first quadrant. The median- 

fluorescence intensity of cells stained with TRAIL-RI-PE and TRAIL-R2-PE were compared 

with isotype control-stained cells using Cell Quest Pro® software (Becton Dickenson, Oxford, 

UK). 

2.9 Preparation of CLL cell lysates 

5x 106 CLL cells were harvested after treatment with varying agents and centrifuged at 13000 

rpm for 1 minute. Cells were washed in ice cold PBS three times and liquid was removed 

from the pellet. Cells were snap frozen in liquid nitrogen. After freezing, lysates were thawed 

on ice and resuspended in 200 Id of Ix sample buffer. Lysates were sonicated at an amplitude 

of 10 microns for 10 seconds on ice and boiled for 5 minutes. Lysates were stored in SDS 

sample buffer long term at -80°C. 

2.10 Preparation of cell line lysates 

After treatment, 1x 106 cells of various cell lines were centrifuged at 13000 rpm for 1 minute. 

Cells were washed three times in ice cold PBS and liquid was removed from the pellet. 

Further treatment of cell lysates was carried out as described in section 2.9. 
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2.11 Western blotting 

Western blotting is a technique used to fractionate and identify proteins on a membrane by 

their reaction with a specific antibody. Unlike flow cytometry, western blotting can compare 

protein levels between several populations of cells, but cannot detect differences in individual 

cells. Western blotting works on the principle that proteins can be fractionated according to 

their various sizes by an applied current through a gelated matrix (poly acrylamide gel 

electrophoresis, PAGE). A visible protein marker is used to detect relative sizes of proteins in 

the gel. After fractionation, proteins are transferred to a membrane by an applied current and 
detected using antibody. Primary antibody is used to recognise a specific protein of interest on 
the membrane. After the primary antibody binds to this protein, secondary antibody that 

recognises the host protein from the primary antibody on the membrane (directly conjugated 
to horseradish peroxidise) is bound on to the primary antibody and ECL is used to visualise 

the proteins on the membrane. Lists of primary and secondary antibodies used are in Tables 

2.3 and 2.4, respectively. 

Table 23: Primary antibodies used in western blotting. 

Antibody Host Source Concentration 

Caspase-3 Rabbit In House 1 in 3000 

Caspase-9 Mouse MBL 1 in 2000 

Caspase-8 Rabbit In House 1 in 3000 

TRAIL-R1 Mouse ProSci I in 1000 

TRAIL-R2 Mouse ProSci 1 In 1000 

BD Transduction 
FADD Mouse laboratories 1 In 250 

Poly-Ubiquitin Mouse Atfinitl Research I In 2000 
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Table 2.4: Secondary antibodies used for western blotting. 

Antibody Host Source Concentration 

Anti-Mouse 
HRP Goat Sigma 1 in 3000 

Anti-Rabbit 
HRP Goat Dako 1 in 3000 

Protein lysates were made as described in sections 2.9 and 2.10. Lysates were run on a 

stacking gel containing 4% acrylamide followed by a running gel containing 13% acrylamide 

with the exception of detection of poly-ubiquitin (run on a 10% gel). 10 µl of protein lysate 

was run for each sample and gels were run until the dye front reached the bottom of the gel. 
Gels were run in SDS running buffer on a 40 milliAmp current. 

Proteins from the gel were transferred onto a nitrocellulose membrane that was hydrated in 

water and transfer buffer. Gels were washed in transfer buffer and stacked into a sandwich 

directly against the membrane. Filter paper and sponges were soaked in transfer buffer and 

stacked on both sides of the membrane/gel complex and placed into the cassette. The current 

was run so the charged proteins were transferred from the gel to the membrane. The transfer 

was run overnight in transfer buffer at 25 volts. 

After transfer, the membrane was removed, washed in TBSt and blocked for 1 hour in TBSt 

containing 5% Marvel (TBS-Mt) at room temperature with shaking. The membrane was 

washed 2 times for 5 mins with shaking in TBSt to remove traces of TBS-Mt. Primary 

antibody, diluted in TBSt, was applied for 1 hour at room temperature with shaking. To 

remove unbound antibody, the membrane was washed 2 times for 5 mins in TBS-Mt followed 

by 2 times for 5 mins in TBSt. Secondary antibody was diluted in TBSt and applied for 1 hour 

at room temperature with shaking. The membrane was washed 2 times for 5 mins in TBS-Mt, 

followed by 2 times 5 mins of TBSt and 2 times 5 mins in TBS. Proteins were visualised 

using Peirce ECL Western Blotting Substrate according to the manufacturer's instructions. 

Multiple exposures of each membrane were taken on Kodak film and developed using a 

Compact X4 developer from Xograph Imaging systems. 
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2.12 Analysis of DISC proteins in cell lines 

The number of cells required for each DISC sample is indicated in the relevant figure legends. 

Cells were treated at a density of 2x 106 per ml at 37°C for the indicated times with the 

indicated concentrations of biotinylated TRAIL. After treatment, cells were washed in ice 

cold PBS three times at 1000 rpm for 5 minutes. Cells were lysed in DISC lysis buffer (30 

mM Tris/HC1 pH 7.5,150 mM NaCl, 10% Glycerol, 1% Triton X-100, I pellet of complete 

mini-protease inhibitors per 10 ml) for 30 minn at 4°C. Lysates were cleared in a centrifuge at 

13000 rpm for 30 mins at 4°C and placed in a 15 ml tube with 30 µl pre-washed streptavidin 

coupled to agarose beads (Sigma, Poole, UK). Lysates were rotated on an end-to-end shaker 

overnight. The unstimulated control (u/s) for each experiment comprised of cells being lysed 

and cleared and then treated with biotinylated TRAIL. 

After incubation with streptavidin-beads, lysates were centrifuged at 1000 rpm for 5 mins and 

supernatant was removed. Beads were washed 6 times in 0.5 ml lysis buffer and complexes 

were eluted from the beads in SDS sample buffer and boiled for 5 mins. Samples were loaded 

on an SDS-PAGE gel and proteins were detected using western blotting. 

To measure DISC formation at 4°C, or to synchronise DISC complexes on the cell surface 

prior to releasing to 4°C, cells were pre-loaded with biotinylated TRAIL. Where indicated, 

biotinylated TRAIL was pre-loaded onto pre-chilled BJAB or HeLa cells at 4°C. Unbound 

TRAIL was washed 3 times in ice cold PBS from the cells and cells were either lysed, or 

released to 37°C for up to I hr followed by lysis. 

2.13 Site Directed Mutagenesis of TRAIL 

Site Directed Mutagenesis is a useful tool for determining the functions of proteins and, more 

specifically, the function of specific amino acid residues within a protein. Stratagene's Quick 

Change® Mutagenesis Kit allows specific amino acid residue changes using double stranded 

DNA and was used to mutate specific residues of wt TRAIL in Chapter 5 of this thesis. 

Mutagenic primers were designed in collaboration with Dr. Marion MacFarlane according to 
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the manufacturer's instructions and determined to have a Tm > 78°C as determined by the 

following formula: 

Tý, = 81.5 + 0.41 (%GC) - 675/N -% mismatch 

Where N is the primer length in base pairs and values for % GC and % mismatch are whole 

numbers. Primers were from Invitrogen and purified by high performance liquid 

chromatography by Invitrogen. A list of primers used is shown in Figure 2.5. 

iK. tII, -R2 mutant Change 1: 
iii+264 trg/1k2661, eu/Asp267GIo 

-For. 
L tgtaacaaatgagatgýtggaa atgaagcc 

-Re' 
ggcttcatg tcraMW-aaCtcatttgnacag 

TRAIT -R2 mutant Change 2: Arg191l. ys/GIn193Arg 

-For. 
cccaaacatat: tt4 tttMaggaaataaaag 

-Re-,: 
cttttatttc ctAlloaallaaagtatgtttggg 

TRAIL-R2 mutant ('bange 3: T-, r189(: In 

-For. 
catctatt«caaaca»ttaaatttc stag 

-Re,: 
ý tý ýý Ea: i: ft tt: us: +ýtýtttýý; aat agýtý 

TRAIT-RI mutant Change 1: 'I'yr2l3TrpNer2l5Asp 

-For: 
ccaatatatita: aa c4Datcctgaccctatattg 

-Re%: 
caatatagggt. aggat4Dgt&ttgtaaatatattgg 

TRAIL: RI mutant Change 2: Asnl99Va1/Lys201Arg 

-For: 
gaggaaataaaagaaoacaoaacgacaaacaaatgg 

-Rev: 
ccatttgtttgtcgttWgtEttcttttatttcctc 

TRAIL-R1 mutant Change 3: GInl93Ser 

-For: 
catactttcgatttSgaggaaataaaagaag 

-Rev: 
cttcttttatttcctccaaatcgaaagtatg 

TRAIL-RI mutant Change 4: Tyr189AIa 

-For: 
catctancccaaacaWcgattttcgg 

-Rev: 
ccgaaaatcgaaaogtttgggaatagatg 

TRAIL-RI mutant Change 5: Argl9I Leu 

-For. 
cccaaacatactttWttcaggaggaaataaaag 

-Rev: 
cttttatttcctcctgaaaoaaagtatgtttggg 

TRAIL-R1 mutants Change 6: Asn199VaI 

-For: 
ggaggaaataaaagaaoacaaagaacgacaaac 

-Rev: 
gtttgtcgttctttgtwcttttamcctcc 

Figure 2.5: Primers for site directed mutagenesis. Amino Acid changes for TRAIL. R2-6 are highlighted in 

red. Amino Acid changes for TRAIL. RI mutants are highlighted in blue. Specific residues to be mutated are 
underlined and in bold font. Primers were designed in collaboration with Dr. Marion MacFarlane. 
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Wild type TRAIL (residues 95-281) was cloned into a pet28 vector as previously described 

(MacFarlane, Ahmad et al. 1997). Primers were resuspended in ultrapure water and diluted to 

a final concentration of 100 µg/ml and 1.25 µl of each primer (forward and reverse) were used 
in the reaction mixture that contained 5 µl 10 x buffer, 50 ng TRAIL DNA, I µl dNTP, I µl 
Turbo enzyme made up to a final volume of 50 µl. All reagents apart from TRAIL DNA and 

each primer were supplied by Stratagene. Reaction mixtures were placed into a thermal cycler 

and run at the temperatures shown below. Between 12 and 18 cycles were repeated according 

to the manufacturer's instructions. 
950C 

30 sec 

95aC 

I 30 sec 

ý 

+ 12-18 cycles 
55°C 

11 min 

58°C 
12 mins 

4°C/end 

After the PCR reaction was finished, 10 µI of product was run on a 1% agar gel using 

hyperladder I as a marker to confirm the size of the product. The rest of the PCR product (40 

µl) was digested using I µl DNPI (provided by Stratagene) at 37°C for 1 hour. Following 

digestion, I µl of each product was transformed into 50 µl XLI Blue competent cells 

(provided by Stratagene). Cells were mixed with PCR product and incubated on ice for 30 

mins. Heat shock was carried out for 45 seconds at 42°C and cells were placed back on ice for 

a further 2 mins. SOC media (200 µl at room temperature) was added to the mixture and cells 

were incubated at 37°C for 30 mins shaking at 300 rpm. Cells were plated on agar plates 

containing 50 pg/ml kanamycin-sulphate and left at 37°C for at least 16 hours. 

Colonies were visible after 16 hours of incubation at 37°C and at least 3 colonies of competent 

cells were picked into LB broth containing 50 pg/ml kanamycin-sulphate and 2x NaCl. Cells 

were incubated for at least 16 hours at 37°C with shaking at 250 rpm. After incubation, cells 

were spun and minipreps were carried out to purify the plasmid using a DNAeasy miniprep 

spin kit according to the manufacturer's instructions (Quiagen). 
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Product from each miniprep (2 µl) was run on a 1% agarose gel containing ethidium bromide 

to visualise product. Concentration of each product was measured on a spectrophotometer 

measuring 260 and 280 wavelengths. Concentration of DNA was calculated by the following 

formula. 

Concentration = 260 reading x 50 x dilution factor 

After measuring the concentration of each sample, 500 ng of DNA was added to a sequencing 

reaction containing 8 µl Big Dye and 1.5 µl of either the reverse primer pet DS (100 µM stock 

solution) or the forward primer T7 (100 µM stock solution) and the reaction mixture was made 

up with ultrapure water to a total of 20 µl. A sequencing reaction was run in a thermal cycler 

as follows. 

91 
Il 4 sec 

50oC 50 cycles 5 sec 

6 

10°C 

4 minx 

4°C/end 

After the reaction was complete, dye was removed from the product using DyeEx columns 

according to the manufacturer's instructions (Quiagen). Samples were run on a sequencing 

gel overnight and the sequence was checked using Genetool software to confirm incorporation 

of the selected mutations. 

2.14 Synthesis of TRAIL 

After the required mutations were incorporated into TRAIL plasmid, 50 111 of E. coli (BL21- 

DE3) were transformed with 200 ng of pET28b-TRAIL by ligating the mixture on ice for 30 

minutes followed by heat shock treatment at 42°C for 45 seconds followed by treatment on ice 

for 2 minutes. 200 µl SOC media (Sigma) was added and the culture was incubated for 1 hour 

at 37°C with shaking at 300 rpm. 100 µl of the culture was plated on Lb Agar plates 

containing 50 µg/ml kanamycin-sulphate and incubated at 37°C overnight. Single colonies 

were picked and used to inoculate a 10 ml Lb culture containing 25 pg/ml kanamycin-sulphate 
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at 37°C with shaking at 300 rpm for at least 16 hours. Cultures were sub-cultured (4mls) into 

400 ml of Lb broth containing 25 µg/ml kanamycin-sulphate and grown at 37°C and 300 rpm 

for 3 hours until cultures reached an OD 600 nm reading of between 0.6 and 0.8. Cultures 

were then induced with 1 mM IPTG for a further 3 hours at 37°C and 300 rpm. After 

induction with IPTG, cultures were centrifuged for 10 minutes at 6000 rpm, washed one time 

in ice cold PBS and snap frozen on dry ice and stored at -80°C until required. 

Iml of culture was removed before and after induction and spun at 13000 rpm for 1 minute, 

washed in ice cold PBS and snap frozen on dry ice. The pellets were resuspended in 100 µl 

sample buffer, sonicated at an amplitude of 10 microns for 10 seconds and boiled for 5 

minutes. 5 µl of each sample was run on a SDS-PAGE gel and Coomasie stained and 

destained gel to check for induction before purification was carried out. Coomasie staining 

was carried out by staining the gel in coomasie stain for 1 hour shaking at room temperature 

followed by 2 washes in destain for 1 hour per wash. Figure 2.6 shows an example of a PAGE 

gel coomasie stained showing TRAIL protein before and after induction. 

Pre-induction Post-induction 

'0 TRAIL 

Figure 2.6: TRAIL protein before and after induction. TRAIL was induced with IPTG in 4 bacterial cultures 
as described in section 2.14. After induction of bacteria, lysates of cell pellets were made and run on a SDS- 
PAGE gel. The gel was coomasie stained and destained and TRAIL protein was visible in the post-induction 
samples at 27kDa. 

2.15 Purification of TRAIL 

E. coli pellets from 400 ml cultures were resuspended in 10 ml lysis buffer (30mM Tris-HCI, 

pH 7.5,150 mM NaCl, 10 % Glycerol (w/v), 1% Triton X-100 (v/v), containing Complete 

EDTA-free protease inhibitors, I pellet per 10 mis) and sonicated on ice 10 seconds at an 
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amplitude of 10 microns and 5 seconds off for 15 cycles. Lysates were incubated on ice for 30 

mins and sonication was repeated. 

Lysates were centrifuged at 15000 g for 30 mins at 4°C and the supernatants were collected 

and supplemented with 500 mM imadazole to a final concentration of 20 mM. 400 µl of Ni- 

NTA Agarose beads were washed 5 times in lysis buffer (2000 rpm for I min) and added to 

the lysates. Lysates were incubated for 2 hrs on an end-to-end shaker at 4°C. Beads were 

pelleted at 1000 rpm for 3 min and washed with lysis buffer (6 x 800 µl). 

Bound TRAIL was eluted off the beads with 6 washes in 150 mM EDTA in PBS (800 µl) in 

the absence of protease inhibitors. Fractions 1-6 were collected and 5µI of each fraction was 

resuspended in 2x SDS sample buffer, boiled and run on an SDS-PAGE gel. Gels were 

stained and de-stained with Coomassie stain and fractions containing significant amounts of 

purified TRIAL were pooled and assay for protein content by Bradford assay, aliquoted and 

stored at -80°C until required. 

To determine the efficiency of purification, lysates before and after imadazole treatment were 

collected and run on an SDS-PAGE gel. Figure 2.7 shows an example of purified TRAIL 

protein Fractions 1-6 and pre- and post- imadazole treated lysate. 

Stage in purification Fraction 

Pre Post 123456 

w.. ? ßäi ? ice 

TRAIL 
low 

Figure 2.7: Assessment of TRAIL purity. TRAIL was purified as described in section 2.15. Samples of 
supernatant were taken pre- and post-purification. In addition 6 Fractions were run on a SDS-PAGE gel and 
TRAIL purity was assessed. Fractions 2 and 3 contain the highest levels of TRAIL protein. In this purification, 
Fractions 2-6 were pooled and assessed for protein concentration. Post induction pellets show that most of the 
TRAIL was purified. 
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2.16 Biotinylation of TRAIL 

Biotinylation of TRAIL was performed during purification by Dr. Marion MacFarlane as 

previously described (Harper, Farrow et al. 2001). After biotin incorporation was determined 

(Harper, Farrow et al. 2001), protein content was measured by a Bradford assay, proteins were 

aliquoted and stored at -80°C until further required. To ensure that the biotin had no effect on 

the apoptotic activity of TRAIL, Ramos or Jurkat cells were treated with 500 ng/ml of biotin- 

labelled TRAIL for 4 hours and apoptosis was measured by staining with Annexin VIPI. 

Biotin-labelled TRAIL induced comparable levels of apoptosis in Ramos cells compared with 

unlabelled TRAIL purified in a similar manner. 

2.17 Bradford assay to measure protein concentration 
The Biorad method of measuring protein concentration is based on the Bradford method 

(Bradford 1976). To measure protein concentration of TRAIL mutants, a serial dilution was 

carried out of BSA protein (1 µg/ml) diluted 1: 2 five times to make concentrations of 1 µg/ml, 

0.5 µg/ml, 0.25 pg/ml, 0.125 jig/ml, 0.065 pg/ml and 0.0325 pg/ml for each of the 6 protein 

standards. Protein standards were diluted (5 µl into 1 ml) into 1x Protein Assay Reagent 

(Biorad, Hemel Hempstead, UK) and protein concentration was confirmed by taking an OD 

reading at 595 on a spectrophotometer. TRAIL protein was diluted (2 µl in 1 ml) and the 

concentration was calculated using a standard curve. 

2.18 Analysis of TRAIL and transferrin internalisation by confocal microscopy in BJAB 

and HeLa cells 
To visualise TRAIL internalisation, BJAB cells were pre-cooled at 4°C for 1 hr followed by 

treatment with 500 ng/ml biotinylated TRAIL for 45 mins at 4°C. After treatment with 

TRAIL, cells were washed 3 times in ice cold PBS and treated with Streptavidin directly 

conjugated to Alexa Flour-568 for 1 hr at 4°C. Cells were washed 3 times in ice cold PBS to 

remove residual Streptavidin. Unstained control cells and cells treated at 4°C only were 

attached to poly-L-lysine coated slides and fixed with 4% paraformaldehyde at room 

temperature for 10 mins. The remaining samples were released up to 37°C for the indicated 

times, resuspended in cold PBS, and attached to poly-L-lysine coated slides followed by 

fixation as described above. 
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After fixation, cells were washed 3 times for 5 minutes in PBS and counterstained with the 

DNA dye Hoechst-33342. Cells were washed again in PBS and mounted with coverslips and 

stored at 4°C in the dark until images were taken. Z-stack images were collected using a Zeiss 

Axiovert LSM510 microscope equipped with a confocal microscope. Images were analysed 

with ImageJ software. Each cell shown is representative of more that 50 cells examined 

between three individual experiments. 

To visualise internalisation of TRAIL and transferrin in HeLa cells expressing wt dynamin 

and K44A dominant negative dynamin, cells were washed 48 hour prior to staining to remove 

residual traces of tetracycline. The cells were seeded at a density of 0.25 x 106 per ml onto 

glass coverslips in 6-well plates and grown in the absence of tetracycline. 

On the day of staining, cells were pre-cooled to 4°C as described above. To visualise TRAIL 

internalisation cells were stained with biotinylated TRAIL (500 ng/ml) and streptavidin 
directly conjugated to Alexa-568 as described above. Cells were washed and fixed, or TRAIL 

was allowed to internalise for 15 mins at 37°C followed by fixation. After fixation, cells were 

washed 3 times in PBS and counterstained with the DNA dye Hoechst-33342 (1 µg/ml for 10 

minutes at room temperature) and cholera toxin B (5 µg/ml for 10 minutes at room 

temperature) to stain the nucleus and plasma membrane, respectively. Cells were mounted 

onto glass slides and images were collected as described above. 

To visualise transferrin internalisation, HeLa cells expressing wt and dominant negative 

dynamin were pre-cooled to 4°C for 1 hour, washed in PBS and stained with 5 µg/ml 

transferrin directly conjugated with Alexa Flour-633 (Molecular Probes) for 1 hour at 4°C. 

Cells were washed 3 times in PBS to remove unbound transferrin and either fixed in 4% 

paraformaldehyde as described above, or transferrin was allowed to internalise by releasing 

cells up to 37°C for 30 mins followed by fixation. After fixation, cells were washed as 

described above and counterstained with the DNA dye Hoechst-33342 as described above. 

Cells were mounted onto glass slides and images were collected as described above. 
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2.19 Statistical Analysis 

A One Way ANOVA followed by a Dunnett's test was used to compare 2 or more than 2 

groups against vehicle control. Where indicated, a student's t-test was used to compare one 

group against vehicle control. P<0.05 was considered statistically significant. 
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I Chapter 3: Evaluation of bortezomib for use in CLL. 

3.1 Introduction: An evaluation of bortezomib for use as a single agent in CLL. 

The proteasome has been suggested as a suitable target for cancer therapy (Almond and 

Cohen 2002; Voorhees, Dees et al. 2003; Adams 2004; Jackson, Einsele et al. 2005; 

Richardson, Mitsiades et al. 2006). Proteasome inhibitors target the proteasome by 

blocking its activity and have been shown to induce apoptosis in several tumour models, 

including primary CLL cells (Chandra, Niemer et al. 1998; Adams, Palombella et al. 1999; 

Masdehors, Omura et al. 1999; Masdehors, Merle-Beral et al. 2000; Almond, Snowden et 

al. 2001; Adams 2002; Bogner, Schneller et al. 2003; Dewson, Snowden et al. 2003; 

Pahler, Ruiz et al. 2003; Kelley, Alkan et al. 2004). Although the specific mechanism of 

action of proteasome inhibitors is yet to be determined, in each tumour model they have 

been shown to generally increase activity of pro-apoptotic molecules such as Bax, and also 

to suppress anti-apoptotic molecules such as NF-xB, thus disrupting the balance of pro- 

apoptotic and anti-apoptotic proteins within a cell (Almond and Cohen 2002; Voorhees, 

Dees et al. 2003). 

Bortezomib is a reversible peptide boronic acid inhibitor that is currently in Phase II/III 

clinical trials for multiple myeloma and several other haematological malignancies 

including CLL (Aghajanian, Soignet et al. 2002; Richardson, Barlogie et al. 2003; 

Berenson, Jagannath et al. 2005; Goy, Younes et al. 2005; O'Connor, Wright et al. 2005; 

Faderl, Rai et al. 2006). In 2003, it was approved by the US Food and Drug 

Administration for use in multiple myeloma (Kane, Farrell et al. 2006). It has been 

reported to induce apoptosis as a single agent in CLL in vitro (Pahler, Ruiz et al. 2003; 

Kelley, Alkan et al. 2004). These data suggested that bortezomib might have significant 

activity as a single agent therapy in CLL. 

However, one recent clinical trial of 23 patients treated with varying doses of bortezomib 

found no partial or complete responses to the drug, although the study did report biological 

activity of the drug as manifested by a decrease in lymph node size and white blood cell 

count (Faderl, Rai et al. 2006). Five patients were removed from the study for 

unmanageable toxicity. Several other patients experienced severe toxicity (Faderl, Rai et 

al. 2006). The study concluded that bortezomib may not be ideal for treatment in CLL as a 

single agent, but may be active when used in combination with other drugs. However, it is 

not clear why bortezomib is reported to be extremely active in vitro but shows such 

discouraging activity in vivo. 
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The aims of this study were to investigate the mechanism of cell death caused by 

bortezomib in vitro in CLL and also to investigate possible reasons for the reported lack of 

activity of bortezomib in CLL in vivo. In this study bortezomib was found to induce high 

levels of apoptosis in all CLL patients regardless of mutation status or disease stage in 

vitro. However, despite this marked activity of bortezomib in purified lymphocytes; co- 
incubation of lymphocytes with the patient's own red blood cells (RBCs) markedly 

reduced the activity of bortezomib. In addition, in vivo data in monkeys completed by 

collaborators suggests that bortezomib is preferentially distributed to and retained in RBCs. 

Taken together, these data suggest that RBCs interfere with the activity of bortezomib in 

vivo thus causing the drug to be ineffective in CLL. 

3.2 Results 

Bortezomib treatment is accompanied by an increase in poly-ubiquitinated proteins 

in CLL cells. 

The detection of ubiquitinated proteins was used to assess the degree of proteasomal 
inhibition because the proteasome is responsible for the degradation of poly-ubiquitinated 

proteins (Glickman and Ciechanover 2002). CLL cells were treated with increasing 

concentrations of bortezomib or MG132 for 2-16 hours and then assessed for the presence 

of poly-ubiquitinated proteins by western blotting. 

Ubiquitinated proteins increased in a time- and concentration-dependent manner and 

preceded apoptosis (Figure 3.1). There was no visible build-up of ubiquitinated proteins in 

control samples (Figure 3.1, Lanes 1-5). At the lowest concentration of bortezomib (1 

nM), build-up of ubiquitinated proteins was time-dependent only reaching high levels at 16 

hours (Figure 3.1, Lanes 11-15). In comparison, the build-up of ubiquitinated proteins in 

cells treated with higher concentrations of bortezomib (10 and 100 nM) and with MG132 

was much more rapid (Figure 3.1, Lanes 6-10 and 16-25). Ubiquitinated proteins were 

visible at 2 hours and reached a plateau between 4 and 8 hours, and decreased by 16 hours. 

The unexpected decrease in ubiquitinated proteins could be due to the high number of 

apoptotic cells in the lysates at that time. These data suggest that proteasome activity is 

maximally blocked within 16 hours at 1 nM of bortezomib and within 2 hours at higher 
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concentrations of bortezomib (10 and 100 nM) and within 2 hours when the cells are 

treated with MG 132. 

Control MG132 Bortezomib 
4 10 1µM 1 nM 10 nM 100 nM 

Time(h) 246816246816246 8 16 2468 16 2468 16 

250 kDa 
150 kDa 

Ubiquitinated 
proteins 

. 100 kDa 

. w. I w. 
75 kDa 

Lane 12 3456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

% Apoptosis 4755 12 7 19 39 70 97 3334 18 347 10 92 36 13 28 96 

Figure 3.1: Bortezomib inhibits the proteasome in CLL cells as shown by an increase in poly- 

ubiquitinated proteins. CLL cells from three patients were treated with increasing concentrations of 

bortezomib (1-100 nM) or MG 132 (1 µM) over a time course of 2-16 hours. Control cells were treated with 

0.1% DMSO. 5x 106 cells were collected from each treatment, cell lysates were prepared and the presence 

of poly-ubiquitinated proteins was assessed by western blotting. Results shown are from one representative 

patient. Accumulation of poly-ubiquitinated proteins is viewed as a smear. The percentage of PS+ cells is 

shown below as a measure of cell death. * is likely to be a non-specific band. 

Bortezomib induces apoptosis in all CLL patient samples in a concentration- and 

time- dependent manner. 

Mononuclear cells from CLL patients (n=43) were purified and treated with various 

concentrations of bortezomib (1-100 nM), MG 132 (1 µM), or vehicle only (0.1 % DMSO) 

for up to 24 hours (Figure 3.2 and Table 3.1). Cells from all patients underwent apoptosis 

in a concentration and time dependent manner. Interestingly, induction of apoptosis was 

independent of IGHV mutational status or acquired resistance to fludarabine (Figure 3.2 

and Table 3.1). 

Bortezomib induced apoptosis in a concentration-dependent manner in 43 CLL patient 

samples (Figure 3.2 A and Table 3.1). At 24 hours, 10 and 100 nM bortezomib induced 88 

± 3% and 92 ± 1% apoptosis, respectively. MG 132 (1 µM) also induced comparably high 
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levels of apoptosis (82 ± 5%) at 24 hours. In contrast, 1 nM bortezomib was unable to 
induce cell death significantly above spontaneous apoptosis (0.1% DMSO only) levels 

which were 32 ± 4% despite high levels of poly-ubiquitinated proteins. 
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Figure 3.2: Bortezomib induces cell death in CLL cells as shown by % PS+ cells. A) Purified 

lymphocytes from 47 CLL patients were treated with increasing concentrations of bortezomib (1-100 nM), I 

µM MG 132 as a positive control, or vehicle alone (0.1% DMSO) for 6 and 24 hours. Quantification of cell 
death was measured by calculating the percent of PS positive cells. Results show % PS+ cells as a mean 

value ± SEM for each dose. * denotes a p-value <0.05 as measured by a One Way ANOVA followed by the 

Dunnett's test. B) A representative patient was treated with increasing concentrations of bortezomib or 
MG 132 over time from 2-24 hours and % PS+ cells were measured. This figure was completed in 

collaboration with Dr. Luise Wheat. 
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Table 3.1: Summary of data from 47 patients with CLL. 

Patient 

Age/ 
Sex 

Binet 
stage 

Prior therapy FAMP 
resistance 

WCC 
x109/I 

% IGHV 
homology 

IGHV 
gene 

family 

% CD 
19/5 

% PS+ 
cells 

1 76/M A NIL 13 95 3 09 61 82 
2 60/F A(P) NIL 102 88 3 64 75 65 
3 90/F C CLB, Cyclophosphamide 40 95 3 21 79 88 
4 78/F A NIL 12 92 4 34 94 83 

5 59/M B NIL 77 91 4 59 89 87 
6 85/F A(P) CLB, FAMP 108 100 3 09 84 95 
7 76/M B FAMP+ Cyclophosphamide Yes 103 100 3 09 90 91 

8 50/F A NIL 35 95 3 30 92 81 
9 90/M B CLB 152 93 1 18 94 95 
10 66/M A CLB (x 2 courses) 55 86 4 34 88 85 

11 87/M A NIL 18 97 3 30 78 81 
12 85/M A(0) CLB 26 99 1 18 85 90 
13 61/M A(0) NIL 19 94 3 21 77 91 
14 721M A FAMP 16 97 3 53 74 94 

15 74/M A NIL 33 96 4 34 88 87 
16 681M A(0) FAMP 21 100 4 59 94 85 
17 78/M A(O) CLB (x 2 courses) 19 92 1 69 88 96 
18 83/F A(P) CLB 193 88 3 30 91 92 
19 81/F A NIL 53 91 3 23 76 95 
20 61/M A NIL 35 98 3 11 82 95 

21 54/M A NIL 93 90 3 30 82 91 
22 73/1' A(0) NIL 18 95 4 31 78 84 

23 68/M A(0) NIL 18 93 4 34 87 90 
24 65/M A NIL 43 98 3 30 82 97 

25 70/M A(0) NIL 27 98 3 33 81 96 
26 93/M A NIL 96 94 3 07 78 86 
27 59/M A NIL 18 94 3 66 70 66 
28 70/M C CLB (x2 courses), FAMP, MP, 

FAMP+Cyclophosphamide 
Yes 83 99 3 53 73 88 

29 781M B NIL 79 98/94 1 69 
/3 07 

64 91 

30 49/M A NIL 75 98 1 69 88 93 

31 87/F A CLB ( x2 courses) 8 98 1 02 93 95 

32 66/F C CLB, MP, FAMP 350 98 3 74 7 28 

33 481M A FAMP 95 99 1 02 68 87 

34 701M B CLB (x2 courses), FAMP, 
Campath 

135 95 1 08 76 87 

35 75/M A(0) NIL 26 93 3 30 82 90 

36 80/M A(0) NIL 36 96 4 34 86 92 
37 56/M B CLB, FAMP Yes 102 96 1 69 76 78 
38 79/M B CLB ( x2 courses) 143 96 2 05 95 93 

39 81/M A(0) NIL 47 98 3 23 87 84 

40 72/M C CLB (x3 courses), FAMP, 
FAMP+Cyclophosphamide 

Yes 33 97 4 59 79 82 

41 61/F C CLB, FAMP, 
FAMP+Cyclophosphamide, R- 

CHOP 

Yes 517 98 4 59 37 90 

42 811M A NIL 82 0 3 23 87 79 

43 57/M A FAMP, CLB (x 3 courses) 12 

0 

1 03 77 70 

44 45/F A NIL 34 96 3 48 65 67 
67/M A(0) NIL 38 4 61 82 74 

46 76/F A 37 2 05 87 82 

47 65/M A(O) NIL 33 86 4 59 72 93 

Abbreviations: A(P) denotes progressive Stage A CLL; A(O) denotes Stage A CLL without 
lymphoadenopathy; FAMP denotes fludarabine; CLB denotes chlorambucil; MP denotes 
methylprednisolone; NIL indicates no prior therapy; WCC denotes white cell count at diagnosis. Patients # 6- 
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41 correspond with the patient data shown in figure IA. We define z 98 % homology of the IGVH gene to its 
germ line sequence as unmutated. % PS+ cells denotes the % phosphatidyl serine externalisation in PBMCs 
isolated from each patient after incubation with 100 nM bortezomib for 16 or 24 hours. Clinical data was 
collected by Dr. Renata Walewska and IGHV mutation status was determined by Dr. Aneela Majid. 
Response to bortezomib and % CD 19/5 cells was completed in collaboration with Dr. Luise Wheat. 

Bortezomib treatment was accompanied by a time-dependent induction of apoptosis as 

assessed by percentage of PS+/PI+ cells (n=10) (Figure 3.2 B). At 10 and 100 nM 
bortezomib, cells underwent apoptosis between 16 and 24 hours. In contrast, 1 nM 
bortezomib failed to induce apoptosis at any time point measured. MG132 induced 

apoptosis more rapidly than bortezomib with apoptosis starting within 4 hours and 

reaching maximum levels within 12 hours (Figure 3.2 B). 

Bortezomib-induced apoptosis correlates with conformational changes of Bax. 

Bax activation is important for the induction of spontaneous and drug-induced apoptosis in 

CLL cells (Bellosillo, Villamor et al. 2002). Furthermore, Bax conformational changes 

have been associated with proteasome inhibitor-induced apoptosis in CLL cells (Dewson, 

Snowden et al. 2003). Bax activation is also required for apoptosis induction via the 

intrinsic pathway of apoptosis (Packham and Stevenson 2005). Therefore, conformational 

changes in Bax were assessed as previously described (Dewson, Snowden et al. 2003). 

CLL cells were treated with increasing concentrations of bortezomib (1-100 nM) for 2-16 

hours (Figure 3.3). A time course of CLL cells treated at 100 nM bortezomib from one 

representative patient of three is shown (Figure 3.3). 

Conformational changes in Bax were observed with increasing time beginning at 4 and 8 

hours onwards for 100 and 10 nM, respectively (Figure 3.3 A-C and data not shown). 

There was no observed change in Bax conformation in cells treated with 1 nM bortezomib, 

consistent with observations in apoptosis induction (data not shown). Conformational 

changes in Bax were time-dependent and reached a maximum of 91 % at 16 hours (Figure 

3.3 A). 

70 



Chapter 3: Evaluation of bortezomib for use in CLL. 

Control Bortezomib 

Time (h) 2468 16 

9 ttexl ýj (TV ds . '; leoxl da tý 
t 

ýY 
(49%) 

S 

E 

4: 
L: 

z 

aý to ' w' aý a' 
irr 

a' at a' d aý 'RwO 

B 
r. YEYpp ýýyx, 

ýý 
{-ý, tý t : <, " 

ýý 

,. ttýý 
1 

ýi 

f,: 4, ', ýy: ý 
ýi 

", ý"; '". ý, ' e'. d 

ý 

.. iýý. v%ý: ''' 9ý ý1'" 
y, 

aa 1001 6 xe do* "0=0 32 4co SO 0 woo 4 P. c a foe . oe wa 00 4w foe $ao 06 4 aoo 40 sco so eoo 
W-41*0 FWAO WA" W-000 Fr~ n~ 

S+ 
4 ý0 

l tow *1 0 10 'Jj lot 

ILi 

lip pi a 14 1W a ,a log 

PI+ 

Figure 3.3: An increase in cell death is accompanied by conformational changes in Bax in CLL cells. 

A) 1x 106 CLL cells were incubated with 100 nM Bortezomib for 2-16 hours fixed, permeabilised and 

stained with anti-Bax monoclonal antibody Clone 3 (FL I, solid line), or secondary antibody alone for each 

time point as a negative control (dashed line) for 1 hour on ice. Cells were washed in ice cold PBS and 

stained with secondary antibody. Conformational changes in Bax were detected by flow cytometry. Figures 

in brackets indicate geometric mean of the solid line and median of the negative control, respectively. B) 

Change in forward (FSC) and side (SSC) profiles of CLL cells treated with 100 nM bortezomib for 2-16 

hours. C) Corresponding profiles of Annexin V/PI profiles are shown as a reference for quantification of cell 

death for cells treated with 100 nM bortezomib for 2-16 hours. Numbers in the upper left and upper right 

quadrants indicate % PS+ cells and % PS/PI+ cells, respectively. 

Bortezomib-induced apoptosis in CLL cells is accompanied by caspase activation. 

Caspase activation was measured in CLL cells after treatment with bortezomib (1-100 nM) 

or MG 132 for 2-16 hours (Figure 3.4) to confirm that bortezomib was inducing cell death 

by apoptosis. Processing of caspase-9, -3, and -8 was observed in a time- and 

concentration-dependent manner. 
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Caspase-9 was present in its unprocessed zymogen form in all control samples (Fig. 3.4, 

Lanes 1-5). However, treatment of CLL cells with all concentrations of bortezomib or 
MG132 led to the processing of procaspase-9 to its active forms. This was demonstrated 

by the accumulation of the catalytically active p35 and p37 forms as well as the 

disappearance of the proform. This was particularly evident when higher concentrations of 
bortezomib were used (10 and 100 nM) and when MG132 was used (Figure 3.4, Lanes 6- 

10 and 16-25). Processing began as early as 2 hours with the appearance of the p35 
fragment followed by the caspase-3 dependent appearance of the p37 fragment by 16 hours 

with both 10 and 100 nM bortezomib (Figure 3.4, Lanes 16-25). The p37 fragment 

appeared at 4 hours in MG132-treated cells; compared with 16 hours in bortezomib-treated 

cells (Figure 3.4, Lanes 7-10 and Lanes 15 and 25). This is probably because MG132- 

induced apoptosis occured more rapidly than bortezomib-induced apoptosis. In samples 

treated with 1 nM bortezomib, caspase-9 processing was evident at 2 hours, most likely 

due to stabilisation of active caspase-9 within the cells (Figure 3.4, Lane 11). However, 

only the p35 fragment was observed until 16 hours (Figure 3.4, Lanes 11-14). At 16 hours, 

p35, low levels of p37, and the p20 fragments were observed (Figure 3.4, Lane 15). 

At later times, particularly with higher concentrations of bortezomib (10 and 100 nM) and 

MG132, the accumulation of two uncharacterised bands of caspase-9 appeared (Figure 3.4, 

Lanes 9,10,15,20, and 25). They were approximately of sizes p20 and p22 and have 

been described in CLL before upon treatment with CDDO (Inoue, Snowden et al. 2004). 

They are likely to be caused by further processing of the p35 and p37 fragments. 

Caspase-3 was present as an unprocessed zymogen in control samples that had been treated 

with 0.1% DMSO (Figure 3.4, Lanes 1-5). Caspase-3 processing from the pro-form to the 

processed p20, -19, and -17 fragments was time and concentration-dependent. At 1 nM 

bortezomib treatment, no processing of caspase-3 was visible (Figure 3.4, Lanes 11-15). 

At 10 nM bortezomib processing of caspase-3 into its p20, -19 and low levels of p17 

fragments was visible at 16 hours only (Figure 3.4, Lane 20). The decreasing level of the 

proform of caspase-3 accompanied the build-up of processed caspase-3, particularly the 

p19 and p20 forms. The activation of caspase-3 was more rapid in CLL cells treated with 

the highest concentration of bortezomib (100 nM) and with MG132 (Figure 3.4, Lanes 21- 

25 and 6-10, respectively). Processing of the proform of caspase-3 was observed starting 

at 6 and 4 hours, respectively. In both cases, levels of the processed forms increased up 

72 



Chanter 3: Evaluation of bortezomib for use in CLL. 

until 8 hours (Figure 3.4, Lanes 6-9 and 21-24). At 16 hours, the processed versions of 

caspase-3 appeared to decrease slightly. This is likely to be caused by a decrease in 

loading. 
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Figure 3.4: Bortezomib induces apoptosis in CLL as shown by activation of caspases -9, -3, and -8. 

CLL cells were treated with increasing concentrations ofbortezomib (1-100 nM), MGI32 (I l. M), or vehicle 

only (0.1% DMSO) over a time course of 2-16 hours. Cell lysates were prepared after treatment for various 

times and processing of caspases -9, -3, and -8 were examined by Western blotting. The result shown is from 

one representative patient of three and percentage cell death is shown on the bottom of the figure as measured 

by % PS* cells. 

Caspase-8 activation appeared to occur late compared with caspase-3 and, particularly, 

caspase-9 activation. As with caspase-9 and -3, bortezomib-induced caspase-8 activation 

appeared to be time and concentration-dependent (Figure 3.4). Caspase-8 processing into 

its processed p43 and p41 forms was only observed when cells were treated with the 

highest concentrations of bortezomib and a high percentage of cell death was observed (10 

and 100 nM at 16 hours only Figure 3.4, Lanes 20 and 25). Caspase-8 processing was 

accompanied by the decrease in the pro-form of caspase-8. In MG132 treated CLL cells, 
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caspase-8 processing occurred as early as 8 hours and increased at 16 hours (Figure 3.4, 

Lanes 9 and 10). 

Bortezomib activity in CLL is dependent on time of exposure to the drug. 

Current clinical trials with bortezomib in CLL have used a bolus dose to administer the 

drug even though bortezomib is reversible (Faderl, Rai et al. 2006). However, this may not 

be the most suitable dosing schedule in CLL. Therefore a washout experiment was carried 

out to determine whether CLL cells require a long exposure to bortezomib to be committed 

to undergo apoptosis. 

CLI. cells were treated with 5 nM bortezomib for 1,3, or 6 hours. After treatment for the 

set period of time. bortezomib was washed from the cells replaced with medium containing 

no bortezomib for the remainder of time up to 24 hours (Figure 3.5). One and 3 hours 

exposure of bortezomib was not sufficient to induce apoptosis above levels of untreated 

cells (35% PS{ cells). Six hours of treatment induced > 50% apoptosis. However, only 24 

hours of exposure to bortezomib induced maximum levels of apoptosis (> 90% PS+ cells). 

loG - 

,ý 

®5 nM bort 

24 

0 

Figure 3.5: Bortezomib activity in CLL is dependent on time of exposure to the drug. CLL cells from 

one patient ýkere treated with bortezornib (5 nM) for 1,3,6, or 24 hours. After treatment, bortezomib was 

washed out and cells were given fresh media. The cells were left for the remainder of time up to 24 hours. 

Cell death was then measured by quantification of % PS' cells after a total incubation time of 24 hours. 
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Bortezomib activity is reduced by co-culture of CLL cells with whole blood. 

To determine whether components of whole blood could reduce activity of bortezomib in 

CLL in vivo. a whole blood apoptosis assay was developed to mimic in vivo conditions. 

CLL cells from 13 patients were either purified as previously described, or incubated in 

whole blood. Cells were treated with increasing concentrations of bortezomib (1-100 nM) 

or MG132 for 24 hours. The percentage of PS+/PI+/CD19+ cells was used to determine cell 

death in B cells only (Figure 3.6). 

Incubation with whole blood increased spontaneous apoptosis levels in all cases. As 

expected, treatment of purified CLL cells with bortezomib (10 and 100 nM) and MG132 

induced high levels of apoptosis (> 90% PS+ cells) in all 13 cases (Figure 3.6). In contrast, 

incubation of CLL cells in whole blood with corresponding concentrations of bortezomib 

reduced bortezomib-induced apoptosis to control levels (Figure 3.6). The ability of 

MG 132 to induce apoptosis was not affected by incubation with whole blood. 
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Fig 3.6: The activity of bortezomib is reduced in the presence of CLL whole blood compared with 

purified CLL lymphocytes in cell culture media. Isolated CLL cells (grey bars) or CLL cells in whole 

blood (black bars) from 13 patients were treated for 24 hours with increasing concentrations of bortezomib 

(1-100 nM), MG 132 (1 µM), or vehicle alone (0.1 % DMSO). Cell death was measured by flow cytometry 

using Annexin V/7AAD staining. In all samples, cell death was measured by gating on CD 19' cells. Data 

are presented as a mean ± SEM. * indicates ap value < 0.05 in samples treated in whole blood compared to 

those treated as purified cells as measured by the student's t-test. This figure was completed in collaboration 

with Dr. Luise Wheat. 
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Plasma does not affect the activity of bortezomib in CLL cells. 

Plasma may affect the activity of bortezomib in vivo, by either binding to it, or activating a 

survival pathway (Jones, Ganeshaguru et al. 2003; Flinn, Byrd et al. 2005). CLL 

lymphocytes from 7 patients were purified as previously described and treated in 10% 

Foetal Calf Serum (FCS) or 10 to 100% of the patients own plasma (AHP) and treated with 

increasing concentrations of bortezomib (10 and 100 nM) or MG132 for 24 hours (Figure 

3.7). The percentage of PS+/PI+ cells was used to determine apoptosis. As expected, both 

concentrations of bortezomib and MG132 induced > 80% apoptosis at 24 hours in all 

patients tested compared with control levels (- 35% PS+ cells). There was no statistical 

difference between treatment of CLL cells in FCS or AHP as measured by the a One Way 

ANOVA followed by the Dunnett's test (Figure 3.7). Therefore AHP did not interfere 

with bortezomib activity in vitro. 
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Figure 3.7: Plasma does not have an effect on bortezomib-induced apoptosis in CLL cells. Cells from 

seven patients «ith (T I, were treated in duplicate with increasing concentrations of bortezomib (1-100 nM), 

MG 132 (1 µM), or vehicle only (0.1 % DMSO) 24 hours. Cultures were either supplemented with 10% FCS 

or 10 to 100% of autologous human plasma (AHP). Cell death was assessed by % PS} cells and presented as 

a mean ± SEM. This figure was provided by Dr. Luise Wheat. 
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Co-incubation of RBCs with purified CLL cells decreases the apoptosis-inducing 

activity of bortezomib in vitro. 

It remained a possibility that RBCs were interfering with the ability of bortezomib to 

induce apoptosis in CLL. Therefore, purified CLL cells from 5 patients were incubated 

with increasing levels of RBCs (0-50% RBC) and treated with increasing concentrations of 

bortezomib (1-100 nM) for 24 hours and cell death in B cells was determined by 

measuring the percentage of PS+/PI+/CD19+ cells (Figure 3.8). In control cells and 1 nM 

bortezomib-treated cells the RBCs appeared to decrease spontaneous apoptosis by up to 

15% (Figure 3.8). When cells were treated with 10 nM bortezomib (without RBCs), 

apoptosis was induced (> 90% PS+ cells) (Figure 3.8). However, apoptosis was inhibited 

by RBCs in a concentration-dependent manner. Five percent RBC inhibited apoptosis 

from > 90% to 60%. Inhibition of apoptosis increased with increasing RBC levels. The 

highest level of RBC (50%) reduced apoptosis to control levels. When cells were treated 

with 100 nM bortezomib. higher levels of RBCs were required to inhibit bortezomib 

activity. Only 50 % RBCs were able to reduce apoptosis levels from > 90% to 50%. 

These data suggest that RBCs may be responsible for interfereing with bortezomib activity 

in vivo. 
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Figure 3.8: Incubation of purified CLL cells with red blood cells (RBC) decreased apoptosis-inducing 

activity of bortezomib in vitro. Isolated lymphocytes from six patients were treated with increasing 

concentrations of bortezomib (1-100 nM) or vehicle only (0.1 % DMSO) for 24h in the presence or absence 

of 1,5,10,20, or 50 °o autologous RBC recovered from the lymphocyte preparation. Cell death was 

measured in CD19' cells by Annexin V/7AAD staining. Results are shown from one representative patient. 

This figure was completed in collaboration with Dr. Luise Wheat. 
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3.3 Discussion 

Bortezomib is currently in Phase 11/III clinical trials for several haematological 

malignancies including multiple myeloma, where it has been shown to be particularly 

effective (Cavo 2006; Popat, Joel et al. 2006). However, not all patients respond to 

bortezomib and some can develop resistance (Wu, van Wieringen et al. 2005). 

Interestingly. clinical trials with CLL using the same dosing regimen have been 

particularly discouraging. showing little efficacy (O'Connor 2005; Faderl, Rai et al. 2006). 

This is surprising given the promising in vitro data (Pahler, Ruiz et al. 2003; Kelley, Alkan 

et al. 2004). The discrepancy between in vitro and in vivo data in CLL was addressed in 

this study . This first part of this study aimed at characterising the activity and mechanism 

of action of bortezomib in vitro in CLL and the second part of this study was to address 

possible mechanisms of resistance of CLL to bortezomib that may occur in vivo. 

Bortezomib has been shown to specifically and reversibly block the function of the 26S 

proteasome (Adams 2001. Adams 2002). This causes an accumulation of ubiquitinated 

proteins. The accumulation of ubiquitinated proteins occurred in a concentration- and 

time- dependent manner and occurred rapidly when bortezomib was used at high 

concentrations (Figure 3.1). Taken together, these data suggests that bortezomib inhibited 

proteasome function in CLL cells at relatively low concentrations. 

There are two studies that suggest that sensitivity of CLL cells to bortezomib may be 

patient-dependent (Pahler, Ruiz et al. 2003; Duechler, Shehata et al. 2005). The most 

detailed of these studies was Pahler et al 2003. They tested 20 patient samples and 

categorised them into 3 equally sized groups; sensitive, moderately sensitive and resistant. 

The groups did not correlate with Rai stage, white blood cell count, serum levels, or 

previous treatment with the 3 groups mentioned. Another study reported a lower activity 

of bortezomib in CLL samples that were CD38 positive (Duechler, Shehata et al. 2005). 

One other less extensive study using bortezomib in CLL reported no patient variation in 

response to hortezomib. however, the sample size was small (n=10) (Kelley, Alkan et al. 

2004). This was the first study with a large sample size to see no variation in response to 

bortezomib treatment. Because there was no variation in response to bortezomib 

treatment. there was also no observed correlation between response to bortezomib and 

/(; ff! "gene mutation status and acquired resistance to fludarabine (Figure 3.2 and Table 
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3.1). It is worth mentioning that no variation in CLL patient samples has been reported in 

studies using lactacystin or MG132 (Chandra, Niemer et al. 1998; Masdehors, Omura et al. 

1999; Masdehors. Merle-Beral et al. 2000; Almond, Snowden et al. 2001; Dewson, 

Snowden et al. 2003). 

MG 132 and lactacystin have induce a Bax conformational change in CLL cells (Almond, 

Snowden et al. 2001; Dewson, Snowden et al. 2003). In this study, conformational 

changes in Bax. due to bortezomib treatment, correlated well with apoptosis induction as 

measured by % AnnexinV/PI positive cells. It was expected for Bax conformational 

changes to precede late stage apoptotic markers such as AnnexinV binding and PI uptake 

and changes in cell size. As expected, Bax conformational change preceded changes in the 

forward scatter/side scatter profile, which measures the size of the cells (Figure 3.3 A and 

B). This difference in timing was most evident at 8 hours. Surprisingly, Bax 

conformational change did not appear to precede Annexin V/Pl staining (Figure 3.3 A and 

C). Bax conformational change may be a late apoptotic event in response to bortezomib 

treatment however a more detailed time course is necessary to address this issue. 

Proteasome inhibitors have been shown to initiate a caspase cascade in CLL cells 

(Almond. Snowden et al. 2001; Dewson, Snowden et al. 2003). As expected, bortezomib 

treatment initiated caspases-9, -3 and -8 processing in a concentration- and time- 

dependent manner confirming the activation of apoptotic pathways in CLL. Caspase-9 

appeared to be the first caspase activated and thus the apical caspase, however, further 

studies including a more extensive time course or use of specific caspase-inhibitors would 

he required to confirm this. 

These studies indicate that bortezomib induces high levels of apoptosis in all CLL patient 

samples in vitro: however why no such activity was observed in vivo was not clear 

(Jackson. Einsele et al. 2005; O'Connor 2005; Caravita, de Fabritiis et al. 2006; Faderl, Rai 

et al. 2006). One possible reason for the apparent lack of activity was current dosing 

schedules used in CI. I.. A bolus dose has been used in clinical trials (Jackson, Einsele et 

al. 2005; O'Connor 2005; Caravita, de Fabritiis et al. 2006; Faderl, Rai et al. 2006). 

However, a bolus dose does not maintain serum levels for extended periods of time and 

this may be detrimental for therapy because bortezomib is a reversible inhibitor (Figure 

A. 2). Figure 3.5 shows that CLL cells require contact with bortezomib for at least 6 hours 
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for the drug to induce high levels of apoptosis. These data suggest that an infusional dose 

of bortezomib over an extended period of time may improve clinical responses in CLL 

patients. 

It was also possible that a component of whole blood was blocking the activity of 

bortezomib in vivo. Incubation of CLL cells with whole blood completely inhibited 

bortezomib-induced apoptosis (Figure 3.6). Interestingly, it did not block MG132-induced 

apoptosis suggesting that a component of whole blood specifically blocks bortezomib 

activity, but not activity of other proteasome inhibitors. 

It has been previously reported that autologous plasma can interfere with activity of 
flavopiridol by binding to it in vivo, thus limiting its activity in CLL (Flinn, Byrd et al. 

2005). Different dosing schedules have been successful in resolving this problem (Rudek, 

Bauer et at. 2003). In addition, albumin in plasma has been shown to activate the AKT 

survival pathway in CLL, thus affecting fludarabine activity (Jones, Ganeshaguru et al. 

2003). However, incubation with increasing concentrations of plasma had a minimal effect 

on the apoptotic activity of bortezomib suggesting that plasma has little to do with the lack 

of clinical response seen in CLL patients (Figure 3.7). 

RBCs blocked bortezomib-induced apoptosis in a concentration-dependent manner (Figure 

3.8). This suggested that RBCs may have been taking up bortezomib in vivo, thus causing 

inactivity of the drug. Therefore in vivo monkey models were set up by collaborators at 

Johnson and Johnson to test this hypothesis and the details of these experiments are shown 

in the Appendix (Figure A. 2). Bortezomib concentration in the plasma and whole blood 

fractions were measured before and after 4 bolus doses of bortezomib. The whole blood 

fraction (containing RBCs) maintained the highest concentration of bortezomib for the 

longest period of time confirming that RBCs were taking up bortezomib preferentially to 

plasma. Taken together with data from Figure 3.8, these data suggest that RBCs are, at 

least in part, responsible for the poor clinical activity of bortezomib observed in CLL. 

Interestingly, MG132 was not affected by incubation with whole blood. Although its non- 

specific nature renders it unsuitable for clincal trials (Tsubuki, Saito et al. 1996), MG132 is 

very useful as a postive control in this case. This result suggests that a structural difference 

in MG132 and bortezomib is the key to preferential RBC uptake. This structural 
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difference may lie in the fact that MG132 is a peptide aldehyde, while bortezomib is a 

peptide boronic acid. Further studies with different classes of proteasome inhibitors should 
be completed to determine what structural difference is responsible for the preferential 

uptake by RBCs. 

Given that bortezomib uptake by RBCs appears to be a problem in CLL, it is surprising 

that reports are not made of poor responses in other malignancies such as mantle cell 

lymphoma, multiple myeloma and solid tumours. Reasons for this are not clear but there 

are several possibilities. First, multiple myeloma is a disease that infiltrates the bone and 

tissue. Therefore, bortezomib may have good activity when taken up very rapidly by 

tissue. In this model, and in solid tumour malignancies, bortezomib may be able to reach 

areas with fewer RBCs and therefore maintain its activity. Second, Figure 3.8 suggests 

that preferential bortezomib uptake by RBCs may be dependent on the ratio of 

lymphocytes to RBCs. Therefore, patients with a high WBC count and therefore a high 

WBC to RBC ratio may have a more promising outcome with bortezomib treatment. This 

may explain some of the activity of bortezomib in mantle cell lymphoma and also some of 

the moderate activity in CLL. However, this also suggests that bortezomib may only be 

effective when the WBC to RBC ratio is high. 

Finally, bortezomib has been reported to induce apoptosis at lower concentrations in 

cycling B-CLL cells (Bogner, Schneller et al. 2003). In addition, resting B cells were 

shown to be less sensitive to proteasomal inhibition than stem cells (Chandra, Niemer et al. 

1998). CLL is a disease that is characterised by the slow accumulation of B cells and their 

failure to undergo apopotosis (Caligaris-Cappio and Hamblin 1999). The majority of CLL 

cells do not proliferate rapidly (Caligaris-Cappio and Hamblin 1999). In contrast, mantle 

cell lymphoma is characterised by a rapid proliferation of B cells (Fernandez, Hartmann et 

al. 2005). Therefore in clinical trials, bortezomib may be more effective in mantle cell 

lymphoma because these cells are more sensitive to bortezomib than CLL cells due to their 

high proliferative index. This could also be the case with multiple myeloma and solid 

tumours where bortezomib has been shown to be a promising therapeutic agent in vivo. 

There is currently no study comparing the relative responses and sensitivities to 

bortezomib in many different primary tumour types and these data warrant such a study. 
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Although bortezomib has been reported to be effective as an anti-cancer agent in numerous 
diseases in clinical trials, treatment with bortezomib is associated with significant toxicities 

(Agterof and Biesma 2005; Chim, Ooi et al. 2005; Engelhardt, Muller et al. 2005; 

Jaskiewicz, Herrington et al. 2005; Knoops, Jacquemain et al. 2005; Lonial, Waller et al. 

2005; Pour, Hajek et al. 2005; Van Regenmortel, Van de Voorde et al. 2005; Caravita, de 

Fabritiis et al. 2006; Faderl, Rai et al. 2006; Gupta, Pagliuca et al. 2006; Miyakoshi, Kami 

et al. 2006; Richardson, Briemberg et al. 2006; Richardson, Mitsiades et al. 2006; 

Stubblefield, Slovin et al. 2006; Voortman and Giaccone 2006). Because RBCs are 

effectively lowering the concentration of bortezomib available to the target cells, an 
increase in the dose of bortezomib may be required to combat RBC uptake. However this 

leaves a small therapeutic window in which to treat CLL, or other malignancies, whilst 

avoiding dangerous and unwanted toxicity. In addition, the uptake of bortezomib by RBCs 

could be exacerbating the unwanted side effects that have been reported in the literature. 

The data in this chapter would suggest that bortezomib is not an ideal single agent therapy 

for use in CLL however structurally different proteasome inhibitors may show some 

promise (Chauhan, Catley et al. 2005; Chauhan, Hideshima et al. 2006; Ruiz, Krupnik et 

al. 2006). A novel proteasome inhibitor (NPI-0052) has been described as suitable for 

anti-cancer therapy and has been shown to be more effective at inducing apoptosis in vitro 

in CLL than bortezomib (Chauhan, Catley et al. 2005; Chauhan, Hideshima et al. 2006; 

Ruiz, Krupnik et al. 2006). Future work should focus on investigating the use of 

bortezomib in combination with other therapies in CLL, or should focus on evaluating 
NPI-0052 for use as a single agent in CLL. 
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4.1 Introduction: The use of TRAIL Monoclonal Antibodies in CLL. 

The ability of TRAIL to signal to apoptosis via TRAIL-R1 and TRAIL-R2 in malignant cells, 
but induce relatively low levels of apoptosis in normal cells has suggested it may be a 

promising therapy for cancer (Wiley, Schooley et al. 1995; Pitti, Marsters et al. 1996; 

Ashkenazi, Pai et al. 1999; Griffith, Rauch et al. 1999; Walczak, Miller et al. 1999). There are 

currently a number of different forms of TRAIL in clinical trials (Wiley, Schooley et al. 1995; 

Pitti, Marsters et al. 1996; Adams, Palombella et al. 1999). Agonsitic antibodies to TRAIL-R1 

and TRAIL-R2 have been developed (Wiley, Schooley et al. 1995; Pitti, Marsters et al. 1996; 

Georgakis, Li et al. 2003; Johnson, Huang et al. 2003; Georgakis, Li et al. 2005; Pukac, 

Kanakaraj et al. 2005). 

CLL cells are resistant to TRAIL when treated without a sensitising agent (MacFarlane, 

Harper et al. 2002). Recent reports have suggested that various therapeutic agents can 

sensitise CLL cells to TRAIL-induced apoptosis (Johnston, Kabore et at. 2003; Inoue, 

MacFarlane et at. 2004; Kabore, Sun et al. 2006). Although some of the data are correlative 

and the mechanisms of sensitisation are not always clear, it has been hypothesised that 

fludarabine and bortezomib upregulate TRAIL receptor expression at the cell surface and 

HDAC inhibitors increase recruitment of FADD to the DISC (Johnston, Kabore et at. 2003; 

Inoue, MacFarlane et al. 2004; Kabore, Sun et al. 2006). 

Human Genome Sciences (HGS) have developed and characterised humanised monoclonal 

antibodies to TRAIL-RI and TRAIL-R2 named ETRI and ETR2, respectively (Johnson, 

Huang et al. 2003; Georgakis, Li et al. 2005; Pukac, Kanakaraj et al. 2005; Zeng, Wu et al. 

2006). The antibodies have been humanised to minimise immunogenicity. ETR1 and ETR2 

are agonistic antibodies and are used without the need for cross-linking, making them distinct 

from other antibodies to TRAIL-R1 and TRAIL-R2 (Griffith, Rauch et al. 1999; Wagner, 

King et al. 2003; Wang, Engels et al. 2004; Georgakis, Li et al. 2005). However, ETRI and 

ETR2 have not been characterised as a potential single agent therapy or in combination with 

other agents for use in CLL. 
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The aims of this study were to characterise the apoptotic activity of ETR1 and ETR2 in CLL 

either as single agents or in combination therapy. It was also important to compare the 

apoptotic activity of ETR1 and ETR2 against versions of TRAIL that are candidates for 

clinical trials, such as Apo2L and HIS-tagged TRAIL, to determine the best candidates for 

clinical trials in this disease. Four cell lines were used to characterise the apoptotic activity of 

ETRI and ETR2 compared with HIS-tagged TRAIL. In addition receptor-surface expression 

was measured to predict the activity of ETRI and ETR2 in each cell line. The apoptotic 

activity of ETR1 and ETR2 was determined in CLL with and without sensitising agents 

4.2 Results 

Surface expression of TRAIL-RI and TRAIL-R2 and the activity of ETR1 and ETR2 in 

a panel of cell lines. 

Z-138 (mantle cell lymphoma), Ramos (burkitt lymphoma), Jurkat E6.1 (T-cell lymphoblastic 

leukaemia) and Elijah (burkitt lymphoma) cells were treated with increasing concentrations of 

ETR1 and ETR2 either alone or in combination or with HIS-tagged TRAIL for up to 8 hours 

(Figures 4.1-4.4 A). Z-138, Ramos and Jurkat cells were sensitive to HIS-tagged TRAIL (59 

f 4.8,75 f 8, and 32 ±8% PS+ cells, respectively) confirming the activity of HIS-tagged 

TRAIL through either TRAIL-R1 or TRAIL-R2 (Figures 4.1-4.3 A). Elijah cells were 

resistant to HIS-tagged TRAIL (Figure 4.4 A). 

ETRI induced apoptosis in Z-138 and Ramos cells in a concentration-dependent manner, 

reaching maximum levels of apoptosis after treatment with 250 ng/ml ETR1 (46 ± 11 and 91 f 

1% PS+ cells, respectively) (Figures 4.1 and 4.2 A). In contrast, ETR2 did not induced 

apoptosis in Z-138 or Ramos cells even at 1000 ng/ml (9 ±4 and 13 ±3% PS+ cells, 

respectively) (Figures 4.1 and 4.2 A). Jurkat and Elijah cells were mildly sensitive to ETR1 

when it was used at 1000 ng/ml (24 ±1 and 17 f3% PS+ cells, respectively), however ETR2, 

or ligand induced high levels of apoptosis in Jurkat cells but failed to induce apoptosis in 

Elijah cells (62 ±6 and 8±1% PS+ cells respectively) (Figures 4.3 and 4.4 A). Using ETR1 

and ETR2 in combination did not increase levels of apoptosis in any of the cell lines tested 

(Figures 4.1-4.4 A) 
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Figure 4.1: Surface expression of TRAIL-RI and TRAIL-R2 and activity of ETRI and ETR2 in Z-138 

cells. A) Z-138 cells were treated at a density of 1x106 cells per ml with HIS-tagged TRAIL (250 ng/ml) or 

increasing concentrations of ETRI or ETR2 (25-1000 ng/ml) either alone or in combination for 4 hours. Control 

cells were treated with vehicle only (1 % PBS). Cell death was quantified by measuring the percentage of PS+ 

cells. Results show the mean t SEM of at least three independent experiments. B) Z-138 cells were labelled 

with PE-labelled TRAIL-RI, TRAIL-R2 or IgGI as described in Materials and Methods. Surface expression of 

each receptor and IgG I were measured by flow cytometry. The green line represents the isotype control and the 

purple line represents the surface expression of either TRAIL-RI or TRAIL-R2. The number in each histogram 

is the median of TRAIL-RI or TRAIL-R2. Results shown are representative of three independent experiments. 

C) After treatment with selected concentrations of TRAIL (250 ng/ml) and TRAIL mAbs (1000 ng/ml), cell 

lysates were prepared and caspase-8 and -3 processing was measured by western blotting. The upper portion of 

the caspase-8 blot was exposed for 1 minute but the lower portion of the caspase-8 blot (showing the p 18 

fragment) was exposed for 5 mins. Results are representative of two independent experiments. * denotes a non- 

specific band. 
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Figure 4.2: Surface expression of TRAIL-Rl and TRAIL-R2 and activity of ETRI and ETR2 in Ramos 

cells. A) Ramos cells were treated at a density of Ix 106 cells per ml with HIS-tagged TRAIL (250 ng/mI) or 

increasing concentrations of ETRI or ETR2 (25-1000 ng/ml) either alone or in combination for 4 hours. 

Control cells were treated with vehicle only (1 % PBS). Cell death was quantified by measuring the percentage 

of PSi cells. Results show mean ± SEM of at least three independent experiments. B) Ramos cells were labelled 

with PE-labelled TRAIL-R], TRAIL-R2 or IgGI as described in Materials and Methods. Surface expression of 

each receptor and isotype control was measured by flow cytometry. The green line represents the isotype control 

and the purple line represents the surface expression of either TRAIL-RI or TRAIL-R2. The number in each 

histogram is the median of TRAIL-RI or TRAIL-R2. Results shown are representative of three independent 

experiments. C) After treatment with selected concentrations of TRAIL (250 ng/ml) and TRAIL mAbs (1000 

ng/ml), cell lysates were prepared and caspase-8 and -3 processing was measured by western blotting. The upper 

portion of the caspase-8 western blot was exposed for 5 minutes but the lower portion was exposed for 15 

minutes. Results are representative of three independent experiments. 
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Cell surface expression or TRAIL-RI and TRAIL-R2 was measured in the panel of cell lines 

tested (Figures 4.1-4.4 B). Z-138 and Elijah cells expressed high and approximately equal 

levels of both TRAIL-R1 (median 19 and 13, respectively) and TRAIL-R2 (median 18 and 10, 

respectively) compared with the isotype control IgG1 (median 3 in both cases) (Figures 4.1 

and 4.4 B). Ramos cells expressed high levels of TRAIL-R1 but much lower levels of 

TRAIL-R2 (median 18 and 4, respectively compared with the isotype control 3) (Figure 4.2 

B). In contrast, Jurkat cells expressed low levels of both TRAIL-R2 and TRAIL-RI (median 

5 and 3, respectively compared with isotype control median = 3) (Figure 4.3 B). 

To confirm the antibodies were inducing apoptosis in the cell lines, caspase-8 and -3 

activation was measured by western blotting (Figures 4.1-4.4 Q. No activation of caspase-8 

or -3 was apparent in cells treated with PBS in any of the cell lines (Figures 4.1-4.4 C, Lane 

1). In Z-138, Ramos and Jurkat cells, HIS-tagged TRAIL induced a decrease in the pro-form 

of caspase-8 and the accumulation of its p41/43 forms and high levels of its catalytically 

active p18 form, correlating with the percentage of PS+ cells (Figures 4.1-4.3 C, Lane 2). In 

addition, HIS-tagged TRAIL induced a decrease in the pro-form of caspase-3 and the 

accumulation of the p20 and catalytically active p l. 9 subunit of caspase-3 in Z-138 cells, the 

accumulation of the p20 and p17 subunits in Ramos cells and the p19 and p17 subunits in 

Jurkat cells (Figures 4.1-4.3 C, Lane 2). In Elijah cells, no visible caspase-8 processing was 

apparent in samples treated with HIS-tagged TRAIL (Figure 4.4 C, Lane 2). However, there 

appeared to be a low level of the p20 form of caspase-3 in these cells. 

After treatment with ETR1 a moderate decrease in the proforms of both caspase-8 and -3 were 

observed in Z-138 and Jurkat cells compared with control samples (Figure 4.1 and 4.3 C, 

Lanes I and 3). This corresponded with the appearance of both the p43/41 and the p18 forms 

of caspase-8 in Z-138 cells and the p43/41 forms of caspase-8 in Jurkat cells. In Jurkat cells, 

low levels of the p19 and p17 fragments and in Z-138 cells low levels of the p20 and p19 

fragments of caspase-3 were visible after treatment with ETR1. In contrast, in Ramos cells the 

proforms of caspase-8 and -3 were not detectable but high levels of the p43/41 and p 18 forms 

of caspase-8 and the pl9/17 forms of caspase-3 were visible. After treatment with ETR1, 

Elijah cells had slightly decreased caspase-8 and -3 proforms but this may be due to unequal 
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loading. No processed caspase-8 was visible in ETRI-treated Elijah cells. Low levels of the 

p20 fragment of caspase-3 were detected. 
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Figure 4.3: Surface expression of TRAIL-RI and TRAIL-R2 and activity of ETRI and ETR2 in Jurkat 

E6.1 cells. A) Jurkat clone E6.1 cells were treated at a density of 1 x106 cells per ml with HIS-tagged TRAIL 

(250 ng/ml) or increasing concentrations of ETRI or ETR2 (25-1000 ng/ml) either alone or in combination for 8 

hours. Control cells were treated with vehicle only (I % PBS). Cell death was quantified by measuring the 

percentage of PS' cells. Results show the mean t SEM of at least three independent experiments. B) Jurkat cells 

were labelled with PE-labelled TRAIL-RI, TRAIL-R2 or IgGI as described in Materials and Methods. Surface 

expression of each receptor and IgG I were measured by flow cytometry. The green line represents the isotype 

control and the purple line represents the surface expression of either TRAIL-RI or TRAIL-R2. The number in 

each histogram is the median of TRAIL-RI or TRAIL-R2. Results shown are representative of three independent 

experiments. C) After treatment with selected concentrations of TRAIL (250 ng/ml) and TRAIL mAbs (1000 

ng/ml), cell lysates were prepared and caspase-8 and -3 processing was measured by western blotting. The upper 

portion of the caspase-8 western blot was exposed for 5 minutes and the lower portion was exposed for 10 

minutes. Results are representative of at least three independent experiments. 
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Figure 4.4: Surface expression of TRAIL-RI and TRAIL-R2 and activity of ETRI and ETR2 in Elijah 

cells. A) Elijah cells were treated at a density of Ix 106 cells per ml with HIS-tagged TRAIL (250 ng/ml) or 

increasing concentrations of ETRI or ETR2 (25-1000 ng/ml) either alone or in combination for 8 hours. Control 

cells were treated with vehicle only (1% PBS). Cell death was quantified by measuring the percentage of PS' 

cells. Results show the mean ± SEM of three independent experiments. B) Elijah cells were labelled with PE- 

labelled TRAIL-R], TRAIL-R2 or IgGI as described in Materials and Methods. Surface expression of each 

receptor and IgGI were measured by flow cytometry. The green Iine represents the isotype control and the 

purple line represents the surface expression of either TRAIL-RI or TRAIL-R2. The number in each histogram 

is the median of TRAIL-Rl or TRAIL-R2. Results shown are representative of three independent experiments. 

C) After treatment with selected concentrations of TRIAL (250 ng/ml) and TRAIL Abs (1000 ng/ml), cell lysates 

were prepared and caspase-8 and -3 processing was measured by western blotting. Results are representative of 

one independent experiment. 
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Chapter 4: The use of TRAIL mAbs in CLL 

ETR2 did not induce caspase-cleavage in Elijah or Ramos cells (Figures 4.2 and 4.4 C, Lane 

4). However ETR2 induced moderate levels of caspase cleavage in Z-138 cells but did not 

induce apoptosis as measured by flow cytometry (Figure 4.1 C, Lane 4). The proforms of 

caspase-8 and -3 did not decrease after treatment with but low levels of the p43/41 and p 18 

forms of caspase-8 were visible in Z-138 cells after treatment with ETR2. In addition, the p20 

fragment of caspase-3 was visible after treatment with ETR2. Jurkat cells were sensitive to 

ETR2 and the level of caspase cleavage reflected this (Figure 4.3 C, Lane 4). The proforms of 

caspase-8 and -3 after treatment with ETR2 were dramatically reduced and there was a marked 

accumulation of the p43/41 fragment of caspase-8 accompanied by low levels of the p 18 

fragment. There was also a marked accumulation of the p 19 and p 17 fragments of caspase-3 

in Jurkat cells treated with ETR2. 

In each cell line, treatment of ETR1 and ETR2 in combination did not appear to induce 

caspase processing to different levels than the most active antibody in that cell line. The only 

exception to this was in Elijah cells where the proforms of caspase-8 and -3 were diminished. 

This is likely to be due to unequal loading. It is also important to note that caspase processing 

correlated with apoptosis induction as measured by the percentage of PS+ cells in each cell 

line. Perhaps the only exception to this was in Z-138 cells where ETR2 did not appear to 

induce high levels of caspase processing but induced apoptosis in 46% of cells. 

Apoptosis inducing ability of ETRI and ETR2 as single agents in CLL patient samples. 

CLL cells have previously been reported to be resistant to TRAIL (MacFarlane, Harper et al. 

2002). To confirm this using TRAIL mAbs, CLL cells from 10 patient samples were treated 

with increasing concentrations of ETR1 or ETR2 (100-1000 ng/ml) or with either HIS-tagged 

TRAIL (100 ng/ml) or vehicle only (0.1% DMSO) for 6 hours (Figure 4.5). 

Spontaneous apoptosis varied between patient samples. Overall, cells from CLL patient 

samples did not respond to any form of TRAIL (6 out of 10 patient samples did not respond to 

treatment with ETRI or ETR2). However, there was some variation in these results. In one 

patient sample, treatment with ETR2 in particular but also ETR1, led to a mild concentration- 

dependent decrease in spontaneous apoptosis (- 5% decrease in spontaneous apoptosis in 
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patient 5). In 3 out of 10 patient samples (patients 1,3, and 8), ETR 1 induced low levels of 

apoptosis above control samples (- 5-10 % apoptosis). In 2 of these patient samples the 

response to ETR 1 was concentration-dependent (patients 3 and 8). Although ETR 1 induced 

apoptosis in some patient samples, apoptosis induction occurred in a low percentage of cells 

and did not occur in the majority of patient samples. 
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Figure 4.5: Primary CLL cells are resistant to ETRI and ETR2 alone. CLL cells from 10 patients were 

purified and cultured at a density of 5x10`' per ml with HIS-tagged TRAIL (100 ng/ml) or increasing 

concentrations of ETR I or ETR2 (100-1000 ng/ml) for 6 hours. Control cells were treated with vehicle only (1% 

PBS). Cell death was quantified by measuring the percentage of PS+ cells. Each patient is depicted as a single 

symbol on the graph. The black bar represents the mean of all patient samples. 

Changes in Surface expression of TRAIL-RI and TRAIL-R2 in CLL patient samples 

after exposure to sensitising chemotherapeutic drugs 

Although CL[, cells are resistant to TRAIL, various drugs including fludarabine, bortezomib 

and HDAC inhibitors, have been shown to overcome this resistance (Johnston, Kabore et al. 

2003; Inoue, MacFarlane et al. 2004; Kabore, Sun et al. 2006). Sensitisation was suggested to 

be through an upregulation of TRAIL-receptors (Johnston, Kabore et al. 2003; Kabore, Sun et 

al. 2006). Therefore, CLL cells from 8 patients were pretreated with fludarabine, bortezomib, 
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depsipeptide or valproate for 16 hours. After treatment, cells were measured fr "I'RA I1. -R I 

and "TRAIL-R2 surface expression (Figure 4.6 and Table 4.1). One patient sample was used as 

representative and corresponds to patient 2 in Figures 4.5,4.7 and 4.8 and in 'f'able 4.1. The 

data are also summarised in Table 4.1. 

Table 4.1: Changes in TRAIL-receptor surface expression after treatment with various therapeutic agents 
in 8 CLL patient samples. 

Patient Number 1234567 10 

IgGI ctrl 2.6 3.4 2.4 2.3 27 2 2.1 18 

TRAIL-RI 3.5 6.1 5.5 4.4 2 2.4 2.7 3.8 

TRAIL-R2 3 36 3.5 3 1.7 2.1 2.2 1.9 

bort (TRAIL-RI) 3.9 4.4 5.2 4.1 2.3 2.6 2.3 3.3 

bort (TRAIL-R2) 312.6 2.7 27 17 2 22 2 

Bud (TRAIL-RI) 3.8 6.3 4.4 3.9 2.1 2.2 2.6 3.8 
flud (TRAIL-R2) 3.1 3.7 3.1 3.2 1.7 2.7 2.5 1.9 

depsi (TRAIL-RI) 3.9 6.3 6.3 4.9 2.5 3.1 3.3 3.7 
depsi (TRAIL-R2) 3139 33 3119 23 22 22 

VPA (TRAIL-RI) 3.8 9 6.1 6.6 3 3.6 2.6 4.6 

VPA (TRAIL-R2) 31 4.5 3.9 3.9 2.1 22 24 23 

CLL samples were purified and treated with various therapeutic agents at a density of 5x 10" per nil for 16 hours. 

After treatment cells were stained with PE-conjugated TRAIL-RI or TRAIL-R2 as described in Materials and 

Methods. PE-conjugated IgG I was used as an isotype control. Each patient number corresponds to the patient 

numbers in Figures 4.5,4.7 and 4.8. The numbers shown are the median-fluorescence intensity after staining 

with IgG I, TRAIL-R I-PE or TRAIL-R2-PE as determined by flow cytometry. The lines containing'I'RAII. -RI 

and TRAIL-R2 show the surface expression of TRAIL-receptors without pretreatment. Abbreviations are; bort 

(1 nM bortezomib), flud (10 pM fludarabine), depsi (10 nM depsipeptide) and VPA (2 mM valproate). IgGI ctrl 

is the median fluorescence intensity of the isotype control. 

Patient Number 1 2 3 4 5 6 7 10 

IgGI ctrl 2.6 3.4 2.4 2.3 27 2 2.1 18 

TRAIL-RI 3.5 6.1 5.5 4.4 2 2.4 2.7 3.8 

TRAIL-R2 3 36 3.5 3 1.7 2.1 2.2 1.9 

bort (TRAIL-RI) 3.9 4.4 5.2 4.1 2.3 2.6 2.3 3.3 

bort (TRAIL-R2) 31 2.6 2.7 27 17 2 22 2 

Bud (TRAIL-RI) 3.8 6.3 4.4 3.9 2.1 2.2 2.6 3.8 
flud (TRAIL-R2) 3.1 3.7 3.1 3.2 1.7 2.7 2.5 1.9 

depsi (TRAIL-RI) 3.9 6.3 6.3 4.9 2.5 3.1 3.3 3.7 
depsi (TRAIL-R2) 31 39 33 31 19 23 22 22 

VPA (TRAIL-RI) 3.8 9 6.1 6.6 3 3.6 2.6 4.6 

VPA (TRAIL-R2) 31 4.5 3.9 3.9 2.1 22 24 23 
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Figure 4.6: Surface expression of TRAIL-RI and TRAIL-R2 in CLL before and after treatment with 

various sensitising agents. Primary CLL cells from 8 patients were cultured at a density of 5x 106 per ml for 16 

hours with 0.1 % DMSO (A), I nM bortezomib (B), 10 pM fludarabine (C), 10 nM depsipeptide (D) or 2 mM 

valproate (E). For each treatment, isotype control (IgGI), TRAIL-RI, and TRAIL-R2 surface expression was 

measured as described in Materials and Methods. A) The purple line represents expression of the isotype control 

(IgG l) and the green line represents the surface expression of TRAIL-RI and TRAIL-R2, respectively. B-E) The 

purple line represents the expression of TRAIL-Rl and TRAIL-R2 in CLL cells treated with 0.1 % DMSO. The 

green and pink lines represent the surface expression of TRAIL-RI and TRAIL-R2, respectively in CLL cells 

treated with various sensitising agents. The respective medians are shown to the right of the histogram. Results 

shown are of one representative patient sample. 
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CLL cells expressed low levels of both TRAIL-R I and TRAIL-R2 (medians of 6.1 and 3.5, 

respectively compared with the median of lgG I of 3.4). After treatment with bortezomib, 

receptor expression of both TRAIL-RI and TRAIL-R2 decreased to levels below that of 

TRAIL-RI and TRAIL-R2 in untreated cells (medians of 4.4 and 2.6, respectively). 

Fludarabine and depsipeptide did not have an effect on TRAIL-R I or "FRAIL-R2 surface 

expression in this patient sample. Treatment of CLL samples with valproate upregulated both 

TRAIL-R I and TRAIL-R2 to levels above untreated CLL samples (medians of 9.0 and 4.5, 

respectively). 

Bortezomib and fludarabine do not sensitise primary CLL cells to TRAIL induced 

apoptosis. 

To determine whether bortezomib or tludarabine sensitise CLL patient samples to FIR I or 

ETR2, CLL cells from 10 patient samples were treated with bortezomib (I nM) or fludarabine 

(10 µM) for 16 hours followed by treatment with increasing concentrations of F. 'I RI or F, 'I'R2 

(100-1000 ng/ml) for an additional 6 hours (Figure 4.7). HIS-tagged TRAIL was used as a 

comparison. 

Overall, bortezomib did not sensitise CLL cells to TRAIL-induced apoptosis (Figure 4.7 A). 

One patient sample (patient 10) did not respond to "TRAIL or bortezomib on its own (Figure 

4.5 and 4.7 A) but did respond slightly (- 5% apoptosis) to the combination of'hortezomib 

and TRAIL. I lowever, this response was modest. In addition, Fludarahine did not sensitise 

CLL cells to TRAIL-induced apoptosis overall (Figure 4.7 13). Two patients were sensitive to 

fludarabine on their own (patients 6 and 7) but the addition of TRAIL did not increase 

apoptosis above these levels in any patient samples (Figure 4.7 B). 
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Figure 4.7: Bortezomib and 17udarabine do not potentiate TRAIL-induced apoptosis in CLL. CLI, cells 

from 10 patients were cultured at a density of 5x10' cells per ml for 16 hours with I nM bortezomib (A), 10µM 

fludarabine (B). or vehicle only control (0.1% DMSO). HIS-tagged TRAIL (100 ng/ml) or increasing 

concentrations of either ETRI or ETR2 (100-1000 ng/ml) were added for an additional 6 hours. Cell death was 

quantified by measuring the percentage of PS+ cells. Each patient is depicted as a single symbol on the graphs. 

The black line represents the mean of all patient samples. 

Histone Deacetylase Inhibitors sensitise CLL patient samples to TRAIL induced 

apoptosis through TRAIL-RI. 

CLL cells were pretreated with depsipeptide or valproate for 16 hours followed by treatment 

with increasing concentrations of ETRI or ETR2 or with HIS-tagged TRAIL for an additional 

6 hours (Figure 4.8 A and B). Depsipeptide sensitised CLL cells from all patient samples to 

ETR 1 but not to FTR2 (Figure 4.8 A). Furthermore, CLL cells were sensitised to ETR I in a 
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concentration-dependent manner in most patient samples. Although response to FIR I varied 

between patient samples, al I patient samples responded to ETR I after pre-treatment with 

depsipeptide. In contrast, only 7 out of 10 patient samples responded to I IIS-tagged "f'RAII. 

after pre-treatment with depsipeptide. No CLL patient samples responded to FTR2 after pre- 

treatment with depsipeptide. These data were confirmed statistically significant by a One Way 

ANOVA followed by a Dunnett's test. The percentage of apoptosis in cells treated with a 

combination of depsipeptide and ETR I was significantly different then cells that were 

untreated, treated with depsipeptide alone, or treated with "TRAIL or ETR I alone (p < 0.05). 

In contrast, cells treated with depsipeptide and ETR2 did not have a p-value < 0.05 when 

compared with corresponding negative controls. 

CLL cells were also sensitised to HIS-tagged TRAIL and FTR 1 by pretreatment with 

valproate (Figure 4.8 B). Valproate induced low levels of apoptosis in its own in 7 out of 10 

patient samples compared with untreated controls (patients 1-4 and 7-9). This result was 

statistically significant (p = 0.003). However, it sensitised all CLL patient samples to 1IIS- 

tagged TRAIL to varying degrees. Moreover, it sensitised CLL patient samples to ["I'Rl to 

varying degrees but the sensitisation did not appear to be concentration dependent. In 

contrast. valproate had no effect on response to ETR2 in any CLL patient samples. 'T'hese data 

were statistically significant as measured by a One Way ANOVA followed by a Uunnett's 

test. Cells treated with valproate and "TRAIL or ETRI had a p-value < 0.05 when compared 

with cells that were untreated, treated with valproate alone or with TRAIL or Fi RI alone. 

Cells treated with valproate and ETR2 did not have p-values < 0.05 when compared with 

relevant negative controls. 

To further determine which preparations of TRAIL can be sensitised by depsipeptide and 

valproate, CLL cells were incubated with 1000 ng/ml of various preparations of "I RAII, 

including. HIS-tagged 'TRAIL, HIS-tagged TRAIL-Low endotoxin (Alexis Biochemicals), 

Apo2L (Genentech). I; "TRI or ETR2 (Human Genome Sciences) and caspase-8 and -3 

processing measured (Figure 4.8 C). 
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Figure 4.8: Histone Deacetylase Inhibitors depsipeptide and valproate potentiate TRAIL-induced 

apoptosis through TRAIL-RI in primary CLL cells. Primary CLL cells from 10 patients were cultured at a 

density of 5x106 cells per ml for 16 hours with 10 nM depsipeptide (A), 2 mM valproate (B), or vehicle only 

(0.1% DMSO). HIS-tagged TRAIL (100 ng/ml) or increasing concentrations of either ETRI or ETR2 (100-1000 

ng/ml) were added for an additional 6 hours. Cell death was quantified by measuring the percentage of PS' cells. 

Each patient is depicted as a single line on the graphs. The black line indicates the average of all patient samples. 

C) CLL cells were pre-treated with vehicle alone (0.1 % DMSO), 10 nM depsipeptide or 2 mM valproate 

followed by treatment with HIS-tagged TRAIL (100 ng/ml), HIS-LE (100 ng(ml), Apo2L (100 ng/ml), ETR I or 

ETR2 (1000 ng/ml). Cell lysates were prepared and caspase-8 and -3 activation were measured by western 

blotting. Western blot data in this figure was provided by Dr. Marion MacFarlane. 

As expected, depsipeptide and valproate did not have an effect on caspase activation alone 

above control levels (Figure 4.8 C, Lanes 1-3). In addition, no preparation of TRAIL had an 

effect on caspase-activation above control levels (Figure 4.8 C, Lanes 1,4,7,10,13, and 16). 

However, when CLL cells were pre-treated with depsipeptide and, to a lesser extent, 

valproate, HIS-tagged TRAIL and HIS-LE had a similar effect on caspase-8 and -3 activation 

(Figure 4.8 C, Lanes 4-9). In this case the proforms of caspase-8 and -3 were decreased and 

the buildup of p41 /43 and p 18 of caspase-8 and p 19/17 of caspase-3 were apparent. ETR I had 

a similar effect on caspase activation after treatment with depsipeptide and valproate (Figure 
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4.8 C, Lanes 13-15). In contrast, Apo2L had less effect on caspase activation compared with 

other forms of'FRAIL and ETR2 did not have any effect on caspase activation (Figure 4.8 C, 

Lanes 10-12 and 16-18). 

Histone Deacetylase inhibitors sensitise K562 cells to different preparations of'1'RAI1, 

that behave mainly through stimulation of TRAIL-R2. 

To further investigate the activity of different preparations of TRAIL, K562 cells were 

pretreated with depsipeptide (10 nM) or valproate (2 mM) for 12 hours followed by treatment 

with HIS-tagged (RAIL. HIS-LE (10-100 ng/ml), Apo2L (10-500 ng/ml), ETR I or F I'R2 

(50-1000 ng/ml) for a further 4 hours (Figure 4.9). K562 cells were not sensitive to any form 

of TRAIL at these concentrations and time points. In addition, depsipeptide and valproate did 

not kill K562 cells on their own. However, depsipeptide and, to a lesser extent, valproate 

sensitised K562 cells to HIS-tagged TRAIL and HIS-LE at high concentrations only (4-1eld 

increase in apoptosis at 100 ng/ml TRAIL) (Figure 4.9 A). 

Surprisingly, after depsipeptide treatment Apo2L was extremely active in K562 cells yielding 

up to an 8-fold increase in apoptosis (Figure 4.9 A). This activity was most apparent using 

low concentrations of Apo2L where it was not inducing apoptosis on its own. LTR2 was also 

surprisingly active in K562 cells after depsipeptide treatment yielding an I8-föld increase in 

apoptosis at 1000 ng/ml (Figure 4.9 A). In contrast, ETRI was not active in K562 cells even 

after depsipeptide or valproic acid treatment failing to yield even a 2-fold increase in % PS' 

cells (Figure 4.9 A). Valproate was less effective than depsipeptide at sensitising K562 cells 

in these experiments. 
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Figure 4.9: Histone Deacetylase Inhibitors potentiate TRAIL-induced apoptosis through TRAIL. R2 in 

K562 cells after treatment with various preparations of TRAIL. K562 cells were cultured at 0.8x10`' cells 

per ml for 12 hours with 10 nM depsipeptide. 2 mM valproate, or vehicle only control (0.1% DMSO). HIS- 

tagged TRAIL. HIS-LE (10-100 ng/ml), Apo2L (10-500 ng/ml), or increasing concentrations of either ETRI (50- 

1000 ng/ml) or ETR2 (50-1000 ng/ml) were added either alone or in combination for an additional 4 hours. A) 

After TRAIL treatment, cell death was quantified by measuring the percentage of PS{ cells. Results are shown as 

a mean ± SEM of at least three independent experiments. * denotes ap value < 0.05 compared with the 

corresponding control samples as measured by a One Way ANOVA followed by a Dunnett's test. B) Cell lysates 

were collected and caspase-8 and -3 activation were measured by western blotting. Western blots show one 

representative sample of at least three independent experiments. 

To confirm the activity of different preparations of TRAIL in K562 cells, lysates were taken 

after treatment and caspase-8 and -3 processing were measured by western blotting (Figure 4.9 
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B). As expected, depsipeptide and valproate alone did not affect caspase processing (Figure 

4.9 B, Lanes 1-3). In contrast in cells treated with TRAIL alone, all terms of TRAIT. partially 

processed caspase-8 to its p41/43 forms and in the case of HIS-tagged TRAIL, IIT S-I i and 

Apo2L, to its p18 form (Figure 4.9 B, Lanes 4,7,10,13 and 16). Caspase-3 was not 

processed in cells treated with TRAIL alone (Figure 4.9 B, Lanes 4,7,10,13 and 16). 

After pre-treatment with depsipeptide, HIS-tagged TRAIL, HIS-LE, Apo2l_ and Ei'R2 

induced processing of caspase-8 to its p4l /43 and p 18 forms correlating with a decrease in the 

proforms of caspase-8 (Figure 4.9 B, Lanes 5,8,11 and 17). In these samples, procaspase-3 

was decreased and partially processed to its p20/19/17 forms (Figure 4.9 13, Lanes 5,8,11 and 

17). In contrast, FTR I failed to process caspase-8 or -3 after depsipeptide or valproate 

treatment (Figure 4.9 B, Lanes 13-16). Pre-treatment with valproate resulted in caspase 

processing to a lesser extent than depsipeptide; however this correlated with the % PS' cells 

(Figure 4.9 B, Lanes 6,9,12, and 18). 

Different preparations of TRAIL signal to apoptosis without sensitisation in Ramos and 

Jurkat cell lines by stimulation of TRAIL-R1 and TRAIL-R2, respectively. 

To determine the apoptotic abilities of the various preparations of TRAIL in cells without a 

sensitising agent, Ramos and Jurkat cells were treated with increasing concentrations of 1IIS- 

tagged TRAIL, FITS-LE, Apo2L (10-500 ng/ml), ETR I or ETR2 (25-1000 ng/ml) fier 4 and 8 

hours, respectively (Figure 4.10). 

In Ramos cells (Figure 4.10 A), HIS-tagged TRAIL induced the highest levels of apoptosis at 

500 ng/ml treatment (61 ± 3% PS+ cells). HIS-LE and ETR I induced similar levels of 

apoptosis in Ramos cells at the highest concentration (51 f 3% and 53 f 4% PS' cells, 

respectively). Apo2L only induced moderate levels of apoptosis in Ramos cells even at 500 

ng/ml (30 ± 2% PS+ cells). As observed in Figure 4.2, ETR2 did not induce apoptosis in 

Ramos cells even at 1000 ng/ml (6 ± 0.5 % PS+ cells). 
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Figure 4.10: Ramos and Jurkat cells respond through TRAIL. RI and TRAIL-R2, respectively, without 

sensitisation through an HDAC inhibitor after treatment with various preparations of TRAIL. Ramos and 

Jurkat cells were cultured at 1x 106 cells per ml for 4 and 8 hours, respectively with increasing concentrations of 

HIS, HIS-LE, Apo2L (10-500 ng/ml), or ETRI or ETR2 (50-1000 ng/ml). A) After TRAIL treatment, Ramos 

cell death was quantified by measuring the percentage of PS' cells. Results are presented as a mean } SEM of at 

least 3 independent experiments. B) After TRAIL treatment, Jurkat cell death was quantified by measuring the 

percentage of PS' cells. Results are presented as a mean ± SEM of at least 3 independent experiments. * denotes 

a p-value < 0.05 compared with control samples as measured by the student's t-test. 
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In Jurkat cells (Figure 4.10 B), ETR2, HIS-tagged TRAIL and HIS-LL induced similar levels 

of apoptosis (56 ± 7%, 44 ± 5% and 50 ± 5% PS' cells, respectively). Apo2I, induced slightly 
lower levels of apoptosis at 500 ng/ml (37 ± 3% PS+ cells). However at lower concentrations 

(25 ng/ml), Apo2L induced higher levels of apoptosis compared with HIS-tagged 'T'RAIL, and 

HIS-LE (20 f 6% compared with 12 ± 1% and 10 ± 1% PS+ cells, respectively). FAR 

induced low levels of apoptosis compared with all other forms of'I'IZAIL (23 f 0.2% PS' 

cells). 

4.3 Discussion 

Humanised TRAIL mAbs; ETRI and ETR2, have been developed by I IGS to he used as 

therapeutic agents (Johnson, Iluang et al. 2003; Georgakis, Li et al. 2005). In this study, four 

cell lines were screened for response to ETRI and ETR2 individually and in combination 

(Figures 4.1-4). Interestingly, cell lines responded mainly to LRI but not FT R2. The only 

exception to this was Jurkat cells where cells responded primarily to N"lR2 but F"I'R I to a 

much lesser extent. Although Elijah cells responded somewhat to F l'R I, the percent apoptosis 

was very low compared with other cell lines. In general, caspase activation correlated with 

percentage of PS+ cells confirming that the mechanism of F. TR I and F. TR2-induced cell death 

was through induction of apoptosis. The only exception to this is in Figure 4.1 where 1-138 

cells were sensitive to ETR2 as measured by the % PS+ cells, but caspase activation was not 

apparent in these cells. One explanation for this is that Z-138 cells may undergo TRAIL- 

induced apoptosis or cell death through caspase-independent means. Further work would need 

to be completed to characterise TRAIL-induced cell death in 1-138 cells. 

Interestingly, despite relative resistance to E'FR I and ETR2 in Elijah cells, the profi)rm of 

caspase-8 and -3 was reduced in samples treated with E1'R land a combination of I-AR 1 and 

ETR2. Although caspase-8 activation was not apparent at this exposure, caspase-3 was 

partially processed to its p20 fragment in samples treated with FIR I, ETR I and FTR2 and 

HIS-tagged TRAIL. The mechanism of resistance to TRAIL is not clear in Elijah cells. 

However, several approaches could be used to investigate "TRAIL-resistance. F, lijah cells 

could be screened for resistance to other drugs or chemicals such as etoposide to determine if 
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they are also resistant to chemicals. Lysates could be checked to see the balance of pro-and 

anti-apoptotic proteins in the cell. For example the c-FLIP to caspase-8 ratio may he the 

deciding factor in determining resistance to TRAIL. Another approach that may be taken is to 

try and sensitise Elijah cells to TRAIL-induced apoptosis through sensitising agents. 't'his 

may give a clue as to the mechanism of resistance. However, tumour cell lines tend to be 

heavily mutated and deficient in apoptosis and therefore, the mechanism of resistance to 

TRAIL in tumour cell lines may vary and could be caused by a number of different factors 

that may reveal little about the mechanism of resistance to TRAIL in CLL cells and thercibre 

these experiments were not pursued further. 

ETRI and ETR2 induce apoptosis in cell lines without crosslinking (in contrast to other 

antibodies to TRAIL receptors). However, it has been reported that crosslinking of I. IRI and 

ETR2 can increase apoptosis induction in resistant cell lines (Johnson, I luting et al. 2003; 

Georgakis. Li et al. 2005). Further work needs to be completed to see whether [TR I and 

ETR2 resistance can be overcome by crosslinking both in primary CLI, cells treated alone or 

pre-treated with a sensitising agent and in cell lines used in this study. 

Using ETR I and ETR2 in combination did not increase apoptosis compared with using them 

individually. This suggests that there is not cross-talk between the two receptor pathways. 

Furthermore, there is no therapeutic advantage of using HIS-tagged "FRAIL (that can bind to 

all four TRAIL receptors) or any version of TRAIL that can bind both 'T'RAIL-R I and TRAIL- 

R2 (Degli-Esposti, Dougall et al. 1997; Degli-Esposti, Smolak et al. 1997; MacFarlane, 

Ahmad et al. 1997; Pan, Niet al. 1997; Pan, O'Rourke et al. 1997; Walczak, Degli-Lsposti et 

at. 1997). Targeting one receptor is sufficient to induce apoptosis provided cells are able to 

undergo apoptosis through that receptor. 

Surprisingly, there appeared to be no correlation between TRAIL-RI and TRAIT, -R2 surface 

expression and response to ETR I or ETR2, respectively (Figures 4.1-4). 't'his is in agreement 

with another study that also measured surface expression of TRAIL receptors and compared 

this with sensitivity to ETR I and ETR2 (Georgakis, Li et al. 2005). For example, Z- 138 cells 

expressed high surface levels of TRAIL-RI and TRAIL-R2 but only responded to FAR 1. In 
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addition, Elijah cells expressed high levels of TRAIL-R I and TRAIL-R2 but did not respond 

to either E"iR I or ETR2. 

In contrast, Ramos and Jurkat TRAIL-receptor surface expression appeared to correlate to 

apoptosis induction by ETRI and ETR2 to some degree. However, expression of'high levels 

of one receptor does not indicate that apoptosis induction will occur through that receptor. 

This suggests that receptor surface expression should not be used as a predictor of sensitivity 

to TRAIL, ETRI or ETR2. In addition, these data suggest that the mechanism of resistance to 

TRAIL is not determined by the level of receptor surface expression alone and may be 

attributed to a downstream event such as DISC formation or levels of c-11,111 or caspase-9 

within the cell. 

As expected, primary CLL cells did not respond highly to ETRI and did not respond to I ; 'I'R2 

as a single agent treatment. Despite reports that bortezomib and fludarabine increase surface 

expression of TRAIL-R I and TRAIL-R2 and therefore sensitise CLI_ cells to "IRAII, -induced 

apoptosis, this was not the case in any of the 10 CLI, cases tested in this chapter (Johnston, 

Kabore et al. 2003; Kabore, Sun et al. 2006). Furthermore, bortezomib actually decreased 

surface expression of TRAIL-RI and TRAIL-R2 in many patient samples. however, in the 

two studies mentioned, upregulation of TRAIL receptors occurred only in cells that underwent 

apoptosis. Furthermore, no controls were carried out to check that surface expression was 

only measured on live cells. Therefore the upregulation of TRAIL-R I and TRAIL-R2 surface 

expression may have been measured on cells that were already dead, thus undermining the 

conclusions taken from the experiment. It is important to note that there have been no further 

reports on bortezomib or fludarabine sensitisation to TRAIL in C LL cells. 

HDAC inhibitors increased the surface expression of TRAIL-RI and "TRAIL-R2 and 

sensitised CLL cells from all patient samples to TRAIL-induced apoptosis. Recent reports 

have shown that this increase in receptor surface expression is not necessary for sensitisation 

to TRAIL-induced apoptosis (Inoue, Twiddy et al. 2006). Although the mechanism of l IDA(' 

inhibitor sensitisation to TRAIL is not clear, ADAC inhibitors were hypothesised to be 

important for FADD recruitment to the DISC (Inoue, MacFarlane et al. 2004). Further studies 
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are required to determine the mechanism of HDAC inhibitor sensitisation to TRAIL but are 

beyond the scope of this study. 

When CLL cells were pre-treated with an HDAC inhibitor, E"IR I was able to induce apoptosis 

in all 10 patient samples. HIS-tagged TRAIL was slightly less effective than ETR I at 

inducing apoptosis in CLL cells and ETR2 was not able to induce apoptosis in any CLL 

samples. Taken together, these data suggest that when CLL cells are pre-treated with an 

HDAC inhibitor, they respond to apoptosis through TRAIL-R I and not TRAIL-R2. This is in 

contrast to recent findings suggesting that tumour cells respond to TRAIL primarily through 

TRAIL-R2 (Kelley, Totpal et al. 2005). 

Interestingly, Apo2L was almost completely inactive in primary CLL cells and in Ramos cells 

(Figure 4.8 C and Figure 4.10 A). However, in K562 cells and in Jurkat cells Apo2L was very 

active, particularly at low concentrations (Figure 4.9 and Figure 4.10 B). In addition, data 

with ETR I and ETR2 suggest that CLL cells and Ramos cells are only able to undergo 

apoptosis when stimulated through TRAIL-RI, but K562 cells and Jurkat cells are only able to 

undergo apoptosis when stimulated through TRAIL-R2 (Figures 4.8-4.10). Taken together, 

these data suggest that Apo2L can induce apoptosis primarily through TRAIL-R2. In contrast, 

HIS-tagged TRAIL and HIS-LE induced apoptosis regardless of whether cells were sensitive 

to ETRI or ETR2, suggesting that these versions of TRAIL can induce apoptosis through 

stimulation of TRAIL-R I or TRAIL-R2. 

Possible reasons for the signalling differences between Apo2L and HIS-tagged TRAIL lie in 

the preparations of both ligands. Apo2L lacks exogenous sequence tags and is reported to 

contain an internal zinc atom and therefore maintains better trimer stability than HIS-TRAIL 

(Hymowitz, Christinger et al. 1999; Hymowitz, O'Connell et al. 2000; Lawrence, Shahrokh et 

al. 2001). Therefore, signalling through TRAIL-R I may be facilitated partially through the 

exogenous Histidine tag on HIS-TRAIL. 

Alternatively, signalling to apoptosis through TRAIL-RI may be partially aided by lack of 

trimer stability. Apo2l, has been shown to bind equally to TRAIL-RI and 'T'RAIL-R2 (Kelley 
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et al). Therefore, it is likely that the mechanism of selectivity of Apo2l, is not due to 

differential binding affinities of TRAIL-R] and TRAIL-R2. The reason for "TRAIL-R2 

selectivity is more likely to lie in the ability of Apo2L to form a more stable 'T'RAIL-R2 

complex than TRAIL-RI complex. 

It is important to note that Apo2L does not induce apoptosis solely through TRAIL-R2 but is 

mildly effective at inducing apoptosis in Ramos cells and in CIA, cells, and therefore is only 

partially selective towards TRAIL-R2. Interestingly, even in Jurkat and K562 cells Apo2l. 

was very effective at low concentrations, but less effective than HIS-tagged TRAIL at higher 

concentrations suggesting that Apo2L is saturated at higher concentrations. 'T'herefore, Apo2l, 

may not be an appropriate therapy even in cells that are sensitive to TRAIL, through "IRAIL- 

R2. 

This is the first study to identify that different preparations of TRAIL, can signal to apoptosis 

through different receptors and that, in the presence of an HDAC inhibitor, CLL cells respond 

to apoptosis through TRAIL-RI. To date, the majority of studies investigating sensitivity to 

TRAIL have been in cell lines rather than primary tumours. For this reason, it is not yet clear 

whether TRAIL-RI or TRAIL-R2 is important for signalling to apoptosis in primary 

haematological malignancies or other tumour types including solid tumours 

A recent study using ETR I and ETR2 has shown that many primary lymphomas respond to 

ETR I and ETR2 as single agents at comparable levels. The study showed TRAIL-RI and 

TRAIL-R2 to be equally important in a range of lymphomas. However, response to the mAbs 

in this study was modest at best (Georgakis, Li et al. 2005). In addition a recent study showed 

ETR I to be very effective in vivo in a range of tumour types including colon, non-small cell 

lung and renal tumours (Pukac, Kanakaraj et al. 2005). 

In contrast, TRAIL--R2 has been implicated to be the major receptor to signal to apoptosis in 

primary renal cell carcinomas and primary synovial fibroblasts (Ichikawa, Liu et al. 2003; 

Zeng, Wu et al. 2006). A group has also recently generated receptor-selective mutant ligands 

and shown the FRAIL-R2 ligand to be more important in tumour cell lines (Kelley, Totpal et 
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al. 2005). It would be interesting to see if CLL cells and Ramos cells respond to the TRAIL- 

R1 ligand generated in their study (Kelley, Totpal et al. 2005). More studies using primary 

tumour cells are necessary to determine whether tumour cells undergo apoptosis by 

stimulation of TRAIL-R1 or TRAIL-R2. Data from this chapter and the above studies clearly 

demonstrates the necessity for primary tumours to be evaluated for sensitivity through TRAIL- 

RI or TRAIL-R2 in vitro prior to clinical trials to minimise the risk of toxicity and to increase 

the chance of successful therapy. 

Combination therapy of an HDAC inhibitor with ETRI or HIS-tagged TRAIL shows promise 

as a therapy in CLL. Preparations of TRAIL that induce apoptosis predominantly through 

TRAIL-R2 are of limited use in CLL and other tumour types that signal to apoptosis through 

TRAIL-R1. Furthermore, recent evidence has suggested that TRAIL may activate survival 

pathways in some cases (Harper, Farrow et al. 2001; Ehrhardt, Fulda et al. 2003; Di Pietro and 

Zauli 2004). Preparations of TRAIL such as ETR2 and Apo2L may be detrimental to CLL 

patients because they may activate survival pathways. In one patient sample (Figure 4.4, 

patient 5); incubation with all forms of TRAIL in the absence of a sensitising agent decreased 

spontaneous apoptosis, suggesting that survival signals may have been activated in this patient 

sample. Moreover, after incubation with depsipeptide, that same patient sample had a 

decreased spontaneous apoptosis in cells treated with ETR2 compared with cells treated with 

depsipeptide alone (Figure 4.5 A, patient 5). 

Another possible danger of treating CLL patients with Apo2L, HIS-tagged TRAIL or ETR2 is 

the potential of unwanted liver toxicity. There have been reports of hepatotoxicity as a 

possible unwanted effect of treatment with TRAIL (Jo, Kim et at. 2000). There is particularly 

concern of potential toxicity of combination therapies using TRAIL that may produce 

unanticipated toxicities. Although Apo2L is reported to be less toxic to hepatocytes than HIS- 

tagged TRAIL (Lawrence, Shahrokh et at. 2001), the literature on TRAIL-induced 

hepatotoxicity is somewhat contradictory (Jo, Kim et al. 2000). Some versions of TRAIL are 

reportedly more toxic to hepatocytes than others, and this may depend the exogenous tag that 

TRAIL is labelled with or its method of purification (Lawrence, Shahrokh et at. 2001; Ganten, 

Koschny et al. 2006). 
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Several reports using blocking antibodies and monoclonal antibodies have suggested that 

primary human hepatocytes may undergo apoptosis through stimulation of both TRAIL-RI 

and TRAIL-R2 (Mori, Thomas et al. 2004; Ganten, Koschny et al. 2006). By treating CLL 

cells with a version of TRAIL that only targets one receptor, liver toxicity may be significantly 

reduced. However, there has been no comparative study investigating the effects of HIS- 

tagged TRAIL, Apo2L, ETRI and ETR2 on hepatocytes either alone or in combination with 

an HDAC inhibitor. This type of study may clarify the literature on TRAIL-induced 

hepatocyte toxicity and aid in determining what combinations of therapy may yield good 

results without causing unmanageable hepatotoxicity. 

To summarize, TRAIL remains a good candidate for therapy in CLL provided an appropriate 

version of TRAIL is used with an appropriate sensitising agent. Although several studies have 

pointed to bortezomib and fludarabine as being good potential sensitising agents for use with 

TRAIL in CLL, this study showed no such promise for these agents in combination with 

TRAIL. HDAC inhibitors such as depsipeptide and valproate remain good candidates for use 

in CLL in combination with TRAIL. Valproate is already approved and being used as an anti- 

convulsant and therefore remains the most promising candidate for treatment with TRAIL in 

CLL (Zaccara, Messori et al. 1988). 

Data in this study have indicated that versions of TRAIL that signal through TRAIL-RI are 

essential for promising therapeutic results in CLL. Therefore, ETR2 and Apo2L are not ideal 

candidates for combination therapy in CLL. Although HIS-tagged TRAIL can signal through 

TRAIL-RI and has been shown to be effective in CLL, it can bind to all four TRAIL receptors 

and may activate survival pathways or cause unwanted toxicity. For this reason ETR1 

remains the most promising candidate for combination therapy with an HDAC inhibitor for 

clinical trials in CLL. 

110 



Chapter 5: The Generation of TRAIL Receptor-Selective Mutants 

Chapter 5: The Generation and 

Characterisation of TRAIL Receptor- 

Selective Mutants 
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5.1 Introduction: The Generation and Characterisation of TRAIL Receptor-Selective 

Mutants 

A novel approach allowing phage display of trimeric protein was recently used to develop 

TRAIL receptor-selective mutant ligands to investigate various tumour cell lines for their 

capacity to undergo apoptosis via either TRAIL-RI or TRAIL-R2 (Kelley, Totpal et al. 

2005). The study indicated that the resulting TRAIL-R2 mutant ligand was extremely 

active in most cell lines tested, including the T-cell lymphoblastic leukaemia cell line 

Jurkat, the colon carcinoma cell line Colo-205 and the breast carcinoma cell line MDA- 

MB-23 1. In contrast, the TRAIL-RI mutant ligand was found to be inactive in all cell 

lines tested. The primary conclusion was that tumour cells signal primarily through 

TRAIL-R2 and that TRAIL-RI is of little importance in apoptotic signalling in tumour 

cells and therefore has little value for tumour therapy. 

Data obtained in Chapter 4 using agonistic TRAIL mAbs suggests that CLL cells signal to 

apoptosis primarily through TRAIL-RI when sensitised with HDAC inhibitors. Possible 

reasons for the discrepancy described in the previous paragraph are; a TRAIL-RI- 

signalling cell line was not represented in the panel of cell lines tested and therefore the 

TRAIL-RI mutant ligand was not active in cell lines signalling through TRAIL-R2, or one 

or several of the six mutations in the TRAIL-Rl mutant ligand was causing inactivity. 

The aims of this project were to develop TRAIL receptor-selective mutant ligands based 

on previous published work (Kelley, Totpal et al. 2005). TRAIL-RI and TRAIL-R2- 

specific mutant ligands were developed and characterised. Jurkat and Ramos cells were 

used as cell lines that signal to apoptosis primarily through TRAIL-RI and TRAIL-R2 and 

blocking and neutralising antibodies to TRAIL-R1 and R2, respectively, to verify the 

specificity of the mutant ligands. 

In agreement with previous findings, the TRAIL-Rl mutant ligand with 6 mutations was 

found to be inactive, even in cells that have been shown to respond through TRAIL-Rl. 

The mutation thought to be responsible for this lack of activity was Tyrl89Ala. Upon 

removal of this mutation, the TRAIL-RI ligand became active and specific to TRAIL-RI. 

Furthermore, the TRAIL-Rl mutant, but not the TRAIL-R2 mutant, was found to be active 

in primary CLL cells after sensitisation with depsipeptide. This, taken together with data 
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using TRAIL mAbs, confirms that CLL cells respond to TRAIL through TRAIL-RI and 

not TRAIL-R2 when sensitised with an HDAC inhibitor. 

5.2 Results 

Various TRAIL mutants display different levels of apoptotic activity and specificity. 

In order to characterise the apoptotic activity of TRAIL mutants generated by Kelley et al 

2005, TRAIL. R1-6 and TRAIL. R2-6 were expressed in E. coli and purified in the same 

manner as HIS-tagged TRAIL as described in Materials and Methods. Jurkat and Ramos 

cells had previously been shown in Chapter 4 to signal to apoptosis through TRAIL-R1 

and TRAIL-R2, respectively and were used as receptor specific cell lines to determine the 

apoptotic activity and specificity of each mutant generated (Table 5.1 and Figures 5.1 and 

5.2). 

As expected, TRAIL. R2-6 (the mutant specific for TRAIL-R2) was extremely active in 

Jurkat cells able 5.1 and Figure 5.1). Despite this marked activity in Jurkat cells, it was 

entirely inactive in Ramos cells (Table 5.1 and Figure 5.2). The activity in a cell line that 

acts predominantly through TRAIL-R2 (Jurkat cells) and inactivity in a TRAIL-RI 

specific cell line (Ramos cells) suggested that TRAIL. R2-6 specifically acts through 

TRAIL-R2. These data are in agreement with previous findings (Kelley, Totpal et al. 

2005). 

In contrast, TRAIL. R1-6 was inactive even in Ramos cells (Table 5.1 and Figures 5.1 and 

5.2). It was clear that one or several of the six mutations in this ligand were causing this 

inactivity. Therefore, it was necessary to generate intermediate mutants with only some of 

the changes from wt TRAIL to TRAIL. Rl-6. The aim of this was to determine which 

mutations were causing this marked decrease in activity of TRAIL. R1-6 compared with 

wild type TRAIL and, if possible, to find a mutant that displayed selectivity towards 

TRAIL-RI but no loss of activity. 

The first intermediate TRAIL mutant to be developed was TRAIL. R1-2 (Table 5.1). The 

two amino acid substitutions, Tyr2l3Trp and Ser2l5Asp, were originally thought to be 

specific to TRAIL-RI as they have a similar affinity as wt TRAIL to TRAIL-RI-Fc but 

have a 10-fold lower affinity to TRAIL-R2-Fc (Kelley, Totpal et al. 2005). Despite a 

reduced affinity to TRAIL-R2-Fc, TRAIL. R1-2 had a similar activity to wt TRAIL in 
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Ramos and Jurkat cells (Table 5.1 and Figures 5.1 and 5.2). The activity of this mutant did 

not differ from the activity of wt TRAIL in Jurkat cells, suggesting that it did not act 

specifically through TRAIL-RI. 

Table 5.1 Apoptosis inducing abilities of various TRAIL variants 

%PS, cells e 

His-TRAIL 
Variant' 

Amino add changes b Ramos Jurkat 

- (control) 9.3: k 1.3 5.7: k 0.4 

wild type 189 
Tyr 

191 
Arg 

193 
Gin 

199 
Asn 

201 
Lys 

213 
Tyr 

215 
Ser 

264 
His 

266 
Ile 

267 
Asp 

41.8: h 5.2 45.5i 4.1 

TRAIL. R1-6 Ala Arg Ser Val Arg Trp Asp His Ile Asp 3.7 t 1,3 6.4 ± 0.8 

TRAIL. RI-2 Tyr Arg Gin Mn Lys Trp Asp His Ile Asp 42.2 f 3.1 
-46.613.1 

TRAIL. R1-4 Tyr Arg Gin Val Arg Trp Asp His Re Asp 43.5 ± 2.5 25.0 f 2.6ý 

TRAIL. RI-5a Ala Arg Gin Val Arg Trp Asp His Re Asp 18.9. +0.7 6.6± 0.4 

TRAIL. RI-1 Ala Arg Gin Mn Lys Tyr Asp His Re Asp 30.6 f 2.9 ( 24.9 t 2.2 

TRAIL. RI-3 Tyr Arg Ser Val Arg Trp Asp His Re Asp 35.9 t 6.4 40.0 f 2ý i 

TRAIL. R2-6 Gin Lys Arg Asn Lys Tyr Asp Arg Leu Gin 9.4 t 1.6 58.4+ 11.6 

4- 

ý-ý- 

I Variants were produced from His-tagged TRAIL (95-281). The last number of the variant Indicates the number of amino acid substitutions compared to 

wt TRAIL 
b Amino acid changes are relative to the wild type TRAIL and shown in bold. 
c Apoptosis was measured in the indicated cell type by phosphatidylserine (PS) externalization after exposure for 4h to TRAIL or its variant (500 ng mt'). 
The results are expressed as Mean ± SEM of at least three separate determinations. 

Next, TRAIL. R1-4 was synthesised and tested against wt TRAIL (Table 5.1). This mutant 

contained the two amino acid substitutions from TRAIL. RI-2 and also had two further 

amino acid substitutions, Asn199Va1 and Lys20lArg. TRAIL. R1-4 retained activity 

similar to wt TRAIL in Ramos cells but lost much of its activity in Jurkat cells (Table 5.1). 

These data suggest that TRAIL-RI -4 is selective to TRAIL-RI to a certain degree. 

However, there appeared to be a residual signal to Jurkat cells above that of ETRI. 

Therefore, it was necessary to determine whether further mutations could increase 

selectivity to TRAIL-RI without losing activity. 
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The next mutant to be developed contained all the mutations in TRAIL. R1-4 and an 

additional mutation, Tyrl98Ala, to make TRAIL. RI-5a (Table 5.1). This combination of 

mutations resulted in a marked loss of activity in Ramos and Jurkat cells compared with wt 

TRAIL (Table 5.1). This suggested that Tyr198Ala was responsible for the loss of activity 

originally reported in the complete TRAIL-RI mutant, TRAIL. R1-6. To confirm this, 

TRAIL. R1-1, was generated (Table 5.1). As expected, the single mutation Tyrl98A1a 

caused a marked reduction of activity in both Ramos and Jurkat cells suggesting that this 

single mutation, at least in part, caused the reduction in activity of TRAIL. R1-6 (Table 

5.1). 

Therefore the final mutant made was TRAIL. R1-5, which lacked the Tyrl89A1a mutation 

(Table 5.1). As shown in Figures 5.1 and 5.2, this mutant caused a significant reduction in 

activity of Jurkat cells though still displayed activity in Ramos cells. Although TRAIL. Rl- 

5 displayed some activity in Jurkat cells, this did not increase above the level of apoptosis 

cause by ETR1. Therefore, this reported activity in Jurkat cells could be due to a residual 

TRAIL-RI signal in that specific cell line. In addition, there was very little reduction of 

activity in Ramos cells, suggesting that TRAIL. RI-5 was specific to TRAIL-R1 (Table 5.1 

and Figure 5.2). 

Receptor-selective mutant ligands to TRAIL-RI and TRAIL-R2 induce apoptosis in 

Jurkat cells. 

To test the specificity of TRAIL. R1-5 and the apoptotic activity of TRAIL. R2-6, Jurkat 

cells were treated with increasing concentrations of various forms of TRAIL or ETR1 or 

ETR2 (Figure 5.1). 

HIS-TRAIL, TRAIL. RI-5 and TRAIL. R2-6 induced apoptosis in Jurkat cells in a 

concentration-dependent manner (Figure 5.1 A). TRAIL. R2-6 induced the highest levels 

of apoptosis reaching 68 ± 6% at 1000 ng/ml compared with 6±0.5% in untreated cells. 

Wt TRAIL had less apoptotic activity in Jurkat cells compared with TRAIL. R2-6. The 

highest concentration of wt TRAIL (1000 ng/ml) induced 51 f 1.2% apoptosis in 

agreement with previous findings in Chapter 4. In comparison, 1000 ng/ml of TRAIL. RI- 

5 induced a concentration-dependent increase in apoptosis, resulting in 25 ± 2% PS+ cells. 
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Figure 5.1: TRAIL mutants induce varying levels of apoptosis in Jurkat cells. A) Jurkat cells were 

cultured at 1x 10' cells per ml and treated with increasing concentrations of wt TRAIL (circles), TRAIL. RI-5 

(squares). TRAIL. R1-6 (stars) or TRAIL. R2-6 (triangles) (100-1000 ng/ml), or treated with 1000 ng/ml 

ETRI or ETR2 for 4 hours. Control cells were cultured with 1% PBS. Apoptosis was assessed by flow 

cytometry and determined by the percentage of PS+ cells. Results are shown as mean + SEM of at least three 

individual experiments. The student's t-test was used to determine significance of results. All concentrations 

of TRAT L. R I -6 and 100 ng/ml of TRAIL. R 1-5 had a p-value > 0.05. All other data points were statistically 

significant as compared with the control (p < 0.05). B) Jurkat cells were treated with 500 ng/ml of wt 

TRAIL, TRAIL. R1-5 or TRAIL. R2-6, or treated with 1000 ng/ml ETRI or ETR2 for4 hours. Cell lysates 

were collected and caspase-8 and -3 processing was measured by western blotting. Results are representative 

of two independent experiments. DR4m is TRAIL. R1-5 and DR5m is TRAIL. R2-6. 
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In contrast, TRAIL. R1-6 was entirely inactive in Jurkat cells. ETR1 and ETR2 were used 

as a measure for the ability of Jurkat cells to respond to TRAIL through TRAIL-RI or 

TRAIL-R2. Jurkat cells responded to both ETR1 and ETR2. ETRI induced apoptosis in 

30 ± 2% of cells. This result suggested that there was a residual signal of TRAIL-RI in 

Jurkat cells. This is a possible reason for the activity of TRAIL. R1-5 in Jurkat cells. 

ETR2 induced apoptosis in 91 ± 4. % of Jurkat cells confirming that in these experiments 

Jurkat cells were signalling to apoptosis predominantly through TRAIL-R2. 

To confirm the apoptotic activity of the specific mutant ligands, TRAIL. R2-6 and 
TRAIL. R1-5, caspase-8 and -3 processing was measured in Jurkat cells (Figure 5.1 B). All 

forms of TRAIL induced activation of caspase-8 from the proform to the processed p43/41 
forms compared with control cells (Figure 5.1 B, Lanes 1-6). In addition, the catalytically 

active p18 subunit was also detected in all TRAIL treated samples. Wild type TRAIL, 

TRAIL. R2-6, and ETR2 induced the highest levels of processing shown by a reduction of 

the proform of caspase-8 and accumulation of the processed p43/41 forms and also the 

accumulation of the p18 form (Figure 5.1 B, Lanes 2,3 and 6). In comparison, TRAIL. R1- 

5 and ETR1 induced less caspase-8 activation (Figure 5.1 B, Lanes 4 and 5). The 

accumulation of the processed p43/41 forms and the active p18 form of caspase-8 was 

evident but less marked than with the TRAIL-R2 specific forms of TRAIL and wt TRAIL. 

Also, the disappearance of the proforms of caspase-8 was not evident in these samples. 

The processing of caspase-3 was most evident after treatment with ETR2 (Figure 5.1 B, 

Lane 6). There was a marked reduction in the unprocessed zymogen and an accumulation 

of the processed and catalytically active p19/17 fragments. In addition, wt TRAIL and 

TRAIL. R2-6 induced a small reduction in the presence of the proform of caspase 3 and an 

accumulation of p19/17 fragments (Figure 5.1 B, Lanes 2 and 3). In comparison, treatment 

with TRAIL. R1-5 and ETR1 corresponded with a small accumulation of the catalytically 

active p19/17 subunits of caspase-3 (Figure 5.1 B, Lanes 4 and 5). Processing of caspase-8 

and -3 correlated with the induction of apoptosis as measured by PS externalisation. 

The receptor-selective mutant ligand to TRAIL-R1 induces apoptosis in Ramos cells. 

To determine the specificity of TRAIL. R2-6, and the apoptotic activity of TRAIL. R1-5, 

Ramos cells were treated with increasing concentrations of various forms of TRAIL or 

ETR1 or ETR2 (Figure 5.2). 
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Wild type TRAIL and TRAIL. RI-5 induced apoptosis in a concentration-dependent 

manner. There appeared to be no difference in induction of apoptosis between wt TRAIL 

and TRAIL. R1-5,49 ± 6% and 42 ± 5%, respectively. In comparison, TRAIL. R1-6 

induced very little apoptosis in Ramos cells even when used at the highest concentration 

(17 ± 1%). As expected, TRAIL. R2-6 displayed no activity in Ramos cells suggesting that 

it acts through TRAIL-R2 alone. The TRAIL receptor specific antibodies ETR1 and ETR2 

were used as a measure for the specificity of Ramos cells to signal to apoptosis through 

TRAIL-RI. As expected, ETR1 was extremely active in Ramos cells inducing 88 ± 0.1 % 

apoptosis at 4 hours. In contrast, ETR2 induced 14 ±3% apoptosis suggesting that Ramos 

cells were responding to TRAIL specifically through TRAIL-RI in these experiments. 

Caspase-8 and -3 activation were used to confirm the ability of the TRAIL to induce 

apoptosis in Ramos cells (Figure 5.2 B). Only wt TRAIL, TRAIL. R1-5 and ETRI induced 

processing of the caspase-8 proforms to its p43/41 forms and the catalytically active p18 
form (Figure 5.2 B). ETR1 induced the highest level of caspase processing corresponding 

with induction of apoptosis (Figure 5.2 B, Lane 5). Levels of the proforms of caspase-8 

were greatly reduced corresponding with the appearance of the processed forms p43/41 

and, most notably, the marked accumulation of the p18 fragment. In comparison, wt 

TRAIL and TRAIL. Rl-5 induced cleavage of the proforms to their p43/41 processed 

forms and accumulation of the catalytically active p18 form (Figure 5.2 B, Lanes 2 and 4). 

However, the accumulation of cleaved forms of caspase-8 were less evident in wt TRAIL 

and TRAIL. Rl-5 treated cells compared with cells treated with ETR1. As expected, ETR2 

and TRAIL. R2-6 did not induce caspase-8 cleavage (Figure 5.2 B, Lanes 3 and 6). 
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Figure 5.2: TRAIL mutants induce varying levels of apoptosis in Ramos cells. A) Ramos cells were 

cultured at lx 10" cells per ml and treated with increasing concentrations of wt "TRAIL (circles), "IRAIL. R I -5 

(squares), TRAIL. RI-6 (stars) or TRAIL. R2-6 (triangles) (100-1000 ng/ml), or treated with 1000 ng/ml 

ETR I or ETR2 for 4 hours. Control cells were cultured with I% PBS. Apoptosis was assessed by flow 

cytometry and determined by the percentage of PS' cells. Results are shown as mean ± S1; M of at least three 

individual experiments. A t-test was carried out to determine statistical significance. All data points were 

statistically significant with the exception of 100 ng/ml wt TRAIL and TRAIL. RI-5 and all data points 

relating to TRAIL. R2-6 and TRAIL. R I-6 and ETRI (p > 0.05). B) Ramos cells were treated with 500 ng/ml 

wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 or 1000 ng/ml ETRI or ETR2 for 4 hours. Cell lysates were 

collected and caspase-8 and -3 processing was measured by western blotting. Results are representative of 

two individual experiments. DR4m is TRAIL. RI-5 and DR5m is TRAIL. R2-6. 
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Caspase-3 cleavage in Ramos cells correlated with caspase-8 cleavage. ETRI, wt "FRAIL 

and TRAIL. R1-5 induced caspase-3 cleavage from its proform to its p20/19/17 forms 

(Figure 5.2 B). ETRI induced the highest level of caspase-3 cleavage with almost a 

complete disappearance of the proform to a marked accumulation of its catalytically active 

p17 and p19 forms (Figure 5.2 B lane 5). Also, wt TRAIL and TRAIL. R1-5 induced a less 

apparent reduction in procaspase-3 and an accumulation of the p17, p19, and low levels of' 

the p20 subunits (Figure 5.2 B lanes 2 and 4). The R2 specific forms of "FRAIL did not 

induce detectable levels of caspase-3 cleavage (Figure 5.2 B lanes 3 and 6). 

Blocking and Neutralising antibodies to TRAIL-RI and TRAIL-R2, respectively, 

confirm the specificity of the mutant ligands. 

To verify specificity of TRAIL. RI-5 in Ramos cells, a blocking antibody to TRAIL-RI 

was used to block the apoptotic activity of various forms of TRAIL (Figure 5.3 A). The 

TRAIL-R1 blocking antibody alone induced apoptosis slightly above control levels. The 

TRAIL-R2 neutralising antibody induced low levels of apoptosis. All forms of "TRAIL 

induced high levels of apoptosis (> 45%). The TRAIL-R1 blocking antibody inhibited 

apoptosis of wt TRAIL, TRAIL. RI-5 and ETRI to some extent. Almost 50% of the 

apoptotic activity of wt TRAIL and ETRI was blocked by the TRAIL-RI blocking 

antibody. Similarly, greater than 50% of the apoptotic activity of [RAI L. R I -5 was 

inhibited by the TRAIL-RI blocking antibody. In contrast, the TRAIL-R2 neutralising 

antibody did not block the apoptotic activity of any forms of "TRAIL in Ramos cells. 

To verify the specificity of TRAIL. RI-5 and TRAIL. R2-6 in Jurkat cells, blocking and 

neutralising antibodies were used as described above (Figure 5.3 B). The TRAIL-RI 

blocking antibody induced no apoptosis on its own in Jurkat cells. In contrast, the TRAIL- 

R2 neutralising induced 20% apoptosis in Jurkat cells on its own. TRAIL. R2-6 and EI'R2 

induced > 50% apoptosis alone. The induction of apoptosis was not blocked by the 

TRAIL-RI blocking antibody. The TRAIL-R2 neutralising antibody inhibited apoptosis to 

its baseline level of 20% in cells treated with TRAIL. R2-6 and ETR2. 

TRAIL. RI-5 and EZRI induced 25-30% apoptosis in Jurkat cells on their own. The 

TRAIL-RI blocking antibody inhibited apoptosis induced by TRAIL. R1-5 and ETRI to 

less than 10% apoptosis. The TRAIL-R2 neutralising antibody induced low levels of 
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apoptosis on its own and therefore was not used to block TRAIL. R 1 -5 or LIR1. Blocking 

TRAIL-RI in Jurkat cells inhibits the activity of TRAIL. RI-5 and FIR 1. 
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Figure 5.3: The activity of TRAIL mutants is selectively blocked in Ramos and Jurkat cells by 

blocking/neutralising antibodies. A) Ramos cells were cultured at 1x 106 cells per mI and pre-treated for 30 

mins at 37°C either alone or with TRAIL-RI blocking Ab (1 µg/ml) or TRAIL-R2 neutralising Ah (5 pg/ml) 

followed by 4 hours treatement with wt TRAIL (500 ng/ml), TRAIL. RI-5 (500 ng/ml) or ETR I (1000 

ng/ml). B) Jurkat cells were cultured at 1 x106 cells per ml and pre-treated for 30 min at 37°C either alone or 

with TRAIL-RI blocking Ab (1 µg/ml) or TRAIL, R2 neutralising Ab (5 pg/ml). Cells were subsequently 

treated with either TRAIL. R2-6 (250 ng/ml), TRAIL. R I-5 (1000 ng/ml), ETR I (1000 ng/ml) or ETR2 (1000 

ng/ml) for 4 hours. Control cells were cultured with I% PBS. Cell death was quantified by measuring the 

percentage of PS' cells. Results are shown as a Mean t SEM of three individual experiments. * denotes a p- 

value < 0.05 compared with the corresponding control samples as determined by a One Way ANOVA 

followed by a Dunnett's test. 
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TRAIL-induced formation of a DISC in Ramos and Jurkat cells. 

Biotin-labelled forms of the ligands were used to assess the formation of a DISC in Ramos 

and Jurkat cells (Figure 5.4). Thirty million Ramos cells and fifty million Jurkat cells were 

incubated with 500 ng/ml of biotin-labelled, wt TRAIL, 7RAII,. R1-5, '1RAIl.. RI-6, or 

TRAIL. R2-6. 
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Figure 5.4: TRAIL mutants selectively induce DISC formation in Ramos and Jurkat cells. A) Ramos 

cells (30 x 10") were treated with biotinylated wt TRAIL, TRAIL. RI-5 or i'RAlL. R2-6 (500 ng/ml) for 25 

mins at 37°C. B) Jurkat cells (50 x 106) were treated with biotinylated wt TRAIL, TRAIL. R 1-5 or 

TRAIL. R2-6 for 25 mins at 37°C. The collection and elution of DISC proteins was completed as described 

in Materials and Methods. The presence of TRAIL-R2, TRAIL-RI, FADD and caspase-8 were measured by 

western blotting. Results shown are representative of at least three individual experiments. Unstimulated 

lanes indicate the presence of components of the DISC pulled with biotinylated TRAIL in whole cell lysates. 

This figure was completed in collaboration with Dr. Marion MacFarlane. 
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In Ramos cells. wt TRAIL bound both TRAIL-RI and TRAIL-R2 (Figure 5.4A Lane 2), 

and recruited FADD (Figure 5.4 A, Lane 2) and caspase-8 to the DISC. Caspase-8 was 

processed to its p43/41 forms (Figure 5.4 A, Lane 2). TRAIL. RI-5 bound 'TRAIL-R I and 

very low levels of TRAIL-R2 (Figure 5.4 A, Lane 4). Only the high molecular weight 

band of'TRAIL-R2 bound to TRAIL. RI-5. In addition, FADD and both the proform and 

processed p43/41 fragments of caspase-8 were recruited to the DISC (Figure 5.4 A, Lane 

4). In contrast "IRAIL. RI-6, the inactive TRAIL-RI mutant, failed to bind TRAIL-RI or 

TRAIL-R2 and therefore did not recruit FADD or caspase-8 (Figure 5.4 A, Lane 6). The 

TRAIL-R2 specific mutant, TRAIL. R2-6 also did not form a complex with either'fRAIL- 

RI or TRAIL-R2 and therefore did not recruit FADD or caspase-8 (Figure 5.4 A, Lane 8). 

In Jurkat cells, wt TRAIL bound TRAIL-R2 and very low levels of TRAIL-RI (Figure 5.4 

B. Lane 2). This led to the recruitment of FADD and the proform of caspase-8 (Figure 5.4 

B, Lane 2). Caspase-8 was also present in its processed p43/41 forms. TRAIL. R1-5 

hound only love levels of the higher molecular weight protein isoform of TRAIL-R2 and 

also low levels of TRAIT, -RI (Figure 5.4 B, Lane 4). Low levels of FADD were recruited 

to the DISC as well as low levels of capase-8 in both its proform and its processed p43/41 

forms, corresponding with induction of apoptosis (Figure 5.4 B, Lane 4 and Figure 5.2). 

As expected, TRAIL. RI-6 did not bind TRAIL-RI or TRAIL-R2, and did not recruit 

FADD and caspase-8 as there was no visible formation of a TRAIL DISC (Figure 5.4 B, 

Lane 6). TRAIL. R2-6 bound only TRAIL-R2 at high levels and recruited high levels of 

FADD and pro- and processed caspase-8 (Figure 5.4 B, Lane 8). 

TRAIL. R1-5, but not TRAIL. R2-6, is active in CLL cells. 

Work with TRAIL. mAbs has demonstrated that apoptosis in CLL is induced 

predominantly via TRAIL-RI after pre-treatment with an HDAC inhibitor. To confirm 

this. CLL cells from 10 patients were pre-treated with 10 nM depsipeptide followed by 

treatment with ligands specific to TRAIL-RI and TRAIL-R2 (Figure 5.5). 

Depsipeptide alone and TRAIL alone did not induce apoptosis in any CLI, patient samples 

(Figure 5.5 and data not shown). As expected, wt TRAIL, TRAIL. RI-5 and ETRI induced 

apoptosis in depsipeptide-treated CLL cells to various degrees depending upon the patient 

sample with patients 3 and 8 being the most pronounced. Apoptosis induction was 

statistically significant in CLI. cells that had been treated with depsipeptide followed by 
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treatment with TRAIL. R1-5 or ETRI compared with cells that were untreated, treated with 
depsipeptide alone or treated with TRAIL. R1-5 or ETRI alone (p < 0.05 as measured by a 
One Way ANOVA followed by a Dunnett's test). TRAIL. R2-6 and ETR2 did not 

significantly induce apoptosis in any CLL patient samples pre-treated with depsipeptide. 
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Figure 5.5: The activity of TRAIL mutants in CLL. CLL cells from 10 patients were pre-treated at a 
density of 5x 106 cells per ml with depsipeptide (10 nM) or vehicle only control (0.1% DMSO) for 16 hours. 

After treatment with depsipeptide, cells were treated with wt TRAIL (100 ng/ml), TRAIL-R] -5 (1000 

ng/ml), TRAIL-R2-6 (1000 ng/ml), ETRI (1000 ng/ml) or ETR2 (1000 ng/ml) for 6 hours. Cell death was 

quantified by measuring the percentage of PS' cells. Each symbol represents one patient. The black line 

represents the mean for each treatment of all ten patient samples. Results with ap value < 0.05 according to 

a One Way ANOVA followed by a Dunnett's test were considered statistically significant. 

TRAIL induces apoptosis in K562 cells via TRAIL-RI and TRAIL-R2. 

K562 cells are resistant to low concentrations of TRAIL in the absence of a sensitising 

agent (work in Chapter 4). However, in the presence of an HDAC inhibitor such as 

depsipeptide, work with TRAIL rn bs and various other preparations of TRAIL, such as 

Apo2L, suggests that K562 cells respond to TRAIL induced apoptosis primarily through 

TRAIL-R2 (work in Chapter 4). To confirm this result, K562 cells were treated with 

depsipeptide (10 nM) for 12 hours followed by treatment with increasing concentrations of 

w-t TRAIL. TRAIL. R1-5 or TRAIL. R2-6, or ETRI and ETR2 for 4 hours (Figure 5.6). 
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Figure 5.6: The activity of TRAIL mutants in K562 cells. K562 cells were pre-treated at a density of Ix 

106 cells per ml with depsipeptide (10 nM) or vehicle only control (0.1% DMSO) for 12 hours. After 

treatement with depsipeptide, cells were treated with increasing concentrations of wt TRAIL, TRAI L. R I -5 or 

TRAIL. R2-6 (100-1000 ng/ml), or with ETRI or ETR2 (1000 ng/ml) for 4 hours. Cell death was quantified 

by measuring the percentage of PS' cells. Results are shown as a Mean + SEM of at least three individual 

experiments. * denotes a p-value < 0.05 comopared with corresponding control samples as determined by a 

One Way ANOVA followed by a Dunnett's test. 

Surprisingly. K562 cells responded to wt TRAIL and TRAIL. R1-5 alone at high 

concentrations of 500 and 1000 ng/ml (Figure 5.6 grey bars). Wild type TRAIL (1000 

ng/ml) induced 29 ± 6% apoptosis in K562 cells after 4 hours of treatment. In comparison, 

the same concentration of TRAIL. R1-5 induced 20 ± 4% apoptosis in these cells at 4 

hours. K562 cells did not undergo apoptosis when treated with TRAIL. R2-6, ETR 1. or 

ETR2 as single agents. 

In the presence of depsipeptide (Figure 5.6 black bars), K562 cells were further sensitised 

to wt TRAIL and TRAIL. R1-5. K562 cells were also sensitised to TRAIL. R2-6 and ETR2 

in the presence of depsipeptide but remained resistant to ETR I in agreement with findings 

in C: hapter 4. Wild type TRAIL induced the highest levels of apoptosis (4913%) 

followed by E"I'R 2 (43 ± 1%) and TRAIL. R2-6 (36+ 3%). TRAIL. R1-5 induced 

comparable levels of apoptosis (43 ± 6%). ETRI induced very little apoptosis after 

treatment with depsipeptide (10 f l%). 
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Mutants with one amino acid change show some selectivity to TRAIL-RI. 

Two TRAIL mutants (Alal9lLeu and Asn199Val) were predicted to show some 

selectivity towards TRAIL-Rl. Therefore, induction of apoptosis in Ramos and Jurkat 

cells was used as a measure for TRAIL-receptor selectivity (Figure 5.7). In Ramos cells 

Alal 91 Leu showed comparable activity with 500 ng/ml wt TRAIL (52 f 7% and 59 ± 4%, 

respectively). The activity of Asn199VaI was reduced compared with the levels of both wt 

TRAIL and Alal9lLeu in Ramos cells (37 + 2% at 500 ng/ml). In contrast, both single 

change mutants displayed a decrease in apoptotic activity in Jurkat cells compared with wt 

TRAIL (22 ± 5% and 19 ± 7%, respectively compared with 54 + 10% at 500 ng/ml). The 

AsnI99Val mutant induced apoptosis to levels that were lower than wt TRAIL. In 

contrast, the Alal 91 Leu mutant did not induce levels of apoptosis that were different from 

wt TRAIL at the same concentration. The activity of the single change mutants was below 

that of wt TRAIL, but was above that of ETRI (12 ± 1%). Monoclonal Antibodies to 

TRAIL-R1 and TRAIL-R2 confirmed that apoptosis induction in Ramos cells was 

occurring specifically through TRAIL-RI and in Jurkat cells was occurring predominantly 

through TRAIL-R2. 
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Figure 5.7: Single amino acid mutation results in selectivity towards TRAIL-R1. A) Ramos and B) 

Jurkat cells were cultured at a density of Ix 106 cells per ml with increasing concentrations of Arg 191 Leu or 

Asn 199VaI (100-1000 ng/ml) or wt TRAIL (500 ng/ml), ETRI or ETR2 (1000 ng/ml) for 4 hours. 

Apoptosis was measured by quantifying the % PS{ cells and results are shown as Mean t SEM of three 

independent experiments. Results were considered statistically significant from the control if they had ap 

value < 0.05 according to the student's t-test. 
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5.3 Discussion 

TRAIL receptor-selective mutant ligands not only provide a possible therapy in CLL or 

other tumour models, but they also have the ability to provide mechanistic insight into the 

signalling patterns of each TRAIL-receptor individually. In this study, CLL cells were 

found to be sensitive to TRAIL. RI-5 as well as ETRI after sensitisation with depsipeptide. 

These results confirm that CLL cells pretreated with depsipeptide respond to TRAIL via 

TRAIL-R1 and treating CLL cells with preparations of TRAIL that induce apoptosis 

primarily through TRAIL-R2 (ETR2 and Apo2L) may be ineffective. 

Kelley et al. 2005, designed mutant ligands to bind to trimeric TRAIL-RI and TRAIL-R2. 

After designing several mutants to TRAIL-R1 and TRAIL-R2 (including TRAIL. R1-6 and 

TRAIL. R2-6) they tested the mutants for apoptotic induction in a panel of cell lines that 

had been sensitive or resistant to Apo2L. In addition, they tested the binding affinity of 

each ligand to all four TRAIL receptors by a Biacore assay. The study found that although 

each of the TRAIL mutants bound to its respective receptor with a higher affinity than the 

other TRAIL receptors, only the TRAIL-R2 mutants killed tumour cell lines that respond 

to Apo2L. The primary conclusion drawn from this study was that cancer cell lines signal 

to apoptosis predominantly through TRAIL-R2. 

Kelley et al. 2005, were the first group to identify amino acid residues with an affinity to 

TRAIL-RI or TRAIL-R2 based on their previous crystal structure of the TRAIL-TRAIL- 

R2 complex (Hymowitz, Christinger et al. 1999). Their study utilised a novel phage 

display approach that allows ligand binding to a trimeric structure, thus mimicking TRAIL 

signalling conditions. In addition, they were able to show binding specificity of each 

mutant ligand used to its respective receptor (Kelley, Totpal et al. 2005). However, there 

were several problems with this study. 

First, Apo2L was used as a measure for sensitivity to TRAIL. Previous results from 

Chapter 4 in this thesis have suggested that Apo2L induces apoptosis predominantly 

through stimulation of TRAIL-R2. Therefore, Kelley et al. 2005, were selecting for 

sensitivity to TRAIL-R2 and any cell line that is sensitive primarily through TRAIL-Rl 

would not be included in the panel of cell lines tested. Data in this chapter has not only 

compared the efficacy of the mutant ligands generated with that of wt TRAIL, but has also 
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utilised agonistic mAbs to TRAIL to determine what percentage of apoptosis in each cell 

type is through TRAIL-R1 and TRAIL-R2, respectively. 

Second, after determining that the TRAIL-RI mutants were inactive in the panel of cell 

lines tested, Kelley et al. 2005, concluded the reason was because cancer cells signal to 

apoptosis predominantly through TRAIL-R2. However, there could be several reasons 

why the TRAIL-RI mutant was inactive in their study. The panel of cell lines used may 

not have signalled to apoptosis through TRAIL-RI, or one of the six amino acid mutations 

in the TRAIL-RI mutants was causing a lack of activity rather than an increased affinity to 

TRAIL-RI. However, these issues were not addressed in the Kelley et al. 2005, study. 

In this study, two mutants TRAIL. RI-6 and TRAIL. R2-6 (DR4-8 and DR5-8 in Kelley et 

al. 2005, respectively) were produced and tested against wt TRAIL, ETR1 and ETR2 in 

Jurkat and Ramos cell lines. These cell lines were shown to signal to apoptosis in Chapter 

4 through TRAIL-R2 and TRAIL-RI, respectively. 

In agreement with previous findings, TRAIL. R2-6 induced high levels of apoptosis in 

Jurkat cells but no apoptosis in Ramos cells and this correlated with both caspase-8 and -3 

processing, suggesting that it signalled to apoptosis specifically through TRAIL-R2 

(Figure 5.1 and 5.2). In addition, TRAIL. R2-6 activity in Jurkat cells was blocked by a 

TRAIL-R2 neutralizing antibody, but not affected by a TRAIL-R1 blocking antibody, 

further confirming specificity through TRAIL-R2 (Figure 5.3B). 

Although TRAIL. R2-6 pulled low levels of TRAIL-R2 in unstimulated cells in a Ramos 

DISC, in live cells TRAIL. R2-6 failed to form a stable complex (Figure 5.4 A, Lanes 7 and 

8). In contrast, TRAIL. R2-6 bound TRAIL-R2 in Jurkat cells but not TRAIL-RI and was 

able to recruit FADD and caspase-8 (including the processed p41/43 forms) to the DISC at 

higher levels than wt TRAIL, suggesting that apoptosis caused by TRAIL. R2-6 in Jurkat 

cells was purely through TRAIL-R2 (Figure 5.4 B). After sensitization with depsipeptide, 

TRAIL. R2-6 failed to induce apoptosis above vehicle controls in all patient samples tested 

(Figure 5.5). Taken together with data from Chapter 4, this suggests that TRAIL. R2-6 is 

not able to signal to apoptosis through TRAIL-Rl. 
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TRAIL. RI-6 was inactive in both Ramos and Jurkat cells suggesting that one or more of 

the amino acid mutations was responsible for this lack of activity (Figure 5.1 and 5.2 and 

Table 5.1). Although binding of TRAIL. R1-6 to TRAIL-RI was demonstrated in a 

previous publication (Kelley, Totpal et al. 2005), DISCs in Ramos and Jurkat cells 

demonstrate that TRAIL. R1-6 does not bind TRAIL-RI or TRAIL-R2 in live cells or 

under unstimulated conditions, suggesting that TRAIL. RI-6 does not bind TRAIL-RI and 

does not form a stable complex in live cells (Figure 5.4, Lanes 5 and 6). Therefore 

intermediate mutants were produced in order to pinpoint the residues responsible for this 

lack of activity (Table 5.1). 

As shown in Table 5.1, amino acid mutations at residues 213 and 215 (TRAIL. R1-2) had 

no effect on the activity of TRAIL and behaved in the same way as wt TRAIL. These 

mutations had been incorporated in all of the TRAIL-RI mutants in the original TRAIL 

mutant paper as it was suggested that these substitutions decreased binding of TRAIL to 

TRAIL-R2 by 10-fold (data not shown in Kelley et al. 2005). No work has been done to 

determine whether or not this is the case. However these mutations alone do not have an 

effect on the activity or specificity of TRAIL towards either receptor. 

The addition of two residue switches, Asnl99Val and Lys20lArg (TRAIL. R1-4), did not 

alter the activity of TRAIL in Ramos cells suggesting that it allowed signalling to 

apoptosis through TRAIL-RI. In contrast, the activity of TRAIL. RI-4 was partially 

reduced in Jurkat cells, suggesting that amino acid switches at 199 or 201 or both were 

responsible for a reduced signalling through TRAIL-R2. Despite a partial selectivity, it 

appeared that TRAIL. RI-4 signalled to apoptosis at a higher level than ETR1, suggesting 

that some of the apoptosis caused by TRAIL. RI-4 was because of a partial signal to 

TRAIL-R2. Therefore, an additional mutation was added at residue 189. 

The addition of one amino acid switch reduced the activity of TRAIL in both Ramos and 

Jurkat cells (Tyrl 89A1a, TRAIL. R1 -5a) suggesting that it was perhaps responsible for the 

lack of activity of the original TRAIL. R1-6 mutant. Therefore, wt TRAIL was mutated at 

189 for a single amino acid switch and activity of this mutant (TRAIL. Rl-1) was tested in 

Jurkat and Ramos cells. Although activity of TRAIL. Rl-1 was higher in Ramos and Jurkat 

cells than both the TRAIL. RI-6 and TRAIL. R1-5a mutants, the addition of just one amino 

acid mutation did reduce activity of TRAIL compared with wt activity. This suggests that 
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the Tyrl89A1a switch was partially causing a lack of activity in the TRAIL. Rl-6 and 

TRAIL. R1-5a mutants however, a combination of this switch with one or more of the other 

five amino acid changes were probably causing full inactivity. In order to clarify the exact 

combination of amino acid changes necessary to cause lack of activity, a detailed study 

would need to be completed where different combinations of amino acid switches were 

tested. 

Dr. Mike Sutcliffe (University of Manchester) modelled the structure of the TRAIL- 

TRAIL-Rl complex (Hymowitz, Christinger et al. 1999), based on the TRAIL-TRAIL-R2 

crystal structure shown in the Appendix (Figure A. 3) and provided two possible reasons 
for why the Tyrl 89A1a substitution may decrease the activity of TRAIL. Based on this 

structural model, the Tyr189 forms a hydrogen bond to a conserved Glu in both TRAIL-RI 

and TRAIL-R2 (Figure A. 3 A). The Tyrl 89A substitution to a small, non-polar residue 

removes this hydrogen bond in both the TRAIL-TRAIL-RI and TRAIL-TRAIL-R2 

complexes. This substitution also results in the removal of hydrophobic interactions with 

Arg191, Asp267, Ala272 and Lys224 which may change the folding patterns of the TRAIL 

protein. This explains why the addition of this as a single mutation decreases the activity 

of TRAIL both in Ramos and Jurkat cells. 

The final mutant synthesised was TRAIL. R1-5 and it was lacking the 189 amino acid 

switch and had a switch at 193 instead. As seen in Table 5.1 and in Figures 5.1 and 5.2, 

TRAIL. RI-5 retained most of the original activity of wt TRAIL in Ramos cells, but lost 

much of its activity in Jurkat cells, suggesting that it was signalling purely through TRAIL- 

RI (Figure 5.1 and 5.2). TRAIL. Rl-5-induced caspase-8 and -3 activation correlated with 

induction of apoptosis in both Ramos and Jurkat cells, confirming the induction of 

apoptosis in these cells (Figure 5.1 and 5.2). In addition, depsipeptide sensitised CLL cells 

in all patient samples (to varying degrees) to TRAIL. R1-5, suggesting that it can behave 

through TRAIL-RI (Figure 5.5). A blocking antibody to TRAIL-RI was able to block the 

activity of TRAIL. R1-5 but a neutralising antibody to TRAIL-R2 did not have an effect on 

TRAIL. RI-5 activity further confirming specificity through TRAIL-R1 (Figure 5.3 A). 

TRAIL. RI-5 was able to form DISC complexes in both Ramos and Jurkat cells (Figure 

5.4). TRAIL. RI-5 bound TRAIL-RI but not TRAIL-R2 in unstimulated Ramos cells but 

pulled low levels of TRAIL-R2 in live cells. This suggests that either TRAIL. RI-5 can 
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pull TRAIL-R1/TRAIL-R2 heterocomplexes, as well as pure complexes, or the TRAIL-R2 

antibody can detect low level of TRAIL-RI. Interestingly, in iinstimulated lanes, both 

TRAIL. R1-5 and TRAIL. R2-6 pulled less of their respective receptor than wt TRAIL 

despite pulling more FADD and caspase-8 in live cells (Figure 5.4). One possible reason 

for this is that the TRAIL mutants were designed to bind to a trimeric structure, and 

therefore may have been selected not to pull free TRAIL-receptors whereas wt TRAIL was 

identified for its similarities with other TNF-family members but not by its ablility to bind 

to a trimeric structure (Wiley, Schooley et al. 1995; Pitti, Marsters et al. 1996; Kelley, 

Alkan et al. 2004). 

K562 cells have previously been shown to be resistant to TRAIL at low concentrations but 

sensitised after treatment with depsipeptide (Inoue, MacFarlane et al. 2004). In Chapter 4, 

K562 cells were shown to signal primarily through TRAIL-R2 and were resistant to ETRI 

before and after treatment with depsipeptide. 

Wild type TRAIL and TRAIL. R1-5 induced low levels of apoptosis in K562 cells at high 

concentrations on their own (Figure 5.6). This was surprising given that K562 cell had 

previously been shown to be resistant to ETRI both with and without depsipeptide 

(Chapter 4). Pre-treatment with depsipeptide further sensitised K562 cells to wt TRAIL 

and TRAIL. R1-5 and also sensitised cells to TRAIL. R2-6 and ETR2. In keeping with 

previous results, K562 cells remained resistant to ETR1. This result suggests that there 

could be signalling differences between antibodies and ligand; it is not clear whether 

sensitising agents can exaggerate these differences. Analysis of DISC proteins using each 

mutant ligand may help to identify possible signalling differences between the mutants. 

However, further investigation of the signalling differences between ligands and antibodies 

would require a large panel of cell lines and different preparations of TRAIL and TRAIL 

mAbs and is beyond the scope of this investigation. 

Work with these mutants suggests that very few amino acid mutations are required for 

specificity through TRAIL-RI or TRAIL-R2. It remains to be determined which 

mutations are necessary for the ability of TRAIL to selectively function through TRAIL- 

Rl. A structural model of the TRAIL-TRAIL-R1 complex (completed by Mike Sutcliffe 

based on the TRAIL-TRAIL-R2 crystal structure (Hymowitz, Christinger et al. 1999)) has 

suggested two possible sites for mutation that, with a single amino acid switch, could 
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improve the ability of TRAIL to selectively function through TRAIL-RI by disrupting 

TRAIL-TRAIL-R2 interactions. 

First, AsnI99Val is predicted to cause a loss of two hydrogen bonds in the TRAIL-TRAIL- 

R2 complex, but only one of these affected residues is conserved in TRAIL-RI, therefore 

only one hydrogen bond is lost in the TRAIL-TRAIL-R1 complex (Figure A. 3 A). As a 

single mutant, this residue may provide some specificity to TRAIL-RI although it may 

reduce the activity of TRAIL in both a TRAIL-RI cell type and a TRAIL-R2 cell type 

because hydrogen bonds are lost in both the TRAIL-TRAIL-RI and the TRAIL-TRAIL- 

R2 complexes. 

Second, Argl9l is predicted to form protein-protein interactions in the TRAIL-TRAIL-R2 

complex but not the TRAIL-TRAIL-R1 complex. Therefore, disrupting these interactions 

either by a hydrophobic residue (Leucine) or a charge reversal (Glutamine) should increase 

specificity to TRAIL-RI without altering the activity of TRAIL in a TRAIL-RI signalling 

cell. Interestingly, Arg191 was mutated in TRAIL. R2-6 to a Lysine to increase binding to 

TRAIL-R2. 

To test this theory, Argl9lLeu and Asnl99Va1 were generated as single change mutants 

and tested in Ramos and Jurkat cells (Figure 5.7). As predicted, Argl9lLeu retained the 

same apoptotic activity as wt TRAIL in Ramos cells, but this activity was reduced in Jurkat 

cells. In contrast, the activity of Asn199Va1 was reduced in both Ramos and Jurkat cells 

compared with the activity of wt TRAIL. However the reduction in apoptosis was more 

apparent in Jurkat cells, suggesting that the TRAIL-TRAIL-R2 complex was more 

disrupted than the TRAIL-TRAIL-R1 complex as predicted. Both mutants provide a 

degree of specificity however levels of apoptosis induced by each mutant in Jurkat cells 

exceed those induced by ETR1 suggesting the partial involvement of TRAIL-R2 in 

apoptosis induction by these mutants. DISC analysis would need to be completed to form 

more concrete conclusions about signalling differences between ligand and mAb. 

A recent publication has designed novel TRAIL-R2-selective mutants with 1 or 2 amino 

acid changes (van der Sloot, Tur et al. 2006). They modelled the TRAIL-TRAIL-receptor 

complexes (TRAIL-RI, TRAIL-R2, TRAIL-R3 and TRAIL-R4) and considered mutating 

residues that were in the TRAIL-TRAIL-receptor interface but were not conserved among 
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all four TRAIL-receptors. Interestingly, many of the same residues that were mutated both 

in TRAIL. RI-6 and TRAIL. R2-6 were considered in this study (van der Sloot, Tur et al. 

2006). However, final mutations were the single mutant Asp269His and the double 

mutants Asn269His and Glul95Arg, and Asp269His and Tyr2l4Arg. Binding to TRAIL- 

R2 was increased compared with wt TRAIL in all mutants. In addition, binding to TRAIL- 

RI was decreased compared with wt TRAIL in all mutants. The biological activity of the 

mutants was compared in a panel of cell lines and the activity of each mutant was 

successfully blocked with a neutralizing antibody to TRAIL-R2, but not by a TRAIL-RI 

neutralising antibody. It is important to note that TRAIL-RI receptor-selective mutants 

were not addressed in this study (van der Sloot, Tur et al. 2006). 

The fewer mutations introduced into the TRAIL sequence, the less likely protein 

misfolding will occur. Therefore, ligands need to be designed for specificity but also 

contain as few amino acid changes as possible. TRAIL. R1-5 has 5 amino acid changes 

and some of these may be unnecessary. It is clear from intermediate mutants generated, 

that Tyr2l3Trp and Ser215Asp do not provide specificity to TRAIL-Rl and therefore are 

not necessary. In addition, when comparing TRAIL. R1-4 with Asnl99Val, there appears 

to be no difference in apoptotic ability of the two mutants and no difference in specificity. 

Therefore, Lys20lArg may not be required in a TRAIL-RI-selective mutant. TRAIL. RI-5 

was used as a final TRAIL-R1 mutant; however Gln193Ser reduces the activity of TRAIL 

both in Ramos and Jurkat cells and may not enhance specificity. Therefore a double 

mutant Argl9lLeu and Asn199Val may provide specificity to TRAIL-R1 without 

compromising activity. To further identify potential mutants, combinations of double 

switches should be tested on Jurkat and Ramos cells. 
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Chapter 6: An Investigation into TRAIL 

internalisation patterns 

134 



Chapter 6: Internalisation patterns of TRAIL 

6.1 Introduction: TRAIL internalisation patterns 

K562 cells were found to signal to apoptosis through both TRAIL-R1 and TRAIL-R2 when 

treated with receptor-selective mutant ligands in the presence of an HDAC inhibitor (Chapter 

5). This was a surprising result given that treatment with TRAIL mAbs suggested that K562 

cells signal primarily through TRAIL-R2 when pre-treated with an HDAC inhibitor (data in 

Chapter 4). In this Chapter, K562 DISC formation was analysed in the presence and absence 

of depsipeptide using wt TRAIL and mutant ligands. Interestingly, when TRAIL was used at 

high concentrations in the presence of depsipeptide, less FADD was detected in the DISC than 

in cells treated with TRAIL in the absence of depsipeptide. One possible explanation for this 

was that the DISC complex was being internalised and dissociated from TRAIL more rapidly 

when TRAIL was used at higher concentrations. Therefore internalisation patterns of TRAIL 

were investigated. 

Endocytosis is an important process to maintain the correct balance of nutrients and chemicals 

within a cell (Polo and Di Fiore 2006). Many forms of endocytosis have been identified and 

new pathways continue to be identified. However the majority of proteins are thought to be 

internalised by clathrin-mediated endocytosis (Polo and Di Fiore 2006). The role of 

endocytosis in apoptosis has not been studied thoroughly. There have been several 

contradictory reports identifying the role of endocytosis in Death Receptor-induced apoptosis 

(Algeciras-Schimnich, Shen et al. 2002; Schneider-Brachert, Tchikov et al. 2004; Austin, 

Lawrence et al. 2006; Lee, Feig et al. 2006). However, the importance of internalisation to 

TRAIL-induced apoptosis is not yet clear. 

One paper concluded that endocytosis was necessary for CD95-induced apoptosis in type I 

cells (Lee, Feig et al. 2006). Another paper stated that TNFR1 DISC formation and 

endocytosis into receptosomes were inseparable events (Schneider-Brachert, Tchikov et al. 

2004). While the same has not been indicated for TRAIL-induced apoptosis, the question is 

pertinent to work done with TRAIL, particularly when considering mechanisms of resistance 

to TRAIL. In this chapter, BJAB cells were primarily used to study TRAIL internalisation. 
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TRAIL was found to rapidly internalise in BJAB cells. In addition, endocytosis was not 

required for DISC formation in either BJAB or HeLa cells. HeLa cells expressing the K44A 

dominant negative dynamin-1 protein were used as a tool to investigate the mechanisms of 

TRAIL internalisation. The K44A dynamin had no effect on TRAIL-induced apoptosis or 

DISC formation at 4°C. In addition, dynamin was not required for TRAIL internalisation in 

HeLa cells suggesting that, in the absence of dynamin, a pathway other than clathrin-mediated 

endocytosis may be employed. 

Work from this chapter raises several questions that warrant further study. What effect does 

inhibition of TRAIL internalisation have on TRAIL-induced apoptosis? Is a defect in 

endocytosis a possible mechanism for resistance to TRAIL and can sensitisation to TRAIL- 

induced apoptosis overcome this block? What is the mechanism of TRAIL internalisation? 

All of these questions can be addressed with the right approaches and may lead to further 

avenues of investigation in future. 

6.2 Results 

TRAIL mutants form a DISC in K562 cells. 

To characterise signalling differences between wt TRAIL, TRAIL. RI-5, and TRAIL. R2-6, 

analysis of the DISC proteins pulled from each ligand after 30 mins of treatment with TRAIL 

was undertaken as described in Materials and Methods (Figure 6.1). As expected, wt TRAIL 

pulled high levels of both TRAIL-R1 and TRAIL-R2 (Figure 6.1, Lane 2). High levels of 

FADD and caspase-8 were pulled corresponding to levels of apoptosis. In addition, caspase-8 

was partially processed to its p43/41 foams at this time. Cells that were treated with wt 

TRAIL after lysis (Figure 6.1, Lane 1) pulled both TRAIL-R1 and TRAIL-R2 but not FADD 

or caspase-8 demonstrating that wt TRAIL can bind to both TRAIL-RI and TRAIL-R2. 

TRAIL. RI-5 formed a stable DISC complex in K562 cells (Figure 6.1, Lane 4). 

Unexpectedly, both TRAIL-R1 and TRAIL-R2 (particularly the high molecular weight band) 

bound to TRAIL. R1-5. High levels of FADD and both the proforms and processed p43/41 
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forms of caspase-8 were visible in the DISC complex at this time point. Cells that were 

treated with TRAIL. RI-5 after lysis (Figure 6.1, Lane 3) only bound to TRAIL-RI. 

uls uls u/s 

wt wt R1-5 R1-5 R2-6 R2-6 

go age - TRAIL R2 

sea some mow. mono 
TRAIL R1 

FADD 

r 
Caspase 8 

i 
ýý ar"rrº ýý 

p43141 

Lane 

Figure 6.1: TRAIL receptor-selective mutants induce DISC formation in K562 cells. K562 cells were either 

left unstimulated or treated with biotinylated wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 (500 ng/ml) for 30 minutes 

at 37°C. The collection and analysis of DISC proteins was completed as described in Materials and Methods. 

TRAIL-R], TRAIL-R2, FADD, and caspase-8 were detected using western blotting. Results shown are 

representative of at least three individual experiments. Unstimulated (u/s) lanes indicate the presence of 

components of the DISC pulled with biotinylated TRAIL in whole cell lysates. * Denotes TRAIL-R I from a re- 

probed membrane. 

TRAIL. R2-6 formed a smaller DISC complex in K562 cells (Figure 6.1, Lane 6). TRAIL. R2- 

6 only pulled TRAIL-R2 and recruited low levels of FADD and procaspase-8. No processed 

caspase-8 was visible in the DISC at this time. Cells that were treated with TRAIL. R2-6 after 

lysis (Figure 6.1. Lane 5) only bound TRAIL-R2. Ligand-induced DISC formation correlated 

with apoptosis induction in all cases. 
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TRAIL-induced DISC formation in the presence of Depsipeptide in K562 cells. 

Thirty million K562 cells were pre-treated with and without Depsipeptide (10 nM) for 12 

hours followed by treatment with; wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 (500 ng/ml) for 30 

mins. Analysis of DISC proteins was carried out as described in Materials and Methods. 

As shown by unstimulated lanes (Figure 6.2, Lanes I and 7) depsipeptide induced an increase 

in TRAIL-R2 and a decrease in TRAIL-RI as expected. In the control situation, wt TRAIL 

bound both TRAIL-RI and TRAIL-R2 and high levels of FADD despite only inducing 10% 

apoptosis at four hours in this sample (Figure 6.2, Lane 2). However when samples were pre- 

treated with depsipeptide less receptor and less FADD were pulled into the DISC complex 

despite a more than 4-fold increase in apoptosis (Figure 6.2, Lanes 2 and 8). 

In control samples treated with TRAIL. RI-5, TRAIL-RI and very low levels of TRAIL-R2 

were pulled into the DISC complex (Figure 6.2, Lane 4). In addition, high levels of FADD 

were recruited to the DISC complex but despite the same levels of apoptosis as samples 

treated with wt TRAIL, less FADD was pulled into the DISC of samples treated with 

TRAIL. Rl-5 (Figure 6.2, Lanes 2 and 4). Despite a 3.5-fold increase in apoptosis in samples 

treated with depsipeptide, less TRAIL-R I and less FADD were recruited to the DISC in this 

situation (Figure 6.2, Lanes 4 and 10). No TRAIL-R2 was visible at the DISC in this sample 

(Figure 6.2. Lane 10). 

As expected, TRAIL. R2-6 pulled low levels of TRAIL-R2 but no TRAIL-R I in the control 

situation (Figure 6.2. Lane 6). Also, correlating with the induction of apoptosis, very little 

FADD was pulled into the DISC (Figure 6.2, Lane 6). Depsipeptide increased binding of 

TRAIL. R2-6 to "TRAIL-R2 but the level of FADD remained approximately the same despite a 

4-fold increase in apoptosis (Figure 6.2, Lanes 6 and 12). 
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Figure 6.2: TRAIL receptor-selective mutants induce DISC formation in K562 cells in the presence of 

depsipeptide. K562 cells were treated with or without 10 nM depsipeptide for 12 hours followed by treatment 

with either biotinylated wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 for 25 mins at 37°C. The collection and 

analysis of DISC' proteins was completed as described in Materials and Methods. TRAIL-RI, TRAIL-R2 and 

FADD were detected using western blotting. Results are shown as one experiment representative of at least 

three. Unstimulated lanes indicate the presence of components of the DISC pulled with biotinylated TRAIL in 

whole cell lysates. 

Caspase-8 processing in K562 lysates correlates with TRAIL-induces apoptosis. 

To confirm that caspase-8 processing in whole cell lysates correlates with TRAIL-induced 

apoptosis in K562 cells, K562 cells were pre-treated with or without depsipeptide followed by 

treatment with various forms of TRAIL for up to 8 hours. Untreated cells did not appear to 

have processed caspase-8 in the lysate (Figure 6.3 A and B, Lane I). In contrast, cells treated 

with depsipeptide had low levels of the p43/41 forms of caspase-8 in the lysates (Figure 6.3 B, 

Lane 2). In cells that were not pre-treated with depsipeptide, wt TRAIL and TRAII.. RI-5 

accumulated a build-up of similar levels of the p43/41 and the pl 8 fragments of caspase-8 

over time reaching maximum levels after 4 hours of treatment (Figure 6.3 A, Lanes 2-9). The 

build-up of processed caspase-8 was much less apparent in samples treated with TRAIL. R2-6 

with only low levels of the p43/41 forms of caspase-8 visible (Figure 6.3 A, Lanes 10-13). 

These data correlated with levels of apoptosis induction. 
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Figure 6.3: TRAIL receptor-selective mutants induce a time-dependent processing of caspase-8 in K562 

cells. A) K562 cells were treated with biotinylated wt TRAIL, I RAIL. RI-5 or `IRAIL. R2-6 (500 ng/ml) for I, 2, 

4 or 8 hours at 37°C. Cell lysates were collected and caspase-8 activation was assessed by western blotting. B) 

K562 cells were pretreated with Depsipeptide (10 nM) for 12 hours followed by treatment with biotinylated wt 

TRAIL, TRAIL. Rl-5 or TRAIL. R2-6 (500 ng/ml) for 1,2,4 or 8 hours at 37°C. Caspase-8 activation was 

assessed by western blotting. Apoptosis was measured by determining the percentage of PS' cells. Results 

shown are one experiment only. 
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Samples pre-treated with depsipeptide followed by treatment with TRAIL accumulated more 

processed caspase-8 than samples treated with TRAIL in the absence of depsipeptide (Figure 

6.3). Wt TRAIL and TRAIL. R1-5 induced similar levels of caspase-8 processing in samples 

pre-treated with depsipeptide in a time dependent manner (Figure 6.3 B, Lanes 3-10). The 

p43/41 and p 18 fragments were clearly visible at 1 hour and the presence of the p 18 fragment 

increased up to 8 hours. The TRAIL. R2-6 mutant induced caspase-8 processing to a lesser 

extent but the p43/41 and p 18 fragments of caspase-8 were detected at 1 hour and accumulated 

to reach maximum levels by 8 hours (Figure 6.3 B, Lanes 11-14). Caspase-8 processing 

reached higher levels in all samples treated with depsipeptide compared with samples treated 

with vehicle control followed by TRAIL and also correlated with apoptosis induction. 

DISC formation occurs in a time-dependent manner in K562 cells. 

To address the discrepancy in Figure 6.2,3 x 107 K562 cells were pre-treated with or without 

depsipeptide (10 nM) for 12 hours followed by treatment with either; wt TRAIL, i'RAIL. R1-5 

or TRAIL. R2-6 (500 ng/ml) for 15,30, or 60 mins. Depsipeptide induced a decrease in 

TRAIL-RI but did not induce an increase in TRAIL-R2 in these experiments. TRAIL- 

receptor binding and FADD and caspase-8 recruitment did not correlate with apoptosis 

induction. A reference sample was loaded to allow for comparing between gels (Figure 6.4 A 

and B, Lane 11). 

In control cells, wt TRAIL appeared to recruit the maximum DISC at 15 minutes (Figure 6.4 

A, Lanes 2-4). At 15 mins, high levels of TRAIL-RI and TRAIL-R2 were pulled into a DISC 

complex as well as large amounts of FADD and both the proform and processed p4l/43 

fragments of caspase-8 (Figure 6.4 A, Lane 2). At 30 mins wt TRAIL treatment, the levels of 

TRAIL-Rl and TRAIL-R2 were slightly reduced compared with the 15 min time point, 

however, FADD levels remained approximately equal to the 15 minute time point (Figure 6.4 

A, Lanes 2 and 3). Levels of the proform of caspase-8 were reduced but the p4l/43 fragments 

remained the same as the 15 minute time point (Figure 6.4 A, Lanes 2 and 3). At 60 minn wt 

TRAIL treatment the DISC appeared to have mainly dissociated (Figure 6.4 A, Lane 4). No 

TRAIL-R I or TRAIL-R2 was visible at the DISC (Figure 6.4 A, Lane 4). Levels of FADD 

and caspase-8 were dramatically reduced (Figure 6.4 A, Lane 4). 
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Figure 6.4: TRAIL receptor-selective mutants induce a time-dependent DISC formation in K562 cells. A) 

K562 cells were treated with biotinylated wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 (500 ng/ml) for 15,30, or 60 

mins at 37°C. B) K562 cells were pre-treated with depsipeptide (10 nM) for 12 hours followed by treatment 

with biotinylated wt TRAIL, TRAIL. RI-5 or TRAIL. R2-6 for 15,30 or 60 mins at 37°C. The collection and 

analysis of DISC proteins was completed as described in Materials and Methods. TRAIL-RI, TRAIL-R2, FADD 

and caspase-8 were detected using western blotting. Results are shown as one experiment representative of at 

least three. Unstimulated lanes indicate the presence of DISC proteins pulled with biotinylated TRAIL in whole 

cell lysates. * denotes the presence of TRAIL-RI from a re-probed membrane. 
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TRAIL. RI-5 appeared to forma maximum DISC at 30 mins in the control situation (Figure 

6.4 A, Lanes 5-7). At 15 mins and, to a greater extent, at 30 mins both TRAIL-R 1 and low 

levels of the higher molecular weight band of TRAIL-R2 were pulled into the DISC complex. 

High levels of FADD and both the proform and the p41/43 fragments of caspase-8 were 

recruited into the DISC (Figure 6.4 A, Lanes 5 and 6). Although the DISC was formed to a 

lesser extent at 60 mins, TRAIL-R I and low levels of TRAIL-R2 were still recruited to the 

DISC at this time (Figure 6.4 A, Lane 7). In addition, FADD and the proform of caspase-8 

were still present at high levels (Figure 6.4 A, Lane 7). The processed p41/43 forms of 

caspase-8 were present at the DISC at higher levels than in the 15 and 30 min time points 

(Figure 6.4 A, Lanes 5-7). 

As expected in control cells, TRAIL. R2-6 induced a smaller DISC as compared with wt 

TRAIL and TRAIL. RI-5 (Figure 6.4 A). In addition, TRAIL. R2-6 DISC formation peaked at 

30 mins (Figure 6.4 A, Lanes 8-10). At 15 mins, low levels of TRAIL-R2 and FADD were 

recruited to the DISC (Figure 6.4 A, Lane 8). Only the proform of caspase-8 was visible at 

this time (Figure 6.4 A, Lane 8). At 30 mins an increased amount of TRAIL-R2, FADD and 

caspase-8 (both the proform and the p4l/43 fragments) were recruited to the DISC (Figure 6.4 

A, Lane 9). Interestingly, after 60 mins of treatment with TRAIL. R2-6, K562 cells still had 

DISC formation with TRAIL-R2, FADD and caspase-8 (both the proform and the p4l/43 

fragments) being detected although somewhat decreased compared with the 30 minute time 

point (Figure 6.4 A, Lanes 9 and 10). 

In K562 cells that were pre-treated with depsipeptide, the DISC formed by wt TRAIL 

appeared to reach a maximum between 15 and 30 mins and was not dismantled by 60 minn 

(Figure 6.4 A and B, Lanes 2-4). In these samples, TRAIL-R I was not recruited to the wt 

DISC to the same extent as the control samples (Figure 6.4 A and B Lanes 2-4). In contrast, 

more TRAIL-R2 was recruited in the depsipeptide pre-treated samples compared with the 

control samples at all time points (Figure 6.4 A and B, Lanes 2-4). Despite an increase in 

TRAIL-R2 recruitment to the DISC, FADD recruitment was decreased at the earlier time 

points in the samples pre-treated with depsipeptide at 15 and 30 rains (Figure 6.4 A and B, 
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Lanes 2 and 3). In contrast, more FADD appeared to be recruited at the DISC at 60 mins in 

the depsipeptide-treated samples as compared with the same time-point of the control samples 
(Figure 6.4 A and B, Lane 4). There was an increased recruitment of procaspase-8 to the 

DISC in all depsipeptide treated samples compared with control wt TRAIL samples (Figure 

6.4 A and B, Lanes 2-4). However, the accumulation of processed caspase-8 was decreased in 

all of these samples with the exception of the 60 minute time point where it was approximately 

equal to that of the control samples (Figure 6.4 A and B, Lanes 2-4). 

In samples pre-treated with depsipeptide followed by treatment with TRAIL. R1-5, the DISC 

appeared to reach a maximum at 15 mins (Figure 6.4 B, Lanes 5-7). At 15 mins, less TRAIL- 

R1 was recruited to the DISC but there was an increase in TRAIL-R2 recruitment (Figure 6.4 

A and B, Lane 5). However at 30 and 60 mins in depsipeptide-treated samples, TRAIL-R1 

was not visible and the presence of TRAIL-R2 was decreased compared with the 

corresponding control samples (Figure 6.4 A and B, Lanes 6 and 7). FADD recruitment was 

decreased in all depsipeptide-treated samples compared with samples treated with TRAIL. RI- 

5 alone (Figure 6.4 A and B, Lanes 5-7). However, procaspase-8 recruitment to the DISC was 

increased in the depsipeptide treated TRAIL. R1-5 sample at 15 mins despite a decrease in the 

processed p41/43 fragments of caspase-8 compared with control samples (Figure 6.4 A and B, 

Lane 5). In contrast, at 30 and 60 mins, caspase-8 recruitment was decreased in the 

depsipeptide-treated samples compared with control samples (Figure 6.4 A and B, Lanes 6 and 

7). 

In samples pre-treated with depsipeptide followed by treatment with TRAIL. R2-6, DISC 

formation reached a maximum at 30 mins (Figure 6.4 B, Lanes 8-10). As expected, TRAIL- 

R1 was not recruited to the DISC. However, more TRAIL-R2 was recruited to the DISC in 

depsipeptide-treated samples at all time points compared with samples treated only with 

TRAIL. R2-6 (Figure 6.4 A and B, Lanes 8-10). Despite this, FADD recruitment was 

decreased in depsipeptide treated samples compared with TRAIL. R2-6 control samples 

(Figure 6.4 A and B, Lanes 8-10). At 15 and 30 mins, in depsipeptide-treated samples, more 

procaspase-8 was recruited to the DISC but less processed caspase-8 was evident in the DISC 

at these times compared with control samples (Figure 6.4 A and B, Lanes 8 and 9). Caspase-8 
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recruitment at 60 mins was the same in depsipeptide-treated and control samples (Figure 6.4 A 

and B. Lane 10). 

K562 DISC formation is concentration-dependent in K562 cells. 
To address the lack of correlation between DISC formation and the percent apoptosis in K562 

cells with and without depsipeptide, a concentration-response using wt TRAIL and 

TRAIL. R2-6 was completed. K562 cells were treated with or without depsipeptide followed 

by treatment with increasing concentrations of wt TRAIL or TRAIL. R2-6 (100-500 ng/ml) for 

30 minutes (Figure 6.5). DISC proteins were analysed as described in Materials and Methods. 

Unstimulated lanes indicate that in this experiment there was a dramatic decrease in TRAIL- 

RI after depsipeptide treatment, which is consistent with previous results (Figure 6.5, Lanes 1 

and 9). However these lanes also indicate a decrease in TRAIL-R2 after depsipeptide 

treatment which is inconsistent with previous experiments and must be taken into 

consideration when analysing the results (Figure 6.5, Lanes 1 and 9). A reference sample was 

loaded to allow for comparing between two different gels (Figure 6.5, Lanes 8 and 16). 

In control samples, a maximum DISC formation occurred at 500 ng/ml wt TRAIL treatment 

(Figure 6.5, Lanes 2-4). 100 ng/ml wt TRAIL was not sufficient to induce DISC formation 

(Figure 6.5, Lane 2). In this sample, low levels of TRAIL-R1 and FADD were pulled into the 

DISC (Figure 6.5, Lane 2). TRAIL-R2 and caspase-8 were not visible in this sample (Figure 

6.5, Lane 2). Increasing the concentration of wt TRAIL to 250 ng/ml formed a small DISC 

(Figure 6.5, Lane 3). Low levels of TRAIL-R1 and TRAIL-R2 were visible in this DISC as 

well as FADD (Figure 6.5, Lane 3). Caspase-8 was not detected in this sample. 500 ng/ml of 

wt TRAIL recruited high levels of TRAIL-R1, TRAIL-R2, FADD and caspase-8 (Figure 6.5, 

Lane 4). In this sample caspase-8 was processed to its p41/43 forms (Figure 6.5, Lane 4). In 

control cells, wt TRAIL DISC formation correlated with apoptosis induction as observed 

previously. 

After pre-treatment with depsipeptide, wt TRAIL formed a DISC at all concentrations (Figure 

6.5, Lanes 10-12). Less TRAIL-R1 was pulled into all of the depsipeptide-treated cells, 

corresponding to a decrease in TRAIL-R1 levels (Figure 6.5, Lanes 10-12). In the 100 and 

145 



Chapter 6: Internalisation patterns of TRAIL 

250 ng/ml wt TRAIL DISCs, more TRAIL-R2, FADD and caspase-8 were pulled into the 

depsipeptide-treated DISCs compared with control DISCs (Figure 6.5, Lanes 2-3 and 10-11). 

In the case of depsipeptide-treated samples, more caspase-8 was pulled into the 250 ng/ml 

DISC than the 100 ng/ml DISC. The caspase-8 pulled into the 250 ng/ml DISC was partially 

processed into its p41/43 forms (Figure 6.5, Lanes 10 and 11). In samples treated with 500 

ng/ml wt TRAIL, no TRAIL-R1 and less TRAIL-R2, FADD and caspase-8 were recruited to 

the DISC in the depsipeptide-treated sample compared with the corresponding control sample 

(Figure 6.5, Lanes 4 and 12). Less caspase-8 was recruited to the DISC in depsipeptide- 

treated cells that were treated with 500 ng/ml wt TRAIL than cells treated with lower 

concentrations (Figure 6.5, Lanes 10-12). 

DISC formation at 100 and 250 ng/ml correlated with apoptosis induction in control and 

depsipeptide-treated samples (Figure 6.5, Lanes 2-3 and 10-11). However at 500 ng/ml wt 

TRAIL treatment apoptosis induction did not correlate with DISC formation as previously 

observed (Figure 6.5, Lanes 4 and 12). 

All samples treated with TRAIL. R2-6 did not pull TRAIL-R1 into the DISC, in agreement 

with previous results (Figure 6.5, Lanes 5-7 and 13-15). In control samples 100 ng/ml was not 

sufficient to form a visible DISC (Figure 6.5, Lane 5). Increasing the concentration of 

TRAIL. R2-6 to 250 or 500 ng/ml increased recruitment of TRAIL-R2 (particularly the higher 

molecular weight band) and FADD in a concentration dependent manner, however caspase-8 

recruitment to either DISC was not visible in these samples (Figure 6.5, Lanes 6 and 7). 

In depsipeptide-treated samples, the TRAIL. R2-6 DISC appeared to reach a maximum at 250 

ng/ml; however DISC formation was evident in all samples (Figure 6.5, Lanes 13-15). At 100 

ng/ml, low levels of the high molecular weight band of TRAIL-R2, FADD and procaspase-8 

were recruited into the DISC (Figure 6.5, Lane 13). Increasing the concentration of 

TRAIL. R2-6 to 250 ng/ml increased levels of TRAIL-R2, FADD and procaspase-8 recruited 

to the DISC (Figure 6.5, Lane 14). When cells were treated with 500 ng/ml TRAIL. R2-6, less 

TRAIL-R2, FADD and pro-caspase-8 were recruited to the DISC compared with 250 ng/ml 

TRAIL. R2-6 treatment (Figure 6.5, Lanes 14 and 15). Although depsipeptide increased 
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formation ofa TRAIL. R2-6 DISC at 500 ng/ml compared with control cells, this increase was 
less dramatic than observed using lower concentrations of TRAIL. R2-6. 

Control 
wt R2-6 

(ng/ml) (ng/ml) 

Depsipeptide 
wt R2-6 

(ng/ml) (ng/ml) 

cI_ i CC 250 500 b iO 250 500 ref uls 100 250 500 100 250 500 ref 
Ldo 

m TRAII RI 

TRAIL R2 

-- --- .r- 

L ýý r FADD r. rý i.. r r 

Caspase-8 GNP 

p41 43 

s--p18 

Lane 123456789 10 11 12 13 14 15 16 

% Apo - 10 15 26 335-- 40 43 48 23 30 34 - 

Figure 6.5: wt TRAIL, and TRAIL. R2-6 induce a concentration-dependent DISC formation in K562 cells 

after depsipeptide treatment. K562 cells were treated with or without depsipeptide (10 nM) for 12 hours 

followed by treatment with biotinylated wt TRAIL or TRAIL. R2-6 (100-500 ng/ml) for 30 mins at 37°C. The 

collection and elution of DISC proteins was completed as described in Materials and Methods. TRAIL; RI, 

TRAIL-R2, FADD and caspase-8 were detected using western blotting. Results are shown as one experiment 

representative of two. Unstimulated lanes indicate the presence of DISC proteins pulled with biotinylated TRAIL 

in whole cell lysates. 

Compared with control samples treated with corresponding concentrations of'I'RAIL. R2-6, 

samples treated with depsipeptide followed by treatment with TRAIL. R2-6 had an increase in 

FADD and caspase-8 recruitment to the DISC. With the exception of samples treated with 250 

and 500 ng/ml of TRAIL. R2-6, DISC formation in all other i'RAIL. R2-6-treated samples 

correlated with apoptosis induction (Figure 6.5, Lanes 5-7 and 13-15). 
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TRAT L. R2-6 forms a DISC in K562 cells in a concentration- and time-dependent manner 

in the presence of depsipeptide. 

K562 cells were treated with or without depsipeptide for 12 hours followed by treatment with 

increasing concentrations of TRAIL. R2-6 (100-500 ng/ml) for 15 or 30 minn (Figure 6.6). 

The analysis of DISC proteins was carried out as described in Materials and Methods. DISC 

formation in both control and depsipeptide-treated samples reached a maximum at 30 mins 

(Figure 6.6). In control cells at 15 mins, DISC formation only occurred at 500 ng/ml 

TRAIL. R2-6 where low levels of TRAIL-R2 (the high molecular weight band), FADD and 

pro-caspase-8 were recruited to the DISC (Figure 6.6, Lane 3). Using lower concentrations of 

TRAIL. R2-6 (100 and 250 ng/ml), TRAIL-R2 was bound to the ligand, but no FADD or 

caspase-8 was visible at the DISC. 

When cells were pre-treated with depsipeptide followed by treatment with TRAIL. R2-6 for 15 

mins, DISC formation was increased in all samples (Figure 6.6, Lanes 1-6). Despite this, at 

lower concentrations of TRAIL. R2-6 in the depsipeptide-treated samples, very little TRAIL- 

R2, FADD and caspase-8 were visible at the DISC (Figure 6.6, Lanes 4 and 5). At 500 ng/ml, 

TRAIL. R2-6 pulled higher levels of TRAIL-R2 and FADD in the depsipeptide-treated sample 

compared with the control sample (Figure 6.6, Lanes 3 and 6). However, the same amount of 

procaspase-8 was pulled into the DISC in the depsipeptide-treated sample compared with the 

corresponding control sample (Figure 6.6, Lanes 3 and 6). 

A visible DISC was formed in all samples treated with TRAIL. R2-6 for 30 mins (Figure 6.6, 

Lanes 7-12). As observed in Figure 6.5, DISC formation in the control samples increased with 

concentration (Figure 6.6, Lanes 7-9). The lowest concentrations ofTRAIL. R2-6 (100 and 

250 ng/ml) pulled both TRAIL-R2 and low levels of FADD as well as procaspase-8 in a 

concentration-dependent manner (Figure 6.6, Lanes 7 and 8). The highest concentration of 

TRAIL. R2-6 (500 ng/ml) formed a large DISC pulling TRAIL-R2, FADD and high levels of 

pro-caspase-8 (Figure 6.6, Lane 9). 
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Figure 6.6: TRAII,. R2-6 induces a concentration- and time- dependent DISC formation in K562 cells. 

K562 cells were treated with or without Depsipeptide (10 nM) for 12 hours followed by treatment with 

TRAIL. R2-6 (100-500 ng/ml) for 15 or 30 mins at 37°C. The collection and elution of DISC proteins was carried 

out as described in Materials and Methods. TRAIL-R2, FADD and caspase-8 were detected using western 

blotting. Results shown are of one experiment. 

In samples pre-treated with depsipeptide followed by 30 mins treatment with TRAIL. R2-6 

DISC formation was approximately equal in all samples with the exception of recruitment of 

FADD (Figure 6.6, Lanes 10-12). All samples recruited high levels of TRAIL-R2 and pro- 

caspase-8 (Figure 6.6, Lanes 10-12). Caspase-8 was partially processed at the highest 

concentration of TRAIL. R2-6 (Figure 6.6, Lane 12). FADD recruitment increased with the 

concentration of TRAIL. R2-6 reaching the highest levels at 500 ng/ml TRAIL. R2-6 (Figure 

6.6, Lanes 10-12). 

At the lowest concentrations of TRAIL. R2-6 (100 and 250 ng/ml), depsipeptide-treated 

samples recruited higher levels of DISC protein than corresponding control samples (Figure 

6.6, Lanes 7-8 and 10-11). In contrast, TRAIL. R2-6 (500 ng/ml) recruited more DISC 

proteins in control samples when compared with depsipeptide-treated samples in accordance 

with previous observations (Figure 6.6, Lanes 9 and 12). 
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It remained a possibility that using a high concentration of TRAIL induced rapid 

internalisation and dissociation of TRAIL from the DISC. Since analysis of DISC proteins 

only provides a snap-shot of time, it was necessary to develop a real-time assay to visualise 

TRAIL internalisation. 

K562 cells auto fluoresce 

To develop a real-time assay to analyse internalisation patterns in K562 cells, cells were 

labelled with biotinylated TRAIL and Streptavidin-tagged Alexa-568 as described in Materials 

and Methods (Figure 6.7). Control cells were either; left untreated, were treated with Hoechst- 

33342 or treated with a combination of Strepdavin-568 and Hoechst-33342. Samples were 

analysed by confocal microscopy. Unexpectedly, auto fluorescence in the 563 and 405 

channels was observed in control cells that were untreated and cells treated with Hoechst- 

33342 only. In cells treated with TRAIL, no signal was observed when gain was reduced to 

levels where auto fluorescence was not detected (data not shown). Therefore, K562 cells were 

not used for further confocal studies. 

Figure 6.7: h362 cells auto fluoresce. K562 cells were chilled to 4°C for up to I hour followed by treatment 

%+ ith either Streptavidin-labelled Alexa-568 or PBS only. Cells were fixed in 4% paraformaldehyde and washed 

three times in PBS. Cells were either left unstained or treated with Hoechst-33342. This experiment was 

completed on two separate occasions. 
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TRAIL internalisation rapidly occurs in BJAB cells 

BJAB cells were labelled with wt TRAIL and Alexa-568 as described in Materials and 

Methods. After labelling, live cells were either fixed with 4% paraformaldehyde for 10 mins 

at room temperature or released to 37°C for up to 30 mins followed by fixation at room 

temperature (Figure 6.8). Cells were also labelled with Hoechst-33342 to stain the nucleus. 

Control cells were labelled with streptavidin-568 alone and Hoechst-33342. 

Treating BJAB cells with streptavidin-568 alone did not stain the cells. After treatment at 4°C 

without releasing the cells up to 37°C, there appeared to be a diffuse ring-like staining on the 

surface of the cells. There was no detectable TRAIL within the cells. At 5 mins marked 

internalisation began to occur, although TRAIL still remained in the ring structure observed at 

4°C. By 15-30 mins, internalisation of TRAIL was apparent. 

Figure 6.8: Pre-loaded TRAIL internalises in BJAB cells after release to 37°C. BJAB cells( Ix 10" per 

sample) were chilled to 4°C for I hour followed by treatment with 500 ng/ml biotinylated TRAIL for 45 mins at 

4°C. TRAIL was washed away three times with cold PBS. Cells were then treated with Streptavidin labelled 

Alexa-568 for 1 hour at 4°C. Cells were either fixed after 4°C treatment or released up to 37°C for 5,15 and 30 

mins fixed in 4% paraformaldehyde for 10 mins at room temperature. Cells were treated with Hoechst-33342 for 

up to 5 mins after fixation to stain the nuclei. Cells were visualised using confocal microscopy. The white bar 

represents 5 µm. Results shown are of one representative cell from each time point of more than 50 images 

taken. This experiment was completed independently at least three times. 
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Pre-loading does not have an effect on the kinetics of TRAIL-induced apoptosis. 

To determine whether pre-loading has an effect on the kinetics of apoptosis in 13JAB cells, 

cells were either pre-loaded with wt TRAIL at 4°C, washed and then released to 37°C for up to 

4 hours or were treated at 37°C without pre-loading for up to 4 hours (Figure 6.9). Cells were 

treated with 500 ng/ml TRAIL. 
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Figure 6.9: Pre-loading TRAIL causes an induction of apoptosis in BJAB cells to levels similar to treating 

without pre-loading. BJAB cells were either pre-loaded with wt'IRAII, as described in Figure 6.8, or treated 

with TRAIL at 37°C without pre-loading. Cells that were pre-loaded were washed and released up to 37"C for 

the indicated time. Cells were treated with 500 ng/ml TRAIL for up to 4 hours. Control cells were treated with 

1% PBS. Cells that are shown in the black bar in the last column were treated at 4°C for 4 hours with TRAIL 

without an increase in temperature to 37"C'. Apoptosis was measured by determining the % PS+ cells. Results 

shown are mean ± SEM of three independent experiments. * indicates ap value of <0.05 in samples that were 

compared with the control as determined by a One Way ANOVA followed by a Dunnett's test. 

BJAB cells that were pre-loaded with TRAIL underwent apoptosis in a time-dependent 

manner starting at 1 hour (45 f 13.9% at 1 hour compared with 5+1.5% in control samples) 

(Figure 6.9, Black bars). The percent apoptosis increased reaching a maximum at 4 hours (86 

+ 5.7% at 4 hours) (Figure 6.9, Black bars). Cells that were not pre-loaded with TRAIL began 

undergoing apoptosis within 2 hours of treatment and reached maximum levels of apoptosis 

within 4 hours (67 f 12.5 and 71 + 14%, respectively compared with 7± 2% in control 

samples) (Figure 6.9, White bars). There were no statistically significant differences between 
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cells that were pre-loaded with TRAIL and cells treated at 37°C without pre-loading as 
determined by a One Way ANOVA followed by a Dunnett's test. 

A comparison of TRAIL-induced DISC formation with and without pre-loading 

To determine the effects of pre-loading on DISC formation in BJAE cells, cells were pre- 

loaded with biotinylated TRAIL for 45 mins, washed and released up to 37°C for increasing 

amounts of time, or treated at 37°C without pre-loading (Figure 6.10). Analysis of DISC 

proteins was carried out as described in Materials and Methods. 

In the unstimulated lane, wt TRAIL bound both TRAIL-R I and low levels of the high 

molecular weight band of TRAIL-R2 (Figure 6.10, Lane 1). Maximum DISC formation 

occurred at 5mins after treatment with TRAIL in both pre-loaded samples and samples treated 

at 37°C (Figure 6.10, Lanes 2 and 7). Both TRAIL-RI and TRAIL-R2 were pulled into the 

DISC in these samples as well as high levels of FADD and caspase-8. As early as 5 minn, 

caspase-8 was processed to its p43/41 forms and its p 18 fragment. Interestingly, more 

caspase-8 processing occurred in samples pre-loaded with TRAIL. This was particularly the 

case with the catalytically active p 18 fragment of caspase-8 (Figure 6.10, Lanes 2 and 7). 

In samples that were not pre-loaded with TRAIL, TRAIL-RI and TRAIL-R2 binding and 
FADD and caspase-8 recruitment were reduced in a time-dependent manner reaching the 

lowest levels at 60 minn (Figure 6.10, Lanes 2-5). Caspase-8 processing also reached lower 

levels at later time points in these samples. I lowever the pro-form of caspase-8 was 

consistently present in all samples treated with TRAFT, in the absence of pre-loading (Figure 

6.10, Lanes 2-5). 

In BJAB cells that were pre-loaded with TRAIL, DISC formation was reduced after reaching a 

maximum at 5 minn (Figure 6.10, Lanes 7-10). The binding of "TRAIL to TRAIL-R I and 

TRAIL-R2 and the recruitment of FADD and caspase-8 was also reduced in samples treated 

with TRAIL up to 60 mins. Interestingly, the proform of caspase-8 was reduced in a time- 

dependent manner in samples pre-loaded with TRAIL. By 30 and 60 mins treatment with 

TRAIL, the proform of caspase-8 was not visible but the p43/4I and pl8 fragments were 
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visible in these samples (Figure 6.10, Lanes 7-10). Surprisingly, TRAIL. bound to both 

TRAIL-R1,1RAIL-R2 and recruited FADD and caspase-8 to the DISC in BJA13 cells treated 

at 4°C alone for 45 mins without subsequent treatment at 37°C (Figure 6.10, Lane 6). 
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Figure 6.10: Pre-loading TRAIL induces DISC formation in a time-dependent manner. 2.5 x 10' E3JAE3 

cells were either pre-loaded with biotinylated wt TRAIL at 4°C as described in Figure 6.9 or were washed in PE3S 

and the temperature was raised to 37°C for the indicated time, or were treated with TRAIL at 37°C for the 

indicated time and then washed and lysed. Analysis of DISC proteins was carried out as described in Materials 

and Methods. Control cells for pre-loading consisted of treatment with 500 ng/ml biotinylated TRAT 1, for 45 

mins at 4°C without raising the temperature up to 37°C. Unstimulated cells were lysed and then treated with 

TRAIL to measure binding of the ligand to each receptor. Results shown are representative of three independent 

experiments 
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Z-VAD. fmk inhibits caspase-8 activation within the DISC. 

Caspase-8 activation has been hypothesised to be necessary for CD95 receptor aggregation 

and internalisation (Algeciras-Schimnich, Shen et al. 2002). Therefore, BJAB cells were pre- 

treated with increasing concentrations of the pan-caspase inhibitor z-VAD. fmk followed by 

treatment with biotinylated TRAIL to allow DISC formation (Figure 6.11). As expected, 

TRAIL induced DISC formation in BJAB cells regardless of the presence of'z-VAD. fmk 

(Figure 6.11). However, caspase-8 processing was decreased as the concentration of z- 

VAD. fmk increased up to 300 µM. Z-VAD. fmk (100 µM) only blocked caspase-8 processing 

partially and the p18 band of caspase-8 was visible at the DISC (Figure 6.1 I, Lane 2). In 

contrast, 200 and 300 µM z-VAD. fmk blocked caspase-8 processing to its p 18 form, but did 

not fully block the cleavage of caspase-8 to its p43/41 forms (Figure 6.1 I, Lanes 3 and 4). 

Interestingly, all concentrations of z-VAD. fmk induced changes in F ADD and the upper band 

of FADD was much more visible at these concentrations (Figure 6.1 1, Lanes 2-4). 
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Figure 6.11: Z-VAD. fmk inhibits caspase-8 activation within a TRAIL-induced DISC in BJAB cells in a 

concentration-dependent manner. 25 x l07 BJAB cells were treated with increasing concentration of z- 

VAD. fmk (0-300 µM) for 30 mins at 37°C followed by treatment with biotinylated TRAIL, (500 ng/ml) for 30 

minn at 37°C. Cells were washed in ice cold PBS and analysis of DISC proteins was carried out at described in 

Materials and Methods. Unstimulated cells were treated with biotinylated TRAIL, after lysis. Results shown are 

of one experiment. 
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Z-VAD. fmk blocks the formation of visible structures in BJAB cells. 
To confirm whether Z-VAD. fmk blocks internalisation of TRAIL signal, BJAB cells were 

pre-treated with 200 I. M z-VAD. fmk and pre-loaded with biotinylated TRAIL and 

streptavidin-568. As expected, internalisation occurred in samples that were not treated with 

z-VAD. fmk (Figure 6.12). However, pre-treatment with z-VAD. fmk reduced the signal and 

reduced capping (Figure 6.12). 

Control 

200 pM 

z-VAD. fmk 

Figure 6.12: Z-VAD. fmk inhibits a TRAIL signal on confocal microscopy. BJAB cells were pre-treated with 

z-VAD. fmk (200 µM) for 30 mins at 37°C. Cells were then chilled to 4°C for up to 1 hour followed by treatment 

with biotinylated TRAIL (500 ng/ml) for 45 mins at 4°C. Cells were washed in cold PBS and treated with 

Streptavidin labelled Alexa-568 for 1 hour at 4°C. Cells were washed and either fixed in 4% paraformaldehyde 

or the temperature was rapidly shifted to 37°C for 15 mins. Cells were then fixed in 4% paraformaldehyde and 

stained with Hoechst-33342 for up to 5 mins. Control cells were treated with streptavidin-labelled Alexa-568 

alone. The data shown is of one experiment only. Results shown are of one cell that is representative of several 

images taken. 
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TRAIL-induced DISC formation in BJAB cells does not require internalisation 

Internalisation can be blocked at 4°C (Borte and Loveday 1968). To further investigate the 

kinetics of DISC formation at 4°C, BJAB cells were pre-chilled on ice for 1 hour followed by 

treatment with biotinylated wt TRAIL for up to 45 minn at 4°C (Figure 6.13). Analysis of 

DISC proteins was carried out as described in Materials and Methods. Interestingly, DISC 

formation began at 5 mins after TRAIL was added and TRAIL-RI and TRAIL-R2 binding and 

FADD and caspase-8 recruitment reached maximum levels by 10 mins (Figure 6.13, Lanes 4- 

7). Caspase-8 processing occurred to some degree at later time points, but this was minimal 

(Figure 6.13, Lanes 5-7). Most caspase-8 remained in its proform. 
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Figure 6.13: TRAIL, induced DISC formation in B. IAB cells does not require internalisation. 25 x 10" 

BJAB cells were pre-chilled to 4°C for up to 1 hour followed by treatment with biotinylated TRAIL at 4°C for up 

to 45 mins. Cells were then washed and lysed. Analysis of DISC proteins was carried out as described in 

Materials and Methods. Unstimulated cells were treated with biotinylated TRAIL after lysis. Negative control 

cells were not treated with biotinylated TRAIL. 
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TRAIL-induced apoptosis and DISC formation does not require dynamin in HeLa cells 

HeLa cells have previously been stably transfected with the dominant negative K44A dynamin 

mutation in a tetracycline off system (Altschuler, Barbas et al. 1998). To determine the 

importance of dynamin in DISC formation and TRAIL-induced apoptosis, tetracycline was 

either withdrawn from HeLa cells expressing wt or K44A dynamin-l for 48 hours (Figure 

6.14 A). The cells were subsequently treated with TRAIL for 4 hours and apoptosis was 

measured by flow cytometry (Figure 6.14 A). TRAIL induced similar and high levels of 

apoptosis in both dynamin deficient and HeLa cells with functional dynamin (73 + 4.1 and 74 

f 5.5%, respectively compared with control levels of 7.7 + 1.2 and 4.7 + 1.5%, respectively). 

There was no statistical difference between HeLa cells carrying the dominant negative 

dynamin mutation and HeLa cells carrying the wt dynamin as measured by the student's t-test 

(p=0.74). 
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Figure 6.14: TRAIL: induced apoptosis and DISC formation does not require dynamin in IleLa cells. 

HeLa cells were cultured as described in Materials and Methods. HeLa cells stably transfected with wt or K44A 

dynamin-1 were plated out at a density of 0.25 x 106 per ml and left to grow in the absence of tetracycline for 48 

hours. A) HeLa cells were treated with 500 ng/ml TRAIL for 6 hours. Control cells were treated with I% PBS. 

Apoptosis was assessed by determining the % PS* cells as described in Materials and Methods. B) HeLa cells 

were chilled to 4°C followed by treatment with 500 ng/ml biotinylated TRAIL for 15 and 45 mins. Cells were 

then washed and lysed. Analysis of DISC proteins was carried out as described in Materials and Methods. 

Unstimulated lanes represent cells that have been treated with TRAIL after lysis. 
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To determine whether dynamin has an effect on DISC formation in HeLa cells at 4°C, 

tetracycline was withdrawn from HeLa cells expressing wt or K44A dynamin-I for 48 hours 

(Figure 6.14 B). HeLa cells were pre-cooled to 4°C and biotinylated TRAIL was added to the 

cells for up to 45 mins at 4°C (Figure 6.14 B). Analysis of DISC proteins was carried out as 

described in Materials and Methods. TRAIL-RI and TRAIL-R2 bound biotinylated TRAIL 

and FADD and caspase-8 were recruited to the DISC at 45 minn in HeLa cells regardless of 

dynamin expression (Figure 6.14 B). There was no apparent difference in DISC formation 

between the two cell types. In each sample, dynamin function was determined by transferrin 

uptake as shown in Figure 6.15 B. 

TRAIL internalisation does not require dynamin in HeLa cells 

To determine whether dynamin was required for TRAIL internalisation in HeLa cells stably 

transfected with wt or K44A dynamin-l, tetracycline was withdrawn from the growing 

medium for 48 hours. Cells were pre-cooled to 4°C and labelled with biotinylated TRAIL 

followed by streptavidin-568 as described in Materials and Methods. After labelling, cells 

were released up to 37°C for 10 mins to allow internalisation of TRAIL (Figure 6.15 A). Cells 

were also labelled with Hoechst-33342 and cholera toxin B as nuclear and cell surface 

markers, respectively. Cells treated with TRAIL at 4°C showed no internalisation of TRAIL 

and a very low signal. Internalisation of TRAIL occurred in cells containing the wt dynamin 

proteins and in cells containing the dominant negative K44A dynamin mutation when treated 

at 37°C for 15 mins. 

To confirm that the K44A mutation was inhibiting dynamin function in FIeLa cells, cells were 

labelled at 4°C with Transferrin-633 and fixed or released up to 37°C for 30 mins to allow 

internalisation (Figure 6.15 B). Cells that were treated at 4°C without a temperature shift to 

37°C, labelled with Transferrin on the cell surface only (Figure 6.15 B). At 37°C the dominant 

negative K44A dynamin HeLa cells mostly failed to internalise transferrin and therefore 

transferrin remained on the surface of these cells (Figure 6.15 B). In contrast, HeLa cells with 

wt dynamin allowed internalisation of transferrin and very little was observed on the surface 

of these cells when treated at 37°C for 30 minn (Figure 6.15 B). These data confirm that the 
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K44A mutation of dynamin was successfully blocking clathrin-mediated endocytosis in these 

experiments. 

K44A 

Figure 6.15: -l R-1I1, internalisation does not require dynamin in HeLa cells but transferrin internalisation 

does require dynamin. HeLa cells were cultured and plated on coverslips in the absence of tetracycline as 

described in Materials and Methods. A) HeLa cells were chilled to 4°C for up to 1 hour followed by treatment 

with 500 ng/ml biotinylated TRAIL for 45 minn. Cells were washed in cold PBS and treated with Streptavidin- 

labelled Alexa-568 for 1 hour followed by PBS washes at 4°C. Cells were either fixed in 4% paraformaldehyde 

or released up to 37°C for 15 mins followed by fixation at room temperature. Cells were stained at room 

temperature with cholera toxin B labelled with Alexa-488 and Hoechst-33342 as described in Materials and 

Methods. Images were collected by confocal microscopy. The white bar represents 5 gm. B) HeLa cells were 

chilled to 4°C for up to 1 hour followed by treatment with 5 gg/ml transferring-633 for 45 mins at 4°C. Cells 

were washed in cold PBS and either fixed with 4% paraformaldehyde or released up to 37°C for 30 mins 

followed by fixation at room temperature. Cells were counterstained with Hoechst-33342 and images were 

collected as described above. The white bar represents 5 gm. Results shown are of one representative image of 

many images taken. These experiments were completed independently at least three times. 
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6.3 Discussion 

Results in Chapters 4 and 5 regarding K562 cells appeared to be somewhat contradictory. In 

Chapter 4 using TRAIL mAbs, K562 cells were found to respond to TRAIL primarily through 

TRAIL-R2 when treated in the presence of depsipeptide. In contrast, the TRAIL. RI -5 mutant 

generated in Chapter 5 not only induced low levels of apoptosis on its own in K562 cells, but 

also induced apoptosis in K562 cells that had been pre-treated with depsipeptide. This was a 

discrepancy that needed to be addressed. 

To further investigate signalling differences between mutant ligands, DISC proteins were 

pulled using biotinylated ligand in the absence of depsipeptide (Figure 6.1). FADD and 

caspase-8 recruitment correlated with the ability of TRAIL to induce apoptosis. Surprisingly, 

TRAIL. R1-5 pulled both TRAIL-R1 and TRAIL-R2 into the DISC at approximately equal 

levels. The presence of both the high and lower molecular weight band of TRAIL-R2 

suggested that this was not non-specific recognition of TRAIL-Rl by the TRAIL-R2 antibody. 

The lack of TRAIL-R2 in the unstimulated lanes also suggested that TRAIL. R1-5 was unable 

to bind to TRAIL-R2 directly and therefore TRAIL-R2 was more likely being pulled into the 

DISC by forming heterocomplexes with TRAIL-R1. In addition, wt TRAIL was also likely to 

be able to form both homocomplexes and heterocomplexes because it binds to both TRAIL- 

R1 and TRAIL-R2. In contrast, TRAIL. R2-6 did not appear to bind to TRAIL-R1 and 

therefore probably only formed pure TRAIL-R2 complexes. Taken together, these data 

suggested that heterocomplexes may be important for the induction of apoptosis in K562 cells 

in the absence of a sensitising agent. However further study is required to prove this 

hypothesis. 

Although TRAIL-induced FADD and caspase-8 recruitment correlated with apoptosis in the 

absence of depsipeptide in K562 cells, this was not the case in the presence of depsipeptide 

(Figure 6.2). Pre-treatment of K562 cells with depsipeptide decreased the levels of FADD 

recruited to the DISC by wt TRAIL and TRAIL. R1-5 and levels of FADD remained the same 

after treatment with TRAIL. R2-6. This was surprising and in contrast to what has been 

observed with wt TRAIL in the past in K562 cells (Inoue, MacFarlane et al. 2004). It is also 
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well known that caspase-8 and FADD recruitment to the DISC are required for TRAIL- 

induced apoptosis at least through TRAIL-R2 (Sprick, Weigand et al. 2000). In these 

experiments, it appeared that levels of apoptosis did not correlate with FADD recruitment to 

the DISC. It was evident from figure 6.3 that caspase-8 activation in whole cell lysates 

correlated with induction of apoptosis with each ligand. Therefore, a problem with detecting 

FADD and caspase-8 recruitment was supposed. 

There are several limitations to measuring DISC proteins at specific time points. Measuring 

DISC proteins only takes a snap shot in time and therefore measurements in real time is not 

possible and receptor, FADD and caspase-8 recycling cannot be accounted for. The total 

amount of FADD and caspase-8 being recruited and dissociated from the DISC cannot be 

measure by one time point. One possible reason for the discrepancy observed between FADD 

recruitment and apoptosis induction in K562 cells was that depsipeptide caused a more rapid 

dissociation of the DISC complex with ligand compared with treatment with wt TRAIL in 

control cells. Thus at 30 mins TRAIL treatment, little FADD and caspase-8 were evident in 

the DISC, however this cannot account for the total amount of FADD and caspase-8 recruited 

and dissociated from the DISC by this time. Therefore a time course with and without 

depsipeptide treatment was completed with each ligand to address this issue (Figure 6.4). 

Caspase-8 recruitment to the DISC varied, although procaspase-8 recruitment increased after 

depsipeptide treatment, but the p41/43 fragments decreased in all samples after depsipeptide 

treatment. There are two possible explanations for this, that less caspase-8 is processed in the 

DISC in depsipeptide-treated samples, or that caspase-8 is rapidly processed and removed 

from the DISC complex and procaspase-8 is then recruited back into the DISC complex. Cell 

lysates taken from K562 cells treated with each ligand before and after depsipeptide treatment 

would suggest that caspase-8 activation is increased in depsipeptide treated samples compared 

with control samples (Figure 6.4). Therefore it is more likely that depsipeptide induces a more 

rapid turnover of caspase-8 in K562 cells. 

Although the results in Figure 6.4 do not address the discrepancy between FADD recruitment 

and induction of apoptosis, they do indicate some interesting differences between 
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homotrimeric and heterotrimeric receptor complexes. In control cells, it appeared as though 

TRAIL. RI-5 and TRAIL. R2-6 are signalling primarily through homotrimers (based on the 

ratios of TRAIL-RI and TRAIL-R2 observed in the DISC). In contrast, wt TRAIL could be 

signalling through heterocomplexes and pure homocomplexes as it can bind both TRAIL-RI 

and TRAIL-R2. It is clear from control samples that wt TRAIL peaks earlier than both mutant 

ligands and dissociates from the DISC more quickly. 

In samples pre-treated with depsipeptide TRAIL-R1 expression was reduced. Based on the 

ratio of TRAIL-RI and TRAIL-R2 in the DISC, it appears that wt TRAIL signals mainly 

through TRAIL-R2 pure trimers in this case. However TRAIL. R1-5 appears to signal through 

heterotrimeric complexes pulling roughly equal levels of both TRAIL-RI and TRAIL-R2 at 

15 mins. TRAIL. R2-6 signals through pure TRAIL-R2 complexes as observed in control 

samples. In this case, TRAIL. RI-5 appears to peak at 15 mins and the DISC appears to 

dissociate rapidly after that. The kinetics of TRAIL. R2-6 dissociation remains the same with 

and without depsipeptide pre-treatment. 

In contrast, in depsipeptide pre-treated samples, the wt TRAIL DISC appeared to peak at a 

later time than in control samples, and the DISC appears to stabilise and is visible at 60 mins. 

These data suggest that TRAIL dissociates more quickly from heterotrimers in the K562 DISC 

than in pure TRAIL-RI or pure TRAIL-R2 complexes. Further studies should be undertaken 

to address the stability of pure receptor complexes compared with heterotrimeric complexes 

and could be completed using tools such as the mutant ligands generated in Chapter 5 and 

cells deficient in TRAIL-R2 (Thomas, Henson et al. 2004). The biological significance of 

more rapid TRAIL-DISC dissociation has not been determined. 

To further address the discrepancy between induction of apoptosis and levels of FADD and 

caspase-8 recruitment by TRAIL before and after treatment with depsipeptide, K562 cells 

were treated with increasing concentrations of TRAIL with and without depsipeptide (Figures 

6.5 and 6.6). Lower concentrations of both wt TRAIL and TRAIL. R2-6 failed to form a DISC 

in K562 cells without pre-treatment with depsipeptide. Treatment with depsipeptide 

facilitated TRAIL-TRAIL-R2 binding, FADD and caspase-8 recruitment. DISC formation 
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correlated with apoptosis induction at lower concentrations of TRAIL; however at 500 ng/ml 

of TRAIL, apoptosis induction and DISC recruitment did correlate. 

These data suggest that depsipeptide facilitates rapid dissociation or turnover of DISC 

components when cells are treated with high concentrations of TRAIL. However, when 

TRAIL is added at lower concentrations, this process appears to be slowed and therefore 

induction of apoptosis and the accumulation of DISC components appear to correlate. 

TRAIL. R2-6 pulls less receptor, FADD and caspase-8 than wt TRAIL. This is probably 

because wt TRAIL can bind both TRAIL-R1 homotrimeric complexes, TRAIL-R2 

homotrimeric complexes and possibly heterotrimeric complexes and potentially more than 

three times the amount of protein as TRAIL. R2-6 (that can only form a DISC with TRAIL-R2 

complexes). 

In light of these data and recent papers regarding endocytosis in the death receptor family, 

internalisation became an obvious topic to investigate further (Algeciras-Schimnich, Shen et 

at. 2002; Schneider-Brachert, Tchikov et al. 2004; Austin, Lawrence et al. 2006; Lee, Feig et 

al. 2006). Confocal microscopy was employed with the aim of developing a real time assay as 

a measure of internalisation. Unfortunately, K562 cells were found to auto fluoresce and 

because of this determined unsuitable for confocal microscopy studies (Figure 6.7). BJAB 

cells were used as an alternative for several reasons. 

First, BJAB cells have been used by a number of groups investigating internalisation in the 

death receptor family. In terms of CD95, they are widely considered a type I cell and the 

mechanism of cell death has been well characterised (Algeciras-Schimnich, Shen et al. 2002; 

Lee, Feig et at. 2006). Also, BJAB cells express high levels of both TRAIL-RI and TRAIL- 

R2 and undergo apoptosis through both receptors as determined by ETR1 and ETR2 

(Appendix Figure A. 4). In addition to this, BJAB cells are able to undergo TRAIL-induced 

apoptosis without a sensitising agent. Although this does not mimic K562 cells exactly, it 

removes a layer of complexity from experiments. 
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To maximise the signal, TRAIL was pre-loaded onto the BJAB cells at 4°C. This technique 

has been used previously to visualize the movements of TNF and is thought to synchronise the 

ligand-receptor complex at the cell surface to provide a stronger signal (Schneider-Brachert, 

Tchikov et al. 2004). It is unclear whether this method can promote internalisation. With this 

technique, TRAIL was rapidly internalised into BJAB cells upon release to 37°C but did not 

appear to localize with the nucleus. It is important to note that contrary to previous reports 

investigating TNF-R1, the levels and timing of TRAIL-induced apoptosis were not 

significantly altered by pre-loading the cells with TRAIL and releasing them up to 37°C 

compared with cells treated without pre-loading (Figure 6.9). Data from Figure 6.9 shows 

single cells that are representative of more than 50 images taken, however due to space 

restraints, single cells were shown. Ideally, statistics should be carried out to determine what 

percentage of cells internalised TRAIL at each time point, however this is above the scope of 

these experiments. 

Despite this, there were some slight differences with DISC formation when cells were pre- 

loaded with TRAIL compared with when they were treated at 37°C in BJAB cells. It appeared 

that pre-loading cells with TRAIL discouraged rapid dissociation of the DISC and also 

discouraged constant recruitment of procaspase-8 into the DISC. It is not clear whether 

internalisation blocks recruitment of procaspase-8 to the DISC as these data would suggest. 

Therefore a preliminary experiment was completed and the results are shown in the Appendix 

(Figure A. 5). In this figure TRAIL was pre-loaded onto BJAB cells and allowed to form a 

DISC. Cells were taken up to 37°C to allow for internalisation and then rapidly chilled back to 

4°C to prevent further movement of the DISC complex. 

Results from this study were inconclusive. At early times, no further caspase-8 was recruited 

into the DISC at 4°C compared with cells treated and lysed at 37°C. However, at later times 

(30 mins) some caspase-8 did appear to be recruited back into the DISC at 4°C. The reason 

why the results are inconclusive is that the levels of caspase-8 recruited to the DISC at 4°C are 

low and only occur at later time points. Thirty minutes is sufficient for receptors to be 

recycled back to the cell surface and therefore recruitment of caspase-8 back to recycled 
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receptors cannot be ruled out as a possibility. Further studies addressing this question were 

not pursued due to the difficulty of ruling out receptor recycling as a possibility. 

One report has highlighted that caspase-8 activation is a requirement for DISC aggregation 

and internalisation in the case of CD95 (Algeciras-Schimnich, Shen et al. 2002). Some 

preliminary studies were carried out to investigate whether this was the case for TRAIL and 

are shown in Figures 6.11 and 6.12. Pre-treatment of BJAB cells with up to 300 µM of z- 

VAD. fmk did not inhibit the formation of a DISC (Figure 6.11). However, when confocal 

studies were carried out to measure internalisation of TRAIL in the presence of z-VAD. fmk 

relatively little signal was detected compared with cells treated with TRAIL alone (Figure 

6.12). Taken together, these data support the theory that caspase-8 activation is required for 

aggregation of the DISC but does not affect DISC formation, in concurrence with the previous 

publication concerning CD95 (Algeciras-Schimnich, Shen et al. 2002). However, it is 

important to note that these studies were only carried out on one occasion and would need to 

be repeated several times in parallel with other experiments in order to make the claims stated 

above. 

One recent paper set out to investigate the internalisation patterns of TNFRI (Schneider- 

Brachert, Tchikov et al. 2004). The study suggested that TNFRI endocytosis and DISC 

formation were inseparable events and that endocytosis was required for DISC formation 

(Schneider-Brachert, Tchikov et al. 2004). Data in this chapter would suggest that the same is 

not the case with TRAIL. DISC formation was found to occur at 4°C in BJAB cells within 10 

mins of TRAIL treatment and within 45 mins of TRAIL treatment in HeLa cells (Figures 6.13 

and 6.14). However, at 4°C endocytosis will not occur as confirmed by experiments using 

confocal microscopy. 

These data demonstrate that DISC formation occurs at the plasma membrane prior to 

endocytosis in TRAIL-induced apoptosis. Although this is not direct evidence that 

internalisation of the TRAIL DISC is not required for TRAIL induced apoptosis it does 

support the idea that DISC formation is a very separate event from DISC internalisation. 
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Work completed by Dr. Xiao Ming Sun set out to investigate the role of TRAIL and receptor- 
internalisation in TRAIL-induced apoptosis (Figure A. 6). In this figure, TRAIL-receptor 

internalisation is blocked by pre-treatment of BJAB cells with hyperosmotic solution. After 

blocking internalisation by this method, he set out to determine the effects in the block of 

internalisation of TRAIL-induced apoptosis. Despite reports that internalisation is required for 

CD95 and TNFR1-mediated DISC formation and apoptosis (Schneider-Brachert, Tchikov et 

al. 2004; Lee, Feig et al. 2006), Figure A. 6 shows that blocking internalisation through pre- 

treatment with hyperosmotic solution sensitises BJAB cells to TRAIL-induced apoptosis. 

This suggests that internalisation may be a mechanism to dampen TRAIL-induced apoptosis, 

not the other way around. 

A very recent paper suggested that clathrin-mediated endocytosis was probably the 

mechanism by which the TRAIL DISC was internalised (Austin, Lawrence et at. 2006). HeLa 

cells expressing the K44A dominant negative mutation in dynamin-1 were used as an attempt 

to block internalisation and to determine whether TRAIL-induced apoptosis was affected. The 

uptake of transferrin was used as a measure for the function of dynamin and was mostly 

blocked in the dominant negative HeLa cells but not blocked in wt HeLa cells confirming the 

loss of function of dynamin (Figure 6.15 B). However, in the absence of a functional 

dynamin, TRAIL internalisation was not inhibited suggesting the employment of one of the 

many other defined endocytic pathways (Figure 6.15 A). Unsurprisingly, TRAIL-induced 

apoptosis and DISC formation was also not affected by the absence of a functional dynamin 

(Figure 6.14). 

It is a well known phenomenon that when one endocytic pathway is not functioning, other 

pathways may compensate and be used in its place (Polo and Di Fiore 2006). The data in 

Figures 6.14 and 6.15 do not disprove the involvement of the clathrin-mediated endocytic 

pathway, but instead suggest that TRAIL may internalise via other pathways in its absence. 

Further work would be required to pin-point the exact mechanism by which TRAIL can 

internalise. Several clathrin-independent endocytic pathways have been identified and 

dominant negative proteins have been developed by various groups and may play an important 

part in identifying which pathway is relevant to TRAIL internalisation (Altschuler, Barbas et 
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at. 1998; Shi, Faundez et al. 1998; Nesterov, Carter et al. 1999; Glebov, Bright et al. 2006). 

Studies looking at colocalisation of TRAIL with other well defined proteins such as transferrin 

may also be useful in determining which pathways are important. One important point is that 

although internalisation inhibitors have been widely used in the past, they are increasingly 

being considered by the endocytosis field as less useful due to their non-specific nature. 

Therefore, it is not recommended that they should be used in future studies concerning 

TRAIL. 

The experiments completed in this chapter raise several questions. What is the mechanism of 

TRAIL capping and is it caspase-dependent? What is the mechanism of TRAIL 

internalisation and does TRAIL internalise with DISC proteins? Is TRAIL internalisation 

important for TRAIL-induced apoptosis? If not, is TRAIL receptor internalisation important 

for apoptosis? Are there differences in TRAIL-R1 and TRAIL-R2 internalisation and, if so, 

do they have an impact on the way cells respond to receptor-selective versions of TRAIL? Is 

failure to internalise TRAIL a mechanism of resistance in some cell types? 

There are a number of straightforward approaches that could be used to answer many of these 

questions. For example, the used of dominant negative proteins that are important in 

internalisation may be a good approach to looking at the mechanism of TRAIL internalisation. 

Mutant ligands could be used to look at differential internalisation of TRAIL-R1 and TRAIL- 

R2 complexes. Looking at colocalisation of TRAIL with DISC proteins may be a good 

approach to investigate receptor and DISC internalisation. 

One thing to keep in mind is that many of the well known methods used for investigating 

endocytosis can stress cells and are even known to induce apoptosis on their own. If this 

occurs, results obtained from many experiments can become meaningless. So far, melding of 

the two fields has proved to be problematic for this reason. It is therefore important to execute 

caution when investigating the significance of endocytosis in relation TRAIL-induced 

apoptosis, or other forms of apoptosis. 
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7.1 Discussion and Future Work 

Work in this thesis has aimed to determine the mechanism of action (or resistance) of various 

therapeutic agents for use in CLL and to further the understanding of several potential 

therapies. 

7.2 Bortezomib 

Work in Chapter 3 aimed at identifying the underlying reason for the discrepancy between 

promising in vitro and discouraging in vivo data for bortezomib therapy of CLL. In the 

presence of various components of whole blood, it was shown that RBCs interfere with the 

activity of bortezomib, but not MG132, in CLL cells. Further in vivo studies suggested that 

the mechanism of interference by RBCs was preferential uptake of bortezomib by RBCs thus 

limiting the availability of bortezomib to lymphocyte cells in vivo. This not only has 

implications for the dosing schedules and administration of bortezomib in CLL, but also in a 

range of other haematological malignancies and solid tumours. These data suggest that 

bortezomib may not be an ideal single agent therapy in CLL, but may be useful in 

combination with other therapeutic agents provided it is used at a sub-toxic dose. 

No work has currently been undertaken to investigate the mechanism of preferential uptake by 

RBCs or the structural properties of bortezomib that mediate its uptake in RBCs. Studies on 

the mechanism of bortezomib uptake may provide some clues as to what structural properties 

proteasome inhibitors need in order to avoid interference by RBCs. Furthermore, it could 

potentially provide novel ways of overcoming RBC uptake of bortezomib by revealing 

pathways that could be blocked to prevent uptake and sensitise CLL cells to bortezomib- 

induced apoptosis in vivo. 

The whole blood apoptosis assays developed in Chapter 3 have opened a new range of 

opportunities in terms of pre-clinical testing in patient samples. Data in Chapter 3 

demonstrated that it is not sufficient to culture and treat primary tumour cells in vitro and 

expect them to react the same way to therapeutic agents in vivo. There are many 

environmental signals not present in in vitro testing using purified CLL cells, but may 

contribute to resistance to therapies in vivo (Jones, Ganeshaguru et al. 2003; Flinn, Byrd et al. 
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2005). For example, the AKT survival signalling pathway was activated by human serum and 

caused resistance to fludarabine in CLL cells (Jones, Ganeshaguru et al. 2003). In addition, 

the microenvironment is thought to be important in maintaining the survival of CLL cells 

(Kipps 2000; Pedersen, Kitada et al. 2002; Tsukada, Burger et al. 2002), but it is not clear 

what survival pathways are activated in vivo that are switched off in the absence of the bone 

marrow microenvironment. 

All pre-clinical testing in CLL should include samples where cells have been treated on 

stromal layers or in the presence of cytokines such as IL-4, IFNa, IFNy, IL-8 or IL-13 (to 

mimic effects of the bone marrow microenvironment) and in the presence of whole blood (to 

mimic effects of whole blood components). 

7.3 Mechanisms of TRAIL-induced apoptosis 

In Chapter 4, TRAIL mAbs ETRI and ETR2 were screened for apoptosis-inducing ability on 

a panel of 4 lymphoma cell lines and on CLL cells. CLL cells were sensitised with an HDAC 

inhibitor, to ETR1 and other forms of TRAIL that can induce apoptosis through stimulation of 

TRAIL-RI, but were resistant to ETR2 and Apo2L. This was surprising given the number of 

studies suggesting that TRAIL-R2 is the key receptor in apoptosis induction of tumour cells 

(MacFarlane, Ahmad et al. 1997; Truneh, Sharma et al. 2000; Kelley, Totpal et al. 2005). 

Further work in Chapter 5, using mAbs and mutant ligands confirmed that CLL cells, when 

pre-treated with an HDAC inhibitor, undergo apoptosis through stimulation of TRAIL-RI. 

Other candidates that had previously been reported to sensitise CLL cells to TRAIL-induced 

apoptosis failed to sensitise CLL to TRAIL mAbs or wt TRAIL (Johnston, Kabore et al. 2003; 

Kabore, Sun et al. 2006). Therefore, it was not possible to determine whether CLL cells are 

able to undergo apoptosis through stimulation of TRAIL-R2 using different sensitising agents. 

Further investigation is required to determine the general importance of TRAIL-RI in CLL 

cells with and without many different sensitising agents. 

In addition, the function of TRAIL-R2 has not been defined in CLL cells. TRAIL has been 

known to activate survival pathways, including the NF-KB pathway, and induce proliferation 
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in various cell types, particularly in the absence of caspase-activation (Harper, Farrow et al. 

2001; Ehrhardt, Fulda et at. 2003). Further work should be carried out to determine if survival 

pathways are activated in CLL in response to preparations of TRAIL that induce apoptosis 

through TRAIL-R2. 

Crosslinking antibodies are used to stimulate receptor aggregation and formation of higher 

order structures by linking several receptor complexes together on the cell surface. 

Crosslinking was shown to improve the efficacy of many versions of TRAIL, including 

Apo2L, ETR1 and ETR2 in resistant cell lines (Georgakis, Li et al. 2005; Kelley, Totpal et al. 

2005). Crosslinking antibodies were not used in experiments in Chapters 4 or 5, but may have 

yielded different results. Crosslinking may improve apoptosis-inducing ability of Apo2L, 

TRAIL. R2-6 or ETR2 in CLL in vitro, which would suggest that formation of higher order 

structures may be important for TRAIL-induced apoptosis. This would also suggest that 

distribution patterns of TRAIL-R1 and TRAIL-R2 on the surface of CLL cells may be 

different. For example, distribution of TRAIL-R1 may be more localised than that of TRAIL- 

R2 and not require crosslinking. This could be a possible mechanism of resistance to TRAIL, 

not only in CLL cells, but perhaps in other tumour types. Further work should be carried out 

to determine the effects of crosslinking on TRAIL-induced apoptosis using the different 

versions of TRAIL from this study. 

Studies completed using Apo2L and TRAIL mutants in tumour cell lines have suggested that 

TRAIL-R2 may be the key receptor for apoptosis induction in most tumour types (Kelley, 

Totpal et at. 2005). However, data from Chapters 4 and 5 show otherwise in the case of CLL. 

This study and others demonstrate the importance of using primary cells for pre-clinical 

evaluation of TRAIL or its mAbs (Kurbanov, Geilen et at. 2005). Many subsequent studies 

have evaluated the importance of each TRAIL-receptor in primary tumour cells and 

surprisingly, given the prior literature, TRAIL-RI appears to be of major importance in a 

number of tumour types (Strater, Hinz et at. 2002; Georgakis, Li et al. 2005; Kurbanov, Geilen 

et al. 2005; Menoret, Gomez-Bougie et al. 2006; Zeng, Wu et al. 2006). Table 7.1 shows 

several studies that have suggested the importance of one TRAIL receptor over the other in 

primary tumour cells. Studies using cell lines were omitted from the table. 
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Table 7.1: The importance of TRAIL-R1 and TRAIL-R2 for apoptosis induction in various tumours. 

Tumour Type 

Important 
receptor for 
apoptosis 
Induction Summary Reference 

Measured Immunohistochemistry of TRAIL-Receptor expression against disease-free 
colon survival and found that survival Is associated with Increased expression of TRAIL-R1, but Strater, Walczak 

carcinoma TRAIL-R1 not TRAIL-R2 et a12002 

Used ETR1 and ETR2 In primary myeloma cells and found that ETR1 killed ceps to a 
higher extent than ETR2. ETR1 also killed medullary and extra medullary myeloma from Menoret, Gomez- 

myeloma cels TRAIL-RI patients after relapse. Bougie et al 2006 

Used the antibody TRM-1 and found it to be effective, but the effects were more 
renal cell pronounced after crosslinking. In vivo administration suppressed tumour growth of renal Zeng, Wu et al 

carcinoma TRAIL-R2 cep carcinoma In xenografts in Immunodeficlent mice 2006 

Used blocking antibodies to show that TRAIL-R7 was important for signalling to 
apoptosis in TRAIL-R1 expressing cell Ines and that primary cells express high levels of Kurbanov, Geilen 

melanoma cells TRAIL-R1 TRAIL-RI, suggesting that it may be a promising therapeutic target in melanoma et al 2005 

Used ETR1 and ETR2 in pnmary samples and found that both antibodies were able to 
TRAIL-R1 Induce low levels of apoptosis In the majority of samples. This Is In contrast to findings In 

NorrHodgkin and TRAIL- Chapter 4 suggesting that CLL cells are resistant to ETR1 and ETR2 on their own. Georgakis, 
lymphoma R2 Differences could be due to varying Incubation times and concentrations used. Younes et al 2005 

One study in particular commented on the discrepancy between results in primary melanoma 

cultures and cell lines derived from patient samples (Kurbanov, Geilen et al. 2005). Very little 

emphasis has been placed on the importance to TRAIL-RI in melanoma because cell lines 

express little of it compared with TRAIL-R2 (2 out of 7 cell lines expressed TRAIL-RI at 

moderate levels) (Kurbanov, Geilen et at. 2005). These authors looked at sensitivity of 

TRAIL-RI expressing cell lines using blocking antibodies to TRAIL-RI and TRAIL-R2 and 

found that TRAIL-RI was predominantly responsible for signalling to apoptosis in those cell 

lines (Kurbanov, Geilen et at. 2005). Using immunohistochemistry, they showed TRAIL-R1 

expression in primary cells, but all cell lines (apart from 1) had a higher TRAIL-R2 expression 

compared with TRAIL-R1 (Kurbanov, Geilen et al. 2005). This study demonstrates that cell 

lines are not representative and are not a sufficient replacement for primary tumour cells 

(Kurbanov, Geilen et al. 2005). 

As shown in Table 7.1, only one tumour type (renal cell carcinoma) appeared to signal to 

apoptosis through TRAIL-R2, using the TRAIL-R2 antibody TRM-1 as a marker for 
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sensitivity (Zeng, Wu et al. 2006). In contrast, TRAIL-R1 appears to be important for the 

induction of apoptosis in a range of primary tumour types (Strater, Hinz et al. 2002; 

Georgakis, Li et al. 2005; Kurbanov, Geilen et al. 2005; Menoret, Gomez-Bougie et al. 2006). 

These studies have used both blocking antibodies to TRAIL-R1 and TRAIL-R2 and using 

ETR1 and ETR2 as direct activators of the apoptotic pathways of TRAIL-R1 and TRAIL-R2. 

Future work should focus on using a range on agonistic antibodies (not only ETR1 and ETR2) 

and mutant ligands to evaluate apoptotic induction in primary tumour cells because it is 

important to note that using different forms of TRAIL in primary tumours may yield different 

results. 

Work in Chapter 4 also showed that ETR1 and ETR2 do not synergise in a panel of cell lines, 

suggesting that there is no crosstalk between the two receptor pathways. In addition, most of 

the literature using ETR1 and ETR2 as agonistic antibodies has suggested that one receptor is 

predominant over the other. Thus, it was surprising that mutants signalling to TRAIL-RI and 

TRAIL-R2 (TRAIL. R1-5 and TRAIL. R2-6, respectively) both induced apoptosis in the 

chronic myeloid leukaemia cell line K562 after pre-treatment with depsipeptide. On further 

investigation, TRAIL. RI-5, the TRAIL-R1 signalling mutant, pulled both TRAIL-RI and 

TRAIL-R2 into heterocomplexes within the DISC. This has been previously described in 

studies using overexpression of TRAIL-R1 and TRAIL-R2, but the biological significance of 

this was not described (Kischkel, Lawrence et al. 2000; Sprick, Weigand et al. 2000). Work in 

this thesis has shown that heterocomplexes can be formed and can signal to apoptosis in K562 

cells. Presumably, ETR1 and ETR2 cannot form heterocomplexes of TRAIL-R1 and TRAIL- 

R2, which may be the underlying reason for differences in apoptotic induction by mAb and 

ligand. 

Interestingly, TRAIL. R2-6 did not pull heterocomplexes under any circumstances, suggesting 

that the ligand is specific to TRAIL-R2 only. These data indicate that TRAIL. R1-5 may not 

contain the exact mutations necessary for selectivity towards TRAIL-RI homotrimers and 

would need further improvement to reach ideal specificity. An alternative explanation is that 

upon stimulation with TRAIL, TRAIL-RI may pull TRAIL-R2 into a complex. The latter 

suggestion would indicate that, in contrast to findings from Chapter 4 (using mAbs), in certain 
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cell types (or in cell types stimulated with ligand that may form heterotrimers) TRAIL-R1 and 

TRAIL-R2 signalling are interlinked. In addition, it would imply that the connection between 

the two receptors can only be initiated through stimulation of TRAIL-RI suggesting that 

TRAIL-R1/-R2 receptor complexes are not pre-formed. It is not clear whether this may be the 

case with "decoy" receptors upon ligand binding, but TRAIL mutants remain a good tool to 

investigate the signalling between TRAIL-R1 and TRAIL-R2 complexes and possibly 

heterocomplexes. 

Chapter 6 highlighted the discrepancy between FADD and caspase-8 recruitment to the 

TRAIL DISC prior to and after treatment with depsipeptide in K562 cells. Apoptosis 

induction did not correlate with FADD recruitment and this was surprising. After time 

courses and concentration-responses it was evident that DISC components were being 

disassembled upon treatment with higher concentrations of TRAIL, which was causing the 

discrepancy described above. One explanation was that upon treatment of K562 cells with a 

high concentration of ligand, TRAIL, along with its receptors and DISC components, was 

being internalised rapidly into a low pH compartment and dissociating from the DISC. 

During the course of this study, a paper was published suggesting that Fas internalisation was 

required for formation and activation of the DISC, and that survival signalling pathways were 

activated at the plasma membrane (Lee, Feig et al. 2006). Taken together with a study 

completed with TNF that suggested TNFRI signalling occurs in a receptosome complex 

within the cell and internalisation is required for formation of the DISC implied that the same 

may be true for TRAIL (Schneider-Brachert, Tchikov et al. 2004). Therefore studies were 

undertaken to identify the role of internalisation in TRAIL-induced apoptosis. It is 

particularly difficult to carry out such studies as many common methods used to inhibit 

internalisation, such as using chemical inhibitors and transfecting cells with dominant negative 

proteins, can cause stress, thus leading to apoptosis. Therefore novel methods to measure 

internalisation were required in the studies highlighted in Chapter 6. 

Although internalisation appeared to occur rapidly in BJAB and HeLa cells, it was not a 

prerequisite for DISC formation, as the DISC formed readily at 4°C. These data 
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unequivocally demonstrate, in contrast to Fas and TNF, that TRAIL DISC formation occurs at 

the plasma membrane. In addition, when TRAIL signalling was synchronised by pre-loading 

at 4°C followed by a washout, caspase-8 was not further recruited to the DISC, suggesting that 

FADD and caspase-8 are recruited to the TRAIL DISC only at the plasma membrane. 
Furthermore, data completed by Dr. Xiao Ming Sun (Figure A. 6) suggested that blocking 

internalisation using hyperosmotic solution, did not block TRAIL-induced apoptosis, but 

actually sensitised BJAB cells to TRAIL confirming that internalisation is not important for 

DISC formation or apoptosis induction in these cells. These data suggest that DISC formation 

is the requisite step in TRAIL-induced apoptosis and that this occurs at the plasma membrane. 

Data from Chapter 6 are in agreement with a recently published study that showed caspase-8 

to rapidly cleave clathrin adaptor proteins upon binding with TRAIL in BJAB cells (Austin, 

Lawrence et al. 2006). The study implied that TRAIL internalisation was not required for 

TRAIL-induced apoptosis and that cleavage of the clathrin-mediated endocytic machinery was 

a mechanism to amplify the TRAIL signal, presumably through synchronisation of TRAIL- 

receptor complexes at the surface of the cells (Austin, Lawrence et al. 2006). However, the 

study did not demonstrate the mechanism of TRAIL or receptor internalisation (Austin, 

Lawrence et al. 2006). Work in Chapter 6, using inducible dominant negative dynamin-1 

expressing HeLa cells, demonstrates that in the absence of clathrin-mediated endocytosis, 

TRAIL is still able to internalise, indicating that clathrin-mediated endocytosis is not 

necessary for TRAIL internalisation. 

These studies, taken together, indicate that TRAIL is rapidly internalised in BJAB and HeLa 

cells, but that TRAIL internalisation is not necessary for DISC formation or TRAIL-induced 

apoptosis. In addition, TRAIL can be internalised via both clathrin-dependent and 

independent means. These studies suggest that internalisation may dampen the TRAIL signal, 

thus mediating resistance to TRAIL in certain cell types. 

Because CLL has low surface expression of both TRAIL receptors, it was not possible to carry 

out studies in Chapter 6 using CLL cells. However, internalisation patterns of TRAIL and 

their implications may apply to CLL. Increasing availability of FADD and caspase-8 to the 
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DISC appears to be an important step in sensitising CLL cells to TRAIL-induced apoptosis 

using HDAC inhibitors (Inoue, MacFarlane et at. 2004). It may be possible that rapid 

internalisation of TRAIL, prior to DISC formation, blocks FADD and caspase-8 association 

with the receptors. Blocking internalisation or slowing it may sensitise CLL cells to TRAIL- 

induced apoptosis by allowing FADD and caspase-8 to form a DISC at the plasma membrane. 

Further work should be carried out to determine the mechanism of action of depsipeptide in 

relation to internalisation and TRAIL-induced apoptosis in CLL. 

This thesis has also demonstrated that TRAIL-R1 and TRAIL-R2 may have different 

signalling patterns. This was demonstrated in Chapter 6 using K562 cells. Mutant ligands 

have provided a tool to investigate signalling and internalisation patterns of TRAIL-R1 and 

TRAIL-R2. Further work should be carried out to investigate different internalisation patterns 

of TRAIL-R1 and TRAIL-R2 using the specific mutant ligands generated in Chapter 5 based 

on methodology developed in Chapter 6. 
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Annexin V Binding Buffer 

10 mM Hepes/NaOH (pH 7.4) 

150 mM NaCl 

5 mM KCI 

1 mM MgCI2 

1.8 mM CaCl2 

dH2O (up to 500 ml) 

1x SDS Sample Buffer 

1.5M Tris 

15% Glycerol (v/v) 

2% SDS (v/v) 

25 mg Bromophenol Blue 

pH to 6.8 in 50ml dH2O 

5% ß-mercaptoethanol added 
immediately prior to use 

DISC Lvsls Buffer 

30 mM Tris/HCI (pH 7.5) 

150 mM NaCl 

10% Glycerol (w/v) 

1% Triton-X-100 (v/v) 
I complete mini protease Inhibitor 
tablet per 10 ml lysis buffer (added 
immediately prior to use) 

Running Buffer 

3.03 g Tris 

14.4 g Glycine 

10% SDS (v/v) 

dHZO (up to 1 L) 

coomasie Stain 

400 ml Methanol 

100 ml Acetic Acid 

2.5 g Bromophenol Blue 

500 mldHZO 

Filtered with Whatman paper 

Transfer Buffer 

3.03 g Tris 

14.4 g Glycine 

200 ml Methanol 

dH2O (up to 1 L) 

Coomasie Destain 

400 ml Methanol 

100 ml Acetic Acid 

500 ml dH2O 

Figure Al: Some common recipes used in this thesis. 

Iris Buffered Saline (TBS) 10x 

20 mM Tris 

137 mM NaCl 

HCI (to pH 7.6) 

dH2O (up to 1 L) 

LB Broth (2 x NaCll 

10 g Tryptone 

5g Yeast 

10 g NaCl 

1L dH2O 

Autoclaved 
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Figure A. 2: Bortezomib is preferentially distributed to the red blood cell fraction in vivo. Intravenous 

dosing of bortezomib (0.1 mg/kg) was carried out on days 1,4,8, and 11. Following each dose 

administration, blood samples were obtained at 0.17,0.5,1,2,4,24,48, and 72 hours. In addition, pre-dose 

samples were taken before the first and third doses, and at 114 and 192 hours after the fourth dose. After 

each consecutive bolus dose, the concentrations of bortezomib in plasma, whole blood, and the cellular 

component of whole blood were determined. This figure was provided by Johan Monbaliu and Roland De 

Coster at Johnson and Johnson (Beerse, Belgium). 
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Figure A. 3: Model of TRAIL/TRAIL-RI complex and crystal structure of TRAIL/TRAIL-R2 complex. 

A) Role of TRAIL Asn199 in TRAIL (yellow)/TRAIL-RI (cyan)/TRAIL-R2 (green) interactions. The 

hydrogen bond present with both TRAIL-Rl and TRAIL-R2 is shown as a black dashed line and that present 

with only TRAIL-R2 as a red dashed line. The loss of these hydrogen bonds with the TRAIL substitution 

Asn199Val is also illustrated. B) Role of TRAIL Tyr189 in TRAIL (yellow)/TRAIL-R/R2 (green) 

interactions. The hydrogen bond from this tyrosine to the conserved glutamine in TRAIL-RI/R2 is shown as 

a dashed line. Residues in TRAIL involved in hydrophobic interactions with Tyr 189, interactions lost in 

Tyrl 89AIa substituted TRAIL are also shown. This figure was provided by Dr. Mike Sutcliffe (University of 

Manchester). 
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Figure A. 4: Surface expression of TRAIL-RI and TRAIL-R2 and sensitivity to ETRI and ETR2 in 

BJAB cells. A) BJAB cells were stained for surface expression IgG I (grey line) or TRAIL-RI (filled in line) 

as described in Materials and Methods. The mean-fluorescence intensity of TRAIL-RI stained cells was 28 

compared with 3 for IgG I stained cells. B) BJAB cells were stained for surface expression of IgG I (grey 

line) or TRAIL-R2 (filled in line) as described in Materials and Methods. The mean-fluorescence intensity 

of TRAIL-R2 stained cells was 13 compared with IgG I stained cells (3). C) BJAB cells were treated with 

increasing concentrations of ETR I (0-500 ng/ml) for up to 6 hrs. Apoptosis was assessed by determining the 

% PS' cells by flow cytometry. D) BJAB cells were treated with increasing concentrations of ETR2 (0-500 

ng/ml) for up to 6 hrs. Apoptosis was assessed by determining the % PS` cells by flow cytometry. 
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Figure A. 5. TRAIL DISC formation in BJAB cells after pre-loading at 4°C, releasing up to 37°C for a 

set time and cooling back to 4°C 30 mins post-release. BJAB cells were pre-cooled to 4°C for 1 hour 

followed by pre-loading with biotinylated TRAIL for 45 mins at 4°C. Cells were washed in ice cold PBS and 

released up to 37°C for the indicated time and lysed, or rapidly cooled back down to 4°C by resuspending in 

pre-cooled media for 30 mins followed by lysis. Analysis of the DISC proteins was carried out as described 

in Materials and Methods. A+ at the top of the lane indicates that cells were re-cooled to 4°C prior to lysis. 

U/s cells indicate that cells were treated with biotinylated TRAIL post-lysis. * indicates the presence of 

TRAIL-R I from a re-probed membrane. Results shown are of one experiment. 
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Figure A. 6: TRAIL-RI and TRAIL-R2 internalisation is not required for apoptosis. A) BJAB cells 

were pre-labelled with cleavable biotin and receptors were allowed to internalise at 37°C in the absence 

(lanes 1-5) or presence (lanes 6-10) of TRAIL (I µg/106 cells). Sucrose (250 mM) was included in the 

treatment of some cells (lanes 5 and 10) prior to biotin labelling, during ligand binding and receptor 

internalisation. Biotinylated proteins were pulled down by neutrAvidin beads. Internalised TRAIL-RI and 

TRAIL-R2 and associated FADD or caspase-8 was detected by western blot analysis. B) BJAB cells were 

incubated in normal (diamonds) or hyperosmotic medium (triangles) for 30 mins prior to treatment with 

TRAIL (I µg'10' cells) in the absence (closed symbols) or presence (open symbols) of z-VAD. fmk (10 µM) 

for the indicated times. Apoptosis was assessed by TMRE, showing loss of mitochondrial membrane 

potential. As an additional control, cells were also treated with hyperosmotic medium in the absence of 

TRAIL. for 4h (Closed squares with an asterisk). Results shown are Mean ± SEM of 3 experiments. C) 

Cells obtained from the experiments shown in panel B of this Figure were subjected to western blot analysis. 

Arrows indicate pro forms of caspase-8 or -3 and their related processed forms. Asterisks indicate un- 

identified and non-specific proteins. This figure was provided by Dr. Xiao Ming Sun. 
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