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Abstract 

Ectopic Epstein-Barr virus (EBV) infection of T or NK cells is associated with several 

aggressive diseases including extra-nodal NK/T cell lymphoma (ENKTL) and chronic active 

EBV (CAEBV). Resistance to standard chemotherapy results in extremely poor 

patient prognosis. This thesis aimed to uncover the cellular and viral mechanisms behind 

such resistance, and to identify vulnerabilities for therapeutic targeting. An extensive 

collection of patient-derived cell lines demonstrated an EBV latency II phenotype and 

exhibited resistance to clinically administered genotoxic compounds. Importantly, 

apoptotic cell death could be consistently induced following treatment with the BH3 

mimetic, A-1331852, that inhibits the BCL-2 pro-survival protein, BCL-XL. Furthermore, 

A-1331852 proved effective in 1 of 3 newly developed xenograft NSG mouse models. In the 

two non-responder cell lines, it was shown that BCL-XL dependency was potentially 

maintained by viral LMP1 in an IL-2-dependent manner. IL-2 withdrawal in vitro, emulating 

the in vivo environment, led to a survival dependency switch from BCL-XL to MCL-1, and 

ultimately a reduced response to A-1331852. Finally, to identify novel cytotoxic drugs for 

ENKTL and CAEBV, a high-throughput screen of 4079 compounds was performed. This 

identified a shortlist of effective hits for further study in these severe diseases where 

targeted treatment options are unexplored. 
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1. Introduction 

1.1 Epstein-Barr virus  

1.1.1 Discovery, classification and structure 

Epstein-Barr virus (EBV) is a B lymphotropic γ-herpesvirus ubiquitous within the human 

population. It was first discovered in Burkitt’s lymphoma samples from patients from sub-

Saharan Africa in the early 1960s (Epstein et al., 1964). Although this was the first human 

virus to be associated with the pathogenesis of cancer, most of the world’s population 

carry the virus completely asymptomatically. However, there are several associations 

between EBV infection and disease. Most people become infected with EBV early in life, 

but if primary infection is delayed until early adulthood it can frequently result in the onset 

of infectious mononucleosis (IM). Primary EBV infection in children is generally sub-clinical 

and incidences of IM are rare events (Chan et al., 2003). A combination of a highly 

coordinated T cell mediated immune response and downregulation of viral genes allows 

the virus to exist silently for the lifetime of the host in most people. On the more severe 

end of the disease scale, in patients with immune defects EBV can drive aberrant 

proliferation of lymphoid cells and cellular changes that lead to malignancy.  EBV-

associated cancers can be of lymphocyte origin, including Burkitt’s Lymphoma (BL), 

Hodgkin’s lymphoma (HL), extra-nodal NK/T cell lymphoma (ENKTL), post-transplant 
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lymphoproliferative disease (PTLD), or of epithelial cell origin, including nasopharyngeal 

carcinoma (NPC) and gastric carcinoma (GC).  

At the molecular level, EBV contains a linear 170 kbp double stranded DNA genome within 

the virion (Baer et al., 1984) (Figure 1.1). At either end of the linear genome are the 

terminal repeats that recombine by homologous recombination during early infection to 

form a circular episome. These terminal repeats vary following recombination and are 

often used to determine viral clonality. An infectious particle is encapsidated, enveloped 

and expresses surface glycoproteins (gp) that mediate host cell attachment and entry, 

reviewed in (Shannon-Lowe and Rowe, 2014).  
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Figure 1.1 Structure of EBV genome with gene and promoter positions. The schematic 
represents the B95.8 laboratory strain of EBV. Coloured boxes indicate gene locations: EBNA genes 
(turquoise). LMP genes (magenta) and lytic genes (yellow). Origin of lytic replication (oriLyt), the 
plasmid origin of DNA replication (oriP) and terminal repeat (TR) are shown as blue boxes. Black 
arrows represent promoter sites and alternative splice sites are indicated by dotted lines. Single 
letters indicate DNA fragments produced by the BamHI restriction enzyme. Red triangles represent 
the location of non-coding RNAs (EBERs and microRNAs). Figure from (Kalla and Hammerschmidt, 
2012). 
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1.1.2 EBV infection and cellular tropism 

EBV is acquired orally and infection is believed to occur in the lympho-epithelium of the 

oropharynx. EBV is a naturally B lymphotropic virus which establishes latency in the 

memory B cells of healthy carriers. EBV can infect both naïve and memory B cells in vitro, 

giving rise to continuously proliferating lymphoblastoid cell lines (LCLs) that are useful for 

many studies (Henderson et al., 1977). EBV entry into B cells is mediated by a sequential 

set of interactions between viral glycoproteins and cellular surface molecules, enabling the 

initial attachment then endocytosis, fusion and release of the virus into the cellular 

cytoplasm. The major viral glycoprotein, gp350, initially interacts with the B cell specific 

surface marker CD21 (also known as complement receptor 2, CR2) (Fingeroth et al., 1984). 

CD21 deficient cells exhibit a lower susceptibility to viral infection, however this can 

partially be compensated for by the expression of CD35 which can act as a substitute and 

this surface marker is expressed during early B cell development (Ogembo et al., 2013). 

Binding of EBV to these surface proteins allows for the interaction between the viral gp42 

and HLA class II that is critical for the infection of B cells (Wang and Hutt-Fletcher, 1998). 

Although this interaction initiates fusion between the viral envelope and the plasma 

membrane, it is not sufficient to complete the fusion process. Therefore, EBV employs 

three further glycoproteins, gH/gL and gB for this process. Specifically, the gp42 forms a 

complex with gH and gL, triggering a conformational change whereby the gp42 

hydrophobic pocket widens allowing interaction with the highly conserved viral fusogenic 

protein, gB. Insertion of the gB binding loop into the plasma membrane triggers a 
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conformational change in gB whereby this protein effectively folds over to bring the viral 

envelope and the endosomal membrane into close proximity, thereby triggering fusion 

between the two membranes and generating a pore in the membranes through which the 

virus capsid can be delivered into the cytoplasm, reviewed in (Shannon-Lowe and Rowe, 

2014). 

Infection of epithelial cells is less well understood. Epithelial cells do not express the viral 

receptor CD21; therefore, EBV binds to epithelial cells in a CD21-independent manner. 

Furthermore, given the lack of HLA class II on epithelial cells, EBV does not require gp42 to 

enter these cells. However, the gH/gL complex binds to the epithelial cell surface integrins 

αvβ5, αvβ5 and αvβ5 via the KGD integrin-binding motif. A conformational change then 

occurs within the gH/gL complex that allows the binding of gB, which initiates fusion 

(Chesnokova et al., 2009).  

With regard to T and NK cell infection, EBV has rarely been found in these cell types of 

healthy individuals (Hudnall et al., 2005). Importantly, EBV infection of NK cells and T cells, 

is always associated with various lymphoproliferations, such as chronic active EBV (CAEBV), 

EBV-associated haemophagocytic lymphohistiocytosis (HLH) and hydroa vacciniforme (HV) 

or with two highly aggressive T/NK cell malignancies, aggressive NK leukaemia (ANKL) and 

extra-nodal NK/T cell lymphoma (ENKTL). It is currently unclear how EBV enters T cells and 

NK cells given their lack of the viral receptor CD21. However, it is thought the virus must 

enter a common T cell/NK cell progenitor due to the following lines of evidence: (i) The 

demonstration that clonal EBV was found in both the T cells and NK cells of individual 
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patients with CAEBV and EBV-HLH (C. Fox and C. Shannon-Lowe, unpublished); (ii) The virus 

receptor, CD21, is expressed during T cell/NK cell differentiation in the thymus before the 

point of lineage commitment, triggered by Notch-ligation of the precursor cells (C. 

Shannon-Lowe, unpublished); (iii) Rare somatic mutations have been identified in both the 

EBV infected T cells and NK cells from CAEBV patients with dual T/NK cell infection, strongly 

implying a common infected precursor (H. Kimura, Unpublished). However, in 2004, Isobe 

and colleagues reported infection of a mature NK cell line with EBV (Isobe et al., 2004), 

although these results have not yet been widely replicated. 

Once within target cells, EBV does not undergo immediate lytic replication as is observed 

with many other herpesvirus infections. Instead EBV establishes a latent infection where 

only limited viral genes are expressed. Viral replication, or the lytic cycle, has been 

demonstrated in both differentiated epithelial cells and in terminally differentiated plasma 

cells (Temple et al., 2014, Laichalk and Thorley-Lawson, 2005). Depending on the cellular 

background in which the lytic replication takes place, the tropism of the virus can change. 

For example, in B cells, intracellular gp42 can bind to MHC class II and is subsequently 

degraded in the proteasome (Borza and Hutt-Fletcher, 2002). Virions emerging from B cells 

will therefore express fewer gp42/gH/gL trimers and more gH/gL dimers, which increases 

the likelihood of epithelial cell entry as this process does not require gp42. Conversely, 

epithelial cells do not express HLA class II, therefore gp42 is able to reach the cell surface 

and be incorporated into the virion and is therefore significantly more infectious for the B 

cell, where gp42 is absolutely required. 
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Viral transmission from person to person is thought to occur via transmission of epithelial 

cell-derived virus through saliva. As mentioned above, primary infection of naïve B cells 

occurs in the oropharyngeal cavity. From here, the virus can either: 1) enter the lytic cycle 

— where more virions are produced for transmission into a new host or 2) enter latent 

cycle — which is the state in which the virus exists throughout the lifetime of the host 

(figure 1.2). 

 

 

Figure 1.2 EBV life cycle. A model for EBV primary infection and persistence. EBV infects naïve B 
cells in the oropharynx where the virus initially expresses the latency III gene expression 
programme. Viral gene expression is eventually restricted to the latency 0 programme. Infected 
cells migrate to the germinal centre and then exist as memory B cells for the life time of the host. 
The differentiation of infected memory B cells into plasma cells facilitates entry into the lytic cycle 
where new infectious particles are produced which can then enter previously uninfected B cells, or 
epithelial cells by transfer infection. (Figure provided by A. Rickinson) 
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1.1.3 Lytic replication 

In order to generate new infectious particles, the virus must enter the lytic cycle. This is the 

process of viral DNA replication, packaging the viral DNA into viral capsids and finally 

envelopment upon budding of the virus from the cell into the extracellular space. Lytic 

replication is a highly ordered cascade of viral gene expression, with each of the immediate 

early (IE), early (E) and late (L) gene replication phases dependent upon the preceding 

phase. Three subsets of IE, E and L lytic genes regulate this process and encode viral 

transcription factors, DNA replication machinery and structural proteins, respectively. 

EBV encodes two immediate early (IE) genes, BZLF1 and BRLF1. Expression of the 

transcription factor Zta (also known as Z or ZEBRA) by BZLF1 is the key event in the switch 

from latent to lytic cycle (Rooney et al., 1989). Zta binds the promoters of downstream 

early and late lytic genes to initiate their activity, and this process is synergistically 

enhanced by Rta — the viral transcription factor expressed by BRLF1 (Liu and Speck, 2003). 

The early (E) lytic genes, of which there are over 30 with known functions, are subsequently 

expressed. Within this gene subset, EBV encodes proteins necessary and sufficient to 

replicate its own DNA, a feature conserved among all herpesviruses. Finally, the late (L) 

genes encode proteins such as the tegument proteins, capsid proteins and glycoproteins 

required for the formation of a new infectious virus particle. The large linear concatemeric 

DNA molecules produced during viral DNA replication are cleaved at the terminal repeats 

during packaging into viral capsids, resulting in one copy of the viral DNA per capsid. The 

capsids are then transported to the cell surface where they bud out of the plasma 
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membrane, taking membrane with them to form the new viral envelope (Daikoku et al., 

2005). 

1.1.4 Latent cycle 

In newly infected B cells, EBV initially establishes a form of latent infection termed Latency 

III (Lat III), which involves the expression of all latent antigens. Following a combination of 

T cell exerted control of the EBV-infected population (discussed later) and influences from 

the microenvironment, such as Notch signalling, viral gene expression eventually becomes 

a highly restricted form of latency, termed Latency 0 (Lat 0). In Lat 0, only non-coding RNAs 

are expressed. This enables the virus to remain immunologically silent within the memory 

B cell compartment where the virus can reside for the lifetime of the host.  

In total, there are four patterns of latent infection: Lat III, II, I and 0. The latency subtype is 

determined by the expression pattern of the latency genes, which include six nuclear 

antigenic proteins (EBNA1, 2, 3A, 3B, 3C and LP), three latent membrane proteins (LMP1, 

2A and 2B) plus the non-coding RNAs: EBERs (Epstein-Barr virus-encoded small RNAs) and 

BARTs (gene regulatory miRNAs) (Young and Rickinson, 2004). Importantly, the latency 

subtyping is typically used to categorise EBV-associated diseases based upon gene 

expression (figure 1.3). Below I will discuss the function of each of these genes and their 

contribution to the pathogenesis of cancer.  
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Figure 1.3 EBV latent gene expression. Diagram representing EBV latent genes and to which 
latency pattern their expression is restricted. Dark blue circles represent cell nuclei and light blue 
ovals represent the cell cytoplasm. The right-hand column contains a list of states of health, disease 
or laboratory models where these subtypes of latency can be detected. BL, Burkitt’s lymphoma; 
GC, gastric carcinoma; ENKTL, extra-nodal NK/T cell lymphoma; HL, Hodgkin’s lymphoma; NPC, 
nasopharyngeal carcinoma; PTLD, post-transplant lymphoproliferative disease; LCLs, 
lymphoblastoid cell lines. 
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1.1.5 Latent genes  

EBNA1 

EBNA1 functions as the viral genome maintenance protein and is essential in all EBV 

infected cells during cellular DNA replication (Leight and Sugden, 2000). EBNA1 functions 

by binding to the plasmid origin of replication (OriP) on the viral episome and tethering the 

episome to the cellular DNA to replicate the viral genome during cellular DNA replication 

and ensure equal division of the replicated episomes into daughter cells following mitosis. 

EBNA1 expression can be upregulated by cellular transcription factors, such as E2F, IRF1 

and IRF2 (Schaefer et al., 1997) suggesting it is, at least in part, under cell cycle control. 

Furthermore, EBNA1 can restrict its own expression by binding downstream of the EBNA1 

(Qp) promoter to prevent fully formed transcripts.  The EBNA1 amino acid sequence 

contains an extensive Gly-Ala repeat (separating the N- and C-terminal regions), which 

inhibits the proteasome-mediated degradation of this protein and thereby limits 

presentation of antigenic peptides to circulating immune cells (Levitskaya et al., 1995).  

Experimental evidence suggests that EBNA1 can also directly contribute to the 

development of cancer. The earliest evidence to support this idea was the demonstration 

that enforced EBNA1 expression could induce B cell lymphoma development in transgenic 

mice (Wilson et al., 1996). One mechanism in which EBNA1 could achieve this is by 

interfering with p53, where EBNA1 prevents the stabilisation of this tumour suppressive 

transcription factor. EBNA1 achieves this by outcompeting p53, and its regulator MDM2, 
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for the ubiquitin-specific protease USP7 (Saridakis et al., 2005). This prevents USP7 acting 

on p53 to remove ubiquitin chains, enhancing the proteasome mediated degradation of 

p53 (Sheng et al., 2006).  

EBNA2 and EBNALP 

EBNA2, a defining protein of latency III, is a driving force behind EBV driven neoplastic 

transformation, due to its ability to modulate the transcription of several viral and cellular 

genes. EBNA2 largely functions through disruption of the DNA binding Jκ recombination 

binding protein (RBP-Jκ) with gene promoters and its associated complex. RBP-Jκ forms a 

large complex with histone deacetylases (HDACs) and other transcriptional repressors in a 

virus-negative environment (Hsieh and Hayward, 1995). EBNALP assists EBNA2 by binding 

to its acidic activation domain and prevents the binding of the SMRT-HDAC complex 

(Sinclair et al., 1994). The recruitment of TFIIB, TFIIH and p300 (all critical components of 

the basal transcriptional machinery) leads to the switching-on of target genes under this 

regulation. Cellular genes under such control include CD23 and CD21 and viral genes 

regulated by EBNA2 include LMP1 and LMP2 (Kieff and Rickinson, 2007).  

Differences within the EBNA2 gene contribute to a key difference between the two types 

of EBV, where EBV type 1 can more efficiently transform B cells in vitro compared to EBV 

type 2 strains (Rickinson et al., 1987). With respect to their nucleotide sequence, the two 

types of EBV are well known to largely differ in their EBNA2 sequence (53% identical in 

amino acid sequence) but significant differences within the EBNA3 family have also been 
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reported (Sample et al., 1990, Adldinger et al., 1985, Dambaugh et al., 1984, Rowe et al., 

1989).  

EBNA3 family 

The EBNA3 family of proteins function as negative regulators of EBNA2 transcriptional 

activity by competing for binding to RBP-Jκ as demonstrated in transient reporter assays 

(Zhao et al., 1996). EBNA3A and EBNA3C, the more extensively studied family members, 

have been shown to be essential for B cell transformation with EBNA3C in particular 

showing immortalisation properties similar to those exerted by the adenovirus E1A and 

papillomavirus E7 proteins. EBNA3C can cooperate with EBNA2 to drive LMP1 expression  

and is also involved in the deregulation of cell cycle check points, which allows progression 

of cellular replication (Young and Rickinson, 2004). The function of EBNA3B is less well 

understood, but its knockout does lead to decreased EBNA3C expression and a decreased 

growth rate of LCLs. However neoplastic transformation is still possible in the absence of 

EBNA3B, indicating that this protein is not essential for tumorigenesis (Chen et al., 2006).  

LMP1 

Recombinant virus studies have shown that LMP1 is necessary for efficient transformation 

of B cells and the long-term growth of infected cells (Kaye et al., 1993). LMP1 is a highly 

important protein for sustained proliferation and cell survival in latency II and latency III 

backgrounds and is critical for EBV associated growth transformation. LMP1, with an open 

reading frame of 1.3 kbp, is expressed roughly 36 hours after primary B cell infection in 
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vitro (Alfieri et al., 1991). The 63 kDa protein is composed of an N-terminal cytoplasmic tail 

(amino acids 1-23) followed by six transmembrane domains (aa 24-186), responsible for its 

distribution at the cellular plasma membrane, plus a larger cytoplasmic domain at the C-

terminal region (aa 187-386) (Eliopoulos and Young, 2001). The two key signalling features 

of LMP1 lie within the C-terminal cytoplasmic domain and are known as C-terminal 

activation regions 1 and 2 (CTAR1 and CTAR2).  

LMP1 mimics the activity of a constitutively activated CD40 molecule without the need for 

ligand stimulation and can also act as a functional substitute for CD40 (Uchida et al., 1999). 

Nuclear-factor κB (NF-κB) activation occurs from CTAR1 and CTAR2 interactions with TNFR 

associated factors (TRAFs) and the death domain-containing protein TRADD, respectively. 

This results in the recruitment of the catalytic kinases that contain NF-κB-inducing kinase 

(NIK) and IκB kinases (IKKs) leading to the activation of the IκBα-driven NF-κB pathway. Via 

NF-κB, LMP1 mediates the upregulation of the pro-survival BCL-2 family members, BCL-2 

(Henderson et al., 1991), MCL-1 (Wang et al., 1997) and BFL-1/A1 (D'Souza et al., 2000). 

Through TRAFs, LMP1 also mediates activation of the mitogen activated protein kinase 

kinase kinase (MAPKKK) and phosphatidylinositol 3-kinase (PI3K) pathways (Young and 

Rickinson, 2004).  

LMP2A and LMP2B 

LMP2A and LMP2B transcripts are alternatively spliced from the same gene and consist of 

9 exonic regions only differing at the first exon, known as either exon 1A or exon 1B. These 
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first exons are separated from the rest of the coding DNA by the terminal region, meaning 

that this gene can only be expressed once the viral genome has circularised. Therefore, 

detection of LMP2 protein or gene expression is a marker for successful episome 

formation. Both LMP2 proteins contain 12 hydrophobic transmembrane domains and a C-

terminal cytosolic tail (Laux et al., 1988), but LMP2A is 119 amino acids longer at the N-

terminal end of the sequence as exon 1B is non-coding.  

The LMP2 proteins are not considered vital for transformation. However, due to its B cell 

receptor (BCR) signalling mimicry, LMP2A is required for the transformation of germinal 

centre B cells that lack the BCR (Mancao and Hammerschmidt, 2007).  Like LMP1, LMP2A 

can initiate activation of the Ras/Akt/PI3K pathway and increase the expression of several 

pro-survival members of the BCL-2 family (Fukuda and Longnecker, 2004). LMP2A has also 

been identified as a major contributor to EBV associated epithelial cancers, such as NPC, 

due to its ability to promote cell motility and migration (Chen et al., 2002). LMP2B is largely 

thought to be a negative regulator of LMP2A but does have some function in evading 

interferon (IFN) responses by inducing degradation of IFN receptors together with LMP2A 

(Shah et al., 2009). 

Non-coding viral RNAs: EBERs and miRNAs 

In all forms of latency, EBV expresses its non-coding RNAs — EBERs and EBV miRNAs — 

with varying degrees of contribution to disease. EBER1 and EBER2 are both highly abundant 

in all latent cells and have highly conserved sequences or structures with non-coding RNAs 
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from other lympho-cryptoviruses (Moss and Steitz, 2013). EBER1 has been shown to 

promote the proliferation of BL cells by binding ribosomal protein L22, mediating its 

transport from the nucleolus to the nucleoplasm (Houmani et al., 2009). A major function 

of EBER2 is to repress the activity of LMP1, LMP2A and LMP2B by direct binding at the viral 

terminal repeat and indirectly in the case of the B cell transcription factor PAX5 (Lee et al., 

2015a).  

The EBV miRNAs have the ability to regulate the expression of both viral and cellular genes. 

Viral miRNAs originate from either the BHRF1 (miR-BHRF1) or BART (miR-BART) 

microcluster regions. Other than regulating the viral gene BHRF1, miR-BHRF1s are 

implicated in the control of the cell cycle and cell death by regulating cellular genes, 

including PTEN, BACH1 and KDM4B (Bernhardt et al., 2016, Skalsky et al., 2012). Knock-out 

studies have demonstrated that viruses lacking either miR-BHRF1, miR-BHRF-2 or miR-

BHRF-3 have substantial deficiencies in the transformation of B cells (Feederle et al., 

2011a). Primary B cells infected with viruses lacking miR-BHRF1-1, miR-BHRF-2 and miR-

BHRF-3 showed higher levels of apoptosis and the resulting cell lines were less proliferative 

(Feederle et al., 2011b). Strikingly, the combined deletion of both the BHRF1 protein and 

all miR-BHRF1s produced a completely transformation-deficient virus (Bernhardt et al., 

2016).  

miR-BARTs are also capable of regulating BHRF1 as well as the major oncogene, LMP1. The 

cellular targets of miR-BARTs are largely implicated in cell growth or cell death and include 

c-Myc, BIM and caspase-3 (Riley et al., 2012). However, the analysis of viruses lacking the 
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miR-BART region, such as the common laboratory strain B95.8, revealed that these genes 

are dispensable for cellular transformation (Raab-Traub et al., 1980). 

1.1.6 B cell malignancies 

Burkitt’s lymphoma 

There are three recognised forms of BL with varying degrees of association with EBV 

infection. Endemic Burkitt’s lymphoma (eBL) is the most common childhood cancer in sub-

Saharan Africa where virtually all cases are EBV positive and typically such patients present 

with a tumour of the jaw (Molyneux et al., 2012). Sporadic Burkitt’s lymphoma (sBL) can 

be found worldwide where the EBV association is rare in North America and Europe 

although sBL cases in Brazil can reach 80% EBV positivity (Queiroga et al., 2008). Thirdly, 

incidences of immunodeficiency-, including AIDS-related BL occur and these are EBV 

associated in 30-40% of cases (Molyneux et al., 2012).  

EBV associated BL commonly presents with a latency I gene expression pattern with readily 

detectable expression of the BARTs and EBER transcripts and EBNA1 protein. The defining 

genetic aberration of BL is a chromosomal translocation which places the c-Myc gene under 

the control of the IgH or IgL regulatory regions resulting in constitutive overexpression of 

c-MYC in the B cell lineage (Guikema et al., 2008). In line with this, BL is a cancer of germinal 

centre origin and has a defined phenotype of CD10+, CD77+ and BCL6+. In terms of 

cooperating oncogenic lesions, in line with many cancers, mutations in the p53 tumour 
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suppressor gene and other constituents of the p53 pathway are detected frequently in BL 

and contribute to the pathogenesis of the disease.  

Hodgkin’s lymphoma 

Hodgkin’s lymphoma (HL) is characterised by the presence of bi-nucleated malignant Reed-

Sternberg (RS) cells and can be subtyped into nodular sclerosis (NS), mixed cellularity (MS), 

lymphocyte-depleted (LD) and lymphocyte-rich classical HL (Kuppers, 2009). Based on Ig 

typing data, the RS cells are believed to originate from a germinal centre B cell (Braeuninger 

et al., 1997). Unusually, these RS cells form only a minority of the tumour. Approximately 

40% of HL cases are EBV associated and they display a latency II EBV infection, where the 

viral genes are predicted to play a pivotal role in the disease (Brauninger et al., 2006). The 

expression of LMP1 allows the activation of the CD40 signalling pathway and LMP2A 

expression promotes cell survival through activation of PI3K/AKT signalling, as described 

above (Fukuda and Longnecker, 2004). The contribution of EBV at the late malignant stage 

has been questioned due to the lack of an established EBV-positive RS cell line in vitro.  

Post-transplant lymphoproliferative disorder  

Post-transplant lymphoproliferative disorder (PTLD) is an abnormal B cell proliferation that 

may occur following either a solid organ transplant (SOT) or haematopoietic stem cell 

transplantation (HSCT) and immune-suppression. In 50-80% of cases, EBV is the major 

pathogenic driver in the immunosuppressed host (Dharnidharka et al., 2016). Suppression 

of the function of EBV-specific T cells allows the expansion of infected B cells where the 
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virus expresses its full latent gene repertoire. Therefore, a latency III phenotype is observed 

in the vast majority of EBV-positive cases of PTLD (Dharnidharka et al., 2016). EBV gene 

expression can be more restricted, or even EBV-negative, in later onset tumours, 

particularly in SOT.  

1.1.7 Epithelial cell malignancies 

Nasopharyngeal carcinoma  

The most common EBV-associated neoplasm of epithelial cell-origin is nasopharyngeal 

carcinoma (NPC). Here, the virus exists in a latency II state, although with only around 50% 

of cases expressing detectable LMP1 but over 98% expressing LMP2A (Fahraeus et al., 

1988, Brooks et al., 1992). LMP1 has been shown to induce pro-inflammatory cytokines 

(such as IL-1α, IL-β, IL-6, IL-8, TNF-α, RANTES and GM-CSF) found in inflamed hyper-

proliferative epithelium and also facilitates epithelial-mesenchymal transition by the 

downregulation of E-cadherin (Huang et al., 1999, Tsai et al., 2002). Monoclonal virus can 

be detected in NPC tissues which is an indication that infection is an early event in 

malignant expansion. EBV associated NPC is found with high incidence in far-east Asia and 

is as common as 20-30 cases per 100,000 population (Raab-Traub, 2015). There is a high 

incidence of NPC in men of Chinese descent, indicating that genetic factors are involved in 

the pathogenesis of this disease. However, environmental factors, such as highly salted fish 

as a significant part of the diet, have also been implicated in the development of NPC (Raab-

Traub, 2002).  
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Gastric carcinoma 

Gastric carcinoma (GC) is associated with EBV in 10% of cases (Camargo et al., 2011, 

Matsusaka et al., 2011). EBV is detected in either a latency I or II pattern in GC, with LMP2A 

the most commonly expressed latent membrane protein found in over 50% of cases (Luo 

et al., 2005).  Studies on GC derived cell lines demonstrated that LMP2A contributes to cell 

proliferation by upregulating survivin via the NF-kB pathway and also promotes cell 

migration by upregulating dynamin-related protein 1 through Notch signalling (Hino et al., 

2008, Pal et al., 2014). Interestingly, the EBV-associated subset of GC has been shown to 

be correlated with increased overall survival and reduced lymph node (LN) metastasis 

compared to EBV-negative GC (Camargo et al., 2011, van Beek et al., 2004).  

1.1.8 T cell and NK cell lymphoproliferative diseases 

Although not considered to be part of the natural lifecycle of the virus, EBV infection of T 

cells and NK cells represents a significant clinical problem. EBV infection of these cell types 

is always associated with lymphoproliferations or malignancies for which treatment 

options are extremely limited. These diseases include chronic active EBV (CAEBV), EBV-

associated haemophagocytic lymphohistiocytosis (HLH), hydroa vacciniforme (HV), 

aggressive NK leukaemia (ANKL) and extra-nodal NK/T cell lymphoma (ENKTL). The viral 

and non-viral contribution to these diseases is not yet fully understood and further work 

in this area is urgently required. The focus of this thesis will be on ENKTL and CAEBV, 

discussed in more detail in the following sections.   



 

 

21 

 

1.2 EBV-associated T and NK lymphoproliferative diseases 

1.2.1 Extra-nodal NK/T cell lymphoma  

Classification 

ENKTL is defined as CD2+, CD56+, surface CD3- and cytoplasmic CD3ε chain-positive (Au et 

al., 2009). In addition to these markers, EBV infection is a requirement for a positive 

diagnosis due to the previously reported association of the virus with this cancer (Swerdlow 

SH et al., 2008). EBV infection is determined by the presence of EBERs and clonality is 

determined by the presence of exactly matching terminal repeat regions within every 

infected cell.  

Epidemiology 

ENKTL is found with greatest frequency in Eastern Asia and South America (4-6% of all non-

Hodgkin’s lymphomas) compared to the Western world (roughly 0.5% of all non-Hodgkin’s 

lymphomas). It is thought this geographic variation is due to a combination of genetic 

factors, viral strains and as yet unidentified environmental factors (Au et al., 2009). The 

median age of disease is 55 years old with males being more frequently affected than 

females at a ratio of 2:1 (Haverkos et al., 2017). It is possible that there may be an HLA 

subtype predisposition, but this is currently unproven. The incidence of ENKTL is much 

higher in native Asians compared to USA-based Asians, and this provides evidence for an 

environmental contribution to the development of this disease (Bassig et al., 2016). 
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Clinical features 

ENKTL is an aggressive malignancy that typically presents as a necrotic lesion around the 

nasopharynx, classified as nasal-type ENKTL (Harabuchi et al., 2009). Patients suffer from 

ulceration and necrosis within the nasal cavity and tumours protruding into local paranasal 

sinuses and lymph nodes (Haverkos et al., 2016).  Non-nasal ENKTL occur at a much lower 

frequency and are typically found in the skin, lung, liver and spleen (Suzuki et al., 2010).  

Viral contribution to pathogenesis 

The presence of EBV within every malignant cell that provided the infected T/NK cell can 

maintain the virus, the virus has powerful transformation capabilities similar to that 

identified in B cells. Viral load analysis of tumours has proved to be a prognostic marker of 

disease (Hsieh et al., 2007). The virus present in ENKTL is usually clonal with every 

malignant cell containing approximately 20 copies of the virus per cell and each cell 

exhibiting a latency I or II gene expression profile (Hsieh et al., 2007).  

Although functions of the viral genes within these tumours have not been fully 

characterised, informative experiments have been performed investigating LMP1 in 

particular. A study of primary ENKTL tumour samples showed that in 22 of the 30 cases 

investigated, LMP1 was present and that its expression was associated with a more 

favourable prognosis (Kanemitsu et al., 2012). This is possibly due to the ability of LMP1 to 

increase MHC I expression, which increases the likelihood of immune detection of infected 

malignant cells. However, other studies reported that LMP1 is responsible for the 
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downregulation of miR-15a, in order to promote proliferation, and is a prognostic marker 

of potential disease progression (Komabayashi et al., 2014). The regulation of LMP1 

partially occurs through a positive feedback loop that involves IL-15 secretion from tumour-

infiltrating macrophages that induce LMP1 expression. In turn, LMP1 induces IP-10 

cytokine expression and secretion from the tumour cells, which acts as a chemoattractant 

for such macrophages (Ishii et al., 2012). IL-2, and to a lesser extent IL-10, have been shown 

to also regulate LMP1 expression in the SNK6 and KAI3 cell lines (Takahara et al., 2006). 

LMP1 can also be controlled by viral miR-BART9, impacting upon cellular growth and 

proliferation (Ramakrishnan et al., 2011).  

Other latency II viral genes and non-coding RNAs have been studied to a lesser extent. 

LMP2 function has not been thoroughly investigated in T and NK cells but LMP2 mRNA 

transcripts have been detected in approximately 40% of ENKTL tumours (Chiang et al., 

1996). LMP2A protein could not be detected in ENKTL derived cell lines despite the 

presence of low numbers of LMP2A transcripts (Fox et al., 2010). Furthermore, LMP2B 

transcripts were detected but there are no antibodies available to detect LMP2B protein. 

Importantly LMP2 protein expression has been indirectly identified by LMP2-specific 

cytotoxic T cell recognition. Given the lack of LMP2A protein expression, a novel LMP2 

transcript was identified that is initiated from a promoter in the terminal repeat region of 

the EBV genome. This novel transcript (termed LMP2-TR) was also identified in primary 

ENKTL samples in which no LMP2A or LMP2B transcripts were detectable (Fox et al., 2010). 

Expression of LMP2 in ENKTL tumours could have implications for therapeutic targeting.  
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It has also been demonstrated that EBNA1 promotes cell cycle progression in the ENKTL 

cell line HANK1 by reducing the expression of the cyclin dependent kinase inhibitor, p27 

(Ian et al., 2008). Investigation into viral miRNA expression by Illumina deep sequencing 

has revealed the possible extent to which the miR-BARTs could be contributing to disease 

(Alles et al., 2016). Strikingly, the miR-BARTs constitute 31.4% and 14.7% of the total miRNA 

repertoire in SNK6 and SNKT16 cells, respectively. The same report also investigated 

selected viral miRNAs and reached the conclusion that miR-BART16 can downregulate the 

expression of sphingosin-1-phosphate receptor 1 (S1PR1) in cooperation with EBERs. No 

expression of the miR-BHRF1 family was observed.  

Non-viral contribution to pathogenesis 

The literature is limited on genetic analysis of primary tumour material. Although deletions 

of the long arm of chromosome 6 have been reported, no known specific gene loss has 

been designated a critical feature in the pathogenesis of ENKTL. It has been suggested that 

the frequent loss of the chromosomal region 6q21 — containing the PRDM1 gene — may 

contribute to disease (Iqbal et al., 2009).  PRDM1 encodes the tumour suppressor BLIMP1, 

which is commonly mutated or lost in B cell lymphomas (Mandelbaum et al., 2010, Huang 

et al., 2010). The KHYG1, SNK1 and SNK6 cell lines showed hypermethylation in the PRDM1 

gene promoter region (Iqbal et al., 2009). Another methylation study using cell lines and a 

small number of primary samples identified 95 genes that had been markedly silenced, 

including Bcl2l11 which encodes the pro-apoptotic protein BIM (Kucuk et al., 2015). 
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1.2.2 Chronic active EBV  

Classification and clinical features 

Chronic active EBV (CAEBV) is an EBV-positive lymphoproliferative disease that clinically 

presents with defined symptoms of fever, splenomegaly and lymphadenopathy lasting 6 

months or more. Patients have no known immunodeficiencies and present with high 

antibody responses against viral capsid antigen (VCA) and viral early antigen (EA-D) (Straus, 

1988). Clinically, patients can be separated based on whether T cells or NK cells are the 

dominant carriers of EBV. NK cell carriers tend to present with high levels of IgE and a 

hypersensitivity to mosquito bites whereas T cell carriers suffer from high fevers and have 

high levels of EBV-specific antibodies (Kimura et al., 2001). Severe and persistent cases of 

CAEBV have been reported to develop into ENKTL, indicating that CAEBV can be considered 

a pre-malignant state (Jones et al., 1988).  

Viral contribution to pathogenesis 

High viral load within the peripheral mononuclear cells of patients is considered a negative 

prognostic marker. This can range from 103 to 107 genomes per million PBMC prior to 

therapy (Kimura et al., 2001). T and NK cell lines established from CAEBV patients have 

been shown to express a latency II viral gene expression pattern but primary samples have 

not yet been thoroughly investigated (Iwata et al., 2010). EBV can be found clonal or 

oligoclonal in both the T and NK cell compartments within these patients and this indicates 

that infection can be an early event in the development of CAEBV. 
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Non-viral contribution to pathogenesis 

Attempts to delineate the genetic contribution to disease in CAEBV have only recently 

commenced. A whole genome sequencing analysis of 83 patient samples revealed great 

variation across the cohort. Only 58% of samples were found to carry one somatic mutation 

or more (Okuno et al., 2017). The most common mutation (16.8% of patients) was found 

within the DDX3X gene — encoding a DEAD-box helicase — a mutation resulting in the 

reduced global translation in various cancer types (Valentin-Vega et al., 2016). CAEBV 

patients carrying the DDX3X mutation had a worse overall survival at 5 years (40.6% vs 

78.6% for all other cases). The second most common gene mutation found was in KMT2D 

(4.8% of patients) — a histone methyltransferase — and this was also associated with a 

worse overall survival at 5 years (50% vs. 73.9% for all other cases). The lack of a genetic 

aberration common to a majority of patient samples indicates that infection with EBV is 

the dominant driver of disease. 

1.2.3 EBV infection of T and NK cells  

The infection of T or NK cells with EBV and the viral contribution to disease are poorly 

understood mechanisms. Attempts have been made to infect T and NK cells in vitro, 

establish cell lines and to phenotype EBV infected cells. However, these have all been 

achieved to varying degrees of success as described below. 
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Infection of T cells 

The first description of ENKTL appeared in 1988 by Jones et al. In this report, three patients 

suffered from chronic illness presenting with fever, haematological abnormalities and high 

antibody titres against EBV capsid antigen. All three patients developed fatal T cell 

lymphoma (Jones et al., 1988). These tumours contained detectable viral DNA and were 

judged to be monoclonal proliferations based upon T cell receptor gene rearrangement.   

The key steps in the development of T cells are outlined in figure 1.4 with detail of surface 

marker expression at each step. The stage of T cell differentiation where EBV infection can 

occur is under debate. The identification of rare somatic mutations in both the EBV infected 

T cells and NK cells from CAEBV patients with dual T/NK cell infection, indicate infection 

occurs at a progenitor stage (H. Kimura, Unpublished).  However, others have 

demonstrated that mature T cells are able to be infected but the virus type is key to the 

process. It has been proposed that the geographical distribution of EBV type 2 — which is 

more common in East Asia than in Western countries — may be able to more readily infect 

mature T cells than EBV type 1 (Coleman et al., 2017, Coleman et al., 2015). This hypothesis 

would also partially account for the geographical distribution of ENKTL. EBV type 2 has 

been reported to readily infect isolated CD8+ T cells in vitro causing proliferation (Coleman 

et al., 2015). In the same experiments, it was shown that cytokine production was induced 

— including IL-8, RANTES and MIP1-α — which have all been previously shown to be 

regulated by LMP1 and this is consistent with the stable expression of LMP1 following 

primary T cell infection. In EBV-negative T cell lines, the overexpression of LMP1 has been 
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shown to downregulate expression of the SH2D1A gene, which encodes signalling 

lymphocyte activation molecule (SLAM)-associated protein (SAP), through the 

transcription factor ATF5 (Chuang et al., 2005, Chuang et al., 2008). LMP1 was therefore 

able to indirectly induce, via TRAF2/5 and NF-kB, secretion of cytokines such as IFN-γ and 

TNF-α (Chuang et al., 2005).  

 

 

Figure 1.4 Differentiation of T lymphocytes. Progenitor cells (PG) migrate from the bone marrow 
to the thymus where commitment to either NK cell or T cell lineage occurs. Cells entering T cell 
lineage commitment undergo multiple double-negative (DN) stages, a double-positive (DP) stage, 
an immature single-positive (ISP) stage followed by either CD4 or CD8 single-positive stage 
commitment. Commitment to ɣδ T cell lineage occurs at the DN2/DN3 stage. Adapted from 
(D'Acquisto and Crompton, 2011). 
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Infection of NK cells 

From clinical samples, it has been learned that the vast majority of ENKTL cases involve the 

infection of NK cells with a minority of cases involving infection of T cells (Au et al., 2009). 

CAEBV cases in East Asia and South America typically arise from an EBV infection of CD16+ 

NK cells (Kasahara et al., 2001). In North America, it has been suggested that most cases of 

CAEBV are of B cell origin highlighting an interesting and unexplained geographical 

difference between the US and East Asia/South America (Cohen et al., 2011).  

Phenotypic studies of ENKTL have been limited by the rare nature of the disease. Current 

understanding is that roughly 85% of cases are of NK cell origin where surface marker 

profile is expected to be CD56+, CD16-/dim, surface CD3-, cytoplasmic CD3ϵ+, CD57- and CD2+ 

(Au et al., 2009, Lima, 2015). The differentiation state of an NK cell (NK precursor, 

functional NK cell or memory NK cell) can be determined by surface marker expression 

(detailed in figure 1.5). However, large-scale studies using multicolour flow cytometry to 

confirm the NK differentiation state of ENKTL has yet to be performed. For intracellular 

markers, perforin and granzyme B expression are found frequently (Schwartz et al., 2008). 

Further investigation into the cytokine and cytokine receptor expression profile would be 

informative regarding the maturation and activation stage of these NK cells. It could then 

be determined whether these infected NK cells were likely to be responding to EBV-

infected cells or whether they had come into contact with the virus through an entirely 

different circumstance.  
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The first description of an in vitro infection model in NK cells was reported by Isobe et al., 

2004. They successfully infected isolated peripheral blood NK cells, the NK-92 cell line and 

the NKL cell line with a type 1 recombinant EBV containing a GFP tag. Cell-free virus was 

used to infect the cells comparable to common B cell infection protocols. They confirmed 

infection by GFP positivity and detection of viral mRNA of latency I and II genes by reverse 

transcriptase PCR. However, the establishment of an immortalised NK cell line carrying EBV 

was not achieved as most infected cells died via apoptosis within one week.  

 

 

Figure 1.5 Differentiation of Natural Killer cells. Haematopoietic stem cells (HSCs) can enter the 
NK cell developmental path which can be divided into 6 stages defined by the expression or lack of 
expression of indicated cell surface markers. Stages 1 to 3 represent immature NK cells. Stages 4 to 
6 represent the late stages of NK cell differentiation where memory NK cells (stage 6) can be 
derived from either CD56bright (stage 4) or CD56dim (stage 5) cells. Adapted from .(Yu et al., 2013).  
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Immune control of EBV 

EBV is not found within the T or NK cell compartment of healthy carriers but these subsets 

of the immune system are important in the control of the virus during the EBV life cycle. 

Understanding T and NK cell control of EBV infection can perhaps reveal clues to how 

infection of such cells may occur, although the EBV-specificity of infected cells is unknown. 

Following primary infection, activated NK cells have been shown to be present as an 

expanded population in the peripheral blood of IM patients compared to that of healthy 

individuals (Williams et al., 2005, Hislop et al., 2007). The role of NK cells in the control of 

viral infection is further exemplified by their ability to inhibit EBV transformation of primary 

B cells in vitro (Lunemann et al., 2013). However, evidence exists showing that NK cells 

provide an incomplete protection against EBV. Haematopoietic stem cell transplanted 

patients who develop an EBV driven PTLD have recovered levels of NK cells by the onset of 

disease (O'Reilly et al., 1997). The importance of NK cell control of EBV infection perhaps 

occurs during early events of the lytic cycle. During the lytic cycle, EBV downregulates MHC 

class I molecules to remain immunologically silent which removes the stimulus to NK cell 

inhibitory receptors, such as killer-cell immunoglobulin-like receptors (KIRs) (Keating et al., 

2002). During the lytic cycle of the virus, NKG2D ligand expression is induced due to cellular 

stress. Collectively, these initiate killing of EBV infected cells as an early event in the control 

of virus spread.  
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Primary infection in asymptomatic individuals is controlled by antigen-specific CD4+ and 

CD8+ T cells that force the virus into latency 0 where it expresses only non-coding RNAs. 

Memory T cells remain for long-term protection against viral reactivation. Primary EBV 

infection resulting in IM is associated with a large increase in CD8+ T cells in the peripheral 

blood, reviewed in (Rickinson et al., 2014). Due to high levels of virus replication and 

therefore presence of large amounts of EBV antigens, unsurprisingly, most of these T cells 

are EBV antigen-specific with a majority recognising immediate early and early lytic 

proteins over latent antigens but this dominance settles with time after infection, reviewed 

in (Hislop et al., 2007). T cells recognising an individual lytic peptide can account for up to 

40% of the overall CD8+ population and T cells recognising a single latent peptide can 

account for up to 5% of all CD8+ T cells with a bias towards the EBNA3 family of proteins. 

These expanded T cell populations have been shown to be competent in cytotoxic function 

(i.e. expression of perforin) and show markers of T cell activation, including CD38, and Ki-

67, a marker of cell proliferation.  

1.2.4 Models of disease  

Models for EBV 

Since its discovery, EBV has been studied in vitro by the use of cell lines derived from 

primary tumours to investigate the contribution of the virus to B cell and epithelial cell 

derived neoplastic disease. The in vitro transformation of B cells into LCLs by EBV has 

proved to be a useful model for primary infection, immune response to disease and latent 
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gene function. The common laboratory strain of EBV, known as B95.8, was cloned into a 

BAC system in a 293T cell background where lytic replication can be readily induced and 

studied (Delecluse et al., 1998). 

The investigation of EBV and EBV-associated diseases in vivo has proved to be more 

challenging. As stated earlier in this introductory chapter, EBV is a human-specific gamma-

herpesvirus with a highly coordinated binding and entry mechanism. Importantly, such 

mechanisms deny the virus the ability to infect cells of non-human origin — therefore, a 

direct mouse model of EBV infection has not been established. Since the late 1980s, BL has 

been extensively studied using the Eµ-Myc transgenic mouse model which recapitulates 

the disease by placing the c-Myc gene under the control of the IgH gene enhancer (Harris 

et al., 1988). However, this is not informative for investigating EBV as the transformed cells 

do not contain viral DNA nor do they express the latency I genes that contribute to EBV-

positive BL cases — i.e. EBNA1, BHRF1 and viral non-coding RNAs. Xenografts of either BL 

cell lines or cells derived directly from a human tumour into immune-deficient mice — such 

as the NOD-SCID IL-2rγ-/- (NSG) mice — have provided the background for many drug 

studies (Chu et al., 2017, Ghetie et al., 1996, Lee et al., 2015b). Humanised mouse models 

have massively contributed to the field of EBV immunology (Munz, 2017).  Although not a 

perfect model, the irradiation of mice followed by reconstitution with a human immune 

system prior to EBV exposure has become a highly utilised in vivo model for studying EBV 

infection, the associated tumorigenesis and immune control. In another EBV transgenic 

mouse model, the enforced expression of LMP1 in the B cell compartment — combined 
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with defective T cell surveillance — was shown to be sufficient to induce B cell lymphoma 

development (Zhang et al., 2012). It is proposed in this context that LMP1 was the driver 

of further oncogenic events by inducing further chromosomal aberrations by eliciting the 

expression of activation-induced cytidine deaminase (AID). 

Models for ENKTL and CAEBV 

Big challenges still await the field of ENKTL as many hurdles are yet to have been overcome. 

Beginning with in vitro models, the obvious hurdle for establishing a model for T and NK 

cell disease is the lack of an infection/transformation model akin to that of LCLs for B cells. 

The kinetics of viral gene expression during early, intermediate and late phases of infection 

and immortalisation are well understood in B cells but virtually unexplored in T and NK 

backgrounds. Due the lack of a T or NK cell transformation model, the limited number of 

cell lines that are available have become the standard model for studying ENKTL and EBV-

positive aberrant T/NK cell proliferations.  

In terms of challenges for in vivo models, again research on ENKTL lags behind the field of 

B cell neoplastic disease. It is not known whether EBV infection alone is sufficient to 

transform T or NK cells in vivo (or in vitro). It is also unlikely that LMP1-alone would be 

sufficient to induce T and NK proliferations.  As a bona fide driver of tumourigenesis has 

yet to be identified, a genetic mouse model of disease does not yet exist. Therefore, some 

studies have focused on using ENKTL cell lines, particularly SNK6, in xenograft models using 

NSG mice, but such experimentation is not yet widely used (Siddiquey et al., 2014, Suzuki 
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et al., 2015). Xenograft models have been adopted in CAEBV where the transplant of 

patient-derived cells showed that CD4+ T cells were required for successful engraftment of 

EBV-positive T or NK cells (Imadome et al., 2011). 

1.2.5 Current and emerging therapies  

Classical treatments for ENKTL and CAEBV have been adopted from treatment regimens of 

other haematological diseases. Given these diseases are rare, clinical trials have been 

equally rare. Currently, ENKTL is treated empirically with no real knowledge about whether 

these regimens will actually be efficacious, leading to the present low success rates. The 

lack of cell lines and animal models has so far limited the understanding of the disease and 

the development of new effective treatment regimens. Below is a description of how such 

diseases have been treated in the past and how the field may advance the development of 

targeted therapies in the future. 

Classical therapy 

Patients diagnosed with either ENKTL or CAEBV have typically been treated with standard 

chemo-radiation although there is great variation in the treatment protocols used across 

the globe (Kim et al., 2001, Lee et al., 2006, Tse and Kwong, 2013, Okano, 2002). ENKTL has 

a median survival of 7.8 months whereas the survival rate for patients with CAEBV is 

reportedly 58% at 10 years (Vose et al., 2008, Kimura et al., 2003). Radiotherapy appears 

to be initially successful in reducing ENKTL tumour burden but only in around 50% of 

patients (Liang, 2009, Li et al., 2006). This initial success is temporary with many patients 
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relapsing within 1 year of treatment. With regards to chemotherapy, the CHOP regimen — 

cyclophosphamide, hydroxydaunorubicin, onvocin (vincristine) and prednisone — 

commonly used for the treatment of non-Hodgkin’s lymphomas (NHLs) and many solid 

tumours, has only little impact on ENKTL (Kim et al., 2003).  

In an effort to improve survival rates, high-dose chemotherapy has been combined with 

haematopoietic stem cell transplantation in the treatment of ENKTL. Reports are limited 

but a pooled analysis study focusing on NK cell neoplasms identified a significant increase 

in survival of ENKTL patients when treated with this combination as opposed to patients 

treated with chemotherapy alone (Suzuki et al., 2006). However, this study analysed a 

relatively small cohort with 22 patients in the combination arm vs 127 patients in the 

chemotherapy-only arm. As this was a multi-institutional study, the authors acknowledge 

that variance in the criteria for inclusion of patients in these trials may have contributed to 

the differences. A study involving 29 CAEBV patients reported high levels of success when 

combining chemotherapy with allogeneic haematopoietic stem cell transplantation; 18 of 

the 29 patients were placed on fludarabine, melphalan, cyclophosphamide, low dose 

radiation plus allogeneic haematopoietic stem cell transplantation and showed an overall 

survival rate of 95% ±4.9% (S.E) (Kawa et al., 2011). Cohen and colleagues have suggested 

that CAEBV in the USA — where most cases are of B cell origin, unlike in East Asia — can 

be curable when patients are also treated with allogeneic haematopoietic stem cell 

transplantation (Cohen et al., 2011). The stage of disease and age of the patient greatly 
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determines the success of such treatment as younger patients with early stage disease can 

more easily handle such therapy. 

Improved chemotherapy 

Immunohistochemistry staining of primary ENKTL tumours has suggested that high levels 

of the multidrug efflux pump, p-glycoprotein, may be responsible for resistance to 

chemotherapy (Wang et al., 2008). P-glycoprotein is an ATP-dependent cell surface protein 

that functions to decrease the concentration of substances that may be toxic to the cell as 

an important mechanism for cell survival (Lin and Yamazaki, 2003). P-glycoprotein has a 

normal tissue distribution in the brain, kidney, intestine and liver, to name a few tissues. 

However, the upregulation of p-glycoprotein as a method of evading the killing by 

chemotherapeutic drugs is found in various epithelial cell carcinomas, multiple myeloma 

and certain other cancers. Despite the presence of p-glycoprotein in ENKTL tumours, a 

direct contribution of this to chemoresistance has yet to be proven. In vitro studies on 

SNT16 and SNT8 cells indicated that the increase in p-glycoprotein in these cell lines may 

be mediated by EBV and potentially driven by LMP1 (Yoshimori et al., 2015). The 

chemotherapy regimen known as SMILE — steroid (dexamethasone), methotrexate, 

ifosphamide, L-asparaginase and etoposide — has been developed specifically by using 

drugs with a reduced p-glycoprotein susceptibility. Although a large scale assessment of 

patient response to SMILE therapy versus CHOP therapy is yet to be performed, clinical 

trials have shown encouraging results in patients with ENKTL (Yamaguchi et al., 2008, 

Yamaguchi et al., 2011, Kwong et al., 2012).  
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Immunotherapy 

LMP1 and LMP2 proteins provide an attractive target for immunotherapy as their 

expression discriminates between malignant and non-malignant cells. The field of 

immunotherapy has exploded over recent years with the use of cytotoxic T lymphocyte 

(CTL) mediated therapy and monoclonal antibody therapy. The patient-specific process of 

generating LCLs and LMP-expressing dendritic cells to generate autologous LMP-specific 

CTLs has led to positive outcomes in EBV-associated lymphomas (Bollard et al., 2011). Using 

such methodology, a study focusing on EBV-positive NHLs achieved complete responses 

(follow-up time ranging from 2 to 5 years) in 4 out of 7 ENKTL patients who had previously 

demonstrated resistance to chemoradiation (Bollard et al., 2014). Even more 

encouragingly, 5 out 5 ENKTL patients identified as high risk for relapse showed a complete 

response (follow up time ranging from 2 to 4 years).  The identification of the novel LMP2-

TR transcript in ENKTL cell lines and primary tumours provides a rationale for continuing 

with such trials, especially considering the progress made with targeting LMP2 with CTL 

driven therapy in Hodgkin’s lymphoma (Fox et al., 2010, Bollard et al., 2004). 

A large contributor to the emergence of immunotherapy is the development of monoclonal 

antibodies that inhibit the immune checkpoint effector PD-1 and its ligand PD-L1, that are 

found on the CTLs and tumour cells, respectively (Pardoll, 2012). A study investigating 

primary ENKTL tumours identified 41 out of 73 analysed tumours to be PD-L1 positive (with 

a cut-off of 10% tumour cell positivity) (Kim et al., 2016). Interestingly, patients expressing 
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PD-L1 on their tumour cells exhibited a favourable response, indicating that PD-L1 

expression could serve as a positive prognostic marker. 

Tumour evasion of cytotoxic therapy 

The ability of the above therapies to be effective is dependent on their ability to induce 

tumour cell death and the ability of the tumour cells to activate appropriate cell death 

pathways. The evasion of apoptosis is a recognised hallmark of cancer (Hanahan and 

Weinberg, 2000, Hanahan and Weinberg, 2011). The next section of this introduction will 

describe the apoptotic pathway with particular focus on how the evasion of programmed 

cell death can contribute to the development of cancer as well as the resistance of 

malignant cells to anti-cancer therapy and how this may be overcome. 

1.3 Cell death and targeted therapy 

1.3.1 Overview of apoptosis 

The term ‘apoptosis’ was first coined in 1972 by Kerr and colleagues. Here, apoptosis was 

described as a biological phenomenon of cell elimination that was morphologically 

characterised by the condensation of chromatin and cell membrane fragmentation (Kerr 

et al., 1972). Apoptosis is a highly conserved genetically encoded process of cell suicide 

that plays a critical role in tissue homeostasis, embryonic development, immunity and 

tumour development. Below is a mechanistic description of the two distinct pathways to 
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apoptosis (the intrinsic and extrinsic pathways) with focus on the BCL-2 protein family 

which regulates this process.  

Intrinsic apoptotic pathway 

Apoptosis can be initiated by DNA damage (e.g. elicited by γ-irradiation), hypoxia, cytokine 

deprivation, oncogenic stress and many other stimuli (Norbury and Zhivotovsky, 2004). 

Downstream of these stimuli, the BCL-2 family function as a group of proteins that regulate 

the cell death switch and they can be divided into two broad categories: pro-apoptotic 

(BH3-only or effector proteins) and anti-apoptotic members. The anti-apoptotic BCL-2-like 

proteins include BCL-2 itself, BCL-XL, BCL-W, MCL-1 and BFL-1/A1 (Kelly and Strasser, 2011). 

The primary function of this subclass is to maintain cell survival by preserving the integrity 

of the outer mitochondrial membrane to prevent the release of apoptogenic molecules, 

such as cytochrome c and Smac/DIABLO. They perform their pro-survival function by 

inhibiting the action of pro-apoptotic effector proteins BAK and BAX (and possibly BOK) 

which when activated, oligomerise to form pores in the mitochondrial outer membrane 

(MOMP: mitochondrial outer membrane permeabilisation). With regards to their amino 

acid sequences, the anti-apoptotic and the pro-apoptotic BAX and BAK proteins discussed 

so far show high similarity; all contain 4 regions of homology known as the BCL-2 homology 

domains 1-4 (BH1 – BH4) and a transmembrane domain that tethers them to the outer 

mitochondrial membrane (figure 1.6) (Youle and Strasser, 2008). The third subclass of the 

BCL-2 protein family, known as the pro-apoptotic BH3-only proteins, function to overcome 

the action of the BCL-2-like anti-apoptotic proteins. There are 8 major BH3-only family 
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members that are activated in response to diverse cell death-inducing stimuli: BIM, BID, 

PUMA, NOXA, BAD, BMF, BIK and HRK.  A critical feature of these proteins is that they 

contain only one of the BCL-2 homology domains, BH3, hence why they are collectively 

named the BH3-only proteins. The BH3-only proteins use their BH3 domains to insert 

themselves into the hydrophobic pocket of the BCL-2-like pro-survival proteins and thereby 

block their ability to restrain the pro-apoptotic functions of BAK and BAX, reviewed in 

(Youle and Strasser, 2008).  

In normal healthy cells in the absence of an apoptotic stimulus, the pro-survival BCL-2 like 

proteins restrain BAK or BAX to prevent MOMP and the induction of apoptosis. 

Translocation and structural conformational changes in BAK and BAX are key steps leading 

up to MOMP to allow eventual apoptosis, reviewed in (Kalkavan and Green, 2018). BAX 

and BAK can be activated when they are unleashed from their restraint by the pro-survival 

BCL-2-like proteins when those are blocked by an increase in BH3-only proteins, the 

initiators of apoptosis. In addition, it is thought that certain BH3-only proteins, such as BIM, 

PUMA and caspase-8 cleaved, activated BID, called truncated BID (tBID) (see below), can 

also directly bind to and thereby activate BAX and BAK. In an initial activation step, BAX 

and BAK monomers undergo a conformational change to expose their C-terminal latch, 

thereby allowing homodimerisation (Dewson et al., 2008, George et al., 2007). In a second 

activation step, such BAK or BAX homodimers can aggregate into oligomers that form pores 

in the outer mitochondrial membrane (MOMP), thereby allowing the release of 
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apoptogenic factors (e.g. cytochrome c, Smac/DIABLO) from the inter-mitochondrial space 

(Kim et al., 2009).  

Cytochrome c initiates dATP-dependent oligomerisation of the adaptor protein, Apaf-1, 

that is central to the formation of the apoptosome — the platform for the activation of the 

initiator caspase, caspase-9, and downstream activation of the caspase cascade that causes 

cell demolition. The caspase-recruitment domains (CARD) of the Apaf-1 molecules form a 

ring structure at the centre of the apoptosome which can interact with the enzymatically 

inactive zymogen for caspase-9, called pro-caspase-9 (Riedl and Salvesen, 2007). The 

apoptosome recruits pro-caspase-9 proteins and consists of a 7:2 ratio of Apaf-1:pro-

caspase-9 proteins (Malladi et al., 2009). Recruitment forces a conformational change in 

pro-caspase-9 that unleashes its proteolytic activity, which does not necessitate its auto-

catalytic cleavage. However, enzymatic activation of caspase-9 is often followed by such 

self-processing which generates a large fragment of ~20 kDa (p20) and a small fragment of 

~10 kDa (p10). These fragments assemble as p202p102 hetero-tetrameric fully active 

proteases. Active initiator caspase-9 proteases can proteolytically process the zymogens of 

the so-called effector caspases, caspases-3, -6 and -7. This releases p20 and p10 fragments 

that assemble into the p202p102 hetero-tetrameric fully active effector caspases. The 

effector caspase can cleave hundreds of substrates and this causes the demolition of the 

cell and the classical morphology of apoptosis (Parrish et al., 2013). For example, effector 

caspase-mediated cleavage of iCAD (inhibitor of the DNAse CAD, caspase activated DNAse) 

unleashes the inter-nucleosomal DNA cleavage that is a hallmark of apoptosis. Moreover, 
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effector caspases cause externalisation of phosphatidyl-serine (PS) to the outer leaflet of 

the plasma membrane, a marker of apoptosis exploited by staining with Annexin V (which 

binds PS) to identify cells undergoing apoptosis, by proteolytic activation of a PS scramblase 

and proteolytic inactivation of a PS translocase (Verhoven et al., 1995, Segawa et al., 2014). 

XIAP, a member of the inhibitors of apoptosis family (IAPs) can impede the activation of 

caspase-9 and can also bind to the active site of executioner caspases and thereby block 

their activity (Deveraux et al., 1997). The presence or absence of XIAP was shown to impact 

the sensitivity of cells to FASL, which activates the death receptor FAS (see below) (Jost et 

al., 2009). XIAP itself is inhibited by Smac/DIABLO and Omi/HtrA2, two proteins that are 

released alongside cytochrome c (the activator of the apoptosome, see above) from the 

inter-mitochondrial space following MOMP (Chai et al., 2000).     

 

 

 

Figure 1.6 Structural homology within the BCL-2 family. The family can be divided into several 
subgroups. The anti-apoptotic proteins contain all four BCL-2 homology domains (BH1-4). The pro-
apoptotic proteins can be further subdivided into two functionally distinct groups — the multi-
domain (effector) proteins and the single domain (BH3-only) proteins.  
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Interactions between members (binding specificities) 

Cell death through the intrinsic apoptotic pathway is proposed to occur through two 

mechanistic models that are not mutually exclusive: the neutralisation model and the 

direct activation model. The neutralisation model states that for BAK and/or BAX mediated 

MOMP to occur, the BCL-2-like pro-survival proteins need to be blocked by the BH3-only 

proteins (Adams and Cory, 2007). Certain BH3-only proteins, such as BAD, HRK and NOXA, 

can only bind to a subset of the BCL-2-like anti-apoptotic proteins. BAD, BMF, HRK and BIK 

have specificity for BCL-2, BCL-XL and BCL-W and NOXA binding is restricted to MCL-1 and 

A1. In contrast, BIM, PUMA and tBID (caspase-8 cleavage activated BID downstream of 

death receptor stimulation; see below) are capable of binding all five BCL-2-like pro-

survival proteins (figure 1.7). This complexity of interactions between different members 

of the BCL-2 family and their highly regulated expression patterns allow for a controlled 

response that is tailored to the distinct apoptosis-inducing stimuli and specific cell types. 

For example, a cell that relies on MCL-1 for its survival would not undergo apoptosis if only 

BAD expression was induced or, in another example, NOXA may not necessarily induce 

death in a cell expressing both MCL-1 and BCL-XL without the help of BAD or BIM for 

instance. 

The direct activation model suggests that certain BH3-only proteins can directly interact 

with BAK and/or BAX to induce their conformational change leading to their activation and 

ultimately MOMP. Such BH3-only proteins are classified as direct activators whereas the 

other BH3-only proteins that are only capable of inducing apoptosis by blocking the BCL-2-
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like pro-survival proteins are classified as sensitizers. Initially, only BIM and tBID were 

assigned to the direct activator category and were shown to interact directly with the 

effector proteins although weakly (Letai et al., 2002, Westphal et al., 2014). Subsequently, 

PUMA, NOXA and BMF have also been shown to interact directly with BAX and BAK 

(Cartron et al., 2004, Dai et al., 2011). Thus, the boundaries between the two models of 

BAX/BAK activation to cause apoptosis are becoming rather blurred. A mutant of BIM 

protein that lacks the ability to interact with BAX was shown to still be able to induce 

apoptosis, indicating a combination of the two models likely contributes to apoptotic cell 

death (Merino et al., 2009). 



 

 

46 

 

 

 

Figure 1.7 Binding specificities of BCL-2 family members. The promiscuous BH3-only proteins BIM, 
PUMA and tBID can bind all pro-survival members of the BCL-2 family. The remaining BH3-only 
proteins all exhibit a restricted binding profile. BAD, HRK, BIK and BMF can all bind BCL-2, BCL-XL 
and BCL-W whereas NOXA can only bind A1 (BFL-1) and MCL-1.  
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The extrinsic apoptotic pathway 

The extrinsic pathway to apoptosis can be initiated by cytotoxic T cells and NK cells 

interacting with surface molecules on target cells known as death receptors. Death 

receptors are members of the tumour necrosis factor (TNF) receptor gene superfamily 

where the encoded transmembrane proteins contain an intra-cellular death domain 

responsible for transducing the extracellular signal into an intracellular event. CD95 (also 

known as FAS or APO-1) is a transmembrane protein expressed across a variety of tissues 

and its ligand, CD95L (or FASL), is produced by cytotoxic T cells and NK cells (Peter et al., 

2015). Other well characterised receptors include TNFR1 and TNF-related apoptosis-

inducing ligand receptor 1 and 2 (TRAIL-R1 and TRAIL-R2), with their respective ligands 

being TNF and TRAIL (de Miguel et al., 2016). Ligand binding triggers aggregation of 

preformed trimers of death receptors and the FAS-associated death domain (FADD) 

protein and the zymogen for caspase-8 (pro-caspase-8) are then recruited to the cytosolic 

aspect of FAS to form the so-called death inducing signalling complex (DISC) — the 

apoptosome equivalent for the extrinsic apoptotic pathway. Recruitment into the DISC 

forces a conformational change in pro-caspase-8 that unleashes its activation, which as for 

caspase-9, can lead to its autoproteolytic processing, generating p20 and p10 fragments 

that assemble into p202p102 hetero-tetrameric active proteases. Similar to caspase-9, 

active caspase-8 can proteolytically activate the executioner caspases-3, -6 and -7. In 

certain cell types, called type 1 that are mostly lymphoid ones, this direct death receptor > 

FADD > caspase-8 > effector caspase pathway is sufficient for cell killing, but in so called 
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type 2 cells, including hepatocytes and pancreatic � cells, cell killing necessitates 

amplification of the caspase cascade (Strasser et al., 1995, Scaffidi et al., 1998, Jost et al., 

2009). This is achieved by caspase-8 mediated proteolytic activation of the BH3-only 

protein BID into its active form, tBID, that unleashes activation of the BAX/BAK dependent 

intrinsic apoptotic pathway (Fulda and Debatin, 2006, Li et al., 1998, Luo et al., 1998). 

1.3.2 Anti-apoptotic members of the BCL-2 family 

Bcl-2 was the first oncogene to be discovered that prevents cell death rather than 

promoting cell growth or proliferation, such as the previously described oncogenes Ras, 

Myc or Src (Vaux et al., 1988). Over the last 30 years since the discovery of its function, 

BCL-2 has been joined by other members of this protein family in promoting cell survival. 

These anti-apoptotic proteins and their genes have been extensively studied, primarily 

using knockout mouse strains generated by gene-targeting in ES cells. Below I describe the 

roles of the different pro-survival BCL-2 family members in embryonic development, tissue 

homeostasis in adult life and tumour development.  

BCL-2 

During embryogenesis, the Bcl-2 gene is switched on much later compared to the other 

major pro-survival members of the family, Bcl2l1 (encoding BCL-XL) and Mcl-1 (Metcalfe et 

al., 2004). Bcl-2-deficient mice surprisingly showed little neuronal impairment considering 

the high expression of Bcl-2 in cells of the early central nervous system and late peripheral 

nervous system (Veis et al., 1993, Nakayama et al., 1994). However, BCL-2 deficient mice 
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exhibit major defects within other organs and systems. These mice have a reduction in size 

of the thymus and spleen due to decreased levels of mature resting B and T lymphocytes 

despite an initially normal haematopoiesis (Kamada et al., 1995, Bouillet et al., 2001). The 

Bcl-2-deficient mice also suffer from loss of melanocytes producing a grey coat and 

critically these mice succumb to renal failure before 16 weeks of age due to polycystic 

kidney disease because BCL-2 is required for renal epithelial cell survival during 

embryogenesis. 

The frequent t(14;18) reciprocal chromosomal translocation is present in nearly all cases 

of human follicle centre B cell lymphoma. This chromosomal aberration subjugates the Bcl-

2 gene under the control of the immunoglobulin heavy chain gene enhancer, and this 

discovery was the first indication that BCL-2 has a role in cancer (Tsujimoto et al., 1984). 

The first indication of the function of BCL-2 came when transfection with a BCL-2 

expression vector was found to prevent the death of the IL-3 dependent FDC-P1 mouse 

myeloid progenitor cell line following cytokine deprivation (Vaux et al., 1988). It was later 

shown that BCL-2 alone was not sufficient to induce tumours in mice but could dramatically 

accelerate MYC-driven lymphomagenesis (Strasser et al., 1990). High levels of BCL-2 have 

been observed in an array of haematological cancers and solid tumours, including follicle 

centre B cell lymphoma (see above), chronic lymphocytic leukaemia (CLL), diffuse large B 

cell lymphoma (DLBCL), mantle cell lymphoma, neuroblastoma and small cell lung 

carcinoma (SCLC) (Hanada et al., 1993, Kitada et al., 1998, Ikegaki et al., 1994, Castle et al., 

1993). In addition to chromosomal translocations involving the Bcl-2 gene, overexpression 
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of BCL-2 has been attributed to promoter hypomethylation and chromosomal loss at 

13q14.3 which contain the BCL-2 regulating micro RNAs, miR-15a and miR-16-1 (Calin et 

al., 2005, Cimmino et al., 2005). 

BCL-XL 

The expression of the Bcl2l1 gene (which encodes BCL-XL) is switched on at the two-cell 

stage during embryonic development and mice lacking Bcl2l1 are not able to develop past 

embryonic day 13.5 (Motoyama et al., 1995). This embryonic lethality has been attributed 

to the aberrant apoptosis in the neuronal and erythroid compartments. The examination 

of the Bcl-x gene-targeted mice revealed that BCL-XL is required for the survival of post-

mitotic immature neuronal cells in the developing brain, spinal cord and dorsal root ganglia 

and erythroid progenitors in the foetal liver (Motoyama et al., 1995). Studies of chimaeric 

mouse models identified a critical role for BCL-XL in the survival of thymocytes. Of note, the 

differentiation from CD4-CD8- double negative (DN) progenitors into CD4+CD8+ double 

positive (DP) thymocytes is accompanied by a substantial increase in BCL-XL levels. Single 

positive (SP) thymocytes (CD4+CD8- or CD4-CD8+) express only relatively low levels of BCL-

XL and instead rely on BCL-2 and also MCL-1 for their survival. The loss of BCL-XL in the 

haematopoietic system causes a substantial reduction in the DP thymocyte population and 

this curtails the production of cells at the next stage of differentiation, i.e. the mature single 

positive CD4+ and CD8+ T cells (Ma et al., 1995). The survival of red blood cells is also 

reported to be BCL-XL-dependent (see above). In addition to the analysis of the BCL-XL 

deficient E13.5 embryos, this was demonstrated by conditional deletion of Bcl2l1 in 
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erythroid cells leading to highly anaemic adult mice (Wagner et al., 2000). The pro-

apoptotic protein mediating this cell death has not been confirmed as this anaemic 

phenotype was not rescued by the co-deletion of Bcl2l1 with the genes encoding BIM or 

PUMA. BCL-XL has also been shown to be the major survival factor in the platelet producing 

megakaryocytes where its expression is largely regulated by thrombopoetin (TPO) (Kirito 

et al., 2002). Loss of Bcl2l1 has resulted in a marked depletion of megakaryocytes and 

platelets. This was exacerbated when loss of BCL-XL was combined with the additional loss 

of Mcl-1 with compound deficient mice succumbing to massive internal bleeding 

(Debrincat et al., 2012, Josefsson et al., 2011).  

With respect to cancer, BCL-XL has been implicated in the survival of malignant cells of 

multiple myeloma (Peeters et al., 2005). These tumours are neoplastic counterparts of 

antibody secreting plasma cells and they arise from B cells undergoing immunoglobulin 

class switching and hypermutation where BCL-XL is required to maintain survival in such 

situations where apoptotic stimuli come in the form of excessive DNA damage (Fang et al., 

1996). Multiple myeloma is often driven by the acquirement of a chromosomal 

translocation activating the Myc gene which — when combined with apoptotic protection 

from BCL-XL — drives oncogenic transformation (Cheung et al., 2004). Chronic 

myelogenous leukaemia (CML) positive for the fusion gene Bcr/Abl exhibit dependency on 

BCL-XL for survival. Bcr/Abl has been shown to induce activation of the STAT5 transcription 

factor which then drives the expression of BCL-XL (Gesbert and Griffin, 2000). BCL-XL was 
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also shown to be key in both the development and progression of colorectal cancer in an 

inflammation-driven in vivo model (Scherr et al., 2016).  

MCL-1 

Although Mcl-1 expression is turned on at the same time as Bcl2l1 during embryonic 

development, it would appear that Mcl-1 plays a more critical role during early 

embryogenesis. Deletion of the Mcl-1 gene causes embryonic lethality in mice at the peri-

implantation stage (Rinkenberger et al., 2000). This suggested a role for MCL-1 in the 

adhesion of the embryo to the uterine wall in early pregnancy. Conditional Mcl-1 knockout 

studies in mice investigating neuronal development have identified Mcl-1 as a critical 

survival factor for both proliferating and post-mitotic neuronal cells. Mice lacking Mcl-1 in 

the neuronal compartment do not survive past embryonic day 16 (Arbour et al., 2008). 

Ablation of Mcl-1 in the haematopoietic compartment leads to rapid apoptosis of diverse 

cell types in the bone marrow. Repression of Mcl-1 either due to the deprivation of 

cytokines (such as SCF, the ligand for c-KIT) or loss of one allele of Mcl-1, increases the 

sensitivity of bone marrow haematopoietic progenitors to diverse stress stimuli and 

therefore causes bone marrow failure after exposure to doses of γ-irradiation or 5-

fluorouracil from which wild-type mice are able to recover. Experiments using different 

types of CRE transgenic strains to delete the Mcl-1 gene in a cell type restricted manner 

have shown that MCL-1 is critical for the survival of all stages of lymphoid cell 

differentiation, starting from the common lymphoid progenitor (CLP) to mature B, T and 

NK cells, activated B cells and Ig secreting plasma cells (Opferman et al., 2003, Vikstrom et 
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al., 2010, Peperzak et al., 2013). Dependency on MCL-1 is also seen in the myeloid cell 

compartment where conditional deletion of the Mcl-1 gene at the common myeloid 

progenitor stage (CMP) or the granulocyte-monocyte progenitor (GMP) stage causes a 

depletion of immature myeloid cells in the bone marrow (Opferman et al., 2005). Such 

aberrant cell death has not been reported for the deletion of either Bcl-2 or Bcl2l1 (BCL-XL) 

within the same compartment. Mcl-1 deletion also causes a decrease in the numbers of 

mature neutrophils. The GMP are the precursor for neutrophils and macrophages so it was 

no surprise when a reduction of neutrophils resulted from Mcl-1 deletion. However, it 

appears that the expression of BCL-2 and/or BCL-XL also safeguards the survival of 

macrophages which likely explains why Mcl-1 deletion does not cause a reduction of 

macrophages in vivo. In addition, inducible loss of MCL-1 was shown to cause death of 

cardiomyocytes, leading to fatal heart or liver failure, respectively (Thomas et al., 2013, 

Weber et al., 2010). 

There is strong evidence that MCL-1 plays a major role in tumorigenesis and the response 

of malignant cells to diverse anti-cancer therapeutics. A genome wide analysis of over 3000 

human cancers across 26 subtypes found that the locus encoding MCL-1 had undergone 

somatic amplification in around 11% of tumours (Beroukhim et al., 2010). Increasing 

severity of disease in non-Hodgkin’s lymphoma has been associated with increasing levels 

of MCL-1 as demonstrated by immunohistochemistry in a study of 151 clinical samples 

(Cho-Vega et al., 2004). Other malignancies displaying high levels of MCL-1 protein include 

cholangiocarcinoma, multiple myeloma and acute myeloid myeloma (Kobayashi et al., 
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2005, Le Gouill et al., 2004). Experimentally, the overexpression of MCL-1 in the 

haematopoietic compartment in transgenic mouse studies generated lymphomas, 

primarily of B cell origin, in 85% of mice but over a 2-year period (Zhou et al., 2001). When 

Mcl-1 was placed under the control of the potent pan-haematopoietic promotor vav, most 

transgenic mice developed leukaemias and/or lymphomas within 20 months of age, mostly 

of either stem cell progenitor or pre-B cell origin (Campbell et al., 2010). In the Eµ-Myc 

transgenic mouse model of MYC driven lymphomas, such as BL, the deletion of even a 

single allele of Mcl-1 was shown to abrogate the sustained growth of such tumours in vivo, 

unless they had acquired a mutation in the tumour suppressor p53, when only the loss of 

both alleles of Mcl-1 stopped such tumour growth (Kelly et al., 2014). Moreover, the 

inducible deletion of MCL-1 also impaired the sustained growth of human BL cell lines in 

vitro and reduced tumour and in xenograft mouse models in vivo (Aubrey et al., 2015), as 

well as the growth of BCR-ABL driven pre-B ALL as well as T cell lymphomas driven by the 

loss of p53 or mutations in Notch (Koss et al., 2013, Grabow et al., 2014, Spinner et al., 

2016).   

BFL-1/A1 

The pro-survival member A1 (termed BFL-1 in humans) is encoded by the Bcl2a1 gene. In 

mice the genomic locus is relatively complex compared to the other pro-survival BCL-2 

family genes, comprising 4 genes with one being a pseudogene (Hatakeyama et al., 1998). 

The complete knockout of all functional Bcl2a1 gene isoforms — A1-a, -b and -d — in mice 

caused only minor defects to the haematopoietic system or any other organ system. The 
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defects in the haematopoietic compartment included a modest decrease in the γδT cells, 

CD4+ T cells and dendritic T cells (Schenk et al., 2017). Despite the rapid induction of A1 

expression seen upon TCR stimulation in CD4+ and CD8+ T cells, Bcl2a1-deleted mice did 

not show any impairment in the generation of cytotoxic T cells, the generation of antigen-

specific memory T cells and viral clearance (Tuzlak et al., 2017). These studies suggest that 

A1 exhibits substantial functional overlap with other anti-apoptotic members of the BCL-2 

family.  

With respect to cancer, the knockdown of BFL-1 by shRNAs has been shown to sensitise 

certain malignant human B leukaemia/lymphoma cells to apoptosis triggered by treatment 

with the chemotherapeutic agents, vincristine and cisplatin, or by the CD20 targeting 

monoclonal antibody, rituximab (Brien et al., 2007). A1 has also been demonstrated to 

contribute to IL3-independent survival and growth of Bcr/Abl-positive CML cells 

(Nieborowska-Skorska et al., 2002). Moreover, a screen of primary tumour samples and 

cancer derived cell lines revealed BFL-1 expression in multiple malignancies but particularly 

in gastric and colon cancers (Park et al., 1997). High levels of BFL-1 have also been 

associated with melanoma metastasis (Riker et al., 2008, Cruz-Munoz et al., 2012, Hind et 

al., 2015) and chemoresistance in certain haematological malignancies, such as AML 

(Morales et al., 2005). More recently, BFL-1 has been associated with resistance to certain 

BH3 mimetic drugs (see section 1.3.4 below). Up-regulation of BFL-1 was shown to render 

CLL derived cell lines resistant to even high concentrations of ABT-737, a potent inhibitor 

of BCL-2, BCL-XL and BCL-W (Vogler et al., 2009). Of note, knockdown of BFL-1 was able to 



 

 

56 

 

overcome the resistance of double-hit B lymphoma derived cell lines to the BCL-2 specific 

BH3 mimetic drug, ABT-199 (Esteve-Arenys and Roue, 2018). Given that loss of A1 causes 

essentially no abnormalities in mice, targeting BFL-1 for cancer therapy would be 

anticipated to cause only few or no on-target side-effects.  

BCL-W 

Mice deleted for the Bcl2l2 gene that encodes BCL-W are born normal, indicating loss of 

BCL-W does not impact on embryogenesis (Ross et al., 1998, Print et al., 1998). The only 

abnormality reported for BCL-W deficient mice is male infertility due to a defect in 

spermatogenesis that may be due to the aberrant apoptosis of Sertoli and Leydig cells, 

which function to support the developing sperm cells.  

In regard to a role for BCL-W in cancer, it was reported that loss of BCL-W causes a marked 

delay in lymphoma development in Eµ-Myc mice. In human cancers, an analysis of 57 BL 

samples and 319 DLBCL samples revealed overexpression of BCL-W relative to normal B 

cells (Adams et al., 2017a). A further analysis of 6 subtypes of B cell lymphoma showed 

consistent overexpression of BCL-W compared to normal B cells, and this was inversely 

correlated to BCL-2 expression in some lymphoma types (Adams et al., 2017b). The authors 

of these studies suggested that BCL-W may be as important as BCL-2 in lymphoma cell 

survival. 
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1.3.3 Pro-apoptotic members of the BCL-2 family 

If the anti-apoptotic members of the BCL-2 family can be described as oncogenes, then the 

pro-apoptotic BH3-only proteins can be considered tumour suppressors by the nature of 

their action. The varying stimuli that can induce the transcriptional or post-transcriptional 

activation of the different BH3-only proteins have been summarised in figure 1.8. Below I 

describe the experimental and epidemiological evidence that has given insight into the 

roles of the pro-apoptotic BCL-2 family members in normal development, homeostasis and 

in tumorigenesis. 
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Figure 1.8 Distinct apoptotic stimuli for different BH3-only proteins. The activation of BH3-only 
proteins is mediated by different apoptotic stimuli including DNA damage, oncogene activation and 
anoikis. The activation of certain BH3-only proteins, such as BIM, can occur through multiple stimuli 
including cytokine deprivation, hypoxia and Ca2+ flux. The activation of other BH3-only proteins 
can be more restricted for example the activation of tBID that occurs only after death receptor 
engagement. (Adapted from Kelly and Strasser, 2011)  
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BIM 

BIM is encoded by the Bcl2l11 gene. The importance of BIM as the major member in its 

class is perhaps best demonstrated by the ability of Bcl2l11 gene deletion to rescue the 

defects observed in BCL-2-deficient mice, including the polycystic kidney disease, loss of 

melanocytes and loss of mature B and T lymphocytes (Bouillet et al., 2001). BIM plays a 

major role in the hematopoietic system as demonstrated by the observation that BIM 

deficient mice alone develop lymphoid and myeloid hyperplasia and on a mixed C57BL/6 x 

129SV genetic background fatal SLE-like autoimmune disease. The BIM-deficient 

lymphocytes are resistant to diverse apoptotic stimuli, including cytokine removal, 

deregulated calcium ion flux, DNA damage and glucocorticoids (Bouillet et al., 1999). Loss 

of BIM also impairs the negative selection of autoreactive T cells in the thymus (Bouillet et 

al., 2002). 

Loss of BIM, even loss of one allele of Bim, significantly accelerates lymphoma 

development in Eµ-Myc transgenic mice (Egle et al., 2004). This was the first demonstration 

that BIM can function as a tumour suppressor. Typically, more than half of Eµ-Myc tumours 

are selected for a mutation in the p19Arf/p53 pathway (Eischen et al., 1999). Interestingly, 

0% of tumours from Bim-/- Eµ-Myc mice contained such mutations, suggesting that loss of 

BIM acts as an alternative mechanism to loss of p53 activity during tumour development. 

Reduced Bim expression is frequently observed in human cancers of various origins, 

including Burkitt’s lymphoma and diffuse large B cell lymphoma and mantle cell lymphoma 

where homozygous deletions have been reported (Mestre-Escorihuela et al., 2007). 
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Homozygous loss of 2q13, the region encoding the Bcl2l11 gene, was found to occur in 17% 

of mantle cell lymphoma samples analysed in a genome-wide array (Tagawa et al., 2005). 

In epithelial cell tumours with a constitutively active H-Ras/ERK pathway, proteasome-

dependent degradation of BIM was shown to mediate paclitaxel resistance (Tan et al., 

2005). 

Bim expression is mediated through a complex network of transcriptional, post-

transcriptional and post-translational regulation. Transcriptionally, c-MYC can bind the Bim 

promoter to induce expression and sensitise cells to BIM-mediated apoptosis (Muthalagu 

et al., 2014). Additionally, Bim expression can be induced by E2F1, a transcription factor 

highly involved in the activation of genes associated with cell cycle progression (Hershko 

and Ginsberg, 2004). At the post-transcriptional level, Bim mRNA can be targeted at its UTR 

by miRNAs such as by members of the miR-17-92 cluster (Ventura et al., 2008). At the 

protein level, c-Jun N-terminal kinase (JNK) can phosphorylate BIM in order to potentiate 

its proapoptotic activity following trophic factor deprivation (Putcha et al., 2003). 

PUMA and NOXA  

PUMA and NOXA are the major effectors of p53-mediated apoptosis, which is activated in 

response to death stimuli including DNA damage and cytokine withdrawal. Single or 

double-stranded DNA breaks (induced by ultraviolet light, gamma irradiation and 

topoisomerase inhibitor treatment) can lead to p53 activation and subsequent Puma and 

Pmaip1 (NOXA) transcriptional upregulation (Yu and Zhang, 2008, Ploner et al., 2008). 
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Additionally, both PUMA and NOXA can be upregulated in hypoxic conditions where PUMA 

remains under the control of p53 but hypoxia-inducible factor 1-alpha mediates the 

induction of NOXA (Kim et al., 2004). 

Mice deleted for the gene Bbc3 that encodes PUMA are born normal and exhibit no 

developmental defects.  Consistent with PUMA and NOXA being the major effector of p53-

mediated apoptosis, PUMA/NOXA double deficient thymocytes and mature B as well as T 

cells are completely protected from gamma irradiation both in vitro and in vivo. 

Interestingly, loss of PUMA also affords lymphoid cells protection from certain p53-

independent stimuli, including cytokine deprivation or treatment with glucocorticoids or 

phorbol esters (e.g. PMA) (Jeffers et al., 2003, Villunger et al., 2003a).  

Many studies have provided evidence that PUMA can function as a tumour suppressor. 

Knockdown of Puma expression by shRNA synergised with enforced expression of E1A plus 

Ras or Myc in the transformation of primary mouse fibroblasts in culture (Hemann et al., 

2004). Furthermore, loss of PUMA, even loss of one allele of Puma, substantially 

accelerated lymphoma development in Eµ-Myc transgenic mice and reduced the pressure 

to inactivate the p53 tumour suppressor in this tumour model (Michalak et al., 2009). Mice 

lacking both BIM and PUMA develop more severe lymphadenopathy and splenomegaly 

than those lacking only BIM, and some appear to develop malignancies of plasma cells 

(Erlacher et al., 2006). In human malignancies, chromosomal loss at 19q, which harbours 

the Puma gene, has been reported in multiple cancer types, including glioma, 

neuroblastoma, head and neck squamous cell carcinoma, lung cancer and malignant 
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melanoma (Yong et al., 1995, Mora et al., 2001, Hoque et al., 2003, Karst et al., 2005). 

Moreover, the PUMA gene is frequently epigenetically silenced in B cell malignancies, such 

as Burkitt’s lymphoma (Garrison et al., 2008). 

NOXA is more limited in its function when compared to PUMA. Mice deleted for Pmaip1 

are born normally and do not display any abnormalities even in adulthood (Villunger et al., 

2003a). Despite being a p53 target gene, loss of NOXA alone provided little to no protection 

to cells from p53-dependent apoptotic stimuli. However, loss of NOXA alongside PUMA 

protected primary mouse embryonic fibroblasts (MEFs) from apoptosis induced by 

etoposide to a greater extent than loss of PUMA alone. Furthermore PUMA/NOXA 

knockout thymocytes were as protected from γ-radiation induced killing as p53-deficient 

thymocytes both in vitro and in vivo. The binding specificity of NOXA is limited to only MCL-

1 with high affinity and to A1 with low affinity (Willis et al., 2005). An example of the effect 

of this limited binding spectrum has been demonstrated in mouse embryonic fibroblasts 

where both MCL-1 and BCL-XL are required for survival. The overexpression of NOXA in 

such cell types is not sufficient to induce significant cell killing as it cannot neutralise BCL-

XL, and therefore for efficient killing the function of NOXA must be complemented by the 

action of BAD (targeting BCL-2, BCL-XL and BCL-W) or by a BH3-only protein that can target 

all anti-apoptotic BCL-2 family members, such as PUMA or BIM (Willis et al., 2005). Loss of 

NOXA alone, even when combined with loss of PUMA, does not induce tumours in mice up 

to one year of age (Villunger et al., 2003a). However, when combined with loss of PUMA, 

loss of NOXA caused a significant acceleration in lymphoma development in the Eµ-Myc 
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transgenic mice (Michalak et al., 2009). In human cancers, loss or mutation of Pmaip1 has 

not been considered a common event in tumorigenesis (Lee et al., 2003).  

BAD 

Knockout mice lacking Bad develop normally (Ranger et al., 2003). However, around 20% 

of aged mice go on to develop germinal centre B cell lymphomas suggesting a role for BAD 

in suppression of lymphoid tumour. The pro-apoptotic function of BAD can be inhibited by 

its phosphorylation. MAPK signalling to phosphorylate serine residue 112 of BAD and 

PI3K/Akt mediated phosphorylation at serine 136 of BAD has been detected in cancers and 

is reported to prevent the binding of BAD with the anti-apoptotic BCL-2 family members 

(Blume-Jensen et al., 1998, Zha et al., 1996).  

BIK 

BIK is one of the lesser studied members of the BH3-only proteins perhaps because its loss 

in knockout mice causes no notable abnormalities in any of the tissues examined, including 

the haematopoietic system (Coultas et al., 2004). Moreover, the decrease in 

haematopoietic cells induced by loss of Bcl-2 could not be rescued by the concomitant loss 

of Bik. These data point towards some functional overlap between BIK and other BH3-only 

proteins. Consistent with this idea, the combined loss of BIK and BIM caused severe defects 

in spermatogenesis and male infertility, whereas loss of either BH3-only protein alone did 

not cause such defects. 
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With respect to a role of BIK in cancer, the loss of BIK did not impact lymphoma 

development in Eµ-Myc mice, even when combined with loss of NOXA (Happo et al., 2012). 

Possible evidence for BIK as a tumour suppressor can be found in human gliomas and renal 

cell carcinomas where chromosomal loss at 22q, containing the Bik gene, is observed 

(Bredel et al., 2005, Kim et al., 2006, Sturm et al., 2006). However, the genomic region lost 

in these cancers contains not only Bik but many more genes. 

HRK  

Hrk-/- mice are indistinguishable from WT mice with respect to weight, appearance, 

behaviour and histological appearance of major organs suggesting a lack of requirement 

for HRK during normal development (Coultas et al., 2007). HRK has been demonstrated to 

induce apoptosis in neuronal cells and haematopoietic cells upon growth factor removal in 

vitro (Imaizumi et al., 1997, Sanz et al., 2000). The epigenetic silencing of HRK or 

chromosomal loss at 12q13.1 has been proposed to be exploited by glioblastomas and 

anaplastic astrocytomas as a mechanism of evading apoptosis (Nakamura et al., 2005). 

Again, it must be noted that this chromosomal region contains not only Hrk but many 

additional genes. 

BMF 

Mice lacking the Bmf gene do not exhibit any phenotypic abnormalities during 

development (Labi et al., 2008). However, B cell-restricted lymphadenopathy and 

accelerated γ-irradiation induced lymphoma development have been observed in Bmf-
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deficient mice. Apoptosis induced by HDAC inhibitors was shown to be dependent in part 

on BMF in thymocytes and in certain cancer derived cell lines (Labi et al., 2008, Zhang et 

al., 2005). Cytokine withdrawal causes an increase in the expression of Bmf as 

demonstrated in bone marrow-derived granulocytes (Villunger et al., 2003b). Similarly, to 

the loss of Bcl2l11 (BIM), the loss of Bmf accelerates lymphoma development in Eµ-Myc 

mice and reduces the pressure for acquiring mutations in the Arf/p53 pathway (Frenzel et 

al., 2010). In human cancers, loss of heterozygosity at 15q14-15 (which contains the Bmf 

locus) has been associated with breast and lung cancer development but this has not been 

directly attributed to Bmf loss (Schmutte et al., 1999). 

BID 

The BH3-only protein BID is the linker between the extrinsic and intrinsic apoptotic 

pathways as described above. Bid-deficient mice develop normally, with no apparent 

abnormalities in any major organs (Yin et al., 1999). The loss of Bid rendered type 2 cells, 

such as hepatocytes, resistant to Fas- or TNFR1-mediated killing, both in vitro and in vivo, 

but so-called type 1 cells, such as thymocytes or mature T cells, remained normally 

sensitive to FAS ligand (Yin et al., 1999, Kaufmann et al., 2007). Studies with Bid-knockout 

mice have suggested an important role for BID in myeloid homeostasis due to the 

development of myeloproliferative disorder in aged mice (Zinkel et al., 2003). These mice 

developed chromosomal aberrations which led to the suggestion that BID had a role in 

apoptosis induced by DNA damage (Zinkel et al., 2005). However, these findings in Bid-

deficient mice were not replicated by others who showed no tumour development in such 
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mice and failed to identify differences between Bid-deficient and WT cells when treated 

with multiple DNA damage-inducing stimuli (Kaufmann et al., 2007). In humans, it has been 

reported that ~6% of gastric carcinomas contain a frameshift mutation in the Bid gene that 

mediates resistance to 5-fluorouracil chemotherapy demonstrating the role of BID as a 

tumour suppressor (Lee et al., 2004). 

BAK / BAX / BOK — the effectors of apoptosis 

The overlapping functions of BAK and BAX have been demonstrated through the analysis 

of Bax and Bak gene knockout mice.  BAX knockout mice develop normally and show only 

limited abnormalities, including relatively mild lymphadenopathy with age and a defect in 

spermatogenesis that causes male infertility (Knudson et al., 1995). The BAK knockout mice 

also develop normally and exhibit no abnormalities with the exception of a mild albeit 

significant increase in blood platelet levels (Lindsten et al., 2000). However, most mice 

lacking both Bak and Bax die on the day of birth, mostly due to cleft palate, with fewer 

than 10% surviving into adulthood (Ke et al., 2018). Cells deficient for both BAX and BAK 

are completely resistant to many (and possibly all) apoptotic stimuli (Lindsten et al., 2000) 

including the enforced expression of BH3-only proteins (e.g. BIM, PUMA) (Zong et al., 

2001). 

The function of BOK, which shares substantial amino acid sequence similarity and 

structural similarity with BAX and BAK, is less well understood (Ke et al., 2018, Zheng et al., 

2018). BOK has been shown to bind MCL-1 and can induce mitochondrial apoptosis (Hsu et 
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al., 1997). BOK protein stability was reported to be regulated by endoplasmic reticulum-

associated degradation rather than having its activation regulated positively by the pro-

apoptotic BH3-only proteins and negatively by the BCL-2-like pro-survival proteins (Llambi 

et al., 2016). Triple knockout of Bak, Bax and Bok in the haematopoietic system has shown 

similar phenotypes to Bak and Bax double knockouts with respect to survival due to 

autoimmune disease but the additional loss of Bok led to increased numbers of peripheral 

blood lymphocytes (Ke et al., 2015). Interestingly, the BAX/BAK/BOK triple knock embryos 

present with substantially more severe developmental defects compared to the BAX/BAK 

double knockout embryos (Ke et al., 2018). Although mutations in the Bak and Bax genes 

are rare, two missense mutations reported in the Catalogue of Somatic Mutations in 

Cancer (COSMIC) catalogue (Kim et al., 2012, Forbes et al., 2015) were shown to over-

stabilise the BAX homodimer thereby preventing proper oligomerisation and pore 

formation (Zhang et al., 2016). Bax mutations are most associated with colorectal cancer 

(Miquel et al., 2005, Pryczynicz et al., 2014) but low levels of both Bak and Bax have been 

detected in AML samples (Glaser et al., 2012). 

1.3.4 Therapeutic targeting of the BCL-2 family 

The possibility to develop small molecules that could bind to the BCL-2-like pro-survival 

proteins and disrupt protein-protein interactions in order to specifically kill cancer cells 

became possible through advances in structural biology and medicinal chemistry that 

opened the door to screening-based techniques and rational drug design. Below I provide 
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a description of selected compounds targeting distinct pro-survival members of the BCL-2 

family with the experimental and clinical data supporting their use as anti-cancer agents.  

Early inhibitors of pro-survival BCL-2 family members 

The first agent to be considered for BCL-2 targeting action was the (-) enantiomer of the 

polyphenolic compound gossypol. Originally used as a contraceptive agent, gossypol was 

found to have BCL-2 and BCL-XL binding ability and could induce cell death in Jurkat cells 

overexpressing these anti-apoptotic proteins more effectively than the chemotherapeutic 

agent etoposide (Oliver et al., 2005). Gossypol demonstrated its ability to induce 

cytochrome c release, caspase activation and inhibition of tumour growth in models of 

DLBCL (Mohammad et al., 2005). However, gossypol kills cells lacking both BAX and BAK as 

efficiently as their BAX/BAK proficient parental cells. This demonstrates that this 

compound kills cancer cells in a manner independent of the intrinsic apoptotic pathway 

and hence independent of targeting any pro-survival BCL-2 family members (van Delft et 

al., 2006). Despite this, the drug entered clinical trials but 14 out of 14 patients with 

recurring extensive-stage SCLC failed to show any response to the drug in a phase II study 

(Baggstrom et al., 2011). 

The small molecule known as obatoclax, or GX15-070, was identified in a library screen to 

inhibit BCL-2, BCL-XL, BCL-W and MCL-1 (Konopleva et al., 2008) and was demonstrated to 

be efficacious in inducing NOXA-mediated apoptosis in laboratory models of mantle cell 

lymphoma (Perez-Galan et al., 2007). Although obatoclax was initially well tolerated in 
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patients with SCLC, the drug ultimately failed during phase II trials because no responses 

were observed in patients with SCLC, even when obatoclax was combined with 

chemotherapy (Paik et al., 2010, Paik et al., 2011). Moreover, like gossypol, obatoclax was 

found to kill cells in a BAX/BAK independent manner and therefore does not work on-target 

(van Delft et al., 2006). 

Development of BH3 mimetic compounds 

The successful development of small molecule inhibitors of the BCL-2-like pro-survival 

proteins was achieved through rational drug design. Resolution of the structure of BCL-XL 

using nuclear magnetic resonance (NMR) spectroscopy techniques led to the development 

of ABT-737 which binds with sub-nM affinity to the hydrophobic pocket of BCL-XL, BCL-2 

and BCL-W but has negligible binding to MCL-1 or A1 (Ki > 1 uM) (Muchmore et al., 1996, 

Oltersdorf et al., 2005). ABT-737 kills tumour cells in a BAK/BAX-dependent manner and 

thus functions on-target. Treatment with ABT-737 was shown to inhibit tumour growth in 

xenograft mouse models of SCLC (Oltersdorf et al., 2005). A limitation of ABT-737 is its low 

solubility and poor oral bioavailability but this was improved upon and led to the 

development of its derivative, ABT-263 (navitoclax), which also binds with high affinity to 

BCL-XL, BCL-2 and BCL-W but has markedly improved pharmacological properties. 

Navitoclax was the first BH3-mimetic to progress into the clinic and showed promising 

results in patients, including those with blood cancers, such as CLL. However, the patients 

developed thrombocytopenia due to a dependency of platelets on BCL-XL and this has 
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limited the clinical application of Navitoclax (Roberts et al., 2012, Wilson et al., 2010, 

Mason et al., 2007).  

Targeting BCL-2 

To overcome the problems with platelet toxicity, a BCL-2 specific inhibitor was developed. 

Souers and colleagues reported ABT-199/Venetoclax which bound with high affinity to BCL-

2 (Ki ≤ 0.01nM) and killed cells in a BAK/BAX-dependent manner (i.e. through an on-target 

mechanism) (Souers et al., 2013). ABT-199 demonstrated efficient killing in NHL cell lines 

with a 100-fold lower EC50 values in cells expressing high BCL-2 versus cells expressing low 

levels of BCL-2. Efficient killing of CLL cells in vivo in patients was also observed in early 

clinical trials. Importantly, due to the absence of significant binding of ABT-199 to BCL-XL, 

no thrombocytopenia was observed. Following the success of phase I clinical trials where 

the drug was well tolerated, phase II trials reported a 79% overall response rate and 20% 

complete response in CLL patients (Roberts et al., 2016). In 2016, ABT-199 was granted FDA 

approval in the USA for the treatment of refractory CLL. Many clinical trials combining 

Venetoclax with standard anti-cancer therapies for the treatment of diverse human 

cancers are now underway.  

Targeting BCL-XL 

Using similar rational drug design approaches based upon structural data, an array of BCL-

XL-specific inhibitors have been developed. Such inhibitors include WEHI-539, A-1155463 

and A-1331852, all with sub-nM binding affinities to BCL-XL and lack of significant binding 
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to all other pro-survival BCL-2 family members (Lessene et al., 2013, Tao et al., 2014, 

Leverson et al., 2015a). A-1155463, developed as a more potent binder of BCL-XL than 

WEHI-539, was reported to induce marked platelet killing in vivo, as is observed with ABT-

737, however, platelet numbers recovered within 96 hours of initial treatment (Tao et al., 

2014).  A-1155463 was shown to inhibit tumour growth in subcutaneous xenograft mouse 

models of SCLC although the effects were modest. The most promising of the BCL-XL 

inhibitors is A-1331852 with a Ki ≤ 0.01nM and, as expected, it kills cells in a BAK/BAX-

dependent manner and is orally bioavailable (Lessene et al., 2013). A-1331852 was shown 

to significantly inhibit tumour growth in xenograft models of SCLC, breast and ovarian 

cancer. However, the treated mice also show markedly decreased platelet levels and this 

on-target effect of this compound could become dose-limiting and limit its future clinical 

development.  

Targeting MCL-1 

The first MCL-1-specific BH3 mimetic reported is known as A-1210477 with Ki = 0.454 nM 

as determined by time-resolved fluorescence energy transfer (TR-FRET) (Leverson et al., 

2015b). In MCL-1 dependent cell lines, A-1210477 was able to disrupt the MCL-1:BH3-only 

protein interaction, induce cytochrome c release and apoptosis. Furthermore, the killing of 

fibroblasts by this compound was shown to be BAK/BAX dependent. However, this 

compound has severe limitations due to high absorption by serum, poor membrane 

permeability and poor bio-availability. Subsequently, Servier revealed their MCL-1 

inhibitor, S63845, that could bind MCL-1 with a 20-fold higher affinity than A-1210477 and 
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exhibits more favourable pharmacological properties (Kotschy et al., 2016). S63845 

induces apoptosis via BAK/BAX-dependent killing and is able to efficiently induce cell death 

in an array of haematological malignancies in vitro and in xenograft models of disease in 

vivo. In mouse models, the drug was well tolerated at doses that could induce lymphoma 

regression, with no overt damage to healthy tissues. This is surprising considering the high 

reliance on MCL-1 for survival in many subsets of lymphocytes and other cell types, 

including hepatocytes and cardiomyocytes (Thomas et al., 2013, Weber et al., 2010, 

Opferman et al., 2003, Opferman et al., 2005). MCL-1 inhibitors have now entered phase I 

clinical trials for blood cancers, including AML and multiple myeloma. 

The future of BH3 mimetic drugs 

There are still some limitations with regard to the clinical application of BH3 mimetics. The 

effectiveness of ABT-199 has led to tumour lysis syndrome in several cases in early clinical 

trials and milder side effects have included neutropenia with a risk of respiratory infections 

(Roberts et al., 2016, Flinn et al., 2015). However, such issues have been addressed by dose 

control and co-treatment with granulocyte colony stimulating factor (G-CSF). The 

dependency of platelet survival on BCL-XL has been demonstrated by BH3 mimetics that 

target this pro-survival protein, such as ABT-737 and A-1331852. Although there is 

evidence for platelet recovery following treatment, perhaps combining BH3 mimetics at 

lower doses with other chemotherapeutics or targeted agents could allow BCL-XL specific 

BH3 mimetic drugs to enter clinical practice.  
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Evidence in support of combining BH3 mimetics with other anti-cancer drugs is rapidly 

emerging, suggesting synergistic tumour cell killing can be achieved, presumably because 

the latter cause an increase in BH3-only proteins, such as BIM and PUMA. In subcutaneous 

xenograft models of various solid tumours, A-1331852 was most efficacious when 

combined with the chemotherapy agent docetaxel (Leverson et al., 2015a). The combined 

treatment achieved 74% tumour growth inhibition in 6 of 7 tumour models whereas A-

1331852 alone ranged from 34-67%. Another rationale for the use of BCL-XL inhibitors in 

combination therapies is that Bcl2l1 copy numbers have been reported to be upregulated 

in tumours resistant to cytotoxic agents and therefore A-1331852 could be used in an effort 

to overcome such chemoresistance (Amundson et al., 2000). The combination of ABT-737 

with epidermal growth factor receptor (EGFR) inhibitors, such as gefitinib, have proven 

efficacious in non-small cell lung cancer (NSCLC) cell lines (Cragg et al., 2007). ABT-737 has 

also been combined with MEK inhibitors to induce BIM-dependent apoptosis in solid 

tumours harbouring BRAF mutations (Cragg et al., 2008). Combining BH3 mimetics that 

target different pro-survival BCL-2 family members has been shown to be an effective 

strategy against tumour cells which can adapt and switch their dependency from one anti-

apoptotic protein to another. However, it is predicted that blocking two or more pro-

survival BCL-2 family members will have the risk of causing substantial damage to healthy 

tissues. 

The usefulness of BH3 mimetic drugs stretches beyond the treatment of well-understood 

cancers and they have great utility as research tools. Regulation of the BCL-2 protein family 
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of apoptosis contains complexities and redundancies that can prove challenging to pick 

apart in a cancer cell. BH3 mimetics now allow for the precise identification of 

dependencies of different cell types on different pro-survival BCL-2 family members and 

such information can be used for deciding on treatment strategies. The use of BH3 

mimetics will therefore accelerate our understanding of less well investigated cancer types, 

such as ENKTL, where neither cellular nor virus-mediated mechanisms of apoptotic evasion 

have been identified. 

1.4 Aims of thesis 

1) To characterise, validate and critique the use of currently available ENKTL and CAEBV 

cell lines as the primary disease model within the field. This will be achieved by assessing 

the immunophenotype of these cell lines and determining their EBV expression profile. 

2) To determine the mechanism of resistance of ENKTLs and CAEBVs to current 

chemotherapeutics. This will be achieved by assessing the response of ENKTL and CAEBV 

derived cell lines to clinically relevant genotoxic treatments and assessing the apoptotic 

pathway within these cells in vitro and in vivo. 

3) To identify novel susceptibilities of ENKTL and CAEBV derived cell lines that could be 

exploited therapeutically in the future. This will be achieved by performing a high-

throughput drug screen to identify potential compounds for therapeutic use and to identify 

molecular pathways critical for the survival of these malignant cells.  
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2. Materials and Methods 
 

2.1 Cell culture 

All human cell lines were grown in tissue culture-grade plates or flasks and maintained in 

a humidified incubator at 37°C with 5% CO2. All cell lines were passaged 2-3 times per week, 

depending on starting cell density and proliferation rate, to a final density ranging from 

0.5-1x106 cells per mL in relevant media, as described below. 

2.1.1 EBV-positive T and NK cell lines 

EBV-positive cell lines SNK1, SNK6, SNT8, SNT13, SNT15, SNT16, MEC04 (Zhang et al., 2003, 

Nagata et al., 2001, Oyoshi et al., 2003, Coppo et al., 2009) and NKC1 (see section 2.1.4) 

were grown in ‘NK/T media’ - RPMI-1640 media (Sigma, USA) supplemented with 10% v/v 

heat-inactivated and sterile-filtered human serum (Sigma), 100 U/mL penicillin (Invitrogen, 

USA), 100 µg/mL streptomycin (Invitrogen), 6 mM L-glutamine (Invitrogen), 1mM sodium 

pyruvate (Sigma), 700 U/mL IL-2 (Novartis, Switzerland). NKC1, SNT8, SNT13 and SNT15 

cells were grown in 12-well plates with 3mL media per well. SNK1, SNK6, SNT16 and MEC04 

cells were grown in 25 cm3 flasks with 10mL media.  
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2.1.2 EBV-negative T and NK cell lines 

Jurkat and MOLT4 cells were grown in ‘standard media’ - RPMI-1640 media supplemented 

with 10% v/v foetal calf serum (FCS) (ThermoFisher, USA), 100 U/mL penicillin, 100 µg/mL 

streptomycin, and 6mM L-glutamine. NKL cells were grown in standard medium with 400 

U/mL IL-2. KG-1 cells were grown in standard medium adjusted to 20% v/v FCS. 

2.1.3 B cell lines 

Burkitt lymphoma cell lines BL2, BL41, Kem-BL and Sav-BL were grown in standard media 

with 1 mM sodium pyruvate, 8 µg/mL gentamycin (Sigma), 20 nM bathocupronine 

disulphonic acid (Sigma) and 50 µM α-thioglycerol (Sigma). 

2.1.4 Generation of CAEBV cell line from patient blood 

Peripheral blood from a post-treatment CAEBV patient was received from University 

Hospitals Leicester NHS Trust for research purposes under ethics number 07/H1208/62. 

Mononuclear cells from the patient blood sample were first isolated. To do this, blood was 

diluted 1:1 with phosphate-buffered saline (PBS) then, in 50 mL Conical Centrifuge Tubes 

(Falcon), 25 mL of diluted blood was overlaid onto 15 mL Lymphoprep (Axis-Shield, UK). 

Samples were then centrifuged at 652 g at room temperature with no brake for 30 minutes 

at room temperature. Human peripheral blood mononuclear cells (PBMCs) were isolated 

from the interface and washed twice in PBS. To promote growth of EBV-positive NK cells, 

PBMCs were grown in CellGro SCGM (stem cell growth medium – CellGenix, Germany) 



 

 

77 

 

supplemented with 10% v/v heat-inactivated and sterile-filtered human serum (Sigma), 

100 U/mL penicillin (Invitrogen), 100 µg/mL streptomycin (Invitrogen), 6 mM L-glutamine 

(Invitrogen), 1 mM sodium pyruvate (Sigma) and 700 U/mL IL-2 (Novartis). Cell viability and 

growth were monitored until the establishment of a continuously proliferating NK cell line 

as determined by flow cytometry and described later. 

2.1.5 Cell cryopreservation and recovery 

Human PBMCs, cell lines and mouse tumour cells were centrifuged at 453 g at room 

temperature for 5 minutes and the supernatant was removed. The cell pellet was 

resuspended in ‘freezing media’ – RPMI-1640, 20% v/v FCS and 10% dimethyl sulfoxide 

(DMSO) – to a final density of 10x106 cells per mL and were aliquoted at 1 mL per cryovial 

(ThermoFisher). Cryovials were stored at -80°C overnight in a Mr Frosty Freezing Container 

(Nalgene) with isopropanol to allow gradual temperature decrease at 1°C per minute. 

Frozen cells were then transferred to liquid nitrogen storage for long term 

cryopreservation. 

2.1.6 Revival of cryopreserved cells 

Cryovials were placed in a 37°C water bath for the minimum time required for thawing of 

the cells. Cell lines were then washed in 50 mL of appropriate media then resuspended at 

0.5-1x106 cells per mL and then maintained in a humidified incubator at 37°C with 5% CO2. 
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2.2 RNA analysis 

2.2.1 RNA purification 

Cells were pelleted (3500 g at room temperature) and washed once in PBS prior to total 

RNA extraction. For each RNA preparation, between 0.5-5x106 cells were processed to 

ensure optimal yields. Samples were processed according to the manufacturer’s 

instructions using the RNeasy kit (Qiagen, Germany) and eluted with 50 µL nuclease-free 

water. RNA was quantified by UV spectroscopy using the Nanodrop 1000 (ThermoFisher). 

Concentration was determined by absorbance at 260 nm and purity was determined by 

the 260:280 nm ratio. RNA was stored at -80°C and kept on ice when in use.  

Precise quantification of RNA transcripts relies upon minimal DNA contamination within 

the sample. This is particularly important for quantitative-PCR reactions (qPCR) involving a 

probe that does not span an exon-exon boundary. To ensure minimal DNA contamination, 

eluted RNA samples were DNAse I treated (Turbo DNase kit, ThermFisher) according to the 

manufacturer’s instructions.   

2.2.2 cDNA synthesis 

The generation of cDNA from RNA was achieved using QScript cDNA Supermix (Quantabio, 

USA), according to the manufacturers’ instructions. Briefly, for each reaction, up to 1 µg 

RNA was incubated with 4uL of 5x master mix (containing reverse transcriptase (RT), MgCl2, 

dNTPs, RNAse inhibitor protein and random primers) and nuclease-free water to a final 
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volume of 20 µL. The cDNA synthesis protocol was as follows: 5 minutes at 25°C; 30 minutes 

at 42°C; 5 minutes at 85°C. Negative controls (no-reverse transcriptase enzyme (RT) 

controls) were prepared in the same way but in the absence of the master mix. cDNA was 

stored at -20°C and kept on ice when in use. 

2.2.3 Taqman qPCR for gene expression 

QPCR assays were used to determine the expression of both EBV and cellular genes from 

generated cDNA. Assays were set up in 96-well optical plates (Geneflow, UK) and 

performed using an Applied Biosystems 7500 real-time PCR system (ThermoFisher). For 

each reaction, 25 ng cDNA was added to 12.5 µL TaqMan qPCR master mix (2x) 

(ThermoFisher) (containing DNA polymerase, MgCL2 and dNTPs), 1.25 µL pre-mixed gene-

specific primers and probes (ThermoFisher) (Tierney 2015 and table 2.1) and nuclease-free 

water to a final volume of 25 µL. Gene of interest probes were FAM labelled with a TAMRA 

quencher. Housekeeping gene probes used a VIC label to allow assay multiplexing. All 

assays were performed with no-template and no-RT controls. 

For cellular transcripts, relative quantification was calculated against a reference sample 

using the ΔΔCt method and normalised to PGK1 expression. For EBV transcripts, absolute 

quantification was calculated against a standard curve generated by serial dilution (range 

of 1 copy to 105 copies per µL) of the absolute quantification (AQ) plasmid and also 

normalised to PGK1 expression. The AQ plasmid, containing 45 EBV amplicons and 3 
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cellular amplicons, is used to determine the total number of copies of a gene transcript 

normalised to a control housekeeping gene (e.g. PGK1).  

Table 2.1 List of qPCR assays. Reverse transcriptase qPCR assays used to detect cellular genes provided as 
pre-mixed primers and probes at a 20X concentration (obtained from Thermo Fisher). 

Gene Assay number 

BCL2L11 (BIM) Hs00197982_m1 

BID Hs00609632_m1 

BCL-2 Hs00608023_m1 

Phosphogycerate kinase 1 Hs99999906_m1 

β-2-microgobulin Hs00187842_m1 

GAPDH Hs99999905_m1 

 

2.2.4 High throughput qPCR  

High throughput qPCR for the absolute quantification of EBV gene transcripts was 

performed using the Fluidigm Dynamic Array system as described by Tierney et al., 2015. 

Initially, specific target amplification was performed where 1.25 µL of AQ plasmid/sample 

cDNA (25 ng/µL) was incubated with 1.25uL of primer mix (primers for 45 EBV genes and 

the 3 cellular genes at 0.2x their respective final concentrations) and PreAmp Master Mix 

(Life Technologies) in DNA suspension buffer (10 mM Tris, pH 8.08, 0.1 mM EDTA) as per 

the manufacturers’ instructions. The PCR protocol was as follows: 10 minutes at 95°C; 12 

cycles of 15 seconds at 95°C, 4 minutes at 60°C. The specific target amplification step was 
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necessary as low amounts of cDNA template were used per reaction. Samples were then 

diluted 1 in 5 with nuclease-free water and loaded onto a 48:48 Dynamic Array IFC 

(Fluidigm, USA) with the 3 cellular qPCR assays (table 2.1) and all 45 EBV specific qPCR 

assays (Tierney et al., 2015) as per manufacturers’ instructions, run in a Biomark HD 

machine and data analysed using Biomark Real-Time PCR Analysis Software Version 2.0.  

2.3 DNA analysis 

2.3.1 DNA purification 

Cells were pelleted (3500 g at room temperature) and washed once in PBS prior to total 

DNA extraction. For each DNA preparation, between 1-5x106 cells were processed to 

ensure optimal yields. Samples were processed according to the manufacturer’s 

instructions using the DNeasy kit (Qiagen) and eluted with 50 µL nuclease-free water. DNA 

was quantified by UV spectroscopy using the Nanodrop 1000 (ThermoFisher). 

Concentration was determined by absorbance at 260 nm and purity was determined by 

the 260:280 nm ratio. DNA was stored at -20°C and kept on ice when in use.  

2.3.2 TP53 sequencing 

Sequencing of the TP53 gene was performed on PCR products amplified from extracted 

genomic DNA. Due to the size of the region of interest (exons 5-8), three separate PCR 

reactions were performed on extracted genomic DNA. Primers were designed (table 2.2) 

to bind intronic regions using Primer-BLAST (NCBI) based upon the published human TP53 
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gene sequence (GenBank accession number U94788). Primers were obtained from 

Integrated DNA Technologies. For each reaction, 100 ng DNA was incubated with Quick-

Load Taq 2X Master Mix (New England BioLabs, USA), forward and reverse primers (1 µM 

final concentration) and nuclease-free water to a final volume of 50 µL. The thermal cycling 

protocol was as follows: 5 minutes at 94°C; 32 cycles of 1 minute at 94°C, 1 minute at 

reaction-specific annealing temperatures (table 2.2), 30 seconds at 72°C; and a final 

extension step of 5 minutes at 72°C. 

 

  Table 2.2 TP53 primers. PCR primer sequences used to amplify TP53 exons 5-8. 

Reaction Gene Exon Annealing Primer sequence 

      temp (℃)     

  1 TP53 5 & 6 53 Forward  CTGTTCACTTGTGCCCTGACT 

  
   

Reverse TGACAACCACCCTTAACCCC 

  2   TP53 7 53 Forward  CCTCATCTTGGGCCTGTGTT 

        Reverse AGTGTGCAGGGTGGCAAG 

  3 TP53 8 51 Forward  TCCTTACTGCCTCTTGCTTCTC 

        Reverse TCCACTTGATAAGAGGTCCCA 

 

PCR products were treated with ExoSAP-IT PCR Product Cleanup (ThermoFisher) in order 

to remove excess primers and unincorporated nucleotides that may interfere with 

sequencing. For each reaction, 5 µL PCR product was incubated with 2 µL ExoSAP reagent 
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for 15 minutes at 37°C followed by 15 minutes at 80°C.  All Sanger sequencing was done 

using an Applied Biosystems 3730s Genetic Analyser by Micromon DNA Sequencing 

Services at Monash University, Victoria, Australia.  Sequences were analysed and quality 

checked using DNASTAR software. 

2.3.3 Taqman qPCR for viral load 

QPCR assays were used to determine the viral load per cell from extracted genomic DNA. 

Assays were set up in 96-well optical plates (Geneflow) and performed using an Applied 

Biosystems 7500 real-time PCR system (ThermoFisher). For each reaction, 100 ng DNA was 

added to 12.5 µL TaqMan qPCR master mix (2x) (ThermoFisher) (containing DNA 

polymerase and dNTPs), gene-specific primers and probes (0.2 µM final concentration) 

(Junying et al., 2003) (table 2.3) and nuclease-free water to a final volume of 25 µL. The 

EBV BALF5 probe was labelled with FAM and the β-2-microgobulin (β2M) probe was VIC 

labelled to allow multiplexing of the qPCR assays. All assays were performed with no-

template. 

For quantification of EBV genomes per sample, a standard curve was generated by serial 

dilution (range of 2 to 4000 EBV genomes per µL) of genomic DNA extracted from 

Namalwa-BL cells, which have a known viral load of 2 (integrated) genomes per cell (Lestou 

et al., 1996). Test samples were then normalised to the housekeeping gene, β2M, to 

calculate the number of EBV genomes per cell. 
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Table 2.3 Viral load primers. Primers and probes for viral qPCR on genomic DNA. Sequences taken 
from Junying et al., 2003. 

Gene Primer/probe sequence 

BALF5 (EBV DNA polymerase) Forward  CTTTGGCGCGGATCCTC 

 
Reverse AGTCCTTCTTGGCTAGTCTGTTGAC 

 
Probe CATCAAGAAGCTGCTGGCGGCC 

β-2-microgobulin Forward  GGAATTGATTTGGGAGAGCATC 

 
Reverse CAGGTCCTGGCTCTACAATTTACTAA 

  Probe AGTGTGACTGGGCAGATCATCCACCTTC 

2.3.4 EBV typing 

PCR assays were performed on DNA extracted from the cell lines to determine the EBV 

subtype residing in the cells. To distinguish between subtypes, PCR primers were designed 

to target an EBNA2 gene region where the DNA sequence was specific to either EBV type 

1 or type 2, as published (Aitken et al., 1994). The primer sequences and expected PCR 

product sizes are listed in table 2.4. For each reaction, 100 ng DNA was incubated with 

Quick-Load Taq 2X Master Mix (New England BioLabs), forward and reverse primers (1 µM 

final concentration of each) and nuclease-free water to a final volume of 50 µL. The PCR 

protocol was as follows: 5 minutes at 94°C; 32 cycles of 1 minute at 94°C, 1 minute at 48°C; 

30 seconds at 72°C; and a final extension step of 5 minutes at 72°C.  PCR products and 100 

bp DNA ladder (New England Biolabs) were separated by electrophoresis (100V for 30 
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minutes) in 1% acrylamide gels with 1x TBE buffer (90 mM Tris-borate, 2mM EDTA) 

containing 0.5 µg/mL ethidium bromide.  

 

Table 2.4 EBV subtyping primers. PCR primers targeting either EBV type 1 or type 2 EBNA2. Primer 
sequences taken from Aitken et al., 1994. 

EBV subtype Primer Sequence Product size  

Type 1 
Forward  AACTTCAACCCACACCATCA 

115 
Reverse  TTCTGGACTATCTGGATCAT 

Type 2 
Forward  TACTCTTCCTCAACCCAGAA 

120 
Reverse  GGTGGTAGACTTAGTTGATG 

 

2.4 Western blotting 

2.4.1 Protein preparation 

Cells were washed and pelleted (3500 g at room temperature) once in PBS prior to protein 

extraction. For each protein preparation, between 2-10x106 cells were resuspended in    

200 µL urea buffer (9 M urea, 5 mM Tris, pH 7.5) and then kept on ice before 2 x 20 seconds 

of sonication using an ultrasonic cell disrupter (Misonix, USA). The sonicated supernatants 

were centrifuged at 16,200 g for 20 minutes at room temperature to pellet remaining 

cellular debris and the supernatants removed to a clean tube. The protein-containing 

suspensions were quantified using the DC Protein Assay (Bio-Rad, USA) according to 
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manufacturer’s instructions. Protein concentrations were calculated using a standard 

curve generated from known concentrations of bovine serum albumin (BSA). Samples were 

then diluted to 1 mg/mL in gel sample buffer (GSB) (9 M urea, 10% glycerol, 0.15 M β-

mercaptoethanol, 10% SDS, 50 mM Tris pH 7.4, 0.1% bromophenol blue) and heated for 5 

minutes at 100°C before gel loading.  

2.4.2 Electrophoresis and blotting 

Criterion TGX Precast 4-12% acrylamide gels were loaded with 20 µL protein sample                 

(1 mg/mL) and SeeBlue Plus 2 prestained ladder (ThermoFisher) (diluted 1:1.5 in GSB). Gels 

were run in Tris/Glycine/SDS PAGE buffer (GeneFlow) at 120V until desired protein 

separation was achieved. Separated proteins were transferred from the acrylamide gel 

onto PVDF membranes using the TurboBlot system (Bio-Rad) as per manufacturer’s 

instructions (7 minutes at 25V) and then stored at 4°C in PBS with 1% v/v Tween-20 (PBS-

T) until immunostaining. 

2.4.3 Immunostaining 

Following transfer, membranes were incubated for 1 hour at room temperature with 5% 

w/v dry milk in PBS-T (blocking buffer) in order to block non-specific antibody binding. 

Membranes were then incubated overnight at 4°C with primary antibody (table 2.5) 

diluted in blocking buffer, then washed in PBS-T for 30 minutes at room temperature with 

fresh PBS-T every 5 minutes. Membranes were then incubated for 2 hours at room 

temperature with the appropriate secondary HRP-conjugated antibody diluted in blocking 
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buffer before being washed in PBS-T for 60 minutes at room temperature with fresh PBS-

T every 10 minutes. For visualisation, membranes were incubated with Amersham ECL 

Western Blotting Detection Reagent (GE Healthcare, USA) for 1 minute at room 

temperature and then analysed using the ChemiDoc MP system with Image Lab software 

(Bio-Rad). 
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Table 2.5 List of antibodies used for Western blot experiments. Antibodies were either purchased from 
commercial companies or provided by collaborators at WEHI, UoB or Peter Mac. WEHI, The Walter and Eliza 
Hall Institute; UoB, University of Birmingham; Peter Mac, Peter MacCallum Cancer Institute. 

Target Clone Species Dilution Supplier 

BCL-2 Bcl-2-100 Mouse 1/2000 ThermoFisher 

BCL-XL 9C9 Rat 1/1000 WEHI/D. Huang 

MCL-1 19C4-15 Rat 1/2000 WEHI 

BIM 3C5  Rabbit 1/1000 Enzo Biochem 

BID 2D1-3 Rat 1/1000 WEHI 

BAK 7D10 Rat 1/2000 WEHI/D. Huang 

BAX ABC11 Rabbit 1/1000 Merck Millipore 

P53 CM5 Rabbit 1/2000 Leica 

P53 D.01 Mouse 1/100 UoB/R. Grand 

MDM2 2A9 Mouse 1/1000 D. Lane 

LMP1 CS1-4 Mouse 1/2000 M. Rowe 

Calregulin C4606 Rabbit 1/2000 Sigma 

HSP70 N6 Mouse 1/10,000 Peter Mac/R. Anderson 

Anti-Mouse Ig -HRP 1010-05 Goat 1/2000 Southern Biotech 

Anti-Rabbit Ig -HRP 4010-05 Goat 1/5000 Southern Biotech 

Anti-Rat Ig -HRP 3010-05 Goat 1/5000 Southern Biotech 

 

 



 

 

89 

 

2.5 Flow cytometry 

All samples were run on an LSR-II or an Accuri C6 flow cytometer (both BD Biosciences, 

USA) and analysis was carried out using FlowJo software (Tree Star). 

2.5.1 Cell surface staining 

1x106 cells were counted, pelleted and washed once in PBS prior to cell surface staining. 

Cells were first stained with viability dye (violet stain or near-IR stain) (Invitrogen) 

according to manufacturer’s instructions. Cells were then washed again in PBS and 

resuspended with relevant cell surface antibodies (table 2.6) diluted in MACS buffer (PBS, 

2% BSA, 2 mM EDTA). Cells were stained for 30 minutes on ice then stained cells were 

washed and resuspended into 300 µL MACS buffer before analysis.  
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Table 2.6 List of antibodies used for flow cytometry analysis. 

Target Fluorochrome Clone Dilution Manufacturer 

CD3 APC-Cy7 SK7 1/40 BD Biosciences 

CD4 PE-Cy7 RPA-T4 1/50 Biolegend 

CD8 FITC RPA-T8 1/25 BD Biosciences 

CD16 BV650 3G8 1/500 Biolegend 

CD56 PE-TexasRed N901 1/40 Beckman Coulter 

CD57 PE-Cy7 TB01 1/80 Biolegend 

TCRɣδ PE B1.1 1/30 Thermo Fisher 

Vδ1 PE REA173 1/12.5 Miltenyi Biotec 

Vδ2 FITC 123R3 1/12.5 Miltenyi Biotec 

NKG2A APC Z199 1/100 Beckman Coulter 

 

2.5.2 Rhodamine-123 staining 

The presence and functionality of the multidrug efflux pump, p-glycoprotein, was 

determined by measuring the relative intensity of cell staining using the fluorescent 

molecule rhodamine-123 (Rh-123) (Sigma) – a p-glycoprotein specific substrate. The 

staining procedure took place in two-steps (staining and efflux): firstly, for each sample and 

condition, 5x105 cells were incubated for 30 minutes, at 37°C and 5% CO2, in 0.5 µg/mL Rh-

123 or equivalent volume of 100% ethanol (unstained control) in appropriate growth 
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medium then washed twice in PBS.  Secondly, stained cells were resuspended in 

appropriate medium and incubated for 2 hours with the following differences in 

conditions: p-glycoprotein inhibition controls (2 µM cyclosporin A at 37°C); p-glycoprotein 

efflux controls (4°C); test samples (37°C). Unstained cells were resuspended in appropriate 

medium and incubated for 2 hours at 37°C. All samples were washed and resuspended in 

MACS buffer before flow cytometric analysis.  

2.6 Cell death analysis 

2.6.1 Apoptosis assays 

Apoptosis assays were set up in 96-well flat bottom plates with 4x104 cells seeded per well 

in a final volume of 200 µL. Rows and columns at the edge of the plates were not used and 

instead filled with 200 µL PBS to decrease loss of media-volume by evaporation. For drug 

treatment experiments, cells were treated with the indicated concentrations of drug (table 

2.7) or DMSO-only treated negative controls for the indicated time periods. Positive 

controls for apoptosis for all experiments were Jurkat cells treated for 6 hours with 10 µM 

camptothecin (Sigma).  For staining, cells were washed with PBS and stained with the APC 

or FITC Annexin V/propidium iodide (PI) Apoptosis Detection Kit (BD biosciences) according 

to manufacturer’s instructions. Samples were run on an LSR-II or an Accuri C6 flow 

cytometer (both BD Biosciences). 
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Table 2.7 List of drugs used for in vitro treatment of cell lines. 

Drug Manufacturer 

Etoposide Sigma 

Methotrexate Sigma 

Ionomycin 

Camptothecin 

Sigma 

Sigma 

ABT-199 Active Biochem 

ABT-737 Active Biochem 

A-1331852 AbbVie/G. Lessene 

S63845 Active Biochem 

 

2.6.2 Analysis 

Analysis was carried out using FlowJo software (Tree Star) and statistical tests were 

calculated using GraphPad Prism software. Populations were gated as shown in figure 2.1. 

Cells that stained negatively for both Annexin V and PI, markers that can distinguish early 

and late apoptosis, were used to measure survival. All experiments included DMSO-treated 

cells (negative controls) to which the survival percentages of the drug treated cells were 

normalised.  

 



 

 

93 

 

 

Figure 2.1 Annexin V/PI assay gating strategy. Left: DMSO-treated MOLT4 cells at 48 hours. Right: 
MOLT4 cells treated with 0.5uM etoposide at 48 hours. Value shown in bottom-left quadrant 
represents percentage of live cells. 

 

2.7 High throughput drug screen 

2.7.1 Cells and compound libraries 

High throughput drug screening was performed under the supervision of Dr Kate Jarman 

and Dr Helene Jousset of the WEHI Screening Laboratory. Six of the eight EBV-positive T 

and NK cells (NKC1, SNK6, SNT8, SNT13, SNT15 and MEC04) were used in the drug screen. 

Three compound libraries were employed: Kinase library (276 compounds); Targeted 

agents library (73 compounds); and the Known drugs library (3707 compounds). Treated 

cells were tested for viability as described below. 



 

 

94 

 

2.7.2 Assay plate preparation 

Assays were set up in Greiner LUMITRAC 200 384-well plates. Plates were loaded with test 

compounds, DMSO controls and positive controls (namely 10 µM A-1331852 and 10 µM 

S63845) (table 2.7), by Compounds Australia, Griffith University, Australia. Plates were 

shipped and stored at -20°C until use. To detect any row-specific loading inaccuracies when 

cells were added, DMSO and positive controls were seeded in the pattern shown in figure 

2.2. All compounds were screened in duplicate on separate assay plates. 

 

 

Figure 2.2 Plate map of compounds for drug screen. DMSO wells and positive control drug wells 
arranged to detect row-specific loading effects. 

2.7.3 Drug treatment 

Drug containing assay plates were thawed to room temperature before use. Cells were 

counted and resuspended in fresh NK/T media with 700 U/mL IL-2 at a density of 5x104 

cells per mL. 50 µL (2500 cells) were seeded per well using a Multidrop Combi Reagent 
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Dispenser (Thermo Fisher). Following addition of cells, all test compounds and positive 

control drugs were at a final concentration of 10 µM. Cells were then incubated, without 

stacking of the plates, for 48 hours at 37°C and 5% CO2.  

2.7.4 Viability staining 

Viability was determined by quantitating relative amounts of ATP within cell cultures using 

the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (CTG) (Promega, USA). Cells and CTG 

reagent were allowed to reach room temperature before staining. 25uL CTG was added 

per well using a Multidrop Combi Reagent Dispenser (ThermoFisher) and plates were 

covered with SealPlate film (Sigma). Plates were then then placed on a shaker for 2 minutes 

at 600RPM and then left at room temperature for 10 minutes without shaking. 

Luminescence readings were then taken using an EnVision Multilabel plate reader using 

EnVision Workstation software (Perkin Elmer, USA).  

2.7.5 Viability analysis 

Luminescence data generated from assay optimisation experiments were analysed using 

Graphpad Prism v10 software. Luminescence data generated from the primary screen were 

analysed and validated as described in Chapter 5, Results III using Spotfire (TIBCO, USA). 
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2.8 In vivo studies 

2.8.1 Mice and disease monitoring 

All experiments with mice were conducted in accordance with guidelines set out by The 

Walter and Eliza Hall Institute (WEHI) Animal Ethics Committee. Female NOD-SCID-IL2rg-/- 

(NSG) mice (Shultz et al., 2005) were used in all xenograft experiments. At the point of 

xenograft, mice were aged between 6 and 8 weeks old. Single cell suspensions, in 200 µL 

final volume of PBS, were delivered by subcutaneous (SC) or intraperitoneal (IP) injection. 

Mice were monitored at least 3 times per week for up to 180 days (experimental endpoint). 

Illness endpoint criteria included the development of a tumour up to a maximum size of 

1cm3 or the mouse exhibited signs of being unwell, such as visible weight loss, difficulty in 

breathing, hunched stance as detailed in guidelines set out by the WEHI Animal Ethics 

Committee. Animal wellbeing checks, injection of cells and administration of drug (see 

2.8.2 below) were performed by trained animal technicians at WEHI. Upon the fulfilment 

of endpoint criteria, mice were culled by CO2 exposure. Bleeds were taken for 

haematological analysis (see 2.8.5) and organs were harvested for either histological 

analysis (2.8.4) or the establishment of cell lines (tumour samples only) (2.8.3).  

2.8.2 Drug treatments 

A-1331852 was formulated in 60% Phosal 50 PG (Lipoid, Germany), 27.5% Polyethylene 

glycol 400 (Sigma), 10% ethanol and 2.5% DMSO. 50 mg/kg of drug was administered by 
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oral gavage up to a maximum of 200 µL per mouse. Drug treatments were administered 

once per day for 7 consecutive days. For statistical analysis, Graphpad Prism v10 software 

was used to generate Kaplan-Meier plots with log-rank tests to compare tumour-free 

survival in drug-treated vs. vehicle-treated mice.  

2.8.3 Ex vivo cell culture 

Harvested tumours, derived from NSG mice xenografted with SNK or SNT cell lines, were 

processed by mechanical shearing into single cell suspensions and either frozen (as 

described in 2.1.5) or placed into tissue culture with NK/T media (as described in 2.1.1). 

2.8.4 Histology 

Tumour samples and organs including spleen, kidney, lung, heart, sternum, liver and lymph 

nodes (when enlarged), were surgically removed post-mortem and fixed in 10% formalin 

for 24 hours. Subsequent sectioning of material, staining with H&E and human-specific 

CD45 antibody (clone 2B11, DAKO, USA) were performed by Cary Tsui of the WEHI 

Histology Department.  

2.8.5 Haematology 

Blood samples were collected either by eye bleed or heart bleed and analysed using the 

ADVIA automated haematology system (Bayer, Germany). Morphological analysis was 

used to determine the following parameters: red blood cell, platelet, white blood cell, 
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neutrophil, monocyte and lymphocyte counts per µL of blood. Statistical analysis was 

performed using Graphpad Prism v10 software. 

2.9 Cytokine analysis 

 

Human cytokines were measured from cell culture supernatants (SNK1, SNK6, SNT8, 

SNT13, SNT15, MEC04, NKC1 and SNT16 cells) at 48 hours post passaging. The Bio-Plex Pro 

Human Cytokine 17-plex Assay (Bio-Rad) was used to measure cytokine concentrations 

according to manufacturer’s instructions and performed by Dr Yifan Zhan, Immunology 

Division, WEHI. Briefly, the assay was performed in a 96-well plate where cytokine-specific 

detection antibodies and streptavidin-PE were used to generate a luminescence read-out 

using the BioPlex 2200 Multiplex Testing system (Bio-Rad). Luminescence readings were 

recorded from provided control samples with known concentrations of cytokines to 

generate standard curves from which test sample cytokine concentrations were calculated.  

2.10 Statistical analysis 

 

GraphPad Prism version 7 software and TIBCO Spotfire software were used for statistical 

analysis. Experiments were performed with either two or three technical replicates as 

indicated in figure legends. Mean values (with error bars showing standard deviation or 

standard error as indicated) from independent experiments are shown. Two-group 

comparisons – for in vitro drug treatments (Annexin V / PI assays and CTG luminescence 

assays), Rh-123 efflux assays, mouse organ weight comparisons and haematological 
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analysis – were made using 2-tailed t tests. Mouse survival data were plotted using Kaplan-

Meier curves and statistical comparisons between groups were made using log-rank 

(Mantel-Cox) test. Statistical differences where P values were less than 0.05 were 

considered significant. Z prime (Z’) and robust Z prime (RZ’) values were calculated for high 

throughput drug screening data from the mean and standard deviation of the positive and 

negative controls for each assay plate. For both measures, assays with scores above 0 were 

considered acceptable and values above 0.5 were considered a good assay (Zhang et al., 

1999). 
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3. Results I: Characterisation of EBV-positive T and NK cell lines 
 

3.1 Introduction 

We have very little understanding of the factors that drive the pathogenesis of ENKTL and 

CAEBV due to multiple limiting factors. Firstly, these diseases have very low incidence rates 

thereby limiting the availability of primary material to analyse. ENKTL is most prevalent in East 

Asia and South America (4-6% of all non-Hodgkin’s lymphomas) whereas in the Western world 

the incidence rate is much lower (0.5% of all non-Hodgkin’s lymphomas) (Au et al., 2009). 

Case reports of CAEBV have been sporadic and incidence rates are not confidently known 

(Park and Ko, 2014). Secondly, the establishment of immortalised cell lines has been difficult 

to achieve. For ENKTL, this can partially be attributed to the necrotic nature of the tumours 

(Harabuchi et al., 2009). Thirdly, a successful and reproducible method for the in vitro 

infection of primary T or NK cells with EBV has not been determined. Collectively, these 

limitations mean that investigations focusing on ENKTL and CAEBV disease development and 

sustained pathogenesis have centred on only a limited number of available cell lines. 

Many of the frequently studied ENKTL and CAEBV cell lines were established by the Shimizu 

laboratory (Tokyo, Japan) and are referred to as the SNK and SNT cell lines (Zhang et al., 2003, 

Nagata et al., 2001, Oyoshi et al., 2003). For our experiments, we have collected 7 of these 

cell lines plus the MEC04 cell line derived from an ENKTL tumour of NK cell origin (NK-ENKTL) 

reported by Coppo et al., 2009. These cell lines represent an assortment of NK cell, αβ T cell 

and γδ T cell backgrounds as later described in further detail.  
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Unlike other EBV-associated diseases like BL where contributing cellular factors are known 

(such as abnormal c-MYC expression), for ENKTL the cellular drivers of transformation have 

not been formally proven. Although cytogenetic analysis has revealed deletions in 

chromosome 6 in small patient cohorts and in the SNK1 cell line (Zhang et al., 2003, Tien et 

al., 1997) the precise genetic factors that may lead to transformation are not known. The lack 

of known and universal contributing cellular genes, together with the fact that almost all 

incidences of ENKTL are EBV-positive highlights the potential importance of the virus in the 

pathogenesis of these diseases (Au et al., 2009, Vose et al., 2008). Therefore, there is a need 

to fully understand the role of EBV in such diseases. 

As mentioned above, there are a limited number of ENKTL and CAEBV cell lines available and 

the suitability of these cell lines for assessing the role of EBV in the disease pathogenesis is 

questionable. Tumour-derived cell lines are grown in laboratory tissue culture conditions for 

prolonged periods of time. This essentially produces a monoclonal population where 

differences between individual cells are minimised. Furthermore, the prolonged growth of 

cell lines under laboratory conditions can induce gene expression changes over time, possibly 

through the acquisition of additional mutations over the course of multiple cell divisions. 

Therefore, it is conceivable that phenotypic diversion from the originally isolated cells has 

occurred over time.  

This chapter focuses on assessing the suitability of the currently available ENKTL and CAEBV 

cell lines to behave as disease models for functional studies in later results chapters. There 

are three major subcategories to this study. Firstly, to what extent are the cell lines 

phenotypically representative of primary tumours? This can be determined by analysing the 
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expression of cell surface molecules by flow cytometry and then comparing this with both 

epidemiological studies and the original reports in which they were first characterised. 

Secondly, what is the EBV status of these cells? This can be achieved by assessing the cells for 

EBV-positivity and analysing the expression of multiple viral transcripts from genes of interest. 

Finally, which cytokines and signalling factors are these cell lines capable of producing? The 

local release of signalling factors may influence gene expression and cellular activity. To 

investigate this, cell supernatants can be screened for cytokine secretion by a multiplex 

immunoassay.  

3.2 Cellular phenotype 

3.2.1 Cell type lineage  

In order to examine the T or NK cell lineage of each of the cell lines, cells were stained with a 

phenotyping panel of antibodies and assessed by flow cytometry. The cell surface markers 

used to resolve T cell lineage were the pan T cell marker CD3, plus the markers of functional 

T cell subsets CD4, CD8, TCRγδ. To resolve NK cell lineage, the pan NK cell marker CD56 was 

included in the panel alongside CD16 and killer-cell immunoglobulin-like receptors (KIRs) as 

markers of differentiated NK cells.  

The phenotyping panel was initially tested on healthy donor PBMCs that contained all 

subtypes of lymphocyte. The gating strategy, used throughout this experiment, was as 

follows: i) singlet gating, ii) exclusion of CD14-positive cells (marker of monocytes) and dead 

cells by a viability dye (dump channel), iii) removal of debris determined by FSC and SSC 

(figure 3.1A). These gated lymphocytes (termed ‘total lymphocyte population’) were then 
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used to test the staining of antibodies targeting T cell markers (figure 3.1B and C) and NK cell 

markers (figure 3.1D). From the total lymphocyte population, CD3+ cells and TCRγδ+ cells were 

identified (figure 3.1B). Single positive CD4+ and CD8+ cells and also small numbers of 

CD4+CD8+ double positive cells were identified from the total lymphocyte population (figure 

3.1C). For NK cell markers, CD56dimCD16+ and CD56brightCD16- cells were successfully identified 

where positive KIR+ cells were identified within the CD56dimCD16+ population (figure 3.1D).   

All 8 EBV-positive T and NK cell lines were stained with the lineage panel of antibodies and 

the results presented in figure 3.2. Gates were set based on unstained samples for each cell 

line. All 8 cell lines appeared to positively stain, to varying degrees, with the TCRγδ antibody. 

This was unexpected as previously only SNT8, SNT13 and SNT15 had exhibited TCRγδ-

positivity in their respective original reports (Zhang et al., 2003, Nagata et al., 2001, Oyoshi et 

al., 2003, Coppo et al., 2009). Generally, cells were low for CD3 surface expression with the 

exception of SNT15 which stained double positive for TCRγδ and CD3. All cell lines were 

negative for CD8 and all cell lines, with the exception of SNT16, did not express CD4. The 

observation that SNT16 cells were CD4 positive in the absence of CD3 is unusual and 

unexpected.  

With respect to the NK cell lineage markers, the results were less clear as many cell lines 

exhibited a non-monoclonal pattern of expression for CD56, therefore demonstrating a 

degree of heterogeneity within each cell population. No CD56 expression was detected in 

SNK1 or SNT16 cells. For SNK6, MEC04 and NKC1, the majority of the cell populations showed 

high CD56 expression. However, SNT8, SNT13 and SNT15 cells appeared to contain 

populations both positive and negative for the NK marker CD56. The CD56+ cells were then 
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stained for CD16 and KIRs but no expression of these NK markers was detected in any of the 

cell lines.  

 

 

Figure 3.1 Antibody testing for phenotyping panel #1. The designed panel was tested on healthy 
donor PBMCs. A) Gating strategy used to isolate lymphocytes: Singlets were isolated; dump channel 
used for the removal of dead cells (viability dye-positive cells) and monocytes (CD14-positive cells); 
removal of debris by forward and side scatter. B-D) Analysis of T cell and NK cell markers. PBMC, 
peripheral blood mononuclear cells
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Figure 3.2 Analysis of ENKTL and CAEBV cell lines by phenotyping panel #1. Cells were gated as demonstrated in figure 3.1A. Cells were then analysed for T 

cell subset markers CD3, TCRγδ, CD4 and CD8. Cells were also analysed for NK subset markers CD16, CD56 and killer-cell immunoglobulin-like receptors (KIRs). 
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3.2.2 γδ T cell and NK cell subtype markers 

The data presented in figure 3.2 highlighted two features of the cell line panel that warranted 

further investigation. Firstly, the positivity for TCRγδ in all 8 cell lines was unexpected. 

Secondly, the apparent heterogenous CD56 expression in some of the cell lines (SNT8, SNT13 

and SNT15) that were established from T cell proliferative disease, since staining positive for 

CD56 opens up the possibility of such cells being of NK cell origin instead of T cell origin. 

To address the first question surrounding the TCRγδ status of the cell lines, a second 

phenotyping panel was designed which included antibodies specific for either Vδ1 or Vδ2, the 

two major subsets of peripheral blood γδ T cells. To address the second question surrounding 

the T or NK cell lineage of the SNT8, SNT13 and SNT15 cells, further NK cell markers were 

included into the second phenotyping panel. These additional markers were CD57, a marker 

of NK cell terminal differentiation, and NKG2A, an NK cell inhibitory receptor which detects 

surface human leukocyte antigen (HLA) molecules.  

This second phenotyping panel was also initially tested on healthy donor lymphocytes. In 

figure 3.3A, the live cell gating strategy was applied as previously described. Positive staining 

was identified for both Vδ1 and Vδ2-specific antibodies at 0.3% and 0.91%, respectively. The 

entire γδ T cell population typically comprises 1-4% of the total lymphocyte population (figure 

3.3B) (Kaufmann, 1996).  

With respect to NK cell markers, within the total lymphocyte population, CD56-, CD56dim and 

CD56bright cell populations were observed (figure 3.3C). Using these markers, NK cells can be 

categorised into discrete differentiation stages of NK cell development: stages 1-3 
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(developmental intermediates); stage 4 (functional NK cells, CD56bright), stage 5 (functional NK 

cells, CD56dim) and stage 6 (memory NK cells) as outlined by Yu and colleagues (Yu et al., 2013). 

Identification of functional NK subsets was demonstrable by the second phenotyping panel. 

NKG2A positivity was found on CD56bright cells (stage 4 NK cells) and a subset of CD56dim cells 

(stage 5 NK cells). The late stage NK cell differentiation marker CD57 was found on a subset 

of CD56dim cells (stage 6 NK cells). 

All 8 cell lines were then assessed using the second cell lineage marker panel of antibodies. 

Although all cell lines appeared to positively stain with the pan-TCRγδ antibody in figure 3.2, 

the data shown here appear contradictory. No cell lines demonstrated positivity for Vδ1 and 

only three cell lines, SNT8, SNT13 and SNT15, stained positively for Vδ2, confirming the status 

of these three cell lines as γδ T cells. However, SNT8, SNT13 and SNT15 demonstrated 

heterogeneity with respect to Vδ2 expression where positive populations ranged from 30% 

to 99%. With respect to the NK cell markers, SNT8, SNT13 and SNT15 cell lines retained 

heterogeneous staining for CD56, despite their γδ T cell nature. One cell line, SNK6, stained 

positive for the late stage NK cell marker CD57 but only 30% of the population were positive. 

Around 20% of SNK6 cells also stained positive for NKG2A. These data suggest that the cell 

lines in our panel are either of an early NK cell (NKC1 and MEC04), late stage NK cell (SNK6), 

CD4+ T cell (SNT16) or γδ T cell (SNT8, SNT13 and SNT15) phenotype. However, SNK1 cells 

could not be assigned to such categories from the experiments performed here.  Improved 

gating strategies for the experiments described above, for example the inclusion of isotype 

controls, would allow for a higher degree of confidence when interpreting these data. For 
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confirmation of the apparent heterogeneity observed within cell lines here will require 

further robust analysis. 

 

Figure 3.3 Antibody testing for phenotyping panel #2. The designed panel was tested on healthy 
donor PBMCs. A) Gating strategy used to isolate lymphocytes: Singlets were isolated; dump channel 
used for the removal of dead cells (viability dye-positive cells) and monocytes (CD14-positive cells); 
removal of debris by forward and side scatter. B and C) Analysis of γδ T cell and NK cell markers. 
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Figure 3.4 Analysis of ENKTL and CAEBV cell lines by phenotyping panel #2. Cells were gated as demonstrated in figure 3.3A. Cells were then analysed for 
γδ T cell subsets markers Vδ1 and Vδ2. Cells were also analysed for NK subset markers CD56, CD57 and NKG2A. 
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3.3 Cytokine, chemokine and growth factor production  

To further characterise the panel of ENKTL and CAEBV cell lines, we next explored their 

cytokine profiles. A multiplex assay quantitating 27 human cytokines and signalling factors 

was performed on cell supernatants. Cytokine production was measured in ng/mL and 

plotted in figure 3.5 then summarised as a heat map in figure 3.6. The broad spectrum of 

signalling factors measured provide insights into potential cellular functions. Signalling 

factors such as inflammatory cytokines, immunosuppressive cytokines and cytotoxic 

factors are examined and described in further detail below. The interpretation of absolute 

concentrations was limited as only test cell lines were included in the assay. Therefore, the 

analysis was focused on comparing the level of a particular cytokine between cell lines as 

opposed to drawing conclusions about the relative levels of different cytokines within an 

individual cell line. Cytokine concentrations ≥1ng/mL were considered to be of an 

appreciable concentration. In certain circumstances, as indicated in the summary heat map 

shown in figure 3.6, cytokine production exceeded the maximum detectable 

concentration, as determined by the luminescence-based immunoassay.  

The summary data highlights several differences between the cell lines, for example with 

IL-5 and IL-13 — both reported to be primarily secreted by CD4+ TH2 cells (Zhu et al., 2010). 

IL-5 was not detected in 3 of 4 T cell lines (SNT8, SNT13 and SNT15) and the concentration 

only just reached the 1 ng/mL threshold in the fourth T cell line, SNT16 cells (1.48 ng/mL). 

Variable amounts of IL-5 were secreted from the cells of NK-origin ranging from below the 

threshold level in SNK6 cells (0.38 ng/mL) up to detectable levels of 18.9ng/mL in SNK1 
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cells. IL-13 concentrations exceeded detectable concentrations (>10.1ng/mL IL-13) for 5 of 

8 cell lines (SNK1, SNK6, SNT8, SNT13 and SNT16). NKC1 cells also secreted high 

concentrations of IL-13 at 5.36ng/mL but barely detectable concentrations were observed 

for SNT15 and MEC04.  

Production of the multifunctional immunomodulatory cytokine IL-6 evenly splits the cell 

line panel into those cell lines that express very low levels that are below the threshold 

(SNK6, SNT15, MEC04 and SNT16; mean average of 170pg/mL) and those that produce 

approximately 15-100 fold higher amounts (SNK1, SNK6, SNT13 and NKC1). IL-6 can be 

regulated by IL-17 activity, however such obvious division was not mirrored in the panel 

with respect to IL-17 production. 

The common-gamma chain family of cytokines were also examined. IL-2 has been excluded 

from the analysis as all cell lines are IL-2-dependent and were grown in exogenous IL-2. 

Therefore IL-2 readings in this assay were not indicative of endogenously produced 

cytokine. IL-4 and IL-7 were detected at low concentrations in the cell lines, ranging from 

0.06-0.1 ng/mL and 0.3-0.44 ng/mL, respectively. IL-9 levels varied dramatically across the 

cell lines, with concentrations from 0.96-17.1 ng/mL observed. This was exclusive of SNT13 

which exceeded measurable concentrations (>33.2ng/mL of IL-9). IL-15, involved in 

homeostasis of both T and NK cells, was produced consistently in all the cell lines (range 

1.45-2.21ng/mL) and no obvious differences between cells of NK or T cell origin was 

observed. 
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The production of the immunosuppressive cytokine IL-10 separated the cell lines into two 

groups: IL-10-high (SNT15 and MEC04) and IL-10-low (SNK1, SNK6, SNT8, SNT13, SNT16). 

The mean concentration of IL-10 detected in the IL-10-low group was 1.61ng/mL whereas 

the IL-10 high group, consisting of SNT15 and MEC04 cells, had supernatant concentrations 

of IL-10 that were approximately 10-fold and 20-fold higher, respectively. Although 

primarily produced by macrophages, monocytes, neutrophils and dendritic cells as 

opposed to T or NK cells, 7 of 8 cell lines produced detectable concentrations of IL-12 that 

just reached the 1 ng/mL level.  

TNF-α is produced by a large number of cell types where receptor engagement can lead to 

inflammation or cell death (Kalliolias and Ivashkiv, 2016). All cell lines produced TNF-α in 

the 1-6 ng/mL range. IFN-γ is typically secreted by cytotoxic and Th1 lymphocytes. In the 

cell line panel IFN-γ was produced at low levels that were below the threshold 

concentration in MEC04, NKC1 and SNT16 cells and at detectable levels that ranged from 

6.2-25.4ng/mL in the remaining 5 cell lines. The IFN-γ inducible factor and pro-

inflammatory chemokine, RANTES, was detected at concentrations that exceeded the 

maximum measureable limit (>36.3ng/mL) for all 8 cell lines. 

These data sets show that each of the examined ENKTL and CAEBV cell lines have a variable 

cytokine profile. An inflammatory phenotype could be proposed based upon consistent 

detection of factors such as TNF-α and RANTES. Interestingly, large differences between 

cell lines are observed with the immunosuppressive cytokine, IL-10, and the 

multifunctional cytokine IL-6. Although these data require validation as only a single 
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experiment was performed to assess the cytokine profile, they may serve as a useful future 

reference when deciphering the functional capabilities of these cell lines. 

 

 

Figure 3.5 Cytokine production by ENKTL and CAEBV cell lines. Cell culture supernatants were 
harvested 48 hrs after routine passaging, screened for cytokine secretion by a multiplex 
immunoassay detecting 27 human cytokines and plotted on a log scale. A measurement of 1 ng/mL 
was considered an appreciable concentration. Readings above the measurable concentration are 
indicated as out-of-range. Data shown is of a single experiment performed in duplicate.  
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Figure 3.6 Summary heat map of supernatant cytokines. Data from figure 3.5 is presented here as 
a heat map as indicated by the scale bar.  Cytokines for each cell line were categorised according 
to concentration: Negative (0 ng/mL), positive low (<1ng/mL), positive high (≥1ng/mL) and above 
measurable concentration. Data shown is of a single experiment performed in duplicate. 
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3.4 Detection of EBV 

3.4.1 Viral load 

Following confirmation that the examined cell lines are of either T or NK cell lineage, the 

EBV-infection status remained to be determined. To detect the presence of EBV and 

measure the viral load per cell, a qPCR assay was performed (figure 3.7). DNA was 

extracted from the ENKTL and CAEBV cells and subjected to an assay that quantifies the 

number of copies of the viral POL gene (BALF5), using the cell line Namalwa-BL that has 

two integrated copies of EBV as a reference (Matsuo et al., 1984). The POL gene is a single 

copy lytic gene and its nucleotide sequence is highly conserved across viral strains. An 

additional assay to quantitate cellular beta-2-microglobulin DNA was performed. From 

these assay, average viral loads per cell were determined and comparisons made between 

the cell lines.   

As expected, no viral DNA could be detected in the negative control cell line, Jurkat, an 

EBV-negative leukaemic T cell line. In the ENKTL and CAEBV cell lines, viral DNA was 

detected at varying levels ranging from 11 copies per cell (NKC1 cells) to 60 copies per cell 

(SNK6 cells) (figure 3.7). The values reported here are an average viral load within the cells. 

Viral copy number can vary between cells within a population.  

3.4.2 EBV subtyping  

For further characterisation purposes, we next determined whether the viruses harbouring 

within the T and NK cells were of EBV subtype 1 or 2. This question was answered by PCR 
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of EBV DNA. EBV subtypes 1 and 2 differ primarily through variation in the EBNA2 and 

EBNA3 sequences (Sample et al., 1990, Adldinger et al., 1985, Dambaugh et al., 1984, Rowe 

et al., 1989). Such differences have previously been exploited in order to perform viral 

typing in BL cell lines by PCR where primer pairs were designed to be complementary to 

either type 1 or type 2 EBNA2 sequences (Aitken et al., 1994). Such primers and reactions 

were used here to examine the ENKTL and CAEBV cell lines in addition to two control cell 

lines, Akata-BL (type 1 EBV) and Jijoye (type 2 EBV) (figure 3.8).  

The PCR detecting type 1 or 2 strains was designed to perform amplification products of 

size 115 bp and 120 bp, calculated from the viral strain sequences of B95.8 (type 1) and 

AG876 (type), respectively (Aitken et al., 1994). The reaction performed with type 1-

specific primers produced a band of approximately the correct size of 115 bp with DNA 

extracted from each T and NK cell line in addition to the known EBV type 1-infected cell 

line, Akata-BL (figure 3.8, top). The reaction performed with type 2-specific primers did not 

produce a band of the expected size of 120 bp in any of the T or NK cells but only in the 

known EBV type 2-infected cell line, Jijoye (figure 3.8, bottom). These experiments suggest 

that all members of the ENKTL/CAEBV cell line panel are infected with type 1 EBV.  
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Figure 3.7 EBV copies per cell. Extracted DNA from ENKTL and CAEBV cell lines were subjected to 
qPCR. The qPCR assay detected the single copy viral POL gene. A standard curve was generated 
using DNA extracted from Namalwa-BL cells, which contain two integrated copies of DNA. The POL 
assay was multiplexed with a cellular β-2-microgobulin assay which was then used to calculate the 
number of EBV copies per cell. Data presented are mean ±SE of three independent experiments 
performed in triplicate.  
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Figure 3.8 EBV typing of T and NK cell lines. Extracted DNA from ENKTL, CAEBV and control BL cell 
lines were subjected to a PCR with either EBV type 1 or type 2-specific primers. PCR amplification 
products and DNA ladder were separated by gel electrophoresis for visualisation. Data presented 
is representative of two independent experiments.  
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3.5 Viral gene expression 

3.5.1 Latent gene expression 

Following confirmation that the cell lines were EBV-positive, the expression levels of the 

different viral genes was assessed. To do this, a high-throughput qRT-PCR assay, termed 

Fluidigm, was performed as outlined in detail by Tierney et al., 2015. The Fluidigm system 

allows for the absolute quantification of viral mRNA by interpolation from a standard curve 

of Ct values generated by the serial dilution of a known number of template amplicons 

(from the absolute quantification (AQ) plasmid), as described in the materials and methods 

sections 2.2.3 and 2.2.4. The cellular housekeeping gene, PGK1, was used to normalise the 

data to allow for appropriate comparison between cell lines. DNA sequence variation has 

been accounted for in this assay by avoiding variable regions for primer and probe 

placement. Where it has not been possible to avoid such regions, multiple qPCR assays 

have been designed — e.g. assay LMP1 B95.8 and assay LMP1 CAO have two different 

probes to distinguish between the two common variants of this gene region. A heat map 

summary of latent viral gene expression in the T/NK cell lines, alongside B cell lines, is 

shown in figure 3.9. 

The data for the B cell lines presented in the heat map in figure 3.9 have been taken from 

published data (Tierney et al., 2015) and are used here for comparative purposes, as they 

act as representative expression profiles for different forms of latency and the lytic cycle. 

Latency I is represented by Rael-BL cells and is characterised by EBNA1 positivity expressed 

from the Qp promoter and no activity for the Latency III-associated promoters, Wp and Cp. 
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Latency III is represented by the cell lines AG876 and the 2089 LCL. AG876 is a Burkitt 

lymphoma cell line that carries type II EBV and 2089 LCL is a lymphoblastoid cell line that 

carries the type I EBV strain, B95.8. In both cell lines, EBV uses the Wp/Cp promoters to 

express EBNA1, EBNA2 and the EBNA3 family, and express LMP1 and LMP2 mRNAs from 

their own promoters. Salina-BL is a Wp-restricted Burkitt’s lymphoma cell line 

characterised by high Wp activity leading to expression of EBNA1, EBNA3s and BHRF1 in 

the absence of EBNA2. The EBERs and BARTs were expressed in all forms of latency and 

were therefore detectable in all control B cell lines. Akata-BL cells (induced into the lytic 

cycle by IgG cross-linking) primarily act as a control for the lytic genes shown later in figure 

3.11.  

There was some variability in EBV gene expression across the individual lines but overall, 

the ENKTL and CAEBV cell lines carried EBV in a Latency II infection. This involves no activity 

from the Wp/Cp promoters and undetectable expression of EBNA2 and the EBNA3s. 

Instead, the Qp promoter is used to express EBNA1, and the LMP1 and LMP2 proteins are 

expressed from their own promoters. EBER1 and EBER2 transcripts are expressed at very 

low levels within the T and NK cell line panel when compared to the B cell lines, however 

the significance of this finding is not clear. The BART transcripts are precursors to the viral 

miRNAs, therefore further investigation is required to determine which miRNAs are 

expressed and functional. EBNA1 transcripts were detectable in all cell lines with the 

unusual exception of SNK1. The apparent absence of EBNA1 in SNK1 cells may be due to 

expression falling below the level of detection. It has been reported that in B cells the virus 

can express as little as a single EBNA1 transcript per cell (Tierney et al., 2015). Whilst no 
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EBNA2 or EBNA3 family genes were detected in the vast majority of cell lines, low numbers 

of transcripts of EBNA2 type 1, EBNA3A and EBNA3C were detected in SNT16 cells. This 

detection of Latency III gene transcripts is likely to be a false positive for two reasons. 

Firstly, EBNA2 and EBNA3 transcripts are driven by either Wp or Cp promoter activity which 

were not detected in SNT16. Secondly, EBNA2 type 1 transcripts were detected at a 

similarly low level in AG876 cells (which contain an EBNA2 type 2 sequence only), therefore 

such low levels can be considered background. All ENKTL or CAEBV cell lines express either 

LMP1, LMP2A or LMP2B, but interestingly, LMP1 and LMP2 levels showed great variability 

across the cell line panel in terms of relative expression and, in some incidences, absolute 

absence of detectable transcripts. 
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Figure 3.9 Heat map summarising expression of latent viral transcripts. High-throughput qPCR 
was used to detect latent transcript levels of EBV latent genes in T and NK cell lines which then have 
been normalised to cellular phosphoglycerate kinase-1 (PGK-1) expression level. Data are 
presented as a heat map with values indicated by the scale bar, where each colour change 
represents a two-fold change in transcript level. Data presented are mean of at least two 
independent experiments performed in duplicate. Data for B cell lines is taken from Tierney et al., 
2015 as a comparative measure.  
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3.5.2 Expression of Latent membrane proteins 

The presentation of gene expression data by heat map using a logarithmic scale has its 

limitations since low-level and high-level expressed genes are presented together on the 

same diagram/scale, making it difficult to compare the expression of an individual gene 

across multiple cell lines. Therefore, Fluidigm qPCR data from the two assays used to detect 

LMP1 are represented as bar charts in figure 3.10.  

As mentioned above, some latent genes contain sequence variations that may affect the 

ability of a qPCR assay to accurately quantitate the number of transcripts. One such 

example of this can be found with LMP1. Two common strains of EBV — B95.8 and CAO — 

have sequence variations within the LMP1 gene and therefore two separate qPCR assays 

have been designed with different probe sequences but at the same location crossing the 

exon 2/3 boundary. LMP1 CAO transcripts were detected in 6 of 8 cell lines: SNK1, SNK6, 

SNT8, SNT13, NKC1 and SNT16 (figure 3.10A). Of note, B95.8 LMP1 transcripts were not 

detected in SNT15 and MECO4 but these cell lines retain a Lat II-restricted phenotype due 

to their expression of LMP2. Unusually though, LMP1 transcripts were detected in NKC1 

cells with both the B95.8 sequence-specific assay and the CAO-specific assay (figure 3.10B). 

The LMP1 sequence of NKC1 was therefore sequenced and compared against the probe 

sequences for both LMP1 qPCR assays (figure 3.10C). The LMP1 sequence of NKC1 contains 

1bp change and 2bp change compared to the LMP1 sequences of B95.8 and CAO strains, 

respectively. These bp differences suggest that both probes bind sub-optimally to the 

target DNA and therefore it is likely that both the B95.8 and CAO LMP1 assays 

underestimate the expression of LMP1 in NKC1 cells.  
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Figure 3.10 LMP1 mRNA expression. LMP1 expression data taken from high-throughput assay 
shown in figure 3.9. Transcripts detected by A) CAO sequence-specific assay and B) B95.8 sequence 
specific assays. C) LMP1 sequence from NKC1 cells at probe site. Data presented are mean of at 
least two independent experiments performed in duplicate. Error bars show standard deviation. 
Data for B cell lines is taken from Tierney et al., 2015 as a comparative measure. 
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3.5.3 Lytic gene expression 

As in figure 3.9, the high throughput (Fluidigm) qPCR assays were also applied to assess 

which viral lytic genes were expressed in our cell line panel (figure 3.11). As before, 

standard curves generated by the AQ plasmid enabled the quantification of viral genes and 

were normalised against the housekeeping gene PGK1. The data are represented on a 

heatmap alongside the comparator cell lines of B cell origin, including Akata-BL cells 

induced into the lytic replication by Ig cross-linking.  

Expression of the two immediate early genes, BZLF1 and BRFL1, were detected in only 4 of 

8 T/NK cells but at extremely low levels that were approximately 2000-fold lower than lytic 

Akata-BL cells. A lack of immediate early gene activity was accompanied with expectedly 

low activity of early and late lytic genes. Across the cell line panel, SNT8, SNT13, SNT15, 

and SNT16 expressed the highest levels of lytic genes indicating they had the most lytic 

cycle activity. Looking at the different lytic cycle genes, the most highly expressed genes 

were BNLF2A and BNLF2B. However, the BNLF2A and BNLF2B transcripts are contiguous to 

the 3’ UTR of LMP1 mRNA, therefore these results may not correlate directly with the lytic 

cycle and rather be due to LMP1 expression.  

The results for the assays that detect the viral BCL-2 homologues, BHRF1 and BALF1, are 

represented as bar charts in figure 3.12. Three different splice variants of the BHRF1 gene 

are represented: H2-HF (transcribed from the Hp promoter during the lytic cycle), W2-HF 

and Y2-HF (transcribed from the Cp/Wp promoters in latent cycle) (Austin et al., 1988, 

Oudejans et al., 1995). All ENKTL and CAEBV cell lines were negative for the latent BHRF1 
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transcripts but SNT8, SNT13, SNT15 and SNT16 expressed low levels of BHRF1 H2-HF and 

BALF1, consistent with detection of the immediate early genes and lytic cycle activity in 

these cell lines. Despite detection of BHRF1 H2-HF and BALF1 transcripts, the expression 

levels were multiple orders of magnitude less than that of the positive controls Salina-BL 

and lytic Akata-BL.  

 

 

Figure 3.11 Heat map summarising the expression of lytic viral transcripts. High-throughput qPCR 
was used to detect transcript levels of EBV lytic genes in T and NK cell lines which then have been 
normalised to cellular phosphoglycerate kinase-1 (PGK-1) expression level. Data are presented as 
a heat map with values indicated by the scale bar, where each colour change represents a two-fold 
change in transcript level. Data presented are the mean of at least two independent experiments 
performed in duplicate. Data from B cells taken from Tierney et al., 2015 act as a comparative 
measure.  
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Figure 3.12 BHRF1 and BALF1 mRNA expression. Expression data taken from high-throughput QRT-
PCR assays shown in the heatmap in figure 3.11. BHRF1 transcripts detected by A) W2-HF-specific, 
B) Y2-HF specific assays and C) H2-HF specific assays. D) BALF1 expression. Data presented are 
mean of at least two independent experiments performed in duplicate. Error bars show standard 
deviation. Data for B cell lines is taken from Tierney et al., 2015 as a comparative measure. 
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3.6 Discussion 

This results chapter aimed to characterise the available ENKTL and CAEBV cell lines in order 

to determine their suitability as disease models for the subsequent experiments.   As stated 

earlier, the limited availability of primary material, combined with the lack of an in vitro 

infection model, means that the few available ENTKL and CAEBV cell lines are the most 

commonly used models of such diseases. We have collected a comprehensive panel of cell 

lines to study EBV-associated T/NK cell lymphoproliferations, however, limited information 

on their immunophenotype and their EBV status is currently known. Here, we have 

extensively characterised these cell lines to report on such characteristics. This enables us 

to compare our data to the publications in which the cell lines were first described and also 

to epidemiological reports commenting on the phenotype of primary tumour samples.  

The categorisation of each cell line into T or NK cell lineage based upon phenotypic markers 

and cytokine production was possible, but with clear exceptions, and a requirement for 

further analysis remains. Three T cell lines from the panel, namely SNT8, SNT13 and SNT15, 

proved to be of γδ T cell origin. All three cell lines were previously reported to contain a 

cell population of 75% or greater that were TCRγδ-positive, however we can only confirm 

such high expression of TCRγδ for SNT15 cells (Oyoshi et al., 2003). Only 30-40% of the 

SNT8 and SNT13 cell populations stained positive for TCRγδ. Interestingly, these same cell 

lines presented with heterogeneity with regards to the NK cell marker, CD56. CD56 was 

initially reported to be expressed on the surface of these cells following their establishment 

as cell lines, although no comment on heterogeneity was made (Oyoshi et al., 2003). The 
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expression of CD56 on γδ T cells was unexpected but such a phenotype has been reported 

in other cell lines. For example, it has been demonstrated by others that CD56 expression 

is induced by in vitro TCR activation where expression can be accentuated by the addition 

of IL-2 (Kelly-Rogers et al., 2006). Whereas other reports state the combination of IL-2 and 

IL-12 is sufficient to induce CD56 expression on either αβ T cells or γδ T cells (Satoh et al., 

1996). Such reported CD56+ T cells obtained cytolytic features and were capable of 

producing IL-4, IL-13 and IFN-γ but not IL-10. However, the EBV-positive γδ T cell lines 

(SNT8, SNT13 and SNT15) did deviate from this IL-4+ IL-13+ IL-10- phenotype (figures 3.11 

and 3.12). IL-4 was only detected at <1 ng/mL in all three cell lines. Additionally, SNT15 

cells produced high levels of IL-10 and low levels of IL-13. So whilst there are some parallels 

between some of our cell lines and the described CD56+ γδ T cells (Satoh et al., 1996), there 

are also some differences. The impact on phenotype by IL-2 signalling in these reports may 

have consequence for the EBV-positive T/NK cell lines examined here. The establishment 

and sustained growth of SNT8, SNT13 and SNT15 cells required the addition of IL-2 to the 

culture media. It is not known whether the unusual CD56 expression observed on these 

TCRγδ-positive cells was enforced by IL-2 in vitro or was already present on the primary 

cells isolated from the patient and therefore a genuine disease marker. The original 

publication that reported the establishment of SNT13 and SNT15 (which also discussed 

SNT8) cell lines, made statements to confirm that the in vitro established SNT13 and SNT8 

cell lines were phenotypically comparable to the primary tumour cells from which the lines 

were established, however, no such comment was made for SNT15 (Oyoshi et al., 2003). 

Currently, extensive gene expression analysis such as RNA-seq, of all the cell lines studied 
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here, has not been performed. This would provide insight into the remaining questions 

regarding the cell origin, the genetic factors contributing to pathogenesis and the overall 

aim of evaluating these cell lines as appropriate models of ENKTL/CAEBV disease. Short 

tandem repeat analysis on the cell lines would also provide confidence in their identity and 

prevent any future contamination issues. 

It is widely accepted that the vast majority of ENKTL cases are of NK cell origin and 

therefore few studies have solely focused on the question surrounding the TCR status of 

such tumour cells beyond the investigation into clonality. In one study, a collection of 67 

ENKTL tumours were investigated for TCR status and it was reported that only 5% 

expressed TCRγδ, 3% TCRαβ, 1% TCRγδ/αβ, 21% indeterminate, with the remaining 70% 

samples of NK origin (Pongpruttipan et al., 2012). Although this was a small cohort, it 

demonstrates that ENKTL can be of γδ T cell origin, as is the case with some of the cell lines 

we intend to use for our studies. 

T cells are not the natural reservoir for EBV and therefore it is possible that characterising 

the T cell stage of the EBV-positive ENKTL cell lines may provide insights into how EBV 

infects the T cell lineage. The observation that SNT8, SNT13 and SNT15 are all Vδ2+ T cells, 

could indicate that this cell type is susceptible to EBV infection. The point at which an 

EBV:γδ T cell interaction would occur in the virus life cycle remains unclear but a 

conceivable hypothesis would be that this interaction could occur during the early immune 

response to the virus.  Although the immune control of EBV infected cells is primarily 

understood to occur through αβ T cells (Hislop et al., 2007, Long et al., 2011), a role for γδ 
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T cells has been suggested in early phases of infectious mononucleosis (De Paoli et al., 

1990).  

An alternative hypothesis is that the virus may have infected a precursor cell and EBV itself 

then drives the cell towards one of many mature phenotypes but with an inclination 

towards a Vδ2+ phenotype. Such events would explain the presence of EBV in other T cell 

types, such as the CD4+ SNT16 cells, and the incidences of CAEBV where EBV is found within 

both the T and NK cells compartment of the same patient (C. Shannon-Lowe, unpublished). 

The infection of a target cell type that would satisfy these criteria is the common lymphoid 

progenitor (CLP) cells. These cells are precursors to the stage of NK or T cell lineage 

commitment and, importantly, express CD21 which is a critical surface protein required for 

EBV entry into B cells (Fingeroth et al., 1984, Shannon-Lowe and Rowe, 2014).  

Greater efforts have been taken to understand the phenotype of ENKTL tumour cells of NK 

cell origin. A meta-analysis published in 2015 investigated a total of 411 NK-ENKTL tumours 

in an effort to determine the normal counterpart of such malignant cells (Lima, 2015). The 

most frequent phenotype of NK-ENKTL cells was determined to be CD56bright, CD94+ (KIR), 

CD57-, CD16- and also positive for the activation markers CD45RO and HLA-DR. From our 

cell line panel, MEC04 and the newly established CAEBV line NKC1 demonstrated a 

comparable phenotype of CD56+, CD57-, CD16- but in contrast they did not express KIRs. 

SNK6 was the only CD56+ cell line that expressed KIRs and NKG2A (CD159a) in a subset of 

cells but this cell line also stained positive for the NK terminal differentiation cell marker, 

CD57. In the analysis performed by Lima and colleagues, CD57+ tumours were evident but 

were indicated to be rare. SNK1 cells, despite having been previously described as 
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CD56+CD16+ (Zhang et al., 2003), did not stain for any of the T or NK cell markers included 

in our panel. It is possible that this cell line has lost expression of the cell surface markers 

during serial passage. Interestingly, the CAEBV cell line NKC1, expressed the same 

phenotype as MEC04 (ENKTL cell line) of CD56+CD16-CD159a- along with the absence of KIR 

expression which is consistent with an early NK cell phenotype. Overall, the EBV-positive 

NK cell lines examined here exhibited phenotypes consistent with their original reports and 

were representative of NK-ENKTL tumours reported in the literature. 

It is apparent that our panel represents a diverse combination of EBV infected T and NK 

cell subtypes. The characterisation studies revealed three cell lines of γδ T cell origin (SNT8, 

SNT13 and SNT15), one CD4+ T cell line (SNT16), one mature NK cell line (SNK6) and two 

early NK cell lines (MEC04 and NKC1). Further investigation into other cell differentiation 

markers are required to confirm this preliminary categorisation and it should be noted that 

some changes to cellular phenotype may have occurred during cell culture. From this 

analysis however, it can be argued that EBV can either infect an array of T and NK cell 

subtypes or that infection is an early event prior to cellular differentiation. The favoured 

hypothesis at this stage is that EBV gains entry into CD21-expressing common lymphoid 

progenitor (CLP) cells before the stage of NK or T cell lineage commitment. However, it 

remains uncertain as to which point within the life cycle of the virus that EBV would 

encounter such precursor cells that primarily reside in the bone marrow before migrating 

to the thymus for differentiation since neither the bone marrow nor the thymus are 

associated with normal EBV biology.  
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Besides the phenotype of the cells, another factor investigated by the ENKTL field, is the 

virus subtype. EBV strains can be divided into either type 1 or type 2, primarily based upon 

EBNA2 and EBNA3 sequences (Sample et al., 1990, Adldinger et al., 1985, Dambaugh et al., 

1984, Rowe et al., 1989). Only recently has this bifurcation been considered to affect the 

cell types that the virus may be prone to infect. Coleman and colleagues showed that EBV 

type 2 virus could infect primary CD8+ T cells and establish latency (Coleman et al., 2015, 

Coleman et al., 2017). Such reports favoured us to expect that the ENKTL cell lines would 

also be infected with type 2 EBV. However, in contrast to our predictions, the results from 

the typing PCRs indicated type 1 virus was present in all 8 cell lines. 

In clinical samples, viral gene expression in EBV-infected T and NK tumour cells has been 

assessed to a limited degree. A small study of 23 ENKTL cases reported a latency II pattern 

of EBV gene expression, although EBV-infected cells that were also LMP-negative were 

noted to be present in multiple tumours (Chiang et al., 1996). A different study that 

examined 7 ENKTL patients of T cell origin detected LMP1 and/or LMP2 expression in 6 of 

7 samples (van Gorp et al., 1996). Reports of CAEBV have shown typical latency II 

phenotypes (EBNA1, LMP1 and LMP2-positive, EBNA2-negative) with no lytic cycle activity 

as determined by a lack of BZLF1 transcript detection (Yoshioka et al., 2001, Kimura et al., 

2005). Our findings from the high-throughput gene expression analysis on patient derived 

cell lines agree with previous conclusions from patient studies that EBV establishes a 

latency II phenotype in T and NK cells with variable expression of the LMP proteins and also 

negligible lytic activity. The data presented here are the most extensive EBV expression 

analysis of ENKTL and CAEBV cell lines.  
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The application of the technology described here to patient samples in order to assess EBV 

gene expression could prove insightful and would avoid the extensive costs associated with 

similar technologies, such as RNA-seq. It would be informative to correlate the expression 

of the different EBV genes to patient survival or treatment responses since this may reveal 

potential contributions of these viral genes to both tumorigenesis and chemosensitivity. 

Although the functions of the relevant latent genes, such as EBNA1, LMP1, LMP2A and 

LMP2B, are well studied in B cell and epithelial cell backgrounds, their impact on the 

pathogenesis of T or NK cell disease is less well understood. In this regard, LMP1 has been 

shown to induce Th1 cytokines, TNF-α secretion and PD-1 expression in relevant in vitro T 

cell models (Chuang et al., 2005, Chuang et al., 2008, Lay et al., 2003, Bi et al., 2016). 

Although we did not perform functional experiments to probe the contribution of the 

individual EBV genes in the ENKTL/CAEBV cell lines, we anticipate that the thorough 

analysis of EBV gene expression will provide a strong basis for subsequent investigations of 

this nature.  

In conclusion, the data presented here is a comprehensive insight into EBV gene 

expression, cell phenotype and steady-state cytokine production within this extensive 

collection of ENKTL and CAEBV cell lines. Overall these cell lines provide a close 

representative of the respective diseases and are comparable to the original reports 

describing the tumour cells. Therefore, they can be deemed as suitable and informative in 

vitro models of T/NK cell disease and can be taken forward for further investigation into 

ENKTL and CAEBV.   
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4. Results II: Resistance to chemotherapy and apoptotic evasion 
 

4.1 Introduction 

Chemotherapy-based treatment regimens for patients with EBV-positive T and NK cell 

neoplasms leaves the vast majority of individuals with poor prognoses and low quality of 

life due to the side effects induced by cytotoxic chemotherapy (Au et al., 2009, Yamaguchi 

et al., 2011). The high rates of relapse in those that do initially respond suggest that the 

cancer cells are not completely cleared despite initial remission and therefore that a 

population of the malignant cells can evade such therapies. Therefore, there are a large 

number of patients who receive toxic treatments which are ineffective at eliminating their 

disease. Understanding how the tumour cells evade such therapies is a question that has 

not been satisfyingly answered.  

Studies over the past 10 years have suggested that the evasion of cell death in EBV-positive 

T and NK cells is partially due to expression of the multi-drug efflux pump known as p-

glycoprotein, or multidrug resistance protein 1 (MDR1), encoded by the ABCB1 gene 

(Yamaguchi et al., 1995, Yoshimori et al., 2015). The expression of p-glycoprotein is found 

within normal tissue of the brain, kidney, liver and multiple other organs as a defence 

against toxins (Staud et al., 2010). P-glycoprotein has been reported to function as a drug 

resistance factor in various haematological and epithelial cancer types (Eadie et al., 2016, 

Eadie et al., 2014, Goldstein et al., 1989). Chemotherapy substrates of p-glycoprotein 

include docetaxel, vincristine and etoposide. The observation that p-glycoprotein is 
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expressed in ENKTL tumours — found by immunohistochemical staining of paraffin 

embedded tissue — led to the adjustment of therapy from the CHOP regimen to what is 

known as the SMILE treatment regimen — dexamethasone (steroid), methotrexate, 

ifosfamide, L-asparaginase and etoposide (Yamaguchi et al., 2008, Yamaguchi et al., 2011). 

However, SMILE therapy still includes etoposide and methotrexate despite reports that 

they can be exported by p-glycoprotein, preventing build-up of these drugs to efficacious 

concentrations in cancer cells (Sehested et al., 1992, de Graaf et al., 1996).  

Another factor that may affect the apoptotic response to anti-cancer drugs is the major 

tumour suppressor gene, p53, that is known to be commonly mutated across most cancer 

types (Muller and Vousden, 2013). p53 is central to the activation of apoptosis in response 

to DNA damage — such as that induced by etoposide treatment. The mutation status of 

p53 in ENKTL or CAEBV has not been extensively studied and it is currently not known 

whether its dysregulation is a contributing factor to cellular transformation or survival 

during anti-cancer therapy in this context.  

The induction of apoptosis by p53 is mediated by transcriptional upregulation of its direct 

target genes Puma and Noxa, which encode BH3-only proapoptotic members of the BCL-2 

family (Oda et al., 2000, Nakano and Vousden, 2001). Dysregulation within the BCL-2 family 

commonly leads to evasion from apoptosis. Such evasion is typically mediated by 

overexpression of pro-survival members of the family or reduced expression of the pro-

apoptotic BH3-only members of the family, but can also involve other factors including 

aberrant binding, regulation and protein modifications. The precise abnormality leading to 

apoptotic resistance can be difficult to delineate and it can take substantial effort using 
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classical techniques that analyse protein expression and interaction. However, more 

modern methodologies, including the use of BH3 profiling, have improved our 

understanding of which BCL-2 family members maintain survival in various cell types. BH3 

profiling is a technique which in principle uses peptides derived from BH3-only proteins 

then applied to mitochondria isolated from cells of interest (Deng et al., 2007). This reveals 

which BH3-only proteins would be needed to kill a cell and thus can identify the pro-

survival BCL-2 proteins that are essential for the sustained survival of a given cell. Other 

technical approaches include the use of BH3 mimetics (described in detail in section 1.3.4). 

Due to their specific binding profiles, BH3 mimetics can provide details on which pro-

survival member is important for the maintained survival of a cell or cell type. BH3 mimetics 

have the added advantage of not only being a useful research tool but also having clinical 

relevance. The recent success of the BCL-2 specific inhibitor ABT199/Venetoclax has 

opened the door to the therapeutic inhibition of other pro-survival members (Souers et al., 

2013, Roberts et al., 2016).  

Animal models of ENKTL are limited. Whilst genetic aberrations, such as loss or mutations 

of tumour suppressors such as p53, BLIMP1 and BIM, have been identified with varying 

frequencies in ENKTL (Hongyo et al., 2005, Iqbal et al., 2009, Kucuk et al., 2015), a bona 

fide driver of tumorigenesis has yet to be confirmed in order to develop a genetic mouse 

model of ENKTL. Xenograft mouse models using patient-derived tumour cells have been 

successful, but this is limited by availability of primary material (Imadome et al., 2011). The 

successful xenograft of an ENKTL cell line into immunocompromised mice has also been 

reported and this avenue is currently the most attractive on a technical basis (Siddiquey et 
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al., 2014). Establishment of a reliable ENKTL disease model would enable efficacy studies 

and toxicity studies of novel drugs/compounds and therefore be a step closer towards 

bringing novel targeted therapies into the clinic.   

The major aim of this results chapter is to investigate the effectiveness of SMILE therapy 

with in vitro disease models and to determine how EBV-positive T and NK cells resist the 

activation of apoptotic cell death. We investigated this by examining a panel of ENKTL cell 

lines for their response to etoposide and methotrexate — two clinically relevant genotoxic 

compounds. Subsequently, we investigated p-glycoprotein expression and function and 

the role of the p53 and BCL-2 pathways as potential mechanisms of chemoresistance. 

Finally, we assessed the therapeutic potential of the BCL-XL specific BH3 mimetic, A-

1331852, in xenograft mouse models of disease.  

4.2 In vitro response to clinically relevant cytotoxic agents 

To determine the effectiveness of currently used chemotherapy agents, the panel of EBV-

positive T/NK cell lines were exposed to selected cytotoxic agents and cell survival analysis 

was performed. From the five agents included in the SMILE chemotherapy regimen, three 

are capable of direct cytotoxicity: etoposide, ifosfamide and methotrexate. Etoposide and 

methotrexate were taken forward for analysis as, unlike ifosfamide, they do not require 

metabolic activation by the cytochrome P450 (CYP) enzymes and were therefore more 

readily testable in vitro (Chang et al., 1993). Etoposide and methotrexate both activate the 

apoptotic pathway by inducing DNA damage (Fortune and Osheroff, 2000). Etoposide is a 

topoisomerase II inhibitor and therefore prevents DNA unwinding whereas methotrexate 
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is a dihydrofolate reductase inhibitor that interferes with synthesis of thymidine molecules 

and thereby prevents DNA synthesis.  

Cells were treated with increasing concentrations of etoposide for 48 hours then stained 

with annexin-V and PI prior to analysis by flow cytometry. The percentage of PI-/annexin 

V- cells representing live cells, is plotted in figure 4.1A. The control EBV-negative T 

lymphoblastic leukaemia cell line, MOLT4, exhibited marked susceptibility to etoposide 

induced apoptosis with an IC50 of 0.33uM (table 4.1). The EBV-positive T and NK cell lines 

all exhibited much lower levels of sensitivity to etoposide-induced killing. The IC50 values 

exceeded the maximum tested dose of 10 uM in 4 of 8 cell lines, whereas for the remaining 

4 cell lines the IC50 values ranged from 1.92 uM to 7.17 uM.  

The response to methotrexate-induced killing is represented in figure 4.1B. Again, MOLT4 

was used as a reference susceptible cell line, only 10% of cells remained viable following a 

48 hour treatment with 0.1 uM of drug. The EBV-positive T and NK cell lines varied in their 

response to methotrexate to a greater extent compared to the response to etoposide. At 

10 uM methotrexate, cell viability ranged from 50% (MEC04 cells) to 85% (SNT16 cells). All 

EBV-positive cell lines presented with an unusual dose-response curve following 

methotrexate treatment in which a small percentage of cells died at low doses but no 

additional cells were induced into apoptosis with increasing concentration of drug. This is 

indicative of at least two distinct subpopulations of cells - one of which is sensitive to killing 

even at low concentrations of drug, whereas the other subpopulation demonstrates 
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no/little susceptibility to killing (representative data for MEC04 cells shown in 

supplementary figure 1).  

These data suggest that the EBV-positive T and NK cell lines do not readily undergo 

apoptosis in response to commonly used therapeutic agents that initiate signalling in the 

apoptotic pathway via the induction of DNA damage. This suggests that etoposide and 

methotrexate may not be suitable for the treatment of EBV-associated T and NK cell 

disease according to the in vitro disease model investigated here. Although these cell lines 

may be the closest disease model available, as discussed in chapter 3 of this thesis, there 

are limitations in comparing their response in vitro to that of patients and primary samples. 

Cell lines are likely like to acquire additional mutations after prolonged culture which may 

alter signalling pathways associated with cell survival. Also, these cancer cells may respond 

in an alternate manner to various stimuli outside the local microenvironment in which they 

developed. The resistance to apoptosis exhibited by these cell lines occurs through a 

currently unknown mechanism.  
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Figure 4.1 Induction of cell death in T and NK cell lines. EBV-positive cell lines (coloured curves) 
and the EBV-negative cell line MOLT4 (black, dotted curve) were treated with increasing 
concentrations of A) etoposide or B) methotrexate. Cells were stained with Annexin V and PI to 
determine survival where PI-/Annexin V- double negative populations (deemed live cells) were 
normalised to DMSO-only controls and then plotted. Data presented are mean ±SE of three 
independent experiments performed in duplicate. SE, standard error. 
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Table 4.1 Potency of genotoxic agents on T/NK cell lines. IC50 values for etoposide, methotrexate and 
ionomycin calculated from dose-response curves. 

  Etoposide Methotrexate 

SNK1 >10 >10 

SNK6 >10 >10 

SNT8 3.35 >10 

SNT13 >10 >10 

SNT15 1.92 >10 

MEC04 7.17 1.22 

NKC1 2.01 1.53 

SNT16 >10 >10 

MOLT4 0.33 1.13 

 

4.3 Genotoxic drug tolerance via p-glycoprotein 

4.3.1 ABCB1 expression 

As mentioned above, the high expression of p-glycoprotein (encoded by the ABCB1 gene) 

identified in ENKTL tumours by IHC has led to the suggestion that chemoresistance is 

mediated by drug efflux. To test this hypothesis, the panel of EBV-positive T and NK cells 

were first assessed for expression for ABCB1 by qRT-PCR. KG-1 cells, an acute myelogenous 

leukaemia cell line, were used as controls due to their reportedly high expression of ABCB1 

(Bailly et al., 1995). As shown in figure 4.2, the expression of ABCB1 formed a dichotomy 

across the panel as transcripts were detected in 4 of 8 cell lines — SNK1, SNK6, MEC04 and 
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NKC1. MEC04 cells expressed the highest levels at approximately 2-fold greater than 

control KG-1 cells whereas substantially lower levels were detected in the remaining 

ABCB1-positive cells. The remaining 4 cell lines (SNT8, SNT13, SNT15 and SNT16) did not 

show detectable expression of ABCB1. Expression of the housekeeping gene, PGK1, was 

detectable in all cell lines, which confirmed the presence of viable cDNA.   

4.3.2 Functional p-glycoprotein 

To further investigate the hypothesis that p-glycoprotein is a contributing factor towards 

resistance to cell death induced by genotoxic agents, its function in EBV-positive T and NK 

cells was assessed in a rhodamine-123 efflux assay (figure 4.3). Rhodamine-123 is a 

fluorescent molecule that is a specific substrate of the p-glycoprotein efflux pump 

(Twentyman et al., 1994). Therefore, high fluorescence or retention of rhodamine-123 by 

a cell indicates either the low/absent expression or low/absent functionality of p-

glycoprotein. Following pre-incubation with rhodamine-123, a subsequent 2 h incubation 

under various conditions was performed during which rhodamine-123 would be exported 

by functional p-glycoprotein. In figure 4.3A, a shift of the red histogram from the grey 

histogram (maximum rhodamine-123 signal, rhodamine-123 retention due to cold 

incubation), on the right side of the plot, towards the black histogram (minimum 

rhodamine-123 signal, unstained cells), on the left side of the plot, indicates the presence 

of functional p-glycoprotein in KG-1 cells. This shift is not observed with the p-glycoprotein-

negative control Jurkat cells. An additional negative control (blue histogram) was included 

where the efflux step took place at 37°C but in the presence of cyclosporin A (2 uM) – a 
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known inhibitor of p-glycoprotein (Cumber et al., 1991). This demonstrates that any 

observed efflux at 37°C has occurred due to p-glycoprotein activity. Rhodamine-123 efflux 

is observed in SNK1, SNK6, MEC04, and NKC1 cells but not in the remaining cell lines.  

The mean fluorescence intensity (MFI) values for each histogram was used to quantitate 

the rhodamine-123 signal using the following formula: (MFIred x 100) / (MFIgrey – MFIblack) = 

% Maximum efflux (figure 4.3B). SNT8, SNT13, SNT15 and SNT16 cells exhibited low levels 

of rhodamine-123 efflux which were not significantly different from the p-glycoprotein-

negative Jurkat cells of 17.2%. As Jurkat cells do not express p-glycoprotein/ABCB1, this 

background level of efflux is likely due to membrane leakiness.  

The data presented here show that rhodamine-123 efflux, a feature exclusive to cells with 

functional p-glycoprotein, occurred in SNK1, SNK6, MEC04 and NKC1 cells consistent with 

their gene expression profiles. The hypothesis that p-glycoprotein mediates the observed 

chemoresistance observed in all EBV-positive T and NK cells disease cannot be accepted 

based upon these experiments, as p-glycoprotein activity was not consistent across all cell 

lines. Therefore, alternative mechanisms of chemoresistance require consideration. 
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Figure 4.2 Background expression of the ABCB1 gene in T and NK cell lines. QRT-PCR analysis to 
detect ABCB1 gene transcripts was performed on EBV-positive T and NK cells. KG-1 cells (positive 
control) and Jurkat cells (negative control) were included in the experiments due to their reported 
high ABCB1 expression and lack of ABCB1 expression, respectively.  Values were normalised to 
PGK1 expression and subjected to ΔΔCt calculation and presented as relative to KG-1 cells. Data 
presented are mean ±SE of three independent experiments performed in duplicate (n=3).  
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Figure 4.3 Detection of functional p-glycoprotein in EBV-positive T and NK cells. The functionality 
of p-gp was assessed by the efflux of fluorescent rh-123 as determined by flow cytometry. A) Cells 
were either left unstained or stained with rh-123 (black, filled histogram), stained with subsequent 
incubation at 4°C (grey, filled histogram), stained with subsequent incubation at 37°C (red, open 
histogram) or stained with subsequent incubation at 37°C in the presence of the p-gp inhibitor, CsA 
(blue, open histogram). B) Rh-123 efflux was quantified using the following formula: (MFIred x 100) 
/ (MFIblue – MFIblack). KG-1 cells (positive control) and Jurkat cells (negative control) were included 
in the experiments due to their reported high p-gp expression and lack of p-gp expression, 
respectively. Data presented are means ±SE of three independent experiments performed in 
triplicate  (n=3). *p<0.05, vs. Jurkat. P-gp, p-glycoprotein; Rh-123, rhodamine-123; CsA, cyclosporin 
A; MFI, median fluorescence intensity. 
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4.4 Genotoxic drug resistance due to p53 pathway defects 

4.4.1 Expression of p53 and MDM2 

To investigate possible contributions of disturbances of the p53 pathway within the T/NK 

cell line panel, the levels of the proteins p53 and its negative regulator, the MDM2 E3 

ubiquitin ligase  (Honda et al., 1997), were assessed by Western blot analysis (figure 4.4). 

High levels of p53 protein can be indicative of a mutation in p53. Mutations in p53 

frequently cluster within the DNA binding domain and these result in stabilisation of the 

p53 protein (Olivier et al., 2010, Wiech et al., 2012). By contrast, WT p53 protein is 

maintained at very low levels in unstressed cells, reviewed in (Harris and Levine, 2005). The 

basal levels of expression of p53 and MDM2 were assessed in the T/NK cell lines during 

steady state in comparison to selected BL cell lines where the p53 status is known: BL2, 

BL41, Kem-BL and Sav-BL. BL2 have a reported WT sequence of p53 (negative control) 

whereas BL41, Kem-BL and Sav-BL have mutant p53 sequences (positive controls).  

Relative to WT and mutant p53 control cells, SNK1, SNT15 and SNT16 exhibited low levels 

of p53 protein consistent with WT p53 whereas MEC04 cells expressed the highest level 

among the T/NK panel, comparable to p53 expression in the control mutant p53 expressing 

cells, likely indicating a mutation within the p53 gene. The remaining cell lines expressed 

varied levels of p53 protein but levels were generally elevated compared to BL2, suggestive 

of some p53 activation. Expression of MDM2 was detected in all cell lines, with SNK1 and 

SNT13 expressing the highest levels.  
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To determine if p53 could respond to DNA damage inducing agents, selected cell lines, 

representing a range of p53 expression levels, were treated with either etoposide, 

methotrexate or ionomycin (the latter drug as an example of a non-DNA damage-inducing 

initiator of apoptosis) followed by protein analysis expression by Western blotting (figure 

4.5). SNK1, SNK6 and SNT8 cells exhibited an increase in p53 expression after treatment 

with increasing concentrations of either etoposide or methotrexate but not with 

ionomycin, as expected. This suggests that these cells contain a WT p53 that is induced in 

response to DNA damage. However, MEC04 cells, which presented with the highest level 

of p53 expression in the steady state, showed only a modest increase in p53 expression 

after treatment with etoposide or methotrexate relative to the untreated control cells. This 

is consistent with the notion that this cell line contains mutant p53. 

 

Figure 4.4 Expression of p53 and MDM2 protein in unstressed cells. Western blot analysis was 
performed in order to determine the levels of p53 and MDM2 protein in EBV-positive T and NK cell 
lines. HSP70 was used as a loading control. BL cell lines BL2 (wt p53), BL41 (mutant), Kem-BL 
(mutant) and Sav-BL (mutant) were included for comparison. Data presented are representative of 
three independent experiments. BL, Burkitt’s lymphoma. 
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Figure 4.5 Expression of p53 in T and NK lymphoma cell lines following genotoxic treatment. 
Western blot analysis was performed in order to detect changes in the expression of p53 in 
response to treatment with genotoxic drugs in selected EBV-positive T and NK cell lines. Calregulin 
was used as a loading control as previously used by others (Zuo et al., 2011, Kelly et al., 2009). The 
genotoxic agents, etoposide and methotrexate, were utilised along with the non-genotoxic agent, 
ionomycin, that was included as a negative control. Indicated concentrations of drug are 0.5 uM 
and 5 uM and cells were examined at 48 hours. Cells were co-treated with 25 uM QVD-OPH (broad 
spectrum caspase inhibitor) with the exception of those in lane 1 labelled ‘DMSO’. This was done 
to prevent the protein degradation that occurs during late stages of apoptosis due to the activity 
of caspases. Data presented are representative of three independent experiments. 
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4.4.2 p53 gene sequencing 

To formally determine the p53 gene mutational status of the cell lines, the p53 sequence 

of all T/NK cell lines was determined by Sanger sequencing. Mutations within the p53 gene 

primarily occur within the DNA binding domain, which is encoded by exons 5 to 8 (Pavletich 

et al., 1993). Sequencing of this region revealed WT sequences in all the T and NK cell lines 

with the exception of MEC04 (table 4.1). Of note, within exon 7 of the MEC04 cells a C>T 

mutation was found, which leads to an Arg248Gln amino acid change in the protein 

sequence. This is reportedly sufficient to prevent p53 interaction with target DNA (Wong 

et al., 1999), and this likely explains the raised p53 protein levels and the lack of response 

to DNA damaging agents observed in this cell line. 

Table 4.2 p53 mutation status EBV-positive T and NK cells. 

Cell line Exon 5 Exon 6 Exon 7 Exon 8 

SNK1 WT WT WT WT 

SNK6 WT WT WT WT 

SNT8 WT WT WT WT 

SNT13 WT WT WT WT 

SNT15 WT WT WT WT 

MEC04 WT WT Arg248Gln WT 

NKC1 WT WT WT WT 

SNT16 WT WT WT WT 
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4.4.3 Non-genotoxic p53 activation 

Although only MEC04 cells contained a mutation in the hotspot region of the p53 gene, the 

apparent elevated p53 protein expression in a subset of the other cell lines in the absence 

of a p53 gene mutation warranted further investigation. To determine if the p53 pathway 

was functional, non-genotoxic activation of p53 was induced by the treatment of cells with 

the small molecule inhibitor of MDM2, nutlin-3a (Vassilev et al., 2004). Blockade of the E3 

ubiquitin ligase function of MDM2 stabilises p53 protein expression and therefore leads to 

the transactivation of p53 target genes, such as PUMA and NOXA, to induce apoptosis. 

Thus, successful induction of apoptosis by nutlin-3a treatment is indicative of a functional 

p53 signalling pathway.  

Treatment of the EBV-positive T and NK cells with increasing concentrations of nutlin-3a 

demonstrated an expected inconsistency across the panel (figure 4.6A). Nutlin-3a was 

used at an upper concentration limit of 20 uM as this was shown to sufficiently induce 

extensive cell death in lymphoma cell lines with verified functional p53 (Valente et al., 

2016). As expected, the MEC04 cells, due to the p53 DNA binding domain mutation, did 

not respond to nutlin-3a and exhibited total resistance to apoptosis, even at later time 

points, such as 72 hours (figure 4.6B). The NKC1, SNT15 and SNT16 were all susceptible to 

nutlin-3a treatment albeit to varying degrees, which is consistent with the findings that 

they express a WT p53 protein. Interestingly though, the SNK1, SNK6, SNT8 and SNT13 

cells, which also encode a WT p53 protein, all exhibited resistance to nutlin-3A treatment 

(figure 4.6A and -B). In the case of SNK1 and perhaps SNT13, this resistance is perhaps 

explained by the comparatively high MDM2 protein expression in these cells (figure 4.4). 
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The reason(s) why the SNK6 and SNT8 cells are insensitive to nutlin-3a induced, p53-

mediated cell killing is still unclear but could reflect other aberrations within this pathway, 

such as loss of critical pro-apoptotic BH3-only proteins.  

Collectively, these data suggest that deregulation within the p53 pathway plays an 

important role in maintaining the survival of EBV-positive T and NK cells in response to 

genotoxic treatment. However, since only 1 of 8 cell lines harboured a p53 mutation, our 

data suggest that resistance is not primarily mediated through mutations in the DNA 

binding domain of p53. This is in sharp contrast to the situation in many other human 

tumours where p53 mutations are common. Given the important implications for the 

clinical management of ENKTL and CAEBV patients, this requires further investigation to 

elucidate the underlying cause of the resistance to p53-mediated cell killing.  

 

 

 

 



 

 

 153 

 

Figure 4.6 Non-genotoxic activation of p53 by nutlin3a. EBV-positive T and NK cells were treated 
with nutlin3a then stained with Annexin V and PI to determine survival where PI-/Annexin V- 
double negative populations were normalised to DMSO-only controls and then plotted. Cells were 
either A) treated with 20uM nutlin3a for 24-72 hours or B) treated with increasing concentrations 
of nutlin3a for 48 hours. Data presented are mean ±SE of three independent experiments 
performed in triplicate.  
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4.5 Evasion of apoptosis due to deregulated expression of BCL-2 family 

members 

4.5.1 Expression of BCL-2 family members 

Subsequent to extensive DNA damage, the activation of p53 leads to the transcriptional 

upregulation of target genes, such as Puma and Noxa, which are pro-apoptotic members 

of the BCL-2 family, which mediate the life/death switch of a cell (Villunger et al., 2003a). 

Resisting cell death is one of the hallmarks of cancer and mechanisms of evasion from 

apoptosis in numerous cancer types are detailed in sections 1.3.2 and 1.3.3.  

In order to determine whether abnormalities within the BCL-2 family of proteins were 

contributing factors in EBV-positive T and NK cell pathogenesis, our cell line panel was 

initially subjected to Western blot analysis to assess the basal level of expression of major 

BCL-2 family proteins (figure 4.7). The BL cell lines BL2, BL41, Kem-BL and Sav-BL were 

selected as positive controls, as together these cell lines express the full set of proteins of 

interest. 

Variable expression of pro-survival and pro-apoptotic (BH3-only proteins and BAX/BAK 

effector proteins) proteins were observed across the cell line panel. A high level of BCL-2 

expression was consistently seen across the entire T and NK cell line panel, similar to the 

BL cells, BL2 and BL41. BCL-XL expression was expressed at high levels in SNK1 and SNK6 

cells but at only low/intermediate levels in the remaining lines. Weak MCL-1 expression 

was seen in all cell lines with SNK1 cells producing the strongest signal. The expression of 

full length BID fell below the level of detection in SNK6, SNT8, SNT13, SNT15 and MEC04 
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cells but BID was expressed in NKC1, SNT16 cells and most abundantly in SNK1 cells. The 

major BH3 only protein induced in response to multiple apoptotic stimuli, BIM, was found 

either at very low levels or was not detected (SNK6, SNT8 and SNT13 cells). Importantly for 

the ability of these cells to undergo MOMP, all T and NK cell lines contained readily 

detectable levels of both pro-apoptotic effector proteins BAK and BAX.  

Since the protein expression of BIM and BID appeared low or absent in multiple cell lines 

(figure 4.7), we performed a qRT-PCR analysis in order to confirm either the presence or 

absence of Bcl2l11 (BIM) and Bid gene transcripts (figure 4.8). The complete absence of Bid 

was confirmed in SNK6, SNT8 and SNT13 cells by a lack of gene transcript detection (figure 

4.8B). Only SNT13 cells lacked Bcl2l11 transcripts whereas SNK6 and SNT8 cells expressed 

low levels (relative to the control cell line, Jurkat). Since BCL-2 was expressed at the highest 

levels in the cell lines, we also performed Q-RT-PCR analysis to quantitate BCL-2 expression. 

Interestingly, although Bcl-2 transcripts were detected in all cell lines (figure 4.8A), SNT15 

and MEC04 cells expressed the highest levels of Bcl2 transcripts, which was not similarly 

reflected at the protein level in figure 4.7.   

Tumour cells typically exhibit high levels of pro-apoptotic members of the BCL-2 family and 

this is thought to be due to high cellular stress. However, this was not universally the case 

for the pro-apoptotic proteins examined here. The EBV-encoded oncogene LMP1 has a 

well-established relationship with the anti-apoptotic members of the BCL-2 family where 

it has been shown to induce expression of BCL-2, MCl-1 and BFL-1 (Henderson et al., 1991, 

Wang et al., 1997, D'Souza et al., 2000, Rowe et al., 1994). However, the contribution of 

LMP1 to the biology of T and NK cells is currently less wll understood. LMP1 transcripts 
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were therefore also measured in the same qRT-PCR experiments described above (figure 

4.8D). As expected from reports in other cell types, LMP1 levels inversely correlated with 

the levels of Bcl2l11 transcripts (figure 4.8E). Interestingly, LMP1 also held an inverse 

correlation with Bid levels but no such relationship with pro-survival Bcl-2 was observed. 

The BCL-2 family expression data described above suggest that low levels of pro-apoptotic 

BH3-only proteins could mediate the survival of these cells in the steady state. Low BIM 

expression associated with cancer progression was discussed in section 1.3.3 Pro-apoptotic 

members. However, it is not unexpected that cells express low BIM in the absence of an 

apoptotic stimuli. Alternatively, cell survival could be mediated by the activity of a pro-

survival member of the BCL-2 family. Variable levels of MCL-1 and BCL-XL were expressed 

across the cell line panel, however, high BCL-2 expression was consistent. It could therefore 

be predicted that BCL-2 is the conserved mediator of cell survival in EBV-positive T and NK 

cells. 
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Figure 4.7 Expression of BCL-2 family members in T and NK cell lines in the absence of stress. 
Western blot analysis was performed in order to detect the presence of members of the BCL-2 
family of apoptosis regulators at the protein level in EBV-positive T and NK cell lines. BL cell lines 
BL2, BL41, Kem-BL and Sav-BL were included as antibody controls. Data presented are 
representative of three independent experiments.  
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Figure 4.8 Comparison of the expression of BCL-2 family members with the expression of LMP1. 
Expression of A) Bcl-2, B) Bid, C) Bim (Bcl2l11) and D) LMP1 transcripts were measured by qRT-PCR 
during steady state. For cellular genes, raw Ct values were normalised to PGK1 expression and 
subjected to ΔΔCt calculation and presented as relative to Jurkat cells. LMP1 transcripts were 
calculated based upon a standard curve generated from AQ plasmid serial dilutions. E) Spearman 
rank correlation coefficients of LMP1 expression compared against expression of Bcl-2, Bid and Bim. 
Data presented are representative of three independent experiments performed in duplicate. AQ, 
absolute quantification. 
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4.5.2 BH3 mimetic drugs 

The survival and sustained growth of cells can be dependent on one pro-survival member 

of the BCL-2 family or on several. In tumour cells this dependency may reflect the normal 

dependency of the progenitor cells on a particular BCL-2 family protein or it can be 

associated with overexpression, post-translational deregulation or aberrant binding of pro-

survival BCL-2-like proteins to pro-apoptotic members of this family. To determine 

functionally if the EBV-positive T and NK cells were reliant upon a particular pro-survival 

BCL-2 family member for their sustained growth, cells were treated with BH3 mimetic 

drugs of differing specificities (figure 4.9A) (supplementary table 2) and their survival 

determined using a flow cytometric assay (staining with PI plus Annexin V). Generally, 

across all cell lines, BH3 mimetic drugs targeting BCL-XL proved most effective. 

All 8 T and NK cell lines demonstrated little to no response to BCL-2 inhibition by ABT-199 

(figure 4.9B), even at high doses of 5 uM. However, the inhibition of BCL-2, BCL-XL plus BCL-

W with ABT-737 led to notable induction of cell death in all cell lines (figure 4.9C), especially 

at the higher dose of 5 uM when cell viability was decreased to <60% in all but one of these 

cell lines. The greatest percentage of cell death was observed in the CAEBV cell lines NKC1 

and SNT16 with the lowest effect observed in SNK6 cells — 90% and 71% viability at 0.5 

uM and 5 uM, respectively. Single inhibition of BCL-XL with A-1331852 (figure 4.9D) 

resulted in a similar rate of killing in the cell lines as treatment with ABT-737. This suggests 

that these cells are reliant on BCL-XL rather than BCL-2 or BCL-W. Interestingly the low dose 

of 0.5 uM A-1331852 induced almost as much cell killing as the higher dose of 5 uM. 
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Treatment with the MCL-1 specific inhibitor, S63845, only produced measurable cell killing 

in SNT15 cells (figure 4.9E). The high dose of 5 uM S63845 only induced <20% cell death in 

all other cell lines tested. BH3 mimetics were tested at concentrations up to 5 uM at 24 

hours as this was comparable to their previous use in the assessment of human cancer cell 

lines (Leverson et al., 2015a). 
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Figure 4.9 Cell survival 
analysis of EBV-positive T 
and NK cells following 
treatment with BH3 
mimetic drugs. A) 
Specificities of the BH3 
mimetic drugs used: ABT-
199 (inhibitor of BCL-2), 
ABT-737 (inhibitor of BCL-
2, BCL-XL and BCL-W), A-
1331852 (inhibitor of BCL-
XL) and S63845 (inhibitor 
of MCL-1). EBV-positive T 
and NK cells were treated 
as indicated then stained 
with Annexin V and PI to 
determine survival where 
PI-/Annexin V- double 
negative cells were 
normalised to DMSO-only 
controls and then plotted. 
Cells were treated with 
either B) ABT-199, C) ABT-
737, D) A-1331852 or E) 
S63845 at the indicated 
concentrations for 24 
hours. Data presented are 
mean ±SE of three 
independent experiments 
performed in triplicate.  
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4.5.3 Treatment with combinations of BH3 mimetic drugs 

In order to determine whether inhibition of multiple pro-survival BCL-2 proteins could 

enhance apoptosis in the cell line panel, cells were treated with combinations of BH3 

mimetic drugs (figure 4.10 and 4.11). As we had already inferred that BCL-XL inhibition was 

an effective strategy, we focused on targeting BCL-XL in addition to other BCL-2-like pro-

survival proteins. We initially did this by comparing the effectiveness of A-1331852 (which 

targets BCL-XL alone) against ABT-737 (which targets BCL-XL in addition to BCL-2 and BCL-

W). We predicted that ABT-737 would induce a greater percentage of apoptosis due to its 

ability to inhibit additional pro-survival proteins beyond BCL-XL. However, cell killing was 

not significantly greater when compared to the single inhibition of BCL-XL by A-1331852. 

This observation was made in 7 of 8 T/NK cell lines with the exception of NKC1 (figure 

4.11C) where the apoptosis was slightly increased by additional inhibition of BCL-2 and BCL-

W by utilising ABT-737 to treat the cells. The expression of BCL-W has been shown to 

contribute to survival in models of BL (Adams et al., 2017a) but has not been shown to be 

a factor of survival or to be expressed in T or NK cells. The absence of BCL-W in our T and 

NK cell lines of interest was assumed when interpreting the results in this chapter. From 

these data, we suspected that the additional inhibition of BCL-2 did not enhance the level 

of apoptosis.  

ABT-737 and ABT-199/A-1337852 co-treatment both inhibit BCL-2 and BCL-XL, therefore it 

could be predicted that both treatments would elicit similar levels of survival. Although not 

significantly different with the exception of SNK6 cells, the cell lines tolerated ABT-737 

treatment better vs ABT-199/A-1331852 co-treatment. This is perhaps simply due to the 
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greater total amount of drug (5 uM of a single drug vs. 5 uM for each of two drugs) or it 

could be due to the greater efficiency of apoptotic induction by ABT-737 in BCL-2-

dependent cells compared to BCL-XL-dependent cells, as previously reported (Rooswinkel 

et al., 2012). As BCL-XL appears to be the important pro-survival factor, the preferential 

binding to BCL-2 by ABT-737 could diminish its killing potency in cells that rely on BCL-XL 

for survival.  

We next investigated the potential of targeting MCL-1 in addition to BCL-XL. We did this by 

treating cells with A-1331852 in combination with the MCL-1 specific BH3 mimetic, S63845. 

In all cell lines, this combination was the most effective inducer of apoptosis. SNT15 cells 

demonstrated the greatest susceptibility to this drug combination, with only 6.5% viability, 

and were also the only cell line susceptible to S63845 as a single agent (figure 4.11A).  

Despite the lack of observed cell death in single treatments using ABT-199 or S63845, these 

compounds were used in combination to determine whether the inhibition of both BCL-2 

and MCL-1 could induce apoptosis in the cell line panel. With the exception of SNK6 cells, 

this combination was a more effective inducer of apoptosis than single treatments with 

either ABT-199 or S63845 alone. However, despite targeting more pro-survival proteins, 

the combination of ABT-199 plus S63845 was generally not as effective as targeting BCL-XL 

alone by A-1331852. These data suggest that EBV-positive T and NK cells demonstrate the 

highest reliance on BCL-XL for survival followed by MCL-1. 
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Figure 4.10 Cell survival analysis following combination treatments with BH3 mimetic drugs. A) 
SNK1, B) SNK6, C) SNT8 and D) SNT13 cells were treated with BH3 mimetic drugs, then stained with 
Annexin V and PI to determine survival where PI-/Annexin V- double negative cells were normalised 
to DMSO-only controls and then plotted. Cells were treated with 5 uM of the indicated drug for 24 
hours. Data presented are mean ±SE of three independent experiments performed in triplicate.  
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Figure 4.11 Cell survival analysis following combination treatments with BH3 mimetic drugs. A) 
SNT15, B) MEC04, C) NKC1 and D) SNT16 cells were treated with BH3 mimetic drugs, then stained 
with Annexin V and PI to determine survival where PI-Annexin V- double negative cells were 
normalised to DMSO-only controls and then plotted. Cells were treated with 5 uM of the indicated 
drug for 24 hours. Data presented are mean ±SE of three independent experiments performed in 
triplicate.  
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4.6 Establishment of a mouse model of disease 

Therapeutic compounds identified by HTS need validation in vitro and in vivo as part of the 

pre-clinical examination process. With respect to EBV-positive T and NK cell disease, the in 

vitro efficacy can be determined by the ability of compounds of interest to induce apoptosis 

in patient derived cell lines. However, options for the examination of the efficacy and 

potential toxicity of such compounds in vivo remain limited. To develop an in vivo model 

of disease, we took the approach of developing a cell line-based xenograft model into 

immune-compromised mice.  

To date, from our panel of T and NK cell lines, only SNK6 cells have been reported to 

successfully grow as xenotransplants in immune-deficient mice (Siddiquey et al., 2014). 

However, the ability of the remaining cell lines to be successfully transplanted into 

immune-deficient mice is currently unknown. To test this, the EBV-positive T and NK cell 

lines were xenotransplanted into NOD-SCID IL-2rγ-/- (NSG) mice which were then 

monitored for tumour growth and other illness endpoint criteria that may be indicative of 

tumour growth/dissemination. The aim of this was to obtain a consistent method of 

tumour cell transplantation that would most efficiently and reproducibly lead to tumours 

in mice using a variety of T/NK cell lines.  

The route of injection of human cell lines into mice can influence how readily the cells grow 

as transplants. Generally speaking, injection of human cells into the tail vein, as is done for 

mouse lymphoma cells, does not work well and often leads to the tumour cells lodging in 

the lungs or being cleared before they can grow (G.L. Kelly, personal communication). 



 

 

 167 

Instead, xenotransplants are often established through transplantation of cells by 

subcutaneous or intraperitoneal injection.  

Initially we decided to transplant the cells into the NSG mice by subcutaneous injection as 

these tumours are more readily palpable versus intraperitoneal tumours — therefore 

leading to less subjectivity in determining the experimental endpoint. Due to the irregular 

kinetics of tumour growth in early studies, tumour size over time was not recorded but 

only the number of days required to reach maximal tumour size (tumour latency).  

SNK6 and SNT15 cells (figure 4.12B and E) successfully formed subcutaneous tumours, 

following injection of 2x106 cells, in all 3 mice at 47 days and 33 days, respectively. This 

establishes their suitability for in vivo experimentation. In three other cell lines — SNT8, 

SNT13 and MEC04 (figure 4.12C, D and F) — subcutaneous tumours were formed in 1 of 3 

recipient mice. Unfortunately, SNK1, NKC1 and SNT16 cells (figure 4.12A, G and H) did not 

form tumours in any of the subcutaneously injected mice and did not cause any visual signs 

of tumour growth or significant weight loss. These three cell lines were therefore not taken 

forward into any further experiments due to a lack of any indication that they could be 

grown in NSG mice.  

In an effort to increase the efficiency of transplantation with the SNT8, SNT13 and MEC04 

cell lines, the number of cells injected was increased to 5x106 cells (from 2x106 cells) per 

subcutaneous injection. With SNT8 cells (figure 4.12C), the success of tumour formation 

remained at 1/3 mice, whereas the success rate increased to 3/3 mice for the SNT13 and 

MEC04 cell lines (figure 4.12D and E).  
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An alternative approach to the above experiments is to deliver the cells via intraperitoneal 

administration. This increases the potential number of sites for the injected malignant cells 

to establish growth and often produces more representative tumour models, since cells 

can track to microenvironments that are more conducive for growth. For this reason, 

intraperitoneal injections of human cells into NSG mice were attempted with selected cell 

lines. Tumour cells could be expected to spread throughout the animal body, into primary 

and secondary lymphoid organs in particular. Intraperitoneally injected mice that received 

5x106 SNK6 or MEC04 cells developed tumours with a success rate of 3 from 3 mice per cell 

line (figure 4.12B and F). However, SNT15 cells when transplanted by intraperitoneal 

injection did not produce tumours in any of the recipients, despite successful 

transplantation via subcutaneous injections (figure 4.12E).  

Collectively, the findings from these experiments show that under appropriate conditions 

(injection route and cell number) SNK6, SNT13, SNT15 and MEC04 cells can consistently 

form tumours in NSG mice. Within an experimental timeframe of 50 days, tumours can be 

formed using SNK6 cells (subcutaneous or intraperitoneal administration), SNT15 cells 

(subcutaneous) and MEC04 cells (intraperitoneal). Although it would have been preferable 

to repeat these experiments to increase the number of mice and give greater confidence 

in the latency times, this could not be done due to time restraints. Therefore, these models 

were taken forward for the in vivo assessment of the BH3 mimetic drug, A-1331852, that 

had previously demonstrated in vitro activity. 
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Figure 4.12 NSG xenograft protocol optimisation using EBV-positive T and NK cell lines. Cells were 
injected either subcutaneously or intraperitoneally at doses of either 2x106 or 5x106 cells, as 
indicated. Recipient mice were monitored for tumour burden and other illness endpoint criteria for 
180 days. Indicated survival represents tumour-free survival. Each experimental arm included 3 
recipient mice. 
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4.7 BH3 mimetic drug mediated inhibition of BCL-XL in vivo 

4.7.1 Subcutaneous models 

The development of a mouse model of EBV-positive T and NK cell disease above was a 

significant progression and enabled in vivo testing of BH3 mimetic drugs of interest that 

had shown in vitro efficacy. As outlined in figure 4.9, BCL-XL inhibition was most effective 

at killing T and NK cell lines in vitro. This BCL-XL inhibition could be mediated by the BH3 

mimetics A-1331852 and ABT-737 but only A-1331852 was investigated further due to its 

exclusive specificity for BCL-XL. Thus far, we have only demonstrated A-1331852 to act as 

a research tool in identifying BCL-XL dependency, whereas in the experiments described 

below focus on the therapeutic potential of this compound in an animal model of disease.  

In order to examine the possibility that BCL-XL inhibition by A-1331852 may be of 

therapeutic value for EBV-associated T and NK cell disease, xenotransplanted NSG mice 

were treated with this drug and monitored for disease burden. The experiment was 

performed as presented in figure 4.13A. Here, SNK6 or SNT15 cells were subcutaneously 

injected before daily delivery of A-1331852 or vehicle between 7 and 13 days post-

xenografting. 

A delay in tumour latency was observed in the drug-treated group compared to the vehicle-

treated group in SNK6 cell-transplanted mice with median tumour latencies of 56 and 37 

days, respectively (figure 4.13B). However, no significant difference between the two 

treatment groups was observed for SNT15 cell-transplanted mice (figure 4.13E). 

Comparable tumour burden, as determined by tumour weight, at time of sacrifice was 
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confirmed in the drug vs vehicle treated mice (figure 4.13C and F). For both vehicle and 

drug treated mice, transplanted with either cell line, no observable difference between 

spleen weight was detected in the sick mice (figure 4.13D and G). However, SNT15 cells 

appeared to more efficiently disseminate into lymphoid organs compared to SNK6 cells, as 

indicated by the approximate 4-fold difference in spleen weights between the two cell lines 

— mean weights 0.045 g (SNK6) vs 0.125 g (SNT15) — although the increased weight was 

not confirmed to be tumour infiltrate. The tumour latency for the SNT15 cell transplanted 

mice was more variable in this experiment (range 39-81 days, for both groups) than in the 

previous experiment shown in figure 4.12 (33 days, all mice).  The SNT15 cell 

xenotransplant model is very sensitive to differences in cell number, as shown in figure 

4.12C where transplantation of 2x106 cells did not give rise to tumours whereas 

transplantation of 5x106 cells gave tumours in all injected mice at 33 days.  Therefore, any 

slight discrepancy in cell number or fitness of the cells at the time of injection may account 

for the difference in tumour latency observed.  

Immediately before sacrifice of tumour burdened mice, bleeds were taken for 

haematological analysis. Total white blood cell (WBC) counts were recorded — including 

lymphocyte, monocyte and neutrophil counts — as well as red blood cell (RBC) and platelet 

counts.  This analysis was performed to monitor the tumour burden in the peripheral blood 

of mice and could also be used to determine whether the drug treatment had exerted a 

long-term impact on specific blood cell types. For both SNK6-transplanted mice (figure 

4.14) and SNT15-transplanted mice (figure 4.15), no significant differences were found in 

any of the analysed cell types. Due to the association of BCL-XL inhibition with 
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thrombocytopenia (Roberts et al., 2012, Wilson et al., 2010), platelet counts were of keen 

interest. Interestingly, no significant difference was observed in platelet counts between 

vehicle-treated vs drug-treated mice in SNK6 or SNT15 cell transplanted mice (figure 4.14B 

and 4.15B). However, there was a trend towards higher platelet counts in the drug treated 

mice, perhaps suggesting that there was a compensatory effect at these later time points 

due to loss of platelets at earlier time points after A1331852 treatment. This indicated that, 

whilst not lethal to the mice, future experiments should monitor the platelet counts at 

earlier time points following A1331852 treatment. Overall, these experiments show that 

mice could tolerate A-1331852 treatment and that BCL-XL inhibition could significantly 

delay tumour growth, resulting in a longer tumour latency in mice transplanted with SNK6 

cells, but not in mice transplanted with SNT15 cells. 
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Figure 4.13 Tumour latency of A-1331852-treated NSG mice in subcutaneous transplant models. 

NSG mice were injected with 2x10
6
 SNK6 or SNT15 cells in 200 uL PBS at day 0. Oral gavage delivery 

of either A-1331852 (50 mg/kg body weight) or DMSO occurred daily between day 7 and 13 
inclusive. Mice were monitored for endpoint illness criteria for up to 180 days. Mice were bled 
immediately before sacrifice for haematological analysis. Tumour and spleen were surgically 
harvested and weighed post-mortem. N = 3.  
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Figure 4.14 Haematological analysis of A-1331852-treated NSG mice with subcutaneous SNK6 
tumours. The experiment was performed as outlined in figure 4.13A. Blood samples were taken 
immediately prior to sacrifice of tumour-burdened NSG mice xenotransplanted with SNK6 cells. 
Peripheral blood cell populations were determined by the ADVIA blood analyser system. Each 
experimental arm included 3 mice.  
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Figure 4.15 Haematological analysis of A-1331852-treated NSG mice with subcutaneous SNT15 
tumours. The experiment was performed as outlined in figure 4.13A. Blood samples were taken 
immediately prior to sacrifice of tumour-burdened NSG mice xenotransplanted with SNT15 cells. 
Peripheral blood cell populations were determined by the ADVIA blood analyser system. Each 
experimental arm included 3 mice.  

 

 

 

 

 

 

 



 

 

 176 

4.7.2 Intraperitoneal models 

The experiments described above demonstrated successful application of subcutaneous 

engraftment models of EBV-positive T and NK cell disease. We were able to assess the 

effectiveness of the BCL-XL inhibitor A-1331852 as a clinical compound to treat such 

diseases where we saw a delay in tumour latency with SNK6 cell engrafted mice, whereas 

no significant difference was observed with SNT15 cell engrafted recipients. However, we 

were interested to examine whether intra-peritoneal tumours were more accessible, and 

therefore more susceptible, to treatment with the BCL-XL inhibitor A1331852 than sub-

cutaneous tumours. 

A xenograft drug treatment experiment was performed with intraperitoneal tumour 

transplanted mice as described in figure 4.16A. Cohorts of NSG mice were transplanted 

with either 5x106 SNK6 cells or 5x106 MEC04 cells. Both cell lines had previously been 

shown to readily form tumours under these conditions (figure 4.12B and -F). Tumour 

latency, endpoint illness criteria and changes in blood cell compartments were monitored. 

The experiment was modified to obtain peripheral blood from mice for haematological 

analysis throughout the transplant and drug treatment protocol to monitor the impact of 

BCL-XL inhibition on the normal blood cells, in particular the platelet counts.  

A delay in tumour latency in A-1331852-treated mice was statistically significant vs control 

mice (median latency of 60 days vs 40 days) upon transplantation with SNK6 cells (figure 

4.16B) but not in mice transplanted with MEC04 cells (figure 4.16E). Spleen and tumour 

weights were recorded post-mortem with no difference between the two treatment 
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groups at endpoint in mice engrafted with either cell line suggesting mice were sacrificed 

with comparable disease burden. A delay in tumour latency in SNK6 mice treated with A-

1331852 has now been observed in both subcutaneous and intraperitoneal models (figure 

4.13A and 4.16A).  

Analysis of survival, tumour weight, spleen weight or haematology had required the 

exclusion of mice in certain incidences (summarised table 4.3 below). The survival curve 

depicted in figure 4.16E, representing A-1331852-treated vs vehicle control treated mice 

transplanted with MEC04 cells, excludes two mice that died without tumour formation. 

Mouse #1162, treated with vehicle, died of unknown causes after 13 days post 

xenotransplant. Post-mortem analysis was not possible due to the late discovery of the 

animal. Mouse #1163, treated with A-1331852, was sacrificed 14 days after xenotransplant 

due to rapid weight loss and breathing difficulty. Post-mortem analysis of mouse #1153 

revealed that the cause of this suffering was due to an overdistended large intestine that 

was filled with air, although no blockage could be found. The inclusion of mice #1162 and 

#1163 into survival analysis did not affect the previous outcome of no statistical difference 

between the two treatment groups (figure 4.16H). Additionally, the spleen weights for 

mice #1145 (SNK6, control group) and #1161 (MEC04, control group) were not recorded 

due to a researcher not being available at the time of sacrifice (figure 4.16D and G).  

 

 

 



 

 

 178 

Table 4.3 Summary of mice excluded from analysis. 

     
Mouse  Cell  Treatment  Excluded  Reason 

number line group analysis 
 

1145 SNK6 Vehicle Spleen weight Researcher not available 

1161 MEC04 Vehicle Spleen weight Researcher not available 

1162 MEC04 Vehicle Tumour-free survival Died without lymphoma  

   
Tumour weight development. 

   
Spleen weight Post-mortem not possible. 

      Haematology (death) Cause of death unknown. 

1163 MEC04 A-1331852 Tumour-free survival Died without lymphoma  

   
Tumour weight development. 

   
Spleen weight Other illness endpoint  

      Haematology (death) criteria reached. 

 

Throughout the course of the experiment, blood was analysed using the ADVIA automated 

haematology system. Bleeds were taken pre-xenograft, pre- and post-treatment and 

immediately before death. The tumour burdened mice showed no difference in platelet 

counts between the control and drug treatment groups at the time of death (figure 4.17B). 

However, SNK6 cell transplanted mice receiving A-1331852 did present with a clear 

decrease in platelet counts (mean 2.48 x 105 cells per uL) compared to control mice (mean 

1.76 x 106 cells per uL) immediately post drug treatment (figure 4.17B). A similar decrease 

in platelets was observed for MEC04 cell transplanted mice immediately following 

completion of the treatment course — 1.86 x 106 and 4.48x105 cells per uL in A-1331852-

treated and vehicle-treated mice, respectively (Figure 4.18B). Notably, at the point of 

death, there was an increase in monocyte numbers in A-1331852 treated SNK6-mice 
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compared to vehicle (figure 4.17E). This difference was not present in MEC04-mice (figure 

4.18E). This suggests a possible difference in the immune response to the two cell lines. It 

can therefore be concluded that A-1331852 induced platelet death in mice, however, this 

depletion was temporary as platelet counts had later recovered and the transient 

depletion in platelets was not the cause of death in these mice.  

Overall, the xenograft models show that the BCL-XL inhibitor A-1331852 was capable of 

inducing a delay in tumour latency in SNK6 cell but not in SNT15 cell or MEC04 cell 

xenotransplanted mice. A-1331852 induced transient thrombocytopenia, but platelet 

numbers recovered and were not significantly different to vehicle-treated mice at the point 

of death. Therefore, BCL-XL inhibition in a xenotransplant model of EBV-associated NK and 

T cell lymphoma was tolerable and, in certain circumstances, efficacious. 
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Figure 4.16 Tumour latency of A-1331852-treated NSG 
mice in intraperitoneal models. NSG mice were 

injected with 5x10
6
 SNK6 cells or MEC04 cells in 200 uL 

PBS at day 0. Oral gavage delivery of either A-1331852 
(50 mg/kg body weight) or DMSO occurred daily 
between day 7 and 13 inclusive. Mice were monitored 
for endpoint illness criteria for up to 180 days. Mice 
were bled immediately before sacrifice for 
haematological analysis. Tumour and spleen were 
surgically harvested and weighed post-mortem. (n) 
Number of mice per treatment group. 
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Figure 4.17 Haematological analysis of A-1331852-treated NSG mice with subcutaneous SNK6 
tumours. The experiment was performed as outlined in figure 4.16A. Blood samples were taken at 
time points indicated from tumour-burdened NSG mice xenotransplanted with SNK6 cells. 
Peripheral blood cell populations were determined by the ADVIA blood analyser system. Each 
experimental arm included 3 mice.  
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Figure 4.18 Haematological analysis of A-1331852-treated NSG mice with subcutaneous SNT15 
tumours. The experiment was performed as outlined in figure 5.9 (top). Blood samples were taken 
at time points indicated from tumour-burdened NSG mice xenotransplanted with SNK6 cells. 
Peripheral blood cell populations were determined by the ADVIA blood analyser system. Each 
experimental arm included 3 mice.  
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4.7.3 Tumour cell dissemination in intraperitoneal models 

In human lymphomas, malignant cells can infiltrate local tissues and spread to multiple 

organs, although typically to the spleen and bone marrow. The novel engraftment 

protocols for EBV-positive T and NK cell lines into NSG mice described above have proved 

that such cells can form tumours at the sites of injection. However, no data exist with 

respect to dissemination of these malignant cells to other tissues within the recipient 

animal. To address this unknown element of our model, immunohistochemistry (IHC) was 

performed on multiple organs harvested post-mortem from tumour transplanted mice. 

This allows the identification of infiltration sites. The organs assessed included spleen, 

kidney, lung, heart and sternum (for bone marrow infiltrate), and they were chosen based 

on common sites of infiltration. The preliminary histological examinations using H&E stains 

alone were inconclusive for tumour cell infiltrate, into the spleen in particular, due to the 

irregular structure of lymphoid tissue in immune-deficient NSG mice — as judged by clinical 

haematologist Dr Brandon Aubrey, WEHI. Therefore, we incorporated an antibody against 

human CD45, a general lymphocyte marker, into the IHC protocol to specifically identify 

the human lymphoma cells in the mouse organs. Using this method, we also aimed to 

determine if treatment of the lymphoma xenotransplanted mice with A-1331852 could kill 

or prevent cells from establishing growth in other organs. To investigate this, we applied 

the IHC staining for human CD45 to organs collected from recipient NSG mice 

intraperitoneally injected with SNK6 cells or MEC04 cells and treated with either A-

1331852 or vehicle (control). Representative tissue sections from selected mice are 

presented in figure 4.19. 
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Positive staining for human CD45 presented as dark brown staining at the cellular 

membrane of tissue sections. As shown in figure 4.19, substantial tumour infiltrates were 

observed in the spleen, sternum and kidney of mice injected with SNK6 cells or MEC04 

cells. MEC04 cells also migrated into the liver and lung but this was not observed in mice 

that had been injected with SNK6 cells, although some non-specific staining was evident 

within the liver. However, no tumour cells had disseminated to the heart in either SNK6 

cell or MECO4 cell transplanted mice. The presence of tumour cells in the spleen, sternum, 

kidney, liver and lungs did not differ between mice treated with the BCL-XL inhibitor or with 

vehicle. This suggests that A-1331852 treatment could not prevent tumour cell metastasis 

in any of the analysed organs.  

The data presented here suggest that MEC04 cells have a greater ability to spread to a 

wider range of organs compared to SNK6 cells.  MEC04 cells migrated to 5 of 6 organs 

analysed, whereas SNK6 cells only migrated to 3 of 6. No difference in the number of organs 

infiltrated by tumour cells was found between A-1331852-treated vs vehicle-treated mice 

although the extensiveness of infiltrate was not quantitated.  

 

 

 

 

 

 



 

 

 185 

 

 

Figure 4.19 Histological analysis of A-1331852-treated NSG mice with intraperitoneal injection of 
SNK6 or MEC04 tumours. The experiment was performed as outlined in figure 4.16A. Organs were 
harvested from sick mice post-mortem, fixed and stained with human CD45 specific antibody. Data 
shown are stained sections representative of entire organs and of representative mice for each 
treatment arm. Positive control demonstrated by brown staining of tumour sections (top row).  
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4.8 The effect of IL-2 depletion on the sensitivity to BH3 mimetic drugs 

4.8.1 Expression of BCL-2 family members and LMP1 

Various members of the BCL-2 family can be regulated by signalling pathways activated by 

cytokine-cytokine receptor interactions — a consideration we next investigated in order to 

understand the different sensitivities to the BCL-XL inhibitor A-1331852 observed in vitro 

and in vivo. More specifically, the IL-2-rich environment in which the EBV-positive T and NK 

cells are cultured in vitro is not representative of their in vivo growth conditions in NSG 

mice. NSG mice lack mature mouse lymphocytes capable of producing IL-2 (Shultz et al., 

2005). Therefore, lymphoma cells injected into NSG mice are growing in an IL-2-depleted 

environment and we hypothesised that this may affect the expression of the pro-survival 

BCL-2 family members and consequently the response of these lymphoma cells to BCL-XL 

inhibition. After 48 hours of IL-2 depletion, cell viability remains at approximately 50-80% 

(depending on the cell line) relative to control cells grown in media containing IL-2 (L. 

George, unpublished). 

In order to mimic the loss of IL-2 that occurs in vivo, EBV-positive T and NK cells were grown 

in vitro in the absence of IL-2, then assessed for BCL-2 family member expression by 

Western blotting at 24, 48 and 72 hours (figure 4.20 and supplementary figure 2).  At 72 

hours, all 8 cell lines displayed a decrease in BCL-XL and BCL-2 expression. At varying time 

points, MCL-1 protein expression increased in 6 of 8 cell lines: SNK1, SNT8, SNT13, NKC1 

cells and most notably in SNT15 and MEC04 cells.  
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The expression of viral LMP1 has been reported to be regulated by IL-2 in EBV-positive T 

and NK cell line panel (Takahara et al., 2006). The level of LMP1 protein was therefore also 

monitored by Western blotting over the time course of the experiment (figure 4.20). In all 

cell lines in which LMP1 could be detected (with the exception of LMP1low/- MEC04 cells), 

its expression decreased by 24 hours post-IL-2 removal and continued to do so until 72 

hours.    

Collectively, these data suggest that IL-2, a cytokine previously demonstrated to be 

required for in vitro survival and proliferation of EBV-positive T and NK cell lines, influences 

the BCL-2 family member expression profile and viral LMP1 expression in a potentially 

interlinked signalling axis. The change in expression levels of the BCL-2 pro-survival 

proteins following IL-2 depletion may be anticipated to affect sensitivity to BH3 mimetic 

drugs. 
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Figure 4.20 Expression of pro-survival BCL-2 family members and viral LMP1 after IL-2 
withdrawal. A time course experiment was performed on EBV-positive T and NK cell lines at 24, 48 
and 72 hours post IL-2 withdrawal. Pro-survival BCL-2 family members BCL-XL, MCL-1 and BCL-2 and 
the viral oncoprotein LMP1 were detected by Western blotting. Probing for HSP70 was used as a 
loading control. IL-2-deprived lymphoma cells were treated with 25 uM QVD-OPH (broad spectrum 
caspase inhibitor) at 0 h to prevent degradation of proteins due to apoptosis. Data are 
representative of two independent experiments.  
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4.8.2 Response to BH3 mimetic drugs 

As described above, the reduction of IL-2 leads to alterations in the expression of BCL-2 

family members. It could thus be predicted that such changes in expression alter responses 

to treatment with BH3 mimetic drugs. To test this hypothesis, EBV-positive T and NK cells 

were cultured in vitro in the absence of IL-2 for 48 hours, treated with selected BH3 

mimetic drugs for 24 hours and the survival of the cells analysed (figure 4.21).  The BH3 

mimetic drugs A-1331852, ABT-199 and S63845 were selected for treatment of the cell 

lines due to their individual specificities for BCL-XL, BCL-2 and MCL-1, respectively. The cell 

lines SNK6, SNT15 and MEC04 were selected for examination due to their use in the NSG 

xenograft models and in vivo A-1331852 treatment experiments. Under IL-2-deprived 

conditions, the absolute viability of untreated MEC04 cells was less than approximately 

30%, and therefore too low to interpret the additional effect of treatment with the BH3 

mimetic drugs. Therefore, only data from the experiments with SNK6 and SNT15 cells are 

shown.  

In the absence of IL-2, SNK6 cells demonstrated a statistically significant increase in 

sensitivity to A-1331852, ABT199 and most dramatically to MCL-1 inhibition by S63845 

(figure 4.21A, -C and -E). SNT15 cells depleted of IL-2, conversely became less sensitive to 

BCL-XL inhibition by A-1331852 (figure 4.21B) but dramatically more sensitive to MCL-1 

inhibition by S63845, particularly at the lowest concentration of 0.2 uM (mean 4.2% 

viability in the absence of IL-2 vs 72.8% viability in the presence of IL-2) (figure 4.21D).  
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These results potentially explain the difference in sensitivity to the BCL-XL inhibitor A-

1331852 observed in mice xenotansplanted with SNK6 cells or SNT15 cells. BCL-XL 

inhibition was effective at delaying tumour growth in mice transplanted with SNK6 cells, 

consistent with these cells becoming more BCL-XL dependent in the absence of IL-2. 

Conversely A-1331852 treatment of mice transplanted with SNT15 cells could not delay 

tumour growth, consistent with these cells becoming less dependent on BCL-XL in the 

absence of IL-2. The in vitro data would suggest that treatment of the SNT15 cell 

xenotransplanted mice with S63845 would be more effective at delaying tumour growth in 

vivo since these malignant cells were much more MCL-1 dependent following withdrawal 

of IL-2.  
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Figure 4.21 Cell survival analysis of IL-2 deprived SNK6 cells and SNT15 cells following treatment 
with BH3 mimetic drugs. Cells were deprived of IL-2 for 48 hours then treated with BH3 mimetic 
drugs for 24 hours. Cells were then stained with Annexin V and PI to determine survival where 
PI_/Annexin V- double negative populations were normalised to DMSO-only controls and then 
plotted. Cells were treated with either ABT-199, A-1331852 or S63845 at the indicated 
concentrations for 24 hours. Data presented are mean ±SE of three independent experiments 
performed in triplicate. *p<0.05.  

 

 

 



 

 

 192 

4.9 Discussion 

ENKTL exhibits a poor response to chemotherapy and high rates of relapse are common in 

those patients that do show initial remission (Au et al., 2009, Wang et al., 2012). ENKTL 

patients have traditionally been treated with the CHOP chemotherapy regimen although 

recently there has been an adoption of the SMILE regimen. This adjustment was made 

following suggestions that CHOP resistance was mediated via the expression of the multi-

drug efflux pump, p-glycoprotein (Yamaguchi et al., 1995, Yoshimori et al., 2015). The three 

questions we intended to answer in this results chapter are: 1) Is SMILE an effective anti-

tumour treatment regimen? 2) How do EBV-positive T and NK cells evade cell death 

induced by genotoxic anti-cancer agents? 3) Which therapeutic options are effective in 

inducing cell death? 

To answer the above questions, we first assessed the ability of clinically relevant anti-

cancer agents to induce cell death in the available panel of cell lines. Secondly, we 

attempted to determine the mechanism of resistance to cell death by assessing multiple 

factors: drug efflux by p-glycoprotein; deregulation of the p53 pathway; and deregulation 

of the BCL-2 family of apoptosis regulators. Finally, we assessed the susceptibility of the 

lymphoma cells to therapeutic targeting of the BCL-2 family with BH3 mimetic drugs in vitro 

and in vivo. 

As mentioned, the SMILE regimen was adopted to treat ENKTL due to the expression of 

ABCB1/p-glycoprotein. However, two key components of the regimen, the genotoxic 

agents etoposide and methotrexate, have unclear relationships with the drug efflux pump. 
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Etoposide was included in the regimen due to its ability to induce apoptosis in the ENKTL 

cell line NK-YS despite the demonstration that etoposide is a substrate for p-glycoprotein 

mediated efflux (Uno et al., 2001, Leu and Huang, 1995). However, mutational studies 

suggest that ABCB1 mutations are not a factor in etoposide resistance in cell lines 

(Jaffrezou et al., 1994). With regards to methotrexate, selected clones from human 

leukaemic cell lines that showed methotrexate resistance had increased ABCB1 expression. 

Methotrexate susceptibility was then partially restored by treatment with a p-

glycoprotein-targeting monoclonal antibody (Norris et al., 1996). Although it appears 

agreed that methotrexate is a p-glycoprotein substrate, its method of cellular entry 

(diffusion or transporter) affects its likelihood of interacting with p-glycoprotein and 

therefore cellular efflux (de Graaf et al., 1996).  

The effectiveness of etoposide and methotrexate in a broad range of ENKTL (or CAEBV) cell 

lines has not been demonstrated previous to this study. Although susceptibilities were 

variable across the cell line panel, we show that even high concentrations of either 

compound did not induce extensive cell killing. P-glycoprotein expression/functionality 

was only demonstrable in 4 of 8 ENKTL/CAEBV cell lines tested, suggesting that this was 

not the primary resistance mechanism. The literature appears to favour the argument that 

both etoposide and methotrexate are substrates of p-glycoprotein-mediated efflux. We 

would have therefore predicted to see etoposide/methotrexate susceptibility in the p-

glycoprotein-negative cell lines. However, this was not the case. It could be concluded that 

resistance to such compounds is not mediated by p-glycoprotein but instead by 

deregulation in cellular signalling processes. However, it is plausible that the p-
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glycoprotein-negative cell lines may have acquired additional mutations to facilitate their 

resistance to such compounds. Clinical data comparing the response to chemotherapy in 

patients with p-glycoprotein-positive versus -negative tumours would prove insightful. 

Although SMILE therapy for ENKTL appears to be the direction that the field is moving 

towards, its effectiveness is still unclear based on early clinical trials. A study of 27 newly 

diagnosed stage IV ENKTL patients combined SMILE therapy with autologous stem cell 

transplantation reported a median overall survival of 10.6 months (Kim et al., 2015). A 

phase II study from 2011 reported 19 patients who were treated with SMILE therapy with 

autologous/allogeneic stem cell transplant reported a 55% overall survival at 1 year 

(Yamaguchi et al., 2011). These reports involve small cohorts of patients but do provide 

modest improvements compared to CHOP therapy, which had a median survival of 7.8 

months (Vose et al., 2008). Perhaps the alteration of chemotherapy regimens has provided 

slight improvements in patient outcomes, but it is unlikely that these improvements have 

occurred due to the avoidance of p-glycoprotein action. From the in vitro data generated 

here, we would predict that these reported patient improvements will be limited by the 

infectiveness of etoposide and methotrexate in this disease background. 

As the mechanism of resistance to cell death remained elusive, we turned our attention to 

the p53 pathway — the deregulation of which can maintain survival in the presence of 

many genotoxic drugs. P53 sequencing of our cell lines revealed a potentially complex issue 

with respect to EBV infected T and NK cells. Interestingly, only 1 of 8 cell lines contained a 

mutation in the DNA binding domain of the p53 gene. However, sequencing of the entire 

gene is required to completely rule out mutations that occur elsewhere in the gene. 
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Despite WT p53 sequences, only 2 cell lines showed clear susceptibility to non-genotoxic 

p53 activation by the MDM2 inhibitor, nutlin-3a. Therefore, a full profile of p53 signalling 

within these cells is required to elucidate the functionality of the pathway.  

Given their role in cell death, investigation into the BCL-2 family of apoptosis regulators 

was required. The role of the BCL-2 protein family in maintaining cell survival in EBV-

positive T and NK cells had not been explored to date. Initially, we showed by protein 

expression analysis that all of the examined ENKTL/CAEBV cell lines appeared capable of 

undergoing apoptosis as each cell line expressed the pro-apoptotic effector proteins BAK 

and BAX. All cell lines also expressed pro-survival BCL-2, BCL-XL and MCL-1 proteins at 

variable levels. Following treatment with BH3 mimetic drugs, either individually or in 

combinations, it was apparent that the cell lines primarily showed a dependency on BCL-

XL for survival, and a dependency on MCL-1 was secondary. It was surprising that no 

dependency on BCL-2 was demonstrated since BCL-2 protein was expressed at the highest 

levels across these cell lines.  

Following a series of optimisation experiments, we showed that the engraftment of 

multiple human EBV-positive T and NK cell lines into NSG mice was possible. This is the first 

description of such subcutaneous and intraperitoneal injection protocols for this panel of 

cell lines. Only the SNK6 cell line had previously been described to form subcutaneous 

tumours in NOG mice, and this was the basis for these experiments (Siddiquey et al., 2014). 

The models developed in this thesis chapter were used to test the in vivo efficacy of the 

BCL-XL specific BH3 mimetic drug, A-1331852.  
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A-1331852 was selected for in vivo examination due to its ability to induce apoptosis in all 

8 EBV-positive T and NK cell lines. Although the combination of A-1331852 plus S63845 

was shown to be the most effective method of inducing the highest level of killing in these 

cell lines, this combination has been poorly tolerated in mouse leukaemia models (G. Kelly, 

unpublished). Therefore, single treatment with A-1331852 was the next logical preference. 

Also, A-1331852 has previously demonstrated efficacy in xenograft models of SCLC, breast 

and ovarian cancer (Leverson et al., 2015a).  

A delay in tumour latency was observed with SNK6 cell-transplanted NSG mice compared 

to DMSO-only controls in both subcutaneous and intraperitoneal models. However, the 

changes in tumour latency between the two treatment groups were not significant with 

SNT15 cell or MEC04 cell transplanted mice. We speculated that this is due to the changes 

in IL-2 availability to the cells. NSG mice lack the IL-2 receptor gamma chain and therefore 

cannot produce mature CD4+ T cells, the major source of IL-2 (Shultz et al., 2005, Nelson, 

2004). Therefore, xenografted ENKTL/CAEBV cells were rapidly starved of this cytokine. We 

therefore predicted that this change would alter the expression of key BCL-2 family 

members as well as the viral oncogene LMP1, as has been previously reported (Lord et al., 

1998, Takahara et al., 2006). Consistently across the cell line panel, the levels of BCL-XL 

decreased upon IL-2 deprivation and in some cell lines, importantly the SNT15 cells and 

MEC04 cells, the levels of MCL-1 increased. These changes were important as SNT15 cells 

became less sensitive to BCL-XL inhibition and switched their survival dependency to MCL-

1, as demonstrated by increased sensitivity to S63845. The concept of switching of 

dependency from one to another pro-survival BCL-2 family member has previously been 
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reported in NSCLC cell lines where inhibition of BCL-2 or BCL-XL by siRNA was only capable 

of inducing cell death when MCL-1 was also silenced (Zhang et al., 2011). In non-disease 

settings, intracellular BH3 profiling was used to demonstrate a switching of dependency 

from BCL-2 to a combination of MCL-1 plus BCL-XL in proliferating B cells when stimulated 

with either CD40/IL-4 or CpG DNA (Dai and Luftig, 2018). We report that, in EBV-positive T 

and NK cell backgrounds, MCL-1 inhibition by S63845 is only an effective strategy of cell 

killing when BCL-XL has also been targeted.  

In SNK6 cells where no increase in MCL-1 was observed following IL-2 removal, the 

sensitivity to BCL-XL inhibition remained intact and therefore a delay in tumour latency was 

observed. The determining factor that decides whether a cell will switch its dependency 

from BCL-XL to MCL-1 is currently unknown. It is however, known that inhibition of both 

pro-survival proteins will lead to extensive cell killing in vitro, although this has not yet been 

demonstrated in vivo. 

In conclusion, our findings suggest that the SMILE regimen may not be a solution for EBV-

positive T and NK cell disease due to the limited effectiveness of etoposide and 

methotrexate. The P-glycoprotein status or p53 mutational status may not be definitive 

factors when predicting resistance to chemotherapy. Instead, cellular survival is mediated 

by the pro-survival proteins BCL-XL and MCL-1. The therapeutic targeting of BCL-XL has 

shown potential here in animal models of EBV-associated T and NK cell disease. 
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5. Results III: Towards the development of novel therapies 
 

5.1 Introduction 

ENKTL patients have largely been empirically treated based upon the chemotherapy 

regimens used in other non-Hodgkins lymphomas (Young, 1992). Such regimens heavily 

rely on cytotoxic agents that target replicating DNA (e.g. the topoisomerase II inhibitor, 

etoposide). These treatments are accompanied by toxic side effects and have a small 

therapeutic window (Kobayashi and Ratain, 1994). The combination of autologous stem 

cell transplantation with chemoradiation has proved a successful treatment in many 

incidences of ENKTL (Fox et al., 2015, Teshima et al., 1996, Takami et al., 1998, Sasaki et 

al., 2000). However, most patients fail to achieve complete remission with such therapies 

and median survival of ENKTL patients remains at less than a year and therefore a targeted 

therapeutic approach is desired (Vose et al., 2008).  

It has been suggested that p-glycoprotein/multidrug resistance protein 1 (MDR-1) was a 

route of drug resistance in ENKTL, and this led to the application of the non-anthracyline-

based regimen, SMILE, which has improved short term survival rates (Yamaguchi et al., 

1995, Yamaguchi et al., 2011). The contribution of p-glycoprotein to the poor ENKTL patient 

responses to CHOP has been disputed in the previous chapter of this thesis. SMILE remains 

a difficult to tolerate chemotherapy regimen that includes the cytotoxic compounds, 

etoposide and methotrexate, which the field would ideally like to depart from.  
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The identification of novel therapeutic compounds/regimens for use in the treatment of 

ENKTL has only been attempted to a limited degree. The histone deacetylase inhibitor, 

suberoylanilide hydroxamic acid (SAHA), has shown efficacy in an ENKTL mouse xenograft 

model where the compound acted to diminish JAK-STAT signalling (Siddiquey et al., 2014, 

Karube et al., 2013). In vitro studies targeting the EBV antigen LMP1 have also been 

attempted, either directly by use of an LMP1-specific monoclonal antibody or indirectly via 

heat shock protein 90 inhibition, to induce tumour cell death (Mao et al., 2012, Suzuki et 

al., 2015).  

To thoroughly examine an array of clinically viable compounds, high-throughput screening 

(HTS) approaches can be employed. HTS approaches can repurpose drugs currently 

designed and approved for use in other disease types. The repurposing of previously 

approved compounds for use in the ENKTL setting can alleviate the need for extensive 

toxicity and safety studies and thus lead to quicker implementation in patients. The 

extensive number of compounds in an HTS compound library, which target vast numbers 

of proteins, can also reveal important details into which signalling pathways are important 

for the sustained growth and survival of the tumour cells. 

In this chapter, we describe an HTS to test 4079 compounds on a panel of T and NK cell 

lines. The selected cell lines have been screened with three compound libraries: 1) The 

kinase library – this contains 276 agents that inhibit various kinases; 2) The targeted agents 

library – this contains 73 compounds with high affinity to specified targets and; 3) The 

known drugs library – this contains approximately 3700 compounds that have been either 

clinically approved, failed in clinical trials or are currently involved in clinical trials. The data 
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generated were used to identify susceptibilities in signalling pathways and to compare 

these cell lines via shared hit analysis. Also, the most potent compounds were used to make 

suggestions for further validation and to speculate on potential therapeutic avenues for 

ENKTL and CAEBV.  

5.2 Assay optimisation 

 

The purpose of performing HTS is two-fold. Firstly, the process allows the identification of 

compounds for novel use in EBV-associated T and NK cell disease. Secondly, the 

mechanisms of action of potent compounds collectively reveal information regarding 

which signalling pathways are required for sustained growth and survival in ENKTL and 

CAEBV. A total of 6 cell lines (SNK6, SNT8, SNT13, SNT15, NKC1 and MEC04 cells) were able 

to be screened. A series of optimisation experiments were designed and performed in 

order to determine how to set up the screen, considering factors such as the cell density 

at plating, variability between assay plates and maximum DMSO tolerance. These are 

conditions that may impact upon the read-out of cell viability, CellTiter-Glo (CTG) 

luminescence.  

5.2.1 Cell number 

To select a cell density suitable for each cell line that would not be limiting to CTG 

luminescence, cells were titrated at increasing densities then lysed after 48 hours and 

stained with CTG. A cell density of 2,500 cells per well in 50 uL final volume was deemed 
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suitable for each cell line as this density was below the maximal luminescence signal (figure 

5.1).  

5.2.2 DMSO tolerance 

In order to determine the DMSO tolerance of each cell line, which would ultimately impact 

on the dose of drug that could be used, 2,500 cells were treated with increasing 

concentrations of DMSO and cell viability was determined by CTG luminescence after 48 

hours, as performed previously (figure 5.2). This experiment indicated that the HTS should 

be performed at less than 0.5% DMSO, a concentration where no cell lines exhibited a 

difference in viability compared to the 0% DMSO control. The primary screen requires that 

cells can tolerate 0.2% DMSO, which falls below the maximum tolerance of 0.5% 

demonstrated here. 

5.2.3 Assay variability 

The HTS was to be performed using several drug-coated multi-well plates. To ensure that 

variability in luminescence readings were not introduced by different plates, two entire 

plates were examined per cell line and then compared. To do this, each plate was seeded 

with 2,500 DMSO-treated cells for 48 hours followed by lysis and measurement of the CTG 

luminescence of each well. For each of the 6 cell lines, no significant difference in 

luminescence between the two plates was observed (figure 5.3).   



 

 

 202 

5.2.4 Control compounds 

The measure of cell death from the HTS was calculated as a percentage of luminescence 

relative to a positive control capable of inducing near-complete death (>98%) of the cell 

population. To determine such a condition, cells were subjected to treatment with BH3 

mimetic drugs with demonstrated efficacy as shown in the previous chapter of this thesis. 

The BCL-XL inhibitor A-1331852 was the most effective single agent and the A-1331852 plus 

S63845 combination was the most effective treatment tested (chapter 4). Cells were 

seeded at 2,500 cells per well and treated with either 10 uM A-1331852 or 10 uM A-

1331852 plus 10 uM S63845 with a final DMSO concentration of 0.2% (figure 5.4). The 

combination treatment with both BH3 mimetic drugs was capable of inducing >98% killing 

in all 6 cell lines compared to DMSO-treatment controls. The increased sensitivity of these 

cell lines to the tested BH3 mimetics relative to data shown in chapter 4 (figures 4.10 and 

4.11) is likely due to differences in time course (24 hours versus 48 hours), drug 

concentration (5 µM versus 10 µM) and a difference in viability read out (AV/PI negativity 

versus relative CTG luminescence). An increase in drug treatment time and concentration 

was performed in the experiments of this chapter as the aim was to induce maximal cell 

death whereas previously the aim was to identify differences in sensitivity between 

different compounds. 

Collectively, these experiments identified the optimal conditions to be taken forward to 

the primary screen of the HTS assay. For each cell line, 2,500 cells per well in 50 uL is not 

luminescence-limiting. Furthermore, at these doses of DMSO, there was no DMSO toxicity 

and therefore no interference in luminescence would occur. No variation occurred 



 

 

 203 

between assay plates, which removed this as a variable. Finally, the combination of A-

1331852 plus S63845 acted as a suitable positive-control.  

 

Figure 5.1 Cell number optimisation. NKC1, SNK6, SNT8, SNT13, SNT15 and MEC04 cells were 
seeded at the indicated densities in 384-well plates After 48 hours, cells were lysed by shaking and 
stained with CTG before luminescence detection. Raw values are plotted. Data presented are mean 
±SD of three independent experiments performed in triplicate. CTG, Cell-titre Glo; SD, standard 
deviation. 
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Figure 5.2 DMSO tolerance. NKC1, SNK6, SNT8, SNT13, SNT15 and MEC04 cells were seeded at 
2,500 cells per well in 384-well plates After 48 hours, cells were lysed by shaking and stained with 
CTG before luminescence detection and raw values are plotted. Data presented are mean ±SD of 
three independent experiments performed in triplicate.  
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Figure 5.3 Plate variability. NKC1, SNK6, SNT8, SNT13, SNT15 and MEC04 cells were seeded at 
2,500 cells per well (in 0.2% DMSO-containing media) into all wells of two 384-well drug-screening 
plates.  Data presented are mean ±SD of three independent experiments performed in triplicate.  
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Figure 5.4 Combination of the BH3 mimetic drugs A-1331852 and S63845 induces extensive killing 
of ENKTL and CAEBV cell lines. The indicated cell lines were either left untreated (DMSO-only),  
treated with 10 uM A-1331852 alone or 10 uM A-1331852 combined with 10 uM S63845 for 48 
hours. Cells were then lysed by shaking and stained with CTG before luminescence detection. 
Luminescence data are normalised to untreated cells (100%). Data presented are mean ±SE of three 
independent experiments performed in triplicate.  
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5.3 Primary screen: Data quality 

 

Following the optimisation of the HTS protocol for the EBV-positive T and NK cell lines, the 

primary screen of 4079 compounds was performed. Here, each cell line was treated for 48 

hours with either DMSO, control compounds (10 uM A-1331852 plus 10 uM S63845) or 

test compounds, followed by CTG luminescence measurement as described above. The 

luminescence readings from the DMSO-treated and control compound-treated cells were 

used to determine the statistical robustness of the screen. The robustness of the primary 

screen was confirmed, where each assay plate of each cell line was statistically assessed 

using Z prime (Z’) and robust Z prime (RZ’) analysis (table 5.1). The Z’ score was calculated 

from the mean and standard deviation of positive and negative control wells as previously 

described for HTS assays (Zhang et al., 1999), in order to determine the likelihood of false-

positive hits. Similarly, a modified calculation was performed, as previously described 

(Birmingham et al., 2009), to determine the RZ’ score which removes outliers that may 

produce apparently unfavourable Z’ scores. For both measures and in all cell lines, scores 

exceeded the value of 0 (an acceptable range considered a marginal assay) and most assay 

plates exceeded a score of 0.5 (considered a very good assay) (Zhang et al., 1999). 

Luminescence readings from test-drug treated cells were converted to survival 

percentages calculated from the mean luminescence values of DMSO-treated cells 

(normalised as 100% viable) and the mean luminescence values of control-drug treated 

cells (0% viable) (figure 5.5). This was required as subsequent analysis relied on comparison 
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between cell lines which exhibit varying maximal luminescence due to different levels of 

ATP between cell lines.  

Table 5.1 Primary screen: Z prime and robust Z prime values. The mean value for each cell line is the 
mean of all assay plates. Minimum and maximum values are the lowest and highest scoring assay 
plates. Z’, Z prime; RZ’, robust Z prime. 

 
Z' RZ' 

  Mean Min Max Mean Min Max 

NKC1 0.486 0.404 0.627 0.655 0.475 0.867 

SNK6 0.474 0.414 0.569 0.633 0.500 0.776 

SNT8 0.608 0.518 0.704 0.726 0.636 0.818 

SNT13 0.560 0.500 0.662 0.674 0.535 0.827 

SNT15 0.640 0.551 0.752 0.772 0.692 0.868 

MEC04 0.875 0.813 0.920 0.921 0.900 0.956 
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Figure 5.5 Control compounds successfully induce killing of ENKTL and CAEBV cell lines in the 
primary screen. The indicated cell lines were treated with either DMSO (0.2%) or control drugs (10 
uM A-1331852 + 10 uM S63845) for 48 hours. Cells were then lysed by shaking and stained with 
CTG before luminescence detection and raw values are plotted. Data presented are mean ±SE of 
14 individual plates for each cell line. 

 

5.4 Primary screen: Hit analysis 

The data generated from the primary screen were used to answer two key questions: to 

what extent are the cell lines similar with their overall response to drug treatments and 

also to identify specific compounds that may be of therapeutic benefit. To answer these 

questions, effective compounds must first be identified. During initial analysis, a tested 

compound qualified as an effective compound (or ‘hit’) if it was able to induce at least 70% 

cell killing in a given cell line. Correlation between the two replicates of the experiment 

increased with increasing potency of the compounds (supplementary figure 3). A cut-off 
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of 70% was chosen in order to maximise the number of hits for future analysis while 

maintaining confidence in the effectiveness of the compound. 

The total number of hits across the cell line panel ranged from 277 (SNT8 cells) to 492 

(SNT15 cells) (table 5.3). A subsequent analysis identified compounds that induced >70% 

cell killing in more than one cell line.  Encouragingly, 152 compounds induced substantial 

cell killing in all 6 tested cell lines and a total of 563 unique compounds were effective in 

one cell line or more (table 5.3).  The overlap of cytotoxic compounds between the cell 

lines was made in figure 5.6. NKC1 cells and SNT15 cells exhibited the highest hit rates 

(number of effective compounds as a percentage of total compounds) and accordingly 

demonstrated the highest number of unique hits, whereas no compounds were uniquely 

toxic to SNT8 cells (figure 5.6A). SNK6 cells ranked last in shared hits when compared to 

each of the other cell lines and showed the lowest level of overlap (184 compounds) with 

MEC04 cells, whereas the highest level of overlap was between NKC1 cells and SNT15 cells 

(368 compounds) (figure 5.6B). 
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Figure 5.6 Comparison of hits between cell lines. Data were extracted from the primary screen of 
the HTS where all 6 ENKTL or CAEBV cell lines were treated in duplicate with the 4079 compound 
library for 48 hours. Cells were then lysed and stained with CTG and luminescence was measured 
as relative to positive and negative controls. Hits were defined as compounds that induced at least 
70% cell killing in a given cell line. A) The total number of hits for each cell line are presented with 
the number of cell lines in which the hits are shared. B) The number of hits shared with other cell 
lines. 
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Table 5.2 Hits per cell line. Total number of compounds that induced at least 70% cell killing and number of 
hits as a percentage of all tested compounds. 

  Total number of hits Hit rate (%) 

NKC1 417 10.22 

SNK6 260 6.37 

SNT8 277 6.79 

SNT13 293 7.18 

SNT15 492 12.06 

MEC04 316 7.75 

 

Table 5.3 Total primary screen hits. Total number of compounds that could induce at least 70% cell killing in 
multiple cell lines. 

Number of cell lines Number of 

with >70% death compounds 

6 152 

≥5 250 

≥4 290 

≥3 354 

≥2 448 

≥1 563 

0 3516 
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Ultimately, the positive hits identified from the primary screen will need to be taken 

forward for an additional screen during which the concentrations of the compounds are 

titrated to allow for IC50 calculation, a value indicative of potency. The number of 

compounds that will be taken forward to such a secondary screen will be limited by our 

follow-up capacity. Therefore, compounds that were deemed effective in ≥3 cell lines (354 

compounds) will be assessed further. The IC50 values generated will reveal which 

compounds are effective in multiple cell lines and to which targets are the cells most 

susceptible. 

At this point, our analysis was limited to absolute effectiveness at 10 uM. The most 

effective compounds — that averaged more than 99% cell killing across all 6 cell lines — 

have been listed in table 5.4.  The most common therapeutic group of drugs in the list are 

tyrosine kinase inhibitors, mostly with broad specificities. This suggests that such 

compounds are potent against the ENKTL/CAEBV cell lines of interest. All tyrosine kinase 

inhibitors tested in the primary screen were assessed for their ability to induce cell killing 

in all 6 cell lines (figure 5.7A). A mean of 27.2 (S.D. 6.7) compounds out of 97 reached the 

70% cell killing threshold. Due to the broad specificities of these compounds, the vital 

kinases cannot be accurately identified.  A second therapeutic group within the list of top 

compounds in table 5.4 are JAK inhibitors (represented by the JAK2 inhibitor, 

TG101348/Fedratinib) — a group that contains compounds with greater degrees of 

specificity. All JAK inhibitors included in the primary screen were labelled for their specific 

targets and assessed for their ability to induce cell killing in all 6 cell lines (figure 5.7B). The 

70% cell killing threshold was reached for all 5 JAK2 inhibitors present in the compound 
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library when tested against NKC1 cells and SNT15 cells. Four out of five JAK2 inhibitors 

reached the threshold in SNK6, SNT13 and MEC04 cells and 3 out of 5 in SNT8 cells. Neither 

of the two JAK3 inhibitors induced greater than 32% cell killing in any of the cell lines 

examined.  
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Table 5.4 Most effective compounds from global hit list. Compounds included in this list induced greater 
than 99% cell killing in all 6 cell lines. Compounds are ranked by the average percentage of cell 
killing induced across all 6 cell lines. 

Compound Average cell death Drug class 

Auranofin 99.8 Antirheumatic Agent 

Cediranib (AZD2171) 99.76 Kinase inhibitor 

TOVOK (BIBW-2992 Afatinib) 99.67 Kinase inhibitor 

Aurora A Inhibitor I 99.56 Kinase inhibitor 

PD-166285 hydrate   99.55 Kinase inhibitor 

JNJ-26481585 99.48 Histone deacetylase inhibitor 

IKK 16 99.47 Kinase inhibitor 

WZ8040 99.43 Kinase inhibitor 

UNC1999 99.39 Methyltransferase inhibitor 

LBH589 (Panobinostat) 99.37 Histone deacetylase inhibitor 

PHA 665752 99.34 Kinase inhibitor 

Thimerosal 99.26 Antifungal agent 

Pyrvinium pamoate 99.25 Antithelmintic agent 

SB590885 99.24 Kinase inhibitor 

Bosutinib (SKI-606) 99.23 Kinase inhibitor 

Hesperadin 99.17 Kinase inhibitor 

SGI-1776 99.15 Kinase inhibitor 

TG101348 99.05 Kinase inhibitor 

Sunitinib (Sutent SU11248) 99.04 Kinase inhibitor 

BIX-01294 99.03 Methyltransferase inhibitor 
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Figure 5.7 JAK2 inhibitors induce cell killing across the cell line panel. Data plotted are the mean 
percentage cell killing induced by individual compounds from duplicate experiments of the HTS 
primary screen. Percentages were calculated relative to DMSO-treated cells. 70% cell killing 
(indicated by dotted line) considered a positive hit. A) TKIs with wide-ranging activity crossed the 
positive-hit threshold. B)  Multiple JAK inhibitors that primarily target JAK2 crossed the positive-hit 
threshold. HTS, high throughput screen; TKI, tyrosine kinase inhibitor; JAK, Janus kinase.  
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5.6 Discussion 

The poor survival rates of ENKTL patients can be attributed to disease aggressiveness and 

feebleness of current treatment regimens. Chemotherapy regimens such as CHOP or SMILE 

have induced initial tumour regression however relapse is common (Au et al., 2009, Wang 

et al., 2012). In addition, the cytotoxic agents within each regimen, such as etoposide and 

methotrexate, have toxic side effects, narrow therapeutic windows and are therefore 

poorly tolerated by patients in particular the elderly. Therefore, there is a need to better 

understand the disease pathogenesis and try to identify more effective and tolerable 

therapeutics. We chose to perform an HTS of 4079 compounds, with either clinical or 

research utility,  as a method that can provide information that will assist with such needs.  

The effective combination treatment using the BH3 mimetic drugs A-1331852 and S63845 

(targeting BCL-XL and MCL-1, respectively) was identified in the previous chapter of this 

thesis. This combination was used as a control in an HTS screen that sought to compare the 

effectiveness of over 4000 other compounds to induce cell death in the panel of EBV-

positive NK and T cell lymphoma derived cell lines. HTS approaches can be used as a non-

biased method of repurposing drugs for the treatment of other diseases.  

The analysis of the primary HTS screen to identify drugs that could induce >70% killing in 

>1 cell line revealed multiple therapeutic drug groups. Interestingly, tyrosine kinase 

inhibitors were the most abundant drug group in the top hits list (table 5.4). At this stage, 

our ability to ascertain which individual target(s) was most critical to cell survival was 

limited due to the broad-spectrum nature of the TKIs. However, greater specificities could 
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be found within the JAK-targeting compounds — a therapeutic group appearing in table 

5.4 via the JAK2 inhibitor, TG101348.  

JAK2 inhibition by TG101348 led to extensive cell killing in all 6 cell lines. We speculate that 

such cell death was induced by interference with the IL-6/JAK2/STAT3/LMP1 axis, which 

potentially impacted cell survival via reduced NF-kB activity. An autoregulatory loop of 

LMP1 via IL-6/IL-6 receptor/JAK driven phosphorylation of STAT3 has previously been 

described (Chen et al., 2003). This is supported by the presence of functional STAT3-binding 

sites in the LMP1 promoters, L1-TR and L1-ED (Chen et al., 2001). It has also long been 

established that LMP1 expression leads to NF-kB activity, which can upregulate expression 

of pro-survival BCL-2 (Paine et al., 1995, Rowe et al., 1994). An increase in BCL-XL 

expression, although it has not yet been shown to occur as a result of LMP1 activity, can 

also be upregulated by NF-kB activity, such as when induced by CD40 ligation (Wang et al., 

1995, Lee et al., 1999). With such pathways in mind, it is not surprising to see JAK2 

inhibition, the primary JAK kinase associated with the IL-6 receptor, lead to cell death in 

the cell line panel examined here. We speculate that the mechanism of the observed cell 

killing is due to a reduction of activity in the LMP1/IL-6 feedback loop and therefore a 

reduction in the maintenance of pro-survival BCL-2 family members (i.e. BCL-XL).  

Although the BCL-XL inhibitor A-1331852 was not included in the drug library used for the 

above drug screen, another BCL-XL targeting BH3 mimetic compound, ABT-737, was 

included and did induce at least 70% cell killing in all 6 cell lines as would be predicted. 

Encouragingly, the BCL-2 targeting BH3 mimetic ABT-199 did not reach this cell killing 
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threshold in any of the 6 EBV-positive T and NK cell lines, which is in agreement with our 

previous data (chapter 4, figure 4.9). 

Interestingly, drug inhibition of JAK3 had minimal impact on the viability of the ENKTL cell 

lines tested. Such compounds would interfere with the IL-2/JAK3/STAT5/BCL-XL axis 

meaning that this pathway may not be as important as the IL-6/JAK2/STAT3/LMP1 axis 

discussed above. However, we showed that IL-2 is required for BCL-XL maintenance in our 

cell lines, but this does not agree with the JAK3 inhibition data. This suggests that the cells 

require IL-2 for LMP1 maintenance more so than JAK3/STAT5-mediated regulation of BCL-

XL. IL-2 stimulation of EBV-positive T and NK cells is known to control the expression of 

LMP1 (Takahara et al., 2006). In models of CAEBV where both EBV-infected cells and 

patient-derived PBMCs were xenografted into NOG mice, EBV-positive T/NK cells did not 

proliferate when normal patient CD4+ T cells were depleted by OKT-4 monoclonal antibody 

(Imadome et al., 2011). The authors of this report speculate that this may be due to the 

abrogation of the cytokine stimulation provided by CD4+ T cells. This is consistent with our 

findings as such immune cells are the major producers of IL-2 (Nelson, 2004). From the 

data presented here, it can be inferred that EBV-positive T and NK cells require both IL-6 

(autoregulated) and IL-2 (provided by local CD4+ T cells or exogenously in vitro) to maintain 

LMP1 expression for cell survival that is primarily mediated by BCL-XL. 

The requirement for inhibition of both BCL-XL and MCL-1 but the improbability that these 

BH3 mimetic drugs can be used in a safe manner presents an interesting problem. An 

answer to this could be found within the HTS data. The inhibition of BCL-XL 

activity/expression may be indirectly achieved via treatment with alternative compounds 
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(such as a JAK2 inhibitors) which could then be used in combination with the MCL-1 

inhibitor, S63845. This would be the more attractive BH3 mimetic to be used in this context, 

due to its progress into phase I clinical trials (study ID: CL1-64315-001). The combination 

of JAK2 inhibition with BH3 mimetic drugs, such as ABT-737 (BCL-2, BCL-XL and BCL-W-

targeting compound) has successfully induced apoptosis in erythro-leukaemia cells that 

contained a JAK2 V617F activating mutation (Will et al., 2010). Such cell killing via JAK2 

inhibition was greatly reduced following BIM knockdown, however, this dependence on 

BIM induction could be overcome by treatment with ABT-737. This finding is encouraging 

in the context of EBV-positive T and NK cells, as most cell lines express low levels of BIM 

(chapter 4, figure 4.8). 

In conclusion, our data support the concept of targeting both BCL-XL and MCL-1 to induce 

significant levels of cell killing in EBV-infected T and NK cells. Therapeutic strategies could 

be designed to target both proteins with BH3 mimetic drugs if this develops into a clinically 

viable option. Alternatively, the silencing of BCL-XL indirectly (via the disruption of its 

regulation) could be effective if combined with the MCL-1 inhibitor, S63845. A combined 

therapeutic approach is recommended to avoid development of resistance to BH3 mimetic 

drugs through switching dependency of malignant cells between different pro-survival BCL-

2 family members.   
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6. Final discussion and future directions 

 

The focus of this thesis has been on the pathogenesis of the EBV-associated T and NK cell 

lymphoproliferative diseases, ENKTL and CAEBV. As discussed in previous chapters, the low 

survival rates in patients receiving standard chemotherapy-based treatments has 

demanded investigation into the mechanism(s) behind such resistance and into novel 

alternative therapeutic strategies (Vose et al., 2008, Au et al., 2009). The limited literature 

available on ENKTL and CAEBV has been a result of the relative rarity of these diseases 

compared to other EBV-associated disease of B cell or epithelial cell origin. Consequently, 

the availability of fewer cell lines, mouse models and primary patient material has curbed 

our knowledge on disease pathogenesis. Hence, my broad research aims were defined as 

follows:  

1) To characterise and validate the use of currently available ENKTL and CAEBV cell lines as 

the primary disease model within the field.  

2) To determine the mechanism of resistance of ENKTLs and CAEBVs to current 

chemotherapeutics.  

3) To identify novel susceptibilities of ENKTL and CAEBV derived cell lines that could be 

exploited therapeutically in the future.  

Firstly, a comprehensive collection of ENKTL/CAEBV cell lines was acquired and then 

characterised for cellular and viral gene expression patterns. These cell lines were reported 
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to be a representative cross-section of the disease in terms of cellular phenotypes, 

including tumours of NK cell, αβ T cell or γδ T cell origin. We confirmed that the cell lines 

satisfactorily represented published clinical observations for the tumours in terms of 

cellular phenotype. Furthermore, such T and NK cell lines were validated as EBV infected 

and displaying a latency II phenotype, in accordance with the literature (Harabuchi et al., 

1996, van Gorp et al., 1996, Chiang et al., 1996). The viral oncogene, LMP1, which is likely 

a major contributor to pathogenesis, was found to be expressed at varying levels across 

the cell line panel.  

Secondly, these cells demonstrated resistance to apoptotic induction when treated with 

clinically relevant genotoxic compounds. Although the literature favoured the hypothesis 

that the multi-drug efflux pump, p-glycoprotein, was implicated in the resistance to such 

compounds, we found that p-glycoprotein expression and function was inconsistent across 

the cell lines and therefore could not be entirely responsible for the universal resistance to 

chemotherapeutics observed in all cell lines. Given the cell lines did not respond to 

chemotherapeutics that induce p53 or induction of p53 using the MDM2 antagonist nutlin-

3a, we examined the mutational status of the p53 gene in the ENKTL/CAEBV cell lines. 

Surprising we found mutations in the DNA binding domain of p53 in only the MEC04 cell 

line and therefore we hypothesised that the p53 tumour suppressor pathway was 

inactivated by other, as yet, unidentified mechanisms. Given the p53 pathway appeared 

non-functional in the cell lines, we decided to examine the role of the downstream BCL-2 

family of proteins in the sustained survival of the panel of cell lines using several BH3-

mimetics that have specificity for the different BCL-2 pro-survival proteins. Using the BCL-
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XL specific inhibitor, A-1331852, we found that the anti-apoptotic protein, BCL-XL, was a 

major survival factor in ENKTL/CAEBV cell lines grown in culture. Following the 

establishment of a protocol for xenograft mouse models of ENKTL, treatment with A-

1331852 was shown to be effective in delaying tumour latency in vivo for some 

transplanted cell lines. However, following transplantation of some cell lines into NSG 

mice, A-1331852 was less effective at delaying tumour growth and in vitro experiments 

showed that IL-2 withdrawal (as would occur following in vivo transplantation) reduced the 

dependency of the cells on BCL-XL. In some cell backgrounds, the absence of IL-2 exposure 

led to the switching of survival dependency from BCL-XL to the closely related anti-

apoptotic protein, MCL-1. This raised the possibility that a more accurate xenograft mouse 

model would require constitutive human IL-2 signalling or alternatively combined 

inhibition of both BCL-XL and MCL-1, by A-1331852 and S63845, would be most effective. 

Importantly, this combination of BH3 mimetics was shown to be highly potent in vitro.   

Thirdly, a high-throughput screen (HTS) of over 4000 compounds was performed to identify 

compounds for novel use in ENKTL and CAEBV. A list of potent compounds were identified 

where, after validation studies, these can be applied in the pre-clinical models established 

earlier. The potency of a subset of kinase inhibitors, targeting JAK2, was clear across all 

tested cell lines where we speculate this could be due to the interference of a signalling 

axis centrally involving LMP1.  

Collectively, these findings suggested that targeting of apoptotic pathways downstream of 

p53 would be a good therapeutic option. Select BH3 mimetics proved effective both in vitro 

and, to a certain degree, in vivo and therefore may hold clinical potential for ENKTL/CAEBV. 
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As discussed in previous chapters, the effective combination of both BCL-XL-targeting and 

MCL-1-targeting agents may not be a clinically viable option. In fact, the potential for dose-

limiting thrombocytopenia with BCL-XL inhibitors even when used as monotherapy could 

be an obstacle (Lessene et al., 2013). Perhaps the future for ENKTL and CAEBV, as is the 

case with many other diseases and especially solid organ cancers, is in the combination of 

BH3 mimetics with other therapies. 

There are numerous examples where BH3 mimetics have been combined with various anti-

cancer treatments such as chemotherapy agents or oncogenic kinase inhibitors in cell lines 

and in animal models. For example, ABT-737 has been shown to be effective when 

combined with etoposide or cisplatin in mouse models of SCLC and NSCLC, respectively 

(Hann et al., 2008, Kim et al., 2017). The combination of ABT-737 with multiple kinase 

inhibitors targeting EGFR, MEK, JAK1 or JAK2 has proved effective in a broad range of cell 

lines of epithelial and haematopoietic origin (Cragg et al., 2007, Cragg et al., 2008, Will et 

al., 2010, Senkevitch et al., 2018). The MCL-1 targeting BH3-mimetic S63845 was also 

shown to effectively synergise with various kinase inhibitors to induce cell death in in vitro 

models of breast cancer, NSCLC and melanoma (Kotschy et al., 2016).  

The pre-clinical studies are compelling and, as such, Phase I clinical trials using BH3 

mimetics in combination with other chemotherapeutics have commenced. In human 

clinical trials, phase I studies have been completed using a combination of gemcitabine and 

ABT-263 (the orally bioavailable analogue of ABT-737) in various solid tumour settings 

including NSCLC, pancreatic and ovarian carcinoma (Cleary et al., 2014). Safety studies have 

been performed in CLL patients using ABT-199 in combination with the hypomethylating 
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agent, 5-azocytidine, and with the therapeutic monoclonal antibody, rituximab, which 

targets the B cell-specific marker CD20 (Seymour et al., 2017).  

In terms of ENKTL/CAEBV, we hope that the results of the drug screen will identify novel 

drugs or identify critical pathways that could be exploited therapeutically for the treatment 

of these diseases. We will then test these drugs alone or in combination with BH3 mimetics 

in the pre-clinical models of ENKTL that we have established.  

Whilst the xenograft model in immune-deficient mice that has been described in this thesis 

has been informative, certain technical limitations must be overcome if we want to 

extensively test the therapeutic potential of novel drug combinations. The importance of 

cytokine signalling in this disease has been demonstrated, firstly by our data regarding IL-

2 withdrawal influencing BCL-XL versus MCL-1 dependency and secondly the body of 

evidence in the literature that reports that EBV induces extensive cytokine induction in T 

and NK cells (Chuang et al., 2005, Lay et al., 2003). The supplementation of signalling 

factors, like IL-2, could be delivered to xenografted mice exogenously as has been done in 

other mouse models (Foussat et al., 2004, Ohnishi et al., 1990). Alternatively, the 

manipulation of the cell lines pre-transplantation, for example inducing the cells to 

overexpress IL-2 themselves from a lentivirus could be considered. Extending our models 

of disease to include patient-derived xenografts (PDX) into immune-deficient mice would 

also be useful and informative if sufficient patient material was available. However, these 

models may also be affected by the dependency of the tumour cells on human IL-2. 

Nevertheless, PDXs have been greatly utilised in cancers where patient material has not 

been limiting such as AML, large B cell lymphoma, pancreatic carcinoma and colorectal 
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carcinoma (Lai et al., 2017). The benefits of PDX models extend beyond pre-clinical drug 

studies, and have provided insights into tumour heterogeneity and metastasis, however it 

remains uncertain whether such methodologies could be adopted in the field of EBV-

associated T and NK cell disease.  

The experiments described in this thesis provide good preliminary evidence regarding the 

promising therapeutic potential of certain BH3 mimetics and the potential role of the viral 

protein LMP1 in maintaining cell survival. The data also indicate that the use of JAK2 

inhibiting compounds warrants closer investigation. However, to truly achieve our 

overarching research goal of finding new effective therapeutic options for patients with 

ENKTL, we need to delve deeper into the underlying mechanistic details of these 

observations.  

To achieve such goals, the adoption of new technologies, such as CRISPR/Cas9 gene-

editing, could prove valuable. Investigations into the contribution of EBV in disease 

pathogenesis and/or cellular transformation has classically been performed by the 

generation of mutant viruses, lacking specific genes of interest, and then the 

transformation of readily infectible primary B cells in vitro (Kaye et al., 1993, Feederle et 

al., 2011a, Chen et al., 2006). However, due to our lack of understanding of the mechanism 

of EBV infection of T and NK cells, the adoption of this technique is not transferable. Also, 

various studies in T and NK cells have investigated the role of LMP1 in this disease and 

demonstrated that LMP1 can interfere with TNFα production and NF-�B signalling (Lay et 

al., 2003, Takada et al., 2017). However, these functional studies have artificially 

overexpressed LMP1 in established and already immortalised EBV-negative cell lines. 
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Although these experiments have proved to be informative, more can still be learned of 

the contribution of LMP1 and other latent viral genes in the context of EBV-

dependent/transformed cells, such as the panel of ENKTL/CAEBV cell lines collected here, 

using more biologically relevant systems.  

To this end, an alternate approach we would favour to investigate the role of EBV in 

infected tumour cells is to directly manipulate the EBV genome already residing within the 

ENKTL and CAEBV cells to induce genetic alterations. With encouraging results, 

CRISPR/Cas9 technology has been utilised to target EBV and other herpesviruses which was 

first described in 2014 (Wang and Quake, 2014). In this paper, the authors attempted to 

genetically target the EBV genome to eradicate it from cells as a therapeutic antiviral 

strategy. Typically, CRISPR/Cas9 gene-editing is performed by using either a single or a pair 

of small guide RNA (sgRNA) molecules which guide the Cas9 endonuclease to the intended 

location in the DNA. Here, Cas9 induces double stranded DNA breaks and subsequently 

insertions or deletions are introduced via the imperfect DNA repair process of non-

homologous end joining (NHEJ). Interestingly, the above-mentioned report introduced 7 

sgRNAs targeting different regions of the EBV genome, two of which targeted repeat 

regions, to induce numerous cleavage points throughout the viral DNA. This experimental 

design was intended to induce extensive and irreparable damage to the viral genome 

resulting in loss of EBV from the BL cells (Raji cell line) in which the experiment was 

performed. However, despite such an attack on the viral genome, only 65-85% of the viral 

genomes were cleared. This may be because infected cells carry multiple EBV episomes 

and this process is just not efficient enough to target every copy of the viral genome, 
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perhaps due to the expression of Cas9 and the sgRNAs being driven from a transfected 

expression plasmid as opposed to the more efficient method of lentiviral transduction. 

Other groups have used a lentiviral system to deliver CRISPR/CAS9 genome editing 

technology to EBV-infected BL cells to specifically disrupt the viral miRNA regions, BART5 

and BART16 (van Diemen et al., 2016). They functionally demonstrated successful targeting 

of these miRNAs, however, it was not clear whether every viral genome within a given cell 

contained the disrupted sequence. In the future we would adapt previously reported 

methodology described (Aubrey et al., 2015), to analyse the contribution of different EBV 

genes, in particular LMP1 to the sustained growth and chemosensitivity of ENKTL and 

CAEBV cell lines. We have already quantitated the viral genome copy number of each of 

the cell lines and so we would initially set up this methodology on cells that had low viral 

loads, therefore we will have more chance to disrupt the target genes in every copy of the 

viral genome.  

A genetic screen using CRISPR/CAS9 would also be useful to gain a greater understanding 

of the apoptotic response in ENKTL and CAEBV cells and help identify factors that confer 

resistance to drugs. To do this, we would infect our ENKTL/CAEBV cells with a whole human 

genome sgRNA library targeting 18,080 genes (Shalem et al., 2014) and treat the cells with 

drugs that we identified were effective at killing the cells. We would then rescue the small 

proportion of cells that do not die and sequence the guide RNAs to determine which genes, 

when knocked out/mutated, can confer resistance to potential drug combinations. These 

experiments will enable us to identify biomarkers that would confer innate resistance to 
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the therapeutics and help identify potential mediators of acquired resistance in treated 

patients. 

The speed of future developments in the field of EBV-associated T and NK cell disease will 

be aided by the continuing improvement of accurate preclinical models and the 

development and implementation of new research technologies. In this thesis we have 

made a contribution to the ENKTL/CAEBV field by validating cell lines and developing a 

useful, although not yet ideal, xenograft model of disease. Whilst much remains to be 

understood in such intriguing diseases, we have made exciting discoveries regarding the 

therapeutic potential of targeting the pro-survival protein BCL-XL and we hope, with future 

work, that these findings will have a positive impact on the treatment and prognosis of 

patients with this devastating disease.
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8. Appendices 

8.1 Appendix I 

 

 

Supplementary figure 1 Viability of MEC04 cells following methotrexate treatment. MEC04 cells 
were treated with increasing concentrations of methotrexate for 48 hours then stained with 
Annexin V and propidium iodide (PI) prior to analysis by flow cytometry. Data shown here are 
representative flow cytometry plots from summary data presented in figure 4.1. Cells initially 
demonstrated sensitivity to methotrexate at low concentrations but lacked any further response 
above 100 nM.  
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8.2 Appendix II 

 

 

Supplementary figure 2 Expression of pro-survival BCL-2 family members following IL-2 removal. 
A time course experiment was performed on EBV-positive T and NK cell lines at 24- and 48-hours 
post IL-2 withdrawal. IL-2-deprived cells were treated with 25 µM QVD-OPH (broad spectrum 
caspase inhibitor) at 0 h to prevent degradation of proteins due to apoptosis. Pro-survival proteins 
BCL-XL and MCL-1 were detected by Western blot analysis and quantified by densitometry. Data 
were normalised to loading control (HSP70) and the 0 hour control for each respective cell line. 
Data shown are the mean +/- standard deviation of three independent experiments. 
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8.3 Appendix III 

 

 

 

Supplementary figure 3 Correlation between first and second replicates of primary screen for all 
compounds. 6 cell lines were subjected to the primary screen containing 4079 total compounds as 
described in Materials and Methods, section 2.7. CTG luminescence readings from positive (A-
1331852 plus S63845) and negative controls (DMSO) were used to calculate minimum and 
maximum values for each cell line. CTG luminescence readings for test compounds were 
normalised using maximum and minimum values and viability percentages were plotted for both 
replicates.  Cells were treated at a final drug concentration of 10 µM for 48 hours. CTG, CellTiter-
Glo. 
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8.4 Appendix IV 

 

Supplementary table 1 Detection of functional p-glycoprotein in EBV-positive T and NK cells 

 
MFI of Rh-123 (mean of triplicates): Unstained cells, MFI-black 

    

Biological 
replicate SNK1 SNK6 SNT8 SNT13 SNT15 SNT16 MEC04 NKC1 Jurkat KG-1 

1 3997 2789 2620 1912 20300 9140 3723 2063 1532 1614 

2 4252 4208 2064 3984 3535 9310 2174 3480 2121 27100 

3 3727 2327 5402 1815 2333 1496 2770 1871 1837 1000 

           

 

MFI of Rh-123 (mean of triplicates): Rh-123 stained cells with p-gp 
inhibitor (cyclosporin A), MFI-blue 

    

Biological 
replicate SNK1 SNK6 SNT8 SNT13 SNT15 SNT16 MEC04 NKC1 Jurkat KG-1 

1 1450000 785000 1180000 1310000 1370000 743000 594000 921000 603000 142000 

2 852000 522000 1590000 871000 785000 750000 842000 682000 1260000 335000 

3 2150000 992000 650000 1290000 1790000 1020000 615000 1330000 874000 140000 

           

 
MFI of Rh-123 (mean of triplicates): Rh-123 stained cells, MFI-red 

    

Biological 
replicate SNK1 SNK6 SNT8 SNT13 SNT15 SNT16 MEC04 NKC1 Jurkat KG-1 

1 464000 67600 1150000 1390000 1250000 616000 116000 380000 484000 6264 

2 343000 35000 1520000 667000 580000 624000 36600 324000 1200000 27500 

3 883000 62500 542000 1230000 1640000 805000 35400 704000 637000 2201 

 

Data shown here were used to generate normalised data presented in figure 4.3B. Raw median 
fluorescence intensity data was exported from flow cytometry analysis software. Mean values of 
technical replicates were calculated and shown above. Data were then processed using the 
following formula: (MFI-red x 100) / (MFI-blue – MFI-black); then the mean and standard 
deviation of the biological replicates were graphed in figure 4.3B.  
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8.5 Appendix V 
 

Supplementary table 2 Binding affinities of BH3 mimetics to pro-survival BCL-2 family members 

  Binding affinity, Ki (nM)   

BH mimetic BCL-2 BCL-XL BCL-W MCL-1 Reference 

ABT-199 < 0.010 48 245 > 444 Souers et al., 2013 

ABT-737 ≤ 1 ≤ 1 ≤ 1 > 1000 Oltersdorf et al., 2005 

S63845 0.19 (Kd) > 10,000  - > 10,000 Kotschy et al., 2016 

A1331852 6 < 0.010 4 142 Leverson et al., 2015a 

 

Binding affinities are quoted as Ki values with the exception of S63845:MCL-1 which is quoted as 

Kd. The binding affinity of S63845 to BCL-W was not reported.   
 


