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Abstract 

Lymphotoxin Beta Receptor (LTβR) and Herpes Virus Entry Mediator (HVEM), known as the 

lymphotoxin receptors, are non-death domain containing members of the TNFR family that 

can be activated through a complex net of ligands and ligand complexes. Activation of the 

lymphotoxin receptors can result in a number of different functional outcomes, including 

proliferation, differentiation, inflammation and apoptosis. Inconsistencies in existing literature 

have created some conflicting views regarding activation, signalling, functional outcome and 

relative importance of each receptor. Previous work in our research team which had utilised 

well characterised cell models to investigate the activation of the lymphotoxin receptors using 

various forms of the ligand whose full name is: homologous to lymphotoxin, exhibits inducible 

expression and competes with HSV glycoprotein D for binding to herpesvirus entry mediator, 

a receptor expressed on T lymphocytes (LIGHT). Membrane presented LIGHT (mLIGHT), 

soluble agonists and recombinant ligands have previously been used. This thesis investigated 

the effects of mLIGHT and the novel Hexavalent agonist, HERA-LIGHT, in renal cell 

carcinoma (RCC) cell lines. HERA-ligands have been designed to overcome the need for 

secondary cross-linking via Fcγ receptors and, therefore, bridge the gap between soluble 

monoclonal anti-body (mAb) agonists and the superior membrane presented signals. 

This thesis demonstrated the ability of mLIGHT to induce, albeit at varying degrees, in RCC 

cell lines. Moreover, for the first time, it was shown that a HERA-Ligand (in this case HERA-

LIGHT) was able to directly induce cell death through lymphotoxin receptor activation. 

However, it was demonstrated that mLIGHT still induced greater levels of cell death than 

HERA-LIGHT. 

This thesis has given a valuable insight into the effect of lymphotoxin receptor activation on 

RCC cell lines and initiated a number of avenues of further research that will contribute to the 

greater understanding of the lymphotoxin system. 
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1.1 An overview of programmed cell death 

Programmed cell death (PCD) is a vital process that allows controlled and immunologically 

silent depletion of unwanted or damaged cells. It is a physiological process undertaken 

throughout the life of organisms whose cells must responsibility cease activity in order to 

protect it from disease (Kroemer et al., 2009; Tower, 2015). The term PCD was first 

introduced in 1964 and describes a complex series series of events that are not accidental, but 

are induced by a number of factors discussed later (Kerr, 1965; Lockshin and Williams, 1964; 

Lockshin and Williams, 1965). PCD was divided onto three different subtypes: apoptosis, 

autophagy and necrosis by Schweichel and Merker in 1973 (figure 1.1). 

The first and most relevant type of PCD to this study, PCD type-I, is apoptosis. This form of 

cell death can be morphologically characterised by cell rounding, blebbing of the plasma 

membrane, chromatin and nuclear condensation and a reduction in overall cell volume 

(pyknosis) (Kroemer et al., 2005). Autophagic cell death, PCD type-II, is characterised by a 

lack of chromosome condensation but instead involves vacuolisation of the cell’s internal 

components (Galluzzi et al., 2007; Kroemer et al., 2005; Kroemer et al., 2009). Necrosis, 

known as PCD type-III is another distinctive of cell clearance as unlike apoptotic and 

autophagic cell death, necrotic cell death is passive and unregulated, in essence cells are 

killed without order. Necrosis is characterised by swelling of the cell, disruption of the 

plasma membrane and the uncontrolled release of the cellular components. As a result, 

necrotic cell death can cause damage to other nearby cells as it triggers local inflammation, 

and long-term repeats of this has the potential to promote tumour growth (Kroemer et al., 

2009; Vakkila and Lotze, 2004). A fourth type of organised PCD is known as necroptosis and 

this exhibits the same morphological features as necrosis but to date is poorly understood and 

still being deciphered (Degterev et al., 2014; Degterev et al., 2008; Zhou and Yuan, 2014).  

As mentioned, apoptosis is of the greatest relevance to this study as it focuses on the immune 

system’s ability regulate cell fate within cancer cells, a process known to be important in 

cancer prevention. 
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Figure 1.1: a schematic comparison of different types of cell death 

The four most common types of apoptosis are displayed in this figure: apoptosis, autophagy, necrosis and 

necroptosis. Apoptotic bodies characterised by cytoplasmic and nuclear membranes becoming condensed, 

along with DNA damage/fragmentation and apoptotic bodies subsequently forming. Importantly, the plasma 

membrane does remain intact.  The key feature of phagocytosis is the formation of vacuoles with degraded 

cellular components inside. These vacuoles are then degraded via phagocytosis. Necroptosis differs from the 

previous two form of cell death in that it is not programmed and is normally a result of damage or trauma. 

Often during Necrosis, the cellular components and contents are released a broken down plasma membrane, 

causing localized swelling and inflammation. Figure modified from Labbe and Saleh, 2008  

Release of cellular 

content  
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1.2 Apoptosis  

1.2.1 Background 

Apoptosis was first described in 1972 after it was observed that there were similar 

characteristics between embryonic cells during ontogenesis and development as to liver cells 

treated with toxins (Kerr et al., 1972). Apoptosis plays key roles in maintaining homeostasis 

and tissue development and restructuring. It also plays a role in the immune system by 

removing cells damaged by an immune response or mutated cells (Kroemer et al., 2007; 

Norbury and Hickson, 2001). An imbalance in proliferation and apoptosis can result in 

various diseases. Cells over time which have been mutated and should normally apoptose, 

instead develop a proliferative phenotype which can lead to oncogenesis, tumour progression 

and autoimmune disease (Koff et al., 2015) . In the opposite effect, excessive apoptosis and 

reduced proliferation can lead to degenerative diseases and infections (Reed, 2002; 

Thompson, 1995). Certain morphological and biochemical features typify apoptosis and 

allow its detection within cells, as detailed below. 

1.2.2 Biochemical components of apoptosis 

1.2.2.1 Phosphatidylserine 

Phosphatidylserine (PS) is a phospholipid which under normal circumstances is a component 

of the intracellular surface of the plasma membrane. During apoptosis, PS translocates to the 

extracellular surface of the plasma membrane. Here, it attracts phagocytes to eliminate the 

apoptotic cell (Bratton et al., 1997). 

1.2.2.2 Caspases 

There are 3 different groups of caspases, with each caspase carrying out a specific the role in 

the apoptotic pathway. These groups consist of initiator caspases (caspases-3, 6 and 7), 

inflammatory caspases (caspases-1, 4, 5) and executioner or effector caspases (caspases-3, 6 

and 7). Caspases generally exist as proenzymes, which are inactive forms of the enzyme, and 

only become functional when they are metabolised. When caspases are activated, they have 

the ability to cleave both themselves and other pro-caspases at aspartic acid residues, 

initiating a protease cascade. This protein cascade amplifies the pathway leading to rapid cell 

death (Cohen, 1997; Hu et al., 1998; Rai et al., 2005). 
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1.2.2.3 DNA fragmentation and protein cross-linking 

A key feature of apoptotic cell death is DNA fragmentation. DNA is broken down into 

fragments of 180 to 200 base pairs by Ca2+ and Mg2+ dependent endonucleases. These 

fragments can be stained and observed using gel electrophoresis (Hengartner, 2000; 

Martinvalet et al., 2005). Extensive protein cross-linking also takes place which is carried out 

through the activation and expression of transglutaminases (Nemes et al., 1996). 

1.2.3 Apoptotic pathways 

There are three separate pathways which will all trigger apoptosis in the cell: the extrinsic, 

the intrinsic, and the perforin/granzyme pathway (Elmore, 2007; Martinvalet et al., 2005). 

Ultimately, these pathways all lead to the activation of the execution pathway which is 

initiated by caspase-3 and caspase-7. 

1.2.3.1 Perforin/granzyme pathway 

Perforin is found in cytotoxic T lymphocyte CD8 T cells (CTLs) and Natural Killer cells (NK 

cells). Perforin can bind to the plasma membrane of the target cell and create pores in the 

plasma membrane. This is followed by the movement of the pro-apoptotic molecules called 

granzymes into the cell via exocytosis which ultimately leads to apoptosis (Smyth and 

Trapani, 1995; Trapani and Smyth, 2002).  

Granzyme A cleaves nuclear proteins which causes DNA degradation, and ultimately cell 

death (Beresford et al., 1999). Granzyme B can cleave proteins, such as caspases, at aspartate 

residues. This therefore makes it highly efficient at creating a caspase cascade which will 

then lead to cell death (Motyka et al., 2000). 

The exact method of perforin action remains unknown; however, it forms polyperforin once it 

is exposed to calcium. Polyperforin can create further pores in the plasma membrane causing 

the release of proteins, but this is not sufficient to induce cell death alone. Therefore, both 

perforin and granzymes are required for the induction of cell death in this case (Shresta et al., 

1999). 
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1.3.3.2 The intrinsic pathway 

The intrinsic pathway is triggered when there is dysfunction in mitochondria which causes 

mitochondrial outer membrane permeabilisation (MOMP). This dysfunction if often triggered 

by stress such as drugs, irradiation or ultraviolet light (Chipuk et al., 2006; Galluzzi et al., 

2012). There are two mechanisms that initiate MOMP which are discussed below. 

1.3.3.2.1 Voltage dependent anion channel 

The first mechanism in which the mitochondria can become permeabilised is through the 

Voltage dependent anion channel (VDAC) proteins. These proteins normally function to 

maintain homeostasis in the mitochondria, but under stress they can create pores. These pores 

are created through a high concentration of Ca2+ (known as the mitochondrial permeability 

transition) (De Marchi et al., 2004) or through the hexokinase I and II (HKI and 

HKII)/VDAC dependent mechanism (Rizzuto and Pozzan, 2006). 

1.3.3.2.2 The Bcl-2 family 

MOMP can also be orchestrated by the B cell lymphoma-2 (Bcl-2) family. Members of this 

family contain at least one Bcl-2 homology domain (BH) and are classified based on their BH 

domains and their functional activity (Chipuk and Green, 2008). There are three groups of 

Bcl-2 proteins; anti-apoptotic Bcl-2 members, pro-apoptotic (group I) Bcl-2 members and 

pro-apoptotic (group II) Bcl-2 members (figure 1.2) 

 Anti-apoptotic Bcl-2 proteins contain a C-terminal hydrophobic tail and four BH domains 

(BH1, 2, 3, 4). This class of proteins includes Bcl-2, Bcl-XL, Bcl-w, A1, Mcl-1, Bcl-Xs and 

BAG. The anti-apoptotic Bcl-2 proteins are mostly found on the outer surface of the 

mitochondria and to neutralise the pro-apoptotic members of the Bcl-2 family (Green and 

Kroemer, 2004). 

The first group of pro-apoptotic Bcl-2 members (group I) contains three BH domains (BH1, 

2, 3) but unlike the anti-apoptotic Bcl-2 members, they mainly contain N-terminal 

hydrophobic tails. This group contains the Bak and Bak proteins, as well as others, which are 

characterised by hydrophobic surface grooves (Fesik, 2000; Hengartner, 2000). The other 

group of pro-apoptotic Bcl-2 members (group II) differ in structure in that they only have one 

BH (BH3). This group contains members such as Bid, Bad and Bim (Letai et al., 2002). Both 

apoptotic groups are essential for the induction of cell death via apoptosis. The BH3-only 
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group 2 family depend on the activation of Bak and Bax as they can only induce apoptosis in 

cells that contain both Bak and Bax. (Zong et al., 2001). 

1.3.3.2.3 Mitochondrial outer membrane permeabilisation 

MOMP is triggered when the protein Bax translocates from the cytosol to the mitochondrial 

outer membrane (MOM) (Nechushtan et al., 2001). Here it is thought to produce 

supramolecular pores either alone or with other proteins such as Bak or the activated form of 

Bid, truncated Bid (tBid) (Kuwana et al., 2002). From MOMP, a number of molecules can be 

released from the mitochondria which are generally split into two categories; either caspase 

activating molecules such as cytochrome c or second mitochondria derived activator of 

caspase/direct inhibitor of apoptosis protein (Smac/Diablo), or molecules which drive 

apoptosis via the caspase independent pathway such as apoptosis inducing factor (AIF), 

endonuclease G (Endo G) and DNA proteolytic enzyme caspase activated DNase (CAD) (Du 

et al., 2000; Fulda et al., 2002; van Loo et al., 2002). 

 

  

Figure 1.2 Examples of the classical Bcl-2 members 

The Bcl-2 family of proteins contains three subgroubs based upon their Bcl-2 homology domains (BH). a) 

anti-apoptotic members contain BH1, 2, 3 and 4, as well as C-terminal transmembrane (C-TM), b) Pro-

apoptotic I members contain BH1, 2, and 3, as well as C-TM, c) Pro-apoptotic II members contain only 

BH3, as well as C-TM. Figure adapted from Giménez-Cassina and Danial, 2015. 
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1.3.3.2.4 Caspase Dependant apoptosis 

Cytochrome c forms a complex with apoptosis protease-activator factor 1 (Apaf-1), dATP 

and cytosolic procaspase-9 upon its release from the mitochondria into the cytoplasm. This is 

known as a high molecular weight caspase-activating complex “apoptosome” (Cain et al., 

1999; Cain et al., 2000; Chinnaiyan, 1999). This activates initiator caspase (procaspase-9) 

which in turn leads to the activation of executioner caspases and other pro-caspases such as 

procaspases-2, 6, 8 and -10 which amplifies the apoptotic signal (Slee et al., 1999; Van De 

Craen et al., 1999). The release of other molecules following MOMP such as Smac/Diablo 

and Omi/HtrA2 prevents action of inhibitors such as inhibitor of apoptosis proteins (IAPs) 

and also activates caspase activation (Ferri and Kroemer, 2000). 

1.3.3.2.5 Caspase independent apoptosis 

Caspase independent apoptosis, much like caspase dependant apoptosis, is initially triggered 

by MOMP. AIF is released following MOMP and translocates to the nucleus where, 

following interactions with Endo G, it cause DNA fragmentation. This is known as stage I 

condensation (Joza et al., 2001). Both Endo G and CAD cause chromatin cleavage which 

produces oligonucleosomal DNA fragments, however CAD also caused chromatin 

condensation, and therefore is termed stage II condensation (Susin et al., 2000). 

  

1.3.3.3 Extrinsic Pathway 

The extrinsic, or death receptor pathway, is triggered through the activation of death or non-

death receptors that belong to the tumour necrosis factor superfamily (TNFSF). The best 

characterised members of this family are the classical death receptors which include Fas, 

TNFRI and TNF-related apoptosis including ligand (TRAIL-R1 and TRAIL-R2) (Scaffidi et 

al., 1998). TNSFR is classified into a group of cytokines which have importance in immunity, 

inflammation, cytodifferentiation and apoptosis (Dempsey et al., 2003). 
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1.3.3.3.1 The TNFSF  

The Tumour necrosis factor super family (TNFSF) is categorised into various subgroups of 

ligands (TNFLs) and receptors (TNFRs) which function in distinct ways based upon their 

ability to regulate gene expression, signalling capacity and regulate cell fate. This ultimately 

is how the TNFSF can maintain cellular homeostasis(Ruland and Mak, 2003). 

Since the initial discovery of Tumour necrosis factor alpha (TNF-α), a number of ligands 

belonging to the TNFL family have been identified, with even more TNFRs discovered. 

Some TNFLs have the ability to bind to more than one TNFR, which has resulted in more 

TNFRs identified to date than TNFLS. TNFLs are type II transmembrane proteins which all 

consist of a similar structure: an intracellular N-terminus and extracellular C-terminus region 

characterised by a conserved TNF homology domain (Bodmer et al., 2002). 

Most TNFRs are type I transmembrane glycosylated proteins with an extracellular N-

terminus and an intracellular C-terminus, although there are some TNFRs that are type III 

transmembrane proteins (Bodmer et al., 2002). TNFRs consist of three regions; an 

intracellular domain (ICD), a transmembrane domain (TCD), and an extracellular domain 

(ECD). The specificity and affinity of each TNFR for its cognate ligand is controlled by a 

four cysteine-rich domain (CRD) present in the ECD (Banner et al., 1993). 

1.3.3.3.2 Regulation of TNFLs and TNFRs function by shedding 

A major role of shedding is to negatively modulate TNFR activation. Shedding is performed 

by a family of metalloproteases called sheddases and is generally associated with the 

attenuation of ligand-mediated TNFR activation. It is suggested that the cleavage of mTNFRs 

and mTNFLs directly limits functional outcome by reducing the availability of the TNFLs 

and their respective TNFRs (Black et al., 2002; Vardouli et al., 2009) (figure 1.3). 
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Figure 1.3 Mechanism of TNFR and TNFL shedding 

TNFLs (top) and TNFRs (bottom) are can exist in either membrane bound forms or in a soluble trimeric 

form. Cell-cell contact is required for signalling via membrane bound ligands, membrane bound ligands can 

induce receptor trimerisation which subsequently leads to receptor activation. Soluble TNFLs and TNFRs 

are formed when their respective membrane bound forms are cleaved through metalloproteinase action 
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1.3.4 TNFR signalling 

TNFR signalling is initiated through TNFLs, either in their membrane bound form on the 

surface of the effector cell or in the TNFLs soluble form. The TNFLs induce clustering, 

aggregation and oligomerisation (cross-linking) of the TNFRs on the surface of the target 

cells. It is generally considered that TNFRs require trimeric ligands that achieve receptor 

trimerisation or even multimerisation to achieve a signalling, however TNFRs may not exist 

as monomers that will only trimerise upon ligand binding. There is evidence for a pre-ligand 

binding domain (PLAD) that is present within the CRD of the TNFRs which could be vital 

for successful signalling via the TNFR (Chan, 2000; Chan, 2007). PLAD has been found to 

form on receptors such as Fas, TNFRI and CD40 (Chan et al., 2000). Following TNFR 

activation, signal transduction is usually carried out with the recruitment of adaptor proteins. 

This ultimately leads to activate transcription factors such as nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) or c-Jun N-terminal kinase/activator protein-1 

(JNK/AP-1). In the case of the TNFSF this often is used to induce cell death but can also 

drive proliferation and differentiation. The effect of TNFR activation if highly dependent on a 

variety of factors such as the state of the cell, the cell type and the strength of the signal 

delivered by the TNFL. The adaptor protein recruitment, transcription factors and the 

functional outcome of receptor activation/signalling is discussed in more detail in subsequent 

sections. 

1.3.4.1 TNFR subgroups 

TNFRs are divided into three groups based upon some structural features they contain within 

their ICD (Chung et al., 2002; Dempsey et al., 2003). The classical group contains TNFRs are 

defined by the fact that they contain a death domain (DD) within their ICD which permits the 

recruitment of modular adaptor proteins which also contain a DD (in order to interact with 

the receptor) and a death effector domain (DED). The presence of the DED allows 

transduction of an apoptotic signal via the DED-comprising initiator pro-caspases. Often this 

is caspase-8 but can also be caspase-10 (Dempsey et al., 2003). 

The second group of TNFRs is characterised by the presence of the TRAF-interacting motif 

(TIM). The signalling associated with this group is discussed in the most detail in this thesis 

due to its relevance to the study. The activation of these TNFRs leads to TNFR-associated 

factors (TRAFs) recruitment for signal transduction. TRAFs mediate downstream signalling, 

which mainly leads to activation of Mitogen Activated Protein Kinases (MAPKs) such as p38 
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and JNK (Arch et al., 1998; Inoue et al., 2000;), which in turn leads to transcription factors 

(TFs) such as NF-κB and AP-1. There have been seven TRAF proteins that have been 

identified to date, which are relied upon by some members of the TNFR family for signal 

transduction following TNFR activation (Zapata et al., 2001). The final group of TNFRs are 

characterised by their inability to induce a signal following activation, due to a lack of an 

ICD, and are known as decoy receptors. However, these receptors still have the ability to bind 

TNFLs and therefore attenuate TNFR signalling. The best characterised decoy receptors are 

the TRAIL decoy receptors TRAIL-R3 (DcR1) and -R4 (DcR2) (Ashkenazi, 2002; Hehlgans 

and Pfeffer, 2005). 

 

1.3.4.2 Death receptors 

Death receptors are members of the TNFR family which are characterised by their ability to 

transmit a death signal from their cognate ligand, via a death domain (DD) (Ashkenazi and 

Dixit, 1998). The DD family contain members such as Fas, TNFRI, which are briefly 

described below. 

Upon ligation of the Fas ligand (FasL), the Fas receptor recruits the Fas-associated DD 

(FADD), which contains a c-terminal DD (Kischkel et al., 1995; Muzio et al., 1996) and an 

N-terminal death effector domain (DED) which interacts with other DED on procaspase-8 

and procaspase-10 (Muzio et al., 1996; Boldin et al., 1996). This interaction between Fas, 

FADD, and the caspase-8 or caspase-10, forms the death inducing signalling complex (DISC) 

(32). Subsequently, a caspase cascade is initiated which leads to the activation of caspase-3 

and caspase-7, and therefore, apoptotic cell death (Salvesen et al., 2002). 

TNF-α is a pro-inflammatory cytokine (Aggarwal, 2000; Beutler and Cerami, 1989) and is 

the main ligand for the TNFRI and TNFRII system (Vilcek and Lee, 1991). TNF-α is and is 

involved in a number of mechanisms and can exist in either a soluble (sTNF-α) or membrane 

bound (mTNF-α) form as a 17kDa and 26kDa protein respectively. TNFRI is present in 

nearly all nucleated cells and therefore is more abundant than TNFRII. Interestingly, the 

differential expression of TNFRI, TNFRII and TNF-α has been shown to be important in the 

regulation of cell survival versus cell death (CabalHierro and Lazo, 2012), and it has been 

shown that TNF-α induces a stronger signal when it binds with either TNFRI of TNFRII as a 

membrane bound protein, as opposed to its soluble form (Ardestani et al., 2013b; Grell et al., 
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1995). Despite the fact that both TNFRI and TFRII are activated by TNF-α, TNFRI contains 

a death domain and TNFRII does not. 

Upon ligation of TNF-α with TNFRI, TNFR-associated DD (TRADD) adaptor protein is 

recruited via DD interactions following ligand activation. Receptor-interacting protein 

kinases (RIP) is recruited via the C-terminal of TRADD, and the N-terminal of TNFRI 

recruits TRAFs. The association of TNFRI and TRAFs is termed complex I . Following this, 

it is also possible for TRADD to dissociate from TNFRI and associate with FADD and 

caspase-8. This forms what is termed complex II, and similarly to DISC, cleavage of 

procaspase-8 into active caspase-8 creates a caspase cascade which ultimately ends in 

apoptotic cell death. TNFRI can also induce the activation of NF-κB. NF-κB is a pro-

inflammatory transcription factor, and therefore its induction inhibits cell death. The 

induction of cell death via TNF-α mediated TNFRI activation can be increased when using 

NF-κB inhibitors or NF-κB deficient cells (Micheau and Tschopp, 2003). 

 

1.3.4.3 Non-DD-containing TNFR receptors 

The non-DD receptors interact mediate signalling through a TRAF-interacting motif (TIM) 

which interacts with TRAF proteins due to their lack of a DD (Xie, 2013). This family of 

receptor include TNFRII, CD40 and the lymphotoxin receptors (figure 1.5). 

1.3.4.3.1 TRAF proteins 

TRAFs are structurally characterised by two domains: a highly conserved carboxyl-terminal 

half of the TRAF domain known as TRAF-C and the less conserved coiled-coil domain 

known as the N-terminal portion (Xie, 2013). There are 7 members of the TRAF family that 

have been identified, TRAF1 through 6 have been well described, although TRAF7 remains 

novel as it does not contain a TRAF homology domain (Xu et al., 2004) (figure 1.4). TRAF2, 

3, 5, and 6 poses E3 ubiquitin ligase activity (Deshaies and Joazeiro, 2009) and are able to 

induce downstream signalling of several kinases which control and regulate cellular 

processes such as survival and death (Albarbar et al., 2015). 

TRAF1 possesses a similar structure to the other TRAFs, apart from the fact that it lacks the 

zinc fingers and zinc ring in the C-rich associated with RING and TRAF (CART) domain 

(Bradley and Pober, 2001). TRAF1 has restricted tissue distribution but is upregulated by 

TNFLs/TNFRs interactions (Georgopoulos et al., 2006; Schwenzer et al., 1999). TRAF1 or 



21 
 

TRAF2 can trigger RIP, and when RIP and TRAF2 form a complex with TRADD it can 

induce MAPKs which would lead to NF-κB activation or JNK/ Activator protein 1(AP-1) 

activation (Georgopoulos et al., 2006; Hehlgans and Pfeffer, 2005). 

Unlike TRAF1, TRAF2 possesses a C-terminal TRAF domain as well as a zinc finger 

domain with a varying amount of zinc fingers. This is similar to other TRAFs (Ha et al., 

2009). TRAF2 is reported to be able to regulate two different kinase cascades. This ultimately 

leads to the activation of MAPKs such as JNK and NF-κB. (Jobin et al., 1999; Rothe et al., 

1995). 

TRAF3 contains a site in the C-terminal cytoplasmic domain that has the ability to interact 

with other TRAFs such as TRAF1, 2, and 5. This mediates the activation of NF-κB (Izumi et 

al., 1999). TRAF3 is stated in a number of studies to be particularly important for the 

induction of cell death, particularly in the case of the CD40 receptor (Dunnill et al., 2017; 

Eliopoulos et al., 1996; Elmetwali et al., 2010; Georgopoulos et al., 2006). It has also been 

shown that following the activation of Lymphotoxin beta receptor (LTβR), TRAF3 is 

recruited which inhibits NF-κB yet still results in cell death (VanArsdale et al., 1997). This 

was shown through dominant negative mutants of TRAF3 which inhibited cell death 

following LTβR signalling (Force et al., 1997). 

Again, TRAF5 is similar in structure to TRAF1, 2 and 3 and as a result will bind to the same 

receptors. TRAF5 was discovered when it was found to bind to CD40 and LTβR (Ishida et 

al., 1996; Nakano et al., 1996) but has been further studied and was found to activate NF-κB 

through CD27 and CD30 signalling (Aizawa et al., 1997; Akiba et al., 1998). When 

overexpressed, TRAF5 is able to activate NF-κB (Nakano et al., 1996). 

The structure of TRAF6 is similar to other TRAFs (Inoue et al., 2000) yet TRAF6 has a 

distinct binding site to other TRAFs, and as a result may bind to different peptides (Wong et 
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al., 1998). Overexpression of TRAF6 has been shown to activate NF-κB, JNK and p38 (Song 

et al., 1997).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Structural organisation of TRAF proteins 

TRAF proteins consist of TRAF-C (the TRAF domain), TRAF-N (the coiled-coil N-terminal portion), Zinc 

finger and RING finger motifs. a) is representative of the structure of TRAF1, b) is representative of the 

structure of TRAF2, 3, 4, 5, and 6, c) TRAF7 contains a seven WD-40 repeats instead of a TRAF-C terminus, as 

well as a TRAF-N domain, RING finger and Zinc finger motifs. Figure modified from Zotti and Vito, 2012 
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1.3.4.3.2 Transcription factors and NF-κB 

Transcription factors (TFs) are molecules which control gene expression and are a key part in 

a number of signalling pathways. TFs can become activated by a number of environmental 

and physiological triggers (Baldwin Jr, 1996; Pahl, 1999). TFs can regulate the gene 

expression of a wide range of processes such as inflammation, development, differentiation, 

oncogenesis and cell death (Shaulian and Karin, 2002). Often phosphorylation and 

dephosphorylation is used to regulate TFs, and this can be the result of several intracellular 

pathways. The most important TF in the context of this thesis is NF-κB. There are two main 

pathways associated with NF-κB; the canonical and non-canonical pathways. In the context 

of the TNFSF, the canonical pathway is generally considered to mediate inflammatory 

responses, whilst the non-canonical pathway is more commonly associated with immune cell 

proliferation, maturation, and playing a role in secondary lymphoid organogenesis (Ghosh 

and Karin, 2002; Hayden and Ghosh, 2008; Sun, 2010; Vallabhapurapu and Karin, 2009).  

NF-κB can be activated through cellular stress or external stimuli. In order to become 

activated, IκB (an inhibitor of NF-κB), which is normally bound to NF-κB, rendering NF-κB 

inactive, is phosphorylated and subsequently degraded. NF-κB then translocates to the 

nucleus (Baldwin Jr, 1996; Bonizzi and Karin, 2004). 

1.4 The TNFRII and TNF-α system 

It is thought that there must be cell-cell contact between the target and effector cells for 

mTNF-α to activate TNFRII effectively. This is due to the high affinity that TNFRII binds to 

TNF-α with (Goetz et al., 2004; Grell et al., 1995). TRAF1 and TRAF2 are recruited 

following TNFRII activation, and TRAF2 plays an important role in IKK, JNK and p38 

activation (Arch et al., 1998; Park et al., 2000). These are either activated as a result or ROS 

release, which can either be due to NOX or mitochondria disruption (Hsu et al., 1996a; Hsu 

et al., 1995; Hsu et al., 1996b). mTNF-α has the ability to cause ROS-mediated necrosis 

(Ardestani et al., 2013a), and as a result, is highly cytotoxin to carcinoma cells. It was also 

shown that apoptosis was a result of TNFRII activation, and not TNFRI activation (Ardestani 

et al., 2013a; Ardestani et al., 2013b). 

1.5 The CD40 and CD40L system 

CD40 was first identified when it was found to be expressed in bladder carcinomas 

(Stamenkovic et al., 1989), although it was first functionally characterised in B cells as a type 

I transmembrane protein with molecular weight of 40 to 45kDa. CD40 is constitutively 
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expressed on activated T cells, B cells, DCs, APCs, as well as at lower levels on monocytes, 

platelets, fibroblasts, epithelial cells, endothelial cells, neuronal cells, and has been shown to 

be expressed on a number of carcinomas (Bourgeois et al., 2002; Kooten and Banchereau, 

1997; Larsen and Pearson, 1997; Stamenkovic et al., 1989; Tan et al., 2002; Van den Oord et 

al., 1996). The ligand that activates CD40, CD40L, is a type II transmembrane protein that 

has a molecular weight of 31 to 39kDa (van Kooten and Banchereau, 2000). CD40L is 

mainly expressed on activated CD4+ T cells and B cells, activated APCs and platelets 

(Danese et al., 2003; Higuchi et al., 2002). 

The CD40 system is essential to humoral immune responses and cellular responses, and is 

vital to the proliferation, differentiation and maturation of lymphocytes. Moreover, CD40 

activation mediates the activation of DCs, which in turn upregulates other co-stimulatory 

molecules such as B7 family members which can produce pro-inflammatory cytokines to 

enhance immune responses (Yang and Wilson, 1996). The role that CD40 plays in the 

immune system has been reviewed elsewhere (Elgueta et al., 2009; Korniluk et al., 2014). 

CD40 receptor expression has been found in both human and mouse tumour cells, including 

hematologic malignancies, non-Hodgkin’s lymphomas (NHLs) and Hodgkin’s lymphomas 

(Aldinucci et al., 2002; Kato et al., 1998; Pellat-Deceunynck et al., 1996; Teoh et al., 2000). 

CD40 receptor activation can also contribute to cytokine and chemokine secretion and 

endothelial cell proliferation in non-lymphoid cells (Dallman et al., 2003; Kawabe et al., 

2011). Despite the fact that CD40 is generally expressed at low levels on epithelial cells, it is 

often seen that CD40 expression is very high in solid tumours such as melanoma and lung 

cancers, as well as in carcinomas of the nasopharynx, bladder, cervix and in ovarian cancer, 

yet is absent in prostate carcinomas (Agathanggelou et al., 1995; Altenburg et al., 1999; 

Cooke et al., 1999; Gallagher et al., 2006; Tan et al., 2002; Young et al., 1989). The outcome 

of CD40 activation is cell type and context dependant, with the functional outcome being 

proliferation, growth inhibition, differentiation or cell death. CD40 activation with soluble 

CD40L and agonistic anti-CD40 antibodies have been shown to have growth inhibitory 

effects in ovarian, breast, bladder (urothelial) and colorectal tumour cells in vitro (Bugajska 

et al., 2002; Georgopoulos et al., 2006; Jiang et al., 2008). More recently it has been shown 

that whilst a soluble CD40L and agonistic anti-CD40 antibodies were weakly pro-apoptotic, 

in order to induce extensive cell death membrane mCD40L is required. Interestingly, it was 

also shown that the cytotoxic effects of CD40 are cancer-specific, and it has even been seen 

to be cytoprotective in normal cells (Dunnill et al., 2017; Ibraheem et al, 2019) 
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CD40 signal transduction requires adaptor proteins, and in the CD40 system these are 

TRAF1, TRAF2, TRAF3, TRAF5 and TRAF6 (figure 1.5). Of these, TRAF2, TRAF3 and 

TRAF6 bind to the cytoplasmic tail of CD40, but TRAF1 and TRAF5 are recruited indirectly 

through interactions with TRAF2 and TRAF3 respectively (Bishop et al., 2007). Following 

activation and adaptor protein recruitment, a number of signalling pathways can be triggered 

including p38 MAPK, AKT, JNK/AP-1, signal transducer and activator of transcription 5 

(STAT5), as well as the canonical and noncanonical pathways of NF-κB. The triggering of 

each pathway associated with CD40 activation is dependent on the precise TRAF adaptor 

protein recruitment pattern, for example, following CD40 activation in B cells, TRAF5 and 

TRAF3 recruitment are required for the triggering of both pathways of  NF-κB (Bishop et al., 

2007; Hauer et al., 2005; Nakano et al., 1999) , whilst TRAF2 and MEK1 recruitment is 

required for the activation of JNK, p38 mitogen activated protein kinase (MAPK) and AKT 

pathways (Gallagher et al., 2006; Hostager et al., 2003; Lee et al., 1997).  

CD40 has many similar signalling patterns and functional outcomes to other members of the 

TNFR family. They are able to induce maturation and immunogenic activity of DCs because 

they share similar adaptor proteins as part of their intracellular signalling. One example of 

this is the use of TRAF3 in triggering the non-canonical pathway of NF-κB (Moore and 

Bishop, 2005). LIGHT also cooperates with CD40 in B cell activation (Duhen et al., 2004; 

Pasero et al., 2009a), as well as in conjunction with the CD40L in the maturation of immature 

DCs (Morel et al., 2001; Zou and Hu, 2005).  

1.6 The Lymphotoxin system 

1.6.1 LTβR  

LTβR is expressed on stromal fibroblasts, monocytes, DCs, mast cells, epithelial cells, 

however LTβR is not expressed on lymphocytes (Browning et al., 1997; Stopfer et al., 2004). 

1.6.1.2 LTβR in the immune system 

LTβR expression by stromal cells plays an important part in the normal production of IgA 

after antigen recognition within the intestines. However, if constitutively expressed, LTβR 

can lead to Sjogren’s disease and experimental autoimmune encephalomyelitis (EAE). A 

reduction in the expression of chemokine and adhesion molecules was seen in lamina propria 

lymphocytes when using mice that lacked lymphotoxin alpha (LTα) and LTβR (Kang et al., 

2002). Soluble receptor-immunoglobulin fusion protein (LTβR-Ig), that blocks the 
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lymphotoxin pathways, was also shown to cause defective humoral responses and inhibited 

germinal centre formation (Mackay et al., 1997). Genetically modified mice further 

confirmed that LTβR played a role in adaptive humoral immunity and in lymphoid 

organogenesis (Fütterer et al., 1998; Locksley et al., 2001).  

LTβR can be activated by three different ligands: heterotrimeric LTαβ complexes and the 

homotrimeric homologous to lymphotoxin, exhibits inducible expression and competes with 

HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T 

lymphocytes (LIGHT) (Ware, 2005). When LTβR signalling was inhibited by attenuating 

LTα1β2 and LIGHT with a fusion protein, LTβR was shown to regulate lymph node 

development in mice offspring (Fava et al., 2003; Rennert et al., 1996).  

1.6.1.3 LTβR in epithelial cells 

It is thought that LTβR has the ability to activate both the canonical and non-canonical 

pathways of NF-κB, unlike TNFRI which can only activate the canonical pathway (Dempsey 

et al., 2003; Hehlgans and Pfeffer, 2005). When LTβR is activated, either through a LIGHT 

mutein that preferentially reacts with LTβR over Herpes virus entry mediator (HVEM) 

(LIGHT-R228E), or using an antagonistic anti- LTβR antibody, the secretion of the 

chemokine, IL-8, is induced in HEK293 and HEK375 melanoma cells, and the growth of 

HEK375 is inhibited through the differential modulation of MAPKs molecules (Chang et al., 

2002; Chen et al., 2003; Degli-Esposti et al., 1997; Hehlgans and Männel, 2001; Sabapathy et 

al., 2004; Tobiume et al., 2001). CBE11 (an agonistic multivalent pentameric anti-LTβR 

antibody) has been shown to reduce the grown of cervical tumours in vivo, and more recently, 

BS-1 was shown to inhibit grown in HT29 and CT26 (colon carcinoma cell lines), 4T1 (a 

mammary carcinoma cell line) an CMS4 (a soft-tissue sarcoma). 

The use of BS-1 to activate LTβR has also provided evidence that growth inhibition through 

LTβR mediated signalling could be partly due to the caspase-dependant pathway as caspase-8 

and caspase-3 were activated, as well as a release of cytochrome c into the cytoplasm of the 

tumour cells (Hu et al., 2013). The same study also used the monoclonal anti-LTβR antibody 

(ACH6) to suppress colon carcinoma metastasis (Hu et al., 2013). This work supported much 

earlier work that showed that LTβR signalling, with either natural ligands or via agonistic 

anti-LTβR antibodies, was sufficient to induce cell death in a number of tumour cell lines 

(Browning et al., 1996; Rooney et al., 2000).  
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The requirement of LTβR activation and signalling was shown to be important for tumour 

growth in vivo mice deficient in LTα1β2 showed an inhibition of tumour growth, and 

therefore demonstrated the requirement of LTβR on the tumour cells (Hehlgans et al., 2002). 

Moreover, xenograft models demonstrated an inhibition in growth when CBE11 was used. 

The use of CBE11 was further enhanced with the use of chemotherapeutic treatment 

(Lukashev et al., 2006). There have, however, been more contradictory findings in vitro. The 

use of an agonistic LTβR antibody to activate LTβR lead to the activation of NF-κB and in 

turn enhanced the proliferation of melanoma cell lines (Dhawan et al., 2008). One group 

reported that when using either soluble LTα1β2 or agonistic anti-LTβR antibody (CBE11) to 

activate LTβR that NF-κB was activated in HT29 and WiDr human adenocarcinoma lines 

and human lung fibroblasts WI-38 (Mackay et al., 1996), whereas a different study showed 

that recombinant LTα1β2, together with interferon gamma (IFN-γ), was cytotoxic to an array 

of carcinoma cell lines, which included HT29 and WiDr, as well as adenocarcinoma cell line 

(MDA-MB-468) and cervical carcinoma (HT-3) cells (Browning et al., 1996). 

1.6.1.4 The LTβR signalling pathway 

Due to the fact that LTβR lacks a DD, cell death signals, as well as other functional outcomes 

are dependent on TRAFs. Three TRAF proteins are associated with LTβR receptor 

signalling, which are recruited to the cytoplasmic tail of LTβR . These TRAFs are TRAF2, 

TRAF3 and TRAF5 (Nakano et al., 1996; Rooney et al., 2000; VanArsdale et al., 1997) 

(figure 1.5). There are two main mechanisms involved following TRAF protein recruitment; 

either JNK (the activation of which is associated with the induction of cell death) and NF-κB 

whose activation is generally considered with cell survival, inflammation and cell 

proliferation. Despite the fact that multiple combinations of TRAF proteins are often 

recruited upon LTβR activation, TRAF2 and TRAF5 are generally associated with the 

activation of NF-κB, whereas TRAF3 is generally involved in the negative regulation of NF-

κB, and there is associated with death. This has been shown in HT29 and HEK293T cell 

lines, the more recent PhD thesis (Albarbar, PhD thesis) and similar TRAF3 studies involving 

other members of the TNFR family such as CD40 (Sanjo et al., 2010; Bechill and Muller, 

2014; Dunnill et al., 2017; Force et al., 1997; Hauer et al., 2005; Ibraheem et al., 2019; Sanjo 

et al., 2010;  VanArsdale et al., 1997). In another study, TRAF3 and TRAF2 were recruited 

following LTβR activation using LIGHT in HELA cells, and this was shown to activate both 

NF-κB and JNK (Kim, 2005). 
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NF-κB possesses two pathways: the canonical and the non-canonical pathway. Both of these 

NF-κB pathways were activated when Bista and colleagues explored the role of TRAF3 

following LTβR activation. They found that LTβR activation not just recruited TRAF3, but 

also reduced TRAF2 recruitment. In all, this study reported that LTβR activation resulted in a 

pro-survival signal, which was transduced by TRAF3. Equally, NF-κB was activated in WI-

38 cell lines following LTβR activation, and in this case it led to enhanced cell proliferation, 

whilst umbilical vein endothelial cells showed no increase in the levels of NF-κB (Chen et 

al., 2003; Dempsey et al., 2003). 

The production of reactive oxygen species (ROS) has also been indicated to be important in 

the induction of cell death via LTβR, as ROS, and subsequent apoptosis signal-regulating 

kinase 1 (ASK1) activation, in conjunction with TRAF3 and TRAF5, ultimately led to the 

caspase dependant and independent mechanisms of apoptosis in a variety of cells lines. 

Importantly, this was demonstrated with using a LIGHT mutein (which selectively interacts 

with LTβR) and an anti-LTβR monoclonal antibody (Chen et al., 2003). 
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1.6.2 HVEM 

HVEM is expressed on lymphoid and non-lymphoid cells but is mainly expressed by 

transient NK cells and constitutively expressed on naïve CD4+ and CD8+ T cells. HVEM can 

bind to two ligands, LIGHT and LTα (Fan et al., 2006; Kwon et al., 1997; Sedy et al., 2004; 

Ware, 2005) (figure 1.5). 

1.6.2.1 Role of HVEM in the immune system 

First identified as the protein with permits entry of herpes simplex virus-1 (HSV-1) into 

human and mouse cells, the herpes virus entry mediator (HVEM) is expressed mainly in the 

spleen, thymus, bone marrow, lung and intestines, and is found on hematopoietic and non-

hematopoietic cells (Steinberg et al., 2013; Hsu et al., 1997). An unusual feature of HVEM is 

that it has the ability to bind to not only members of the TNFL family, but also to members of 

the Ig superfamily. Therefore, HVEM is capable of acting as both a receptor and a ligand, 

depending on the context. This means that HVEM has a complex role to play in the immune 

system (Steinberg et al., 2009; Sun et al., 2007; Ware and Šedý, 2011). HVEM has been 

reported to be involved in a number of diseases including, but not limited to, collagen-

induced arthritis, autoimmune diabetes and airway inflammation (Doherty et al., 2011; Lee et 

al., 2006; Pierer et al., 2009; Wang et al., 2001;). Additionally the ligation of LIGHT with 

HVEM has been reported to be involved in T cell co-stimulation. Moreover, HVEM has been 

shown to form complexes in cis (on the same cell) and trans (on different cells), with each cis 

and trans resulting in different outcomes (Ware and Šedý, 2011; Gonzalez et al., 2005).  

1.6.2.2 Role of HVEM expression in carcinoma 

All primary myeloma cells and some plasma cell leukaemia are positive for HVEM 

expression, whilst most B cell malignancies also express HVEM including B-chronic 

lymphocytic leukaemia (B-CLL), acute lymphoblastic leukaemia, mantle cell lymphoma and 

Burkitt’s lymphoma (ALL) (Costello et al., 2003). 

A weak increase of NF-κB was seen when HVEM is activated in U937 cells by LIGHT 

(Harrop et al., 1998), and over expression of HVEM enhanced the recruitment of TRAF1, 

TRAF2, TRAF3, and TRAF 5 which lead to NF-κB and AP-1 activation (Hsu et al., 1997; 

Marsters et al., 1997). However, other studies have suggested that it is more reasonable to say 

that HVEM leads to TRAF2 and TRAF5 recruitment, both of which lead to NF-κB and AP-1 

activation (Kim, 2005; Kuai et al., 2003; Marsters et al., 1997; Nakano et al., 1996). HVEM-
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mediated cell death was observed when freshly isolated B-CLL tumour cells were exposed to 

LIGHT. Importantly, LTβR was not expressed, or expressed at very low levels in the B-CLL 

cells, and death was related to the expression of FasL, p53, Bax, Bid, Bcl-Xs and 

mitochondrial cytochrome c release (Pasero et al., 2009b). 

Interestingly, despite broad caspase inhibition via z-VAD-FMK, HVEM-mediated cell death 

still occurred which suggests that both the intrinsic and extrinsic pathways of apoptosis were 

active (Gross et al., 1999; Korsmeyer et al., 1994; Pasero et al., 2009b). This would suggest 

that despite the fact that HVEM has co-stimulatory and co-inhibitory roles, HVEM could 

function as a tumour suppressor in the correct context. This, however, could be a far simpler 

way of looking at how HVEM modulates cell fate as some studies suggest it could be indirect 

and far more complex than these studies would suggest. 

1.6.3 DcR3 

DcR3 is a secreted protein and is closely related to osteoprotegrin. DcR3 is a member of the 

TNFSF which has the ability to bind to several TNFLs including LIGHT (figure 1.5), FasL 

and TL1A (Migone et al., 2002; Pitti, 1998). DcR3 is expressed in some normal tissues but 

most interestingly, DcR3 is found in the serum of rheumatoid arthritis patients (Hsu et al., 

1996b; Pitti, 1998), as well as being overexpressed in tumours, such as tumours developed 

from primary lung cancer, colon, gastrointestinal and hepatocellular. The overexpression of 

DcR3 is thought to be beneficial to tumours and their growth by neutralising the effects of 

LIGHT, Fas and TNF-like ligand 1A (TL1A) (Migone et al., 2002; Pitti, 1998; Yu et al., 

1999). 
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1.6.4 Lymphotoxin Ligands 

1.6.4.1 LTα 

LTα was discovered shortly after TNF-α as both ligands can interact with TNFRI and 

TNFRII receptors. Generally, TNFRs have a single cognate ligand, such as CD40, TRAIL-R, 

and Fas, however, the lymphotoxin system is far more complex with LTα, LTβ, LTα1β2, 

LTα2β1, and LIGHT being able interact with the lymphotoxin receptors (LTβR and HVEM) 

as well as TNFRI, TNFRII and DcR3 (Ware, 2005) (figure 1.5).  

LTα can exist on three forms: homotrimeric LTα3, LTα1β2 and LTα2β1, although the term 

“LTα” is often used to describe the biologically active trimer LTα (Tracey et al., 2008; Ware, 

2005; Ware et al., 1996). LTαβ/LTβR signalling occurs when soluble LTα binds to 

membrane bound LTβ, therefore, signalling via LTαβ-LTβR requires contact between the 

target and effector cell (Tracey et al., 2008; Ware, 2005). It is also likely that LTα3 can bind 

to HVEM, although if true, it is at a low affinity (Mauri et al., 1998) (figure 1.5). Similarly to 

TNF-α, LTα secretion has been found in some immortalised T cells (Gommerman and 

Browning, 2003), as well as in resting B cells, non-hematopoietic, myeloid lineage cells and 

activated lymphocytes. Raji B lymphocytes have also been shown to secrete LTα in response 

to phorbol ester (Ware et al., 1992). When LTα is mutated at D50N or T108F it is unable to 

form a heterotrimer and will only form a homodimer. When forming a homodimer, LTα was 

not able to bind with TNFRI and TNFRII, and as a result, was unable to induce cell death in 

HT29 cells. Despite this, LTα was still able to form a stable, functionally active ligand 

complex with LTβ and trigger cell death in the adenocarcinoma cell line due to its ability to 

bind and activate LTβR (Williams-Abbott et al., 1997). Browning and colleagues also 

showed that LTα1β2 has also been shown to be functionally active using mutated LTα on 

HT29 and WiDr cells (Browning et al., 1996). Despite LTα being able to play a role in 

inducing cell death, overexpression may play a role in carcinogenesis. Over secretion of LTα 

has been linked to a number of cancers including endometrial, bone, bladder, cervical, 

prostate, gastric, and various lymphomas (Niwa et al., 2005; Nonomura et al., 2006).  The 

mechanism behind this is unknown, however, it is thought that it is due to over activation of 

LTβR and not a result of its ability to interact with other TNFRs, particularly TNFRII 

(Browning et al., 1996; Degli-Esposti et al., 1997; Wilson and Browning, 2002; Winter et al., 

2007; Yang et al., 2007). 
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1.6.4.2 LTβ and LTαβ complexes 

LTβ is a homotrimeric, non-cleavable membrane bound ligand that is expressed on splenic 

nerve naïve B cells in the adult spleen, CD4+ T cells and mature DCs (Edwards et al., 2003; 

Junt et al., 2006), that becomes activated upon ligation with LTβR (Williams-Abbott et al., 

1997). It is thought that LTβ expression enhances the immune response in lymphocytes and 

facilitates antigen presentation on APCs that are responsible for antiviral immunity (Junt et 

al., 2006). LTβ is a largely under-researched molecule due to its lack of toxicity to malignant 

cells and the fact that most functions carried out by LTβ require LTα to form stable 

membrane complexes (Williams-Abbott et al., 1997). 

LTαβ complexes possess the ability to induce cytotoxicity to malignant cells, both in vivo and 

in vitro, but despite this, remains relatively under researched (Browning et al., 1996; 

Williams-Abbott et al., 1997). IL-2 induces the expression of both LT1αβ2 and LT2αβ1 on 

human peripheral T cells (Ware et al., 1992), and each type of LTαβ ligand have different 

binding specificities due to the difference of stoichiometry (Ware, 2005).  

When LTαβ expression has been investigated in murine studies, it has been shown that 

cytokines IL-4 and IL-7, and well as the chemokines CCL19 and CCL21, induce expression 

on splenic T cells (Browning et al., 1993; Luther et al., 2002), however, the relevance of this 

information for humans is still not confirmed. LTαβ complexes also play a role in normal 

development and immune regulation during adulthood as the interaction of LTαβ complexes 

with LTβR has been shown to be important for gut associated lymphoid tissues (GALT) 

which include the formation of germinal centres and Peyer’s patches (Gommerman and 

Browning, 2003; Ware, 2005). Following cleavage by ADAM17 metalloproteinase (MMP) 

and MMP-8, LTα1β2 can be secreted and has been reported to be found in its soluble form in 

the serum of rheumatoid arthritis sufferers (Young et al., 2010). LTα1β2 was also found to be 

able to induce cell death, when used in the presence of IFN-γ, in a range of carcinoma cell 

lines (Browning et al., 1996). 
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1.6.4.3 LIGHT 

Lymphotoxin-like exhibits inducible expression and competes with herpes simplex virus 

glycoprotein D for HVEM, HVEM being a receptor expressed on T lymphocytes (LIGHT) 

shows sequence homology with TNFα (27%), LTα (27%), LTβ (34%), FasL (31%) and 

CD40L (26%) and therefore, when identified, was classified as a member of the TNFL 

family. LIGHT expression can be induced on activated T cells, as well as being constitutively 

expressed on primary immature DCs and myeloid cells (Harrop et al., 1998; Mauri et al., 

1998; Morel et al., 2000). 

1.6.4.3.1 Role of LIGHT in the immune system 

LIGHT has the ability to regulate proliferation, differentiation and growth inhibition and 

plays a key role in the induction of positive co-stimulatory signals between immune cells 

through ligation with both LTβR and HVEM (Black et al., 2002; Granger et al., 2001; Mauri 

et al., 1998) (figure 1.5). The immune system is highly reliant on LIGHT as it plays a vital 

role in regulating gene expression in both innate and adaptive immunity (Steinberg et al., 

2011; Ware and Šedý, 2011). Because of this, LIGHT has also been linked to disease such as 

autoimmune diseases and cancer (Gommerman and Browning, 2003). 

In vitro, it has been demonstrated that LIGHT induces T cell proliferation, IFN-γ secretion 

and NF-κB activation (Tamada et al., 2000a; Tamada et al., 2000b), whilst work in transgenic 

mice has demonstrated the importance of LIGHT in T cell proliferation and T cell 

homeostasis (Wang et al., 2001). LIGHT also contributes to DC maturation through 

cooperating with the CD40 ligand (Duhen et al., 2004; Morel et al., 2001; Pasero et al., 

2009a). 

The expression of CCL21, adhesion molecule (MAdCAM-1), MIG/CXCL9 and IP-

10/CXCL10, is induced by LIGHT, and this most likely takes place through LIGHT-

mediated LTβR signalling (Farber, 1997; Ngo et al., 1999; Sharma et al., 2003; Yu et al., 

2004. It is possible that the result of MIG and IP-10 is a reduction in tumour angiogenesis and 

an enhancement of the ability of activated tumour antigen-specific T cells (Tamada et al., 

2000b; Yu et al., 2004). LIGHT is also part of a cutaneous wound healing model, which 

induces apoptosis through LTβR activation, to reduce inflammation (Petreaca et al., 2008). 

Despite this, severe inflammation could be enhanced in non-lymphoid tissues by LIGHT 

(Ware, 2005). 
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LIGHT has been reported to act as a tumour suppressor in vivo as tumours expressing LIGHT 

have been shown to undergo autocrine LIGHT mediated apoptosis (Zhai et al., 1998). 

Moreover, localised NK cells and the infiltration of cytotoxin CD8 T cell lymphocytes (CTL) 

which assist tumour eradication have been shown to be activated in response to LIGHT 

expression (Fan et al., 2006; Yu et al., 2004). Further studies demonstrated that LIGHT 

expressed in microvesicles attracted and enhanced lymphocytic infiltration (Mortarini et al., 

2005), whilst tumour rejection was reported in transfected murine fibrosarcoma that 

possessed stable membrane LIGHT. The anti-tumour response of LIGHT was mainly 

triggered by priming T cells (Tamada et al., 2000a; Yu et al., 2004). 

1.6.4.3.2 Role of LIGHT in epithelial cells 

Soluble LIGHT has the ability to induce death in both p53-normal and p53-deficient HT29 

adenocarcinoma cells (Chang et al., 2004; Kim et al., 2004; Walczak and Krammer, 2000), 

MDA-MB-231 breast cancer cells (Wu et al., 2003), caspase-3 deficient MCF-7 breast cancer 

cells and human hepatoma cells (Chen et al., 2003; Tamada et al., 2000a), however, it would 

appear that LIGHT requires IFN-γ in order to trigger apoptosis (Zhai et al., 1998). LIGHT 

treatment triggered the activation of caspase-3, which subsequently down regulated the anti-

apoptotic protein Bcl-2 in HCT116 colorectal carcinoma cells (Wang et al., 2013). These 

findings agreed with previous studies that the combination of LIGHT and IFN-γ 

downregulated the anti-apoptotic Bcl-2 members, although the contribution of both pro-

apoptotic and anti-apoptotic proteins was dependant on the cell type (Tamada et al., 2000a; 

Wu et al., 2003). 

The ability of LIGHT to ligate both lymphotoxin receptors (LTβR and HVEM) (figure 1.5) 

has resulted in the suggestion that the functional outcome of LIGHT ligation is dependent on 

the relative expression of the two receptors. Ware and colleagues used a mutated form of 

LIGHT that would only ligate HVEM, and not LTβR. They showed that the activation of 

LTβR was not only sufficient, but necessary, for LIGHT induced apoptosis in HT29 cells, 

and that apoptosis was TRAF-3 dependant (Rooney et al., 2000). LIGHT induced growth 

inhibition was seen in the MDA-MB-231 and HT29 cell lines, which expressed both the 

lymphotoxin receptors. In the same study it was found that the cell line PC-3 only expressed 

LTβR, yet growth inhibition was seen (Zhai et al., 1998). This highlighted the fact that 

LIGHT may be unable to induce death when there is only one lymphotoxin receptor present, 
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and that there may be different signalling mechanisms in place depending on whether LIGHT 

ligates with LTβR or HVEM (Zhai et al., 1998). 

There have, however, been studies which give a contrasting view on this. It has also been 

suggested that HVEM is the primary available receptor and is the key receptor in LIGHT-

mediated cell death. This study found that cross-talk with other receptors in the TNFR family, 

in particular with the induction of endogenous TNF-α, enhanced HVEM mediated cell death 

(Pasero et al., 2009b). 

LIGHT-induced signalling, and ultimately its role in determining cell fate, appears to be 

complex. The fact that LIGHT does not bind to any other members of the TNFR family, it is 

likely that cross-talk may play a role in the functional outcome of LIGHT-mediated 

signalling (Chen et al., 2003). 
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Figure 1.5: Schematic representation of  some TNFRs, their cognate TNFLs and possible adaptor 

protein recruitment 

This figure displays trimerised members of the TNFL family (yellow) as either membrane bound proteins or, in 

the case of LTα 3, a soluble ligand (because LTα 3 cannot exist as membrane bound protein). TNFRs are 

displayed as clustered trimers (red) in the lower half of the diagram. The arrows indicate possible binding, with 

black arrows indicating ligands with a high affinity for the receptor,  the red dashed arrow indicates a possible, but 

unconfirmed binding and the dotted black arrows indicate an  interaction which binds with a low affinity. The 

adaptor proteins that can be recruited following these ligand/receptor interactions are also included below each 

receptor. Figure adapted from Albarbar et al., 2015. 
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1.7 Lymphotoxin receptor cross linking and functional outcome 

A number of reports have shown that “signal quality” is a highly important factor in 

determining the functional outcome and activation of a TNFR. It is clear that highly cross-

linked agonistic antibodies and soluble recombinant ligands, but especially when the ligand is 

presented in a membrane bound form through third party cells in co-culture, that a much 

greater level of carcinoma cell death occurs compared to non-cross-linked agonists. 

One such example is the CD40 system, in which it has been demonstrated that the ligand 

valency can dictate cell survival and cell death (Bugajska et al., 2002; Dunnill et al., 2017; 

Georgopoulos et al., 2007; Ibraheem et al., 2019). When membrane presented CD40 ligand 

(mCD40L) is used, there is a high level of pro-inflammatory cytokine secretion and extensive 

cell death, as opposed to when soluble agonists are used (Bugajska et al., 2002; Engels et al., 

2005; Zapata et al., 2001). Using mCD40L also results in tumour specific cell death 

(Bugajska et al., 2002; Georgopoulos et al., 2007; Ibraheem et al., 2019; Shaw et al., 2005). 

CD40 signalling can be either pro-apoptotic or anti-apoptotic, but this is dependent on the 

type of tumour, and the state of differentiation of the tumour cells (Elgueta et al., 2009; 

Korniluk et al., 2014; Tong and Stone, 2003). Other studies have shown that membrane 

presented TNF-α (mTNF-α) creates a greater level of cytotoxicity than soluble TNF-α in 

some tumour cell lines, sometimes resulting in necrotic cell death, indicating that this 

property of CD40 is not unique (Ardestani et al., 2013b). 

The majority of studies to date on the lymphotoxin system have mainly focussed on the 

activation of LTβR using soluble agonists. Cross-linking of LTβR has been shown in 

Hep3BT2, HeLa and HEK293 cells (by both the soluble LIGHT-R228E and the agonistic 

anti- LTβR monoclonal antibody 31G4D8) to induce cell death (Chen et al., 2003; Rooney et 

al., 2000). It has also been reported that the immobilised anti-LTβR monoclonal antibody 

(M12) induced RANTES and IL-8 secretion yet was not sufficient to induce death in A375. 

Moreover, there were similar observations when LTαβ was used (Degli-Esposti et al., 1997). 

However, Browning and colleagues showed that immobilised agonistic monoclonal antibody 

anti-LTβR (CBE11) was effective at inducing cell death in the cell lines HT29, WiDr, MDA-

MB-468 and HT-3, and induced a greater level of death than when added to the cultures in a 

non-cross-linked form (Browning et al., 1996). When CBE11 was engineered into an IgM-

like oligomer, and therefore was delivered in a pentameric form (CBE11p), the activation of 

LTβR was in fact enhanced. CBE11p was capable of inducing death in the presence or 
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absence of IFN-γ at a greater level than when the monomeric mAb form was delivered 

(Lukashev et al., 2006). 

A number of studies by Browning and colleagues have demonstrated that soluble 

recombinant LTα1β2 induced cell death when combined with IFN-γ (Browning et al., 1996). 

These studies used various forms of lymphotoxin ligands and antibodies to activate LTβR. 

Interestingly, these studies have suggested that there is importance for the level of cross-

linking and functional outcome for a number of cell lines. Moreover, there is similar evidence 

coming from CLL-derived cells (that have little or no LTβR expression) that cross-linking 

HVEM with an agonistic antibody a had the ability to induce both pro-apoptotic and anti-

apoptotic proteins downstream which was only enhanced further when using membrane 

presented LIGHT (Pasero et al., 2009b). More recent studies have demonstrated that the co-

culture of LIGHT expressing CHO cells or the mutant form of LIGHT, LIGHT-R228E, 

induced high levels of secretion of the chemokine CXCL10 in HeLa cells and in HT29 cells 

(Bechill and Muller, 2014). 

One recurring theme in studies on the lymphotoxin system is the clear synergy with IFN-γ for 

the induction of apoptosis. There is clear evidence that IFN-γ enhances LIGHT-mediated 

receptor activation, and ultimately cell death (Zhai et al., 1998), which is supported by studies 

that show cross-linking LTβR with soluble LIGHT, in combination with IFN-γ, induces cell 

death (Rooney et al., 2000). This is further supported by studies by Bechill and colleagues 

that HeLa and HT29 cells induced a greater level of cytokine secretion in response to 

LIGHT/IFN-γ treatment as opposed to cells treated with LIGHT alone (Bechill and Muller, 

2014). As a result, there is an emerging opinion that the activation of the lymphotoxin 

receptors requires IFN-γ to produce an adequate amount of cell death. However, the need for 

IFN-γ could be reduced when LIGHT is presented in its membrane bound form. The 

importance of the signal quality in lymphotoxin receptor signalling has clear parallels with 

the CD40/CD40L system, which, when membrane bound mCD40L is used, gives a far 

superior pro-apoptotic signal which overrides and anti-apoptotic mechanisms (Bugajska et 

al., 2002; Dunnill et al., 2017; Georgopoulos et al., 2006; Ibraheem et al., 2019). 

The complexity of the of signal transduction, as well as TNFR activation is clear. There is a 

stark difference between the ability of agonists versus a membrane presented signal in 

activating the lymphotoxin receptors and producing a downstream effect. Often soluble 

agonists have lacked the ability to induce cell death alone (i.e. without treatment with IFN-γ), 
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and there is clear superiority, not just in the lymphotoxin system, but in other members of the 

TNFSF as well, of membrane presented signals. The use of a variety of different 

ligand/agonist formats to deliver a signal to the lymphotoxin receptors can also make it 

difficult to get a clear picture of the exact function of the ligand. There also remains a large 

level of inconsistency in the cell models used to study the effect of lymphotoxin 

receptor/ligand interactions and their functional outcome, which could have contributed to 

some inconsistencies in the literature. 
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1.8 The HERA platform and HERA-LIGHT 

One part of this thesis will investigate the effect of a novel hexavalent TNF receptor agonist 

(HERA), called HERA-LIGHT. HERA constructs have been designed to overcome the need 

for secondary cross-linking via Fcγ receptors which is required when using agonistic 

antibodies (figure 1.6). Agonistic antibodies can only bind to two receptors, where as a 

HERA construct can bind to six receptors at a time, and unlike agonistic antibodies can bind 

in a spatially well-defined manner. HERA-LIGHT is similar to a number of HERA based 

constructs, with a core unit that consists of a single chain polypeptide that contains three 

minimal LIGHT sequences which are necessary for the correct folding and for a functional 

trivalent receptor binding domain (RBD). This is then fused with a silenced IgG1 Fc-domain 

to form a dimerisation scaffold to the C-terminus of the RBD to form the hexavalent agonist.  

It has been demonstrated that HERA-CD40L has been able to induce an anti-tumour immune 

response both in vivo and in vitro, and that this effect did not require secondary-cross-linking. 

NFκB activation was observed in B cells treated with HERA-CD40L, as well as a 

differentiation towards the M1 end of the spectrum and repolarisation of M2 macrophages 

towards the M1 end of the spectrum. When co-cultures of T and B cells were treated with 

HERA-CD40L, there was an anti-tumour response triggered in T cells which was dependant 

on the interaction with B cells. Importantly, the effects were far weaker when using bivalent 

anti-CD40 antibodies or the trivalent soluble CD40L and such effects were dependant on 

crosslinking (Merz et al., 2018). Moreover, HERA-GITRL increased the activity, 

proliferation and differentiation of T cells, even in the presence of regulatory T cells. On top 

of this, only HERA-GITRL was able to show full biological activity in the absence of 

secondary cross-linking (Richards et al., 2019). A study using HERA-CD27L further 

supported the effectiveness of the HERA platform by demonstrating that HERA-CD27L had 

a far greater capacity to increase antigen-specific T cell responses, and therefore to induce 

anti-tumour immunity, compared to an anti-CD27 antibody (Thiemann et al., 2018). 

There is, however, little data to date on the specific use of HERA-LIGHT. An abstract for a 

conference at the American Association for Cancer Research is available and appears to 

suggest that HERA-LIGHT is able to mediate co-stimulation of T effector cells, even in the 

presence of regulator T cells. It also suggests that it achieved this without the need for 

secondary crosslinking, but as only an abstract is available, little confidence can be placed 

upon it (Sefrin et al., 2018). Interestingly, the available information online (through the 
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developers of the HERA-ligands, Apogenix) and the available abstract, show HERA-LIGHT 

has been developed with the purpose of activating HVEM presented on the surface of T cells, 

and as a result, has been proven to bind to HVEM. However, there is no reference in existing 

literature to the ability of HERA-LIGHT to either bind to LTβR or directly induce cell death. 

This is the same for HERA-CD40L, which would suggest that the HERA-ligands have been 

developed with the view of using them to enhance the immune systems ability be cytotoxic to 

tumorous cells. Preliminary data on the effects of HERA-CD40L and HERA-LIGHT have 

suggested that HERA-ligands had a stronger activity when used on renal cell carcinoma cell 

lines in comparison to urothelial and colorectal cell carcinoma cell lines (Georgopoulos et al., 

unpublished observations). As a result, it will be interesting in this thesis to assesss the ability 

of HERA-LIGHT to induce cell death, even though it is entirely possible that it was not 

developed for this purpose. 
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Figure 1.5 Principle of the HERA-ligand system 

The HERA-ligand family all consist of a similar design, with the receptor biding domain (RBD) differing 

between each specific construct. The RBD is fused to a with a silenced IgG1 Fc-domain, with a linker and hinge 

separating the two domains. The HERA-ligands create spatially defined receptor binding and therefore induce a 

stronger signal transduction than that of an agonistic antibody. Figure adapted from Richards et al., 2019 
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1.9 Recent work (Albarbar, PhD thesis), aims and objectives 

A recent study performed by Albarbar attempted to address some of these issues described in 

the above section. In his study, BS-1 antibody was used to activate only LTβR (and not 

HVEM), as well as soluble, recombinant LIGHT and mLIGHT to activate both receptors. It 

was found that, in general, soluble ligands and agonistic antibodies were ineffective at 

inducing any significant cell death. This was slightly improved when IFN-γ was used in 

synergy with BS-1 and soluble LIGHT. However, mLIGHT induced extensive cell death in 

most colorectal and urothelial cell carcinomas tested. Interestingly, the hallmarks of the cell 

death, such as caspase-3/7 activation and DNA fragmentation, varied amongst the cell lines 

that were used, suggesting a cell type dependant mode of cell death. The study also found that 

mLIGHT was cytoprotective when normal urothelial (NHU) cell were used, demonstrating 

the selectivity that LIGHT mediated lymphotoxin receptor induced cell death possesses for 

tumours. Importantly, the study used cell lines which had previously been well characterised 

in the research group through studies which investigated the CD40 system.   

The contradictory findings throughout the history of research on the lymphotoxin system has 

been addressed in urothelial and colorectal cell carcinomas (Albarbar, PhD thesis). The 

ability of LIGHT to induce apoptosis via lymphotoxin receptors is clear, yet LIGHT is yet to 

be investigated in tumour cell lines derived from renal cell carcinomas (RCC) which are 

representative of their tissues of origin. Moreover, RCC are thought to be particularly 

susceptible to lymphotoxin receptor induced cell death following preliminary tests with 

HERA-LIGHT and HERA-CD40L (Georgopoulos et al., unpublished observations) as well 

as being recently characterised (Ibraheem et al., 2019). Therefore, this thesis will utilise 

mLIGHT, as well as the novel HERA-LIGHT, to investigate the ability of lymphotoxin 

receptors to induce cell death in RCC cell lines. The use of HERA-LIGHT also gives the 

opportunity to investigate the importance of the level of cross-linking present in carcinoma 

cells. The fact that the HERA constructs can bind two sets or trimers (so can cluster 6 

receptors) should overcome the issue of receptor clustering that is evident in agonistic 

antibodies. This therefore, will make an interesting comparison between the level of death 

induction between HERA-LIGHT and mLIGHT. 
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2.1 Cell Culture 

All cell culture was performed aseptically within CellGarda microbiological safety class II 

cabinet manufactured by NUAIRE (Triple Red Technologies). Before and after use, the 

cabinet was cleaned with 70% ethanol (w/v) and all equipment and reagent bottles were 

cleaned before being placed in the cabinet. The cabinet was routinely sterilised each month 

with Mikrozid® (Gompel Healthcare). Discarding cells was performed by treating with 10% 

(w/v) Virkon for 15 minutes before being poured down a domestic waste drain. 

Centrifugation was performed using a Hettich Zentrifugen Universal 320 bench top 

centrifuge at 1200rpm for 5 minutes for cell isolation. Cells were incubated at 37°C in 5% 

CO2 in humidified conditions in an incubator manufactured by NUAIRE (Triple Red 

Technologies). 

2.1.2 Growth Medium 

All carcinoma cells were grown and maintained in a 1:1 (v/v) mixture of Roswell Park 

Memorial Institute (RPMI-1640) (Sigma-Aldrich) and Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco-BRL). This mix was supplemented with 5% (v/v) of foetal Bovine Serum 

(FBS) and 1% (2mM) L-Glutamine (Sigma-Aldrich). This medium is referred to as DR 5%. 

 

Cell culture medium component Category number Supplier 

DMEM (high glucose) with sodium bicarbonate, without 

L-Glutamine 

D6546-6X500ML Sigma-Aldrich 

RPMI-1640 with sodium bicarbonate, without L-

Glutamine 

R0883-6X500ML Sigma-Aldrich 

Foetal bovine serum (FBS) 500ml F7524-500ML Sigma-Aldrich 

L-Glutamine 200mM solution G7513-100ML Sigma-Aldrich 

DPBS (10X) 500ml liquid 14200075 ThermoFisher 

Trypsin-EDTA solution 0.25% T4174-20ML Sigma-Aldrich 

HANKS’ balanced salt solution H9394-6X500ML Sigma-Aldrich 

Table 2.1 Growth medium, supplements and other reagents used throughout cell 

culture 
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2.1.3 Cell detachment and Sub-culturing. 

Prior to all cell culture solutions were warmed to room temperature. Cultures used for 

experimentation were routinely passaged when they reached approximately 80% confluency. 

In order to detach the cells, the culture medium was removed using an aspirator and then 

incubated in 0.1% (w/v) in ethylenediaminetetraacetic acid (EDTA) in PBS for 

approximately 3 minutes. This broke calcium mediated contacts between cells and removed 

any residual FBS which would prevent the action of trypsin when lifting the cells. Following 

PBS/EDTA incubation, the PBS/EDTA was aspirated and the cells were treated with Hank’s 

buffered salt solution containing 0.25% (w/v) trypsin and 0.02% (w/v) EDTA. 0.5ml and 0.75 

ml was added to T25cm2 and T75cm2 tissue flasks, respectively for 2-5 minutes or until cells 

had fully detached. Growth media was added to the tissue culture flasks to neutralise the 

activity of the trypsin and the cellular suspension was transferred into a universal tube for 

centrifugation at 1200rpm for 5 minutes. The supernatant was discarded, and the resulting 

cell pellet was then resuspended in fresh growth media and a splitting ratio was performed as 

appropriate. 

Cell cultures were checked daily to ensure the cultures were healthy and there was no 

contamination using an EVOS™ XL Core inverted microscope (PeqLab) using a 100x 

immersion objective lens. The internal software and imaging system of the microscope 

allowed image capture. Throughout the work, cells were routinely passaged approximately 6-

10 times before a fresh cryopreserved stock was thawed for use. 

2.1.4 Cell counting 

Following cell detachment and resuspension, a sample of the resuspension was taken and 

diluted to an appropriate volume for counting. Cell were counted manually using a 

haemocytometer (Neubauer-Improved Chamber), with approximately 10-100 healthy cells 

present in each large square. To calculate the number of cells per mL, the following formula 

was used:  

Cells/mL = Average number of cells in 4 large squares x dilution factor x104. 
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2.1.5 Cryopreservation and Recovery 

For long term cell cryopreservation, cells were cultured and harvested as described above. 

Following centrifugation the supernatant was aspirated away and the pellet was resuspended 

in freezing medium. For carcinoma cells this consisted of 10% (v/v) FBS and 10% (v/v) 

dimethylsulphoxide (DMSO). For the mLIGHT-L cells and NT-L cells the freezing medium 

consisted of 90% (v/v) FBS and 10% (v/v) DMSO due to the fact that recovery was not 

possible when using the standard freezing medium used for carcinoma cells. 1mL of the 

freezing medium containing the suspended cells was then transferred into each polypropylene 

cryovials, which were then placed in a Nalgene “Mr Frosty” (Fisher, UK) containing 250mL 

of isopropanol (Fisher). This was to control the cooling of the cells to 1°C per minute. 

Initially the cells were placed in a -20°C freezer, then a -80°C freezer. The cells were in the -

80°C freezer for a minimum of 4 hours, but usually were left overnight. The following 

morning the cells were transferred into liquid nitrogen for long term storage at -196°C 

(Statebourne Storage Dewar). 

To thaw cryopreserved cells, frozen vials were removed from liquid nitrogen and were 

quickly partially thawed with the aid of warm water. The liquid/ice mixure was rapidly 

transferred into a universal tube and centrifuged at 1200rpm for 5 minutes to remove the 

DMSO. The supernatant was discarded, and the pellet was resuspended in fresh growth 

medium before being transferred into the appropriate tissue culture flask to be cultured as 

usual. The following day the growth medium was aspirated and replaced with fresh growth 

medium. 

Item Catalogue number Supplier 

Haemocytometer MNK-420-010N Fisher 

T25cm2 Tissue culture flask 83.1810.002 Sarstedt 

T75cm2 Tissue culture flask 83.1813.002 Sarstedt 

Nalgene Mr frosty CRY-120-010T Fisher 

Polypropylene cryovials 72.38 Sarstedt 

Table 2.2 Equipment and consumables used throughout cell culture 

2.2 Cell Lines 

2.2.1 Carcinoma cell lines 

Three renal cell carcinoma cell lines were used: ACHN, 786-O and A-704, as well as the 

colorectal cell carcinoma cell line HCT116 as a positive control. HCT116 has been 

previously used and showed extensive cell death when co-cultured with mLIGHT-L cells as 
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well as expressing both LTβR and HVEM (Albarbar, unpublished). Cell lines were originally 

purchased from Sigma-Aldrich and distributed by ATCC, and grown in the recommended 

growth medium, before being gradually adapted to DR5%. Cells were incubated at 37°C and 

5% CO2
 until they were approximately 80% confluent and were then harvested for the 

expansion of cell stocks which were preserved in liquid nitrogen. 

2.2.2 LTK murine fibroblast (L cells) 

LTK murine fibroblast (L cells) were transfected with human cDNA which encoded LIGHT. 

This produced L cells which expressed membrane presented LIGHT (mLIGHT). The 

mLIGHT expressing L cells were named mLIGHT-L cells. These were kindly provided by 

Professor Daniel Olive, Cancer Research Centre of Marseille (CRCM, France). Non-

transfected L cells (NT-L cells) cells were also used as a control throughout the study as 

control cells in co-culture experiments. 

Cell Line Tissue Type Cancer Type 

ACHN Epithelial Carcinoma 

786-O Epithelial Carcinoma 

A-704 Epithelial Carcinoma 

HCT116 Epithelial Carcinoma 

mLIGHT-L Fibroblast N/A 

NT-L Fibroblast N/A 

Table 2.3 Carcinoma and Fibroblast cell lines used 
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2.3 Flow cytometry 

In this study, flow cytometry was used to detect the expression of lymphotoxin receptors 

present on the surface of the carcinoma cells used. Cells were labelled with PE conjugated 

monoclonal antibodies (mAbs) and an appropriate PE isotype controls were used. The mAbs 

against the protein (either LTβR or HVEM) being detected were added to each sample, 

before being vortexed well and incubated for 20 minutes, at 4°C and in the dark to avoid 

bleaching of the light sensitive fluorochrome. Following incubation, the samples were 

washed with FACS buffer (PBS/1% FBS) and centrifuged at 1500rpm for 5 minutes at 4°C. 

Following centrifugation supernatants were discarded and the cell pellets were resuspended 

in 200-500µL (depending on the cell count). Samples were then ready to be analysed on a 

Millipore Guava EasyCyte flow cytometer. 5000 events were routinely acquired, live/healthy 

cells were gated using the InCyte2.6 Guava software (Millipore). 

Antibody/format Catalogue 

number/clone 

Host Reactivity Supplier  

HVEM-PE 318806/122 Human Human Biolegend 

LTβR-PE 554556359-81-11 Mouse Human BD Bioscience 

Table 2.4 Flow cytometry antibodies 

 

2.4 Lymphotoxin Receptor activation 

To activate the lymphotoxin receptors, two forms of LIGHT was used. The first being 

membrane presented LIGHT (mLIGHT). This was achieved through co-culture of mLIGHT-

L cells with carcinoma cells. The second was through the use of the agonist HERA-LIGHT. 

HERA-LIGHT was used to activate LTβR and HVEM. HERA-LIGHT was stored at -80°C at 

a concentration of 2.6mg/mL, before being diluted to the appropriate concentration for 

experimental use. 96-well plates were used in all co-culture and HERA-LIGHT experiments, 

with the type of 96-well plate (either clear or white) depending on which assay was to be 

employed. Cells were incubated at 37°C in 5% CO2 for the times indicated in the results 

section. The methods of lymphotoxin activation were similar to those previously described in 

detail for CD40 receptor activation (Ibraheem et al., 2018). 
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2.4.1 Co-Culture 

Co-culture experiments were performed using both mLIGHT-L cells and control (NT-L) 

cells. Both mLIGHT-L cells and NT-L cells were treated with Mitomycin C at a 

concentration of 15µg/mL (MMC) and incubated for 2 hours at 37°C in 5% CO2. Following 

incubation, the cells were washed 3 times with 1x PBS before being harvested through 

trypsinisation and centrifuged at 1200rpm for 5 minutes. The supernatant was aspirated away, 

and the pellet was resuspended in DR5% for counting. The cells were then seeded at the 

density indicated in the results section and incubated overnight at 37°C in 5% CO2. The 

following morning the target cells (carcinoma cells) were harvested and counted. The media 

in each well (containing either mLIGHT-L or NT-L cells) was aspirated using a sharp tip and 

replaced with resuspension containing the target cells at the appropriate density. Once again, 

the density of carcinoma cells is indicated in the results section. mLIGHT-L cells and NT-L 

cells were also grown alone (without any target cells) to enable pair wise subtraction as 

appropriate. 

2.4.2 Treatment with HERA-LIGHT 

Following harvesting and counting, the carcinoma cells were seeded at the density described 

in the results section. 2 hours after the seeding of the carcinoma cells, HERA-LIGHT was 

added at the indicated concentration. This 2 hour gap allowed the cells to adhere to the plate 

before treatment.  

2.5 Assays 

2.5.1 Cell biomass measurement (MTS assay) 

The CellTiter 96® Aqueous One Solution Cell Proliferation kit was used to measure cell 

biomass present in each well. The assay kit contains a novel tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES). The MTS 

compound is bioreduced by dehydrogenase enzymes present in the mitochondria of 

metabolically active cells into a stable, coloured, formazan product which is soluble in 

growth medium. The formazan levels present in each well corresponds to the number of 

viable cells in each well, and the formazan levels were measured using a FLUOstar OPTIMA 

(BMG Labtech) plate reader at a wavelength of 492nm.  
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This assay was used for MMC optimisation experiments and for HERA-LIGHT experiments, 

but not for co-culture experiments. A 96-well flat bottom cell culture plate was used for the 

completion of the MTS assay, and the volume of media in each well totalled 100µL. In MMC 

optimisation experiments cells were treated with MMC at different concentrations, before 

being washed, harvested and counted as described in previously. Different cell densities were 

seeded. In HERA-LIGHT experiments, plates were prepared and incubated as previously 

described. 

Following the appropriate incubation time, 20µL of CellTiter reagent was added to each well 

and incubated at 4 hours at 37°C and 5% CO2. After incubation, absorbance was measured on 

a FLUOstar OPTIMA (BMG Labtech) plate reader at a wavelength of 492nm. 

 

2.5.2 Cell Death assay (CytoTox-Glo™) 

The CytoTox-Glo™ (Promega) assay measures the activity of a “dead-cell protease”. The 

assay uses a luminogenic peptide substrate (alanyl-alanylphenylalanyl-aminoluciferin; AAF-

Glo™ Substrate) which cannot cross the membrane of intact cells. Therefore, the dead cell 

protease is only present in the growth medium as a result of cells losing their membrane 

integrity. The AAF-Glo™ substrate is cleaved by the dead cell protease and ultimately forms 

a luminescent signal. This luminescent signal is directly proportional to the dead cell protease 

activity and therefore directly proportional to the level of cell death that has taken place in the 

well. The luminescent signal was measured on a FLUOstar OPTIMA (BMG Labtech) plate 

reader. 

Prior to using the CytoTox-GloTM, all reagents were thawed and warmed to room 

temperature. The reagents were prepared by transferring the entire contents of one bottle of 

assay buffer into one bottle of AAF-GloTM substrate according to the manufacturer’s 

protocol. 50µL of this working solution was added to each well (which contained 100µL of 

media before the addition of the working solution). The GAIN function was used on the 

MARS software to ensure that the measurements takes were within the dynamic range of the 

instrument. To calculate cell death in co-culture experiments, the luminescence values for 

effector or control cell were subtracted from the relevant co-cultured samples i.e. mLIGHT-L 

cells/Target cells – mLIGHT-L cells alone and NT-L cells/Target cells – NT-L cells alone. 

Blank controls were included as appropriate. 
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Figure 2.1 Principle of the Cytotox-Glo death assay 

The AAF-Glo
TM

 substrate is cleaved by a protease that is only released by dead cells.  As a result, aminoluceferin 

is produced which is a substrate for luciferase, therefore, there is a luciferase-mediated production of Light which 

can be detected by the plate reader. Figure was adapted from Promega’s manual protocol for the CytoTox-Glo 

assay. 
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2.5.3 Caspase activity assay (caspase-3/7 activity detection) 

The activity of caspases 3 and 7, often referred to as executioner caspases, can be measured. 

The SensoLyte® Homogeneous AMC Caspase-3/7 Assay Kit lyses cells and measures the 

activity of caspase-3/7 in a bi-function assay allowing the activity of caspase-3/7 to be 

measured directly in cell culture. This assay takes advantage of the shared substrate 

selectivity for Asp-Glu-Val-Asp (DEVD) of these closely related caspases. The kit uses the 

molecule Ac-DEVD-AFC as a fluorogenic indicator of caspase-3/7 activity. The cleavage of 

Ac-DEVD-AFC by caspase-3/7 generates an AFC fluorophore with bright blue fluorescence 

which is detectable at Excitation/Emission 380 nm/500 nm using a FLUOstar OPTIMA 

(BMG Labtech) plate reader. 

Following thawing of the kit components at room temperature, the working solution was 

prepared according to the manufacturers protocol. 50µL of DR5% was added to each well of 

the plate to give a total volume of 150µL in each well, in accordance to the manufacturer’s 

guidelines. 50µL of working solution was then added to each well, and the samples were 

incubated in the dark (to prevent bleaching of the fluorochrome for 45 minutes at room 

temperature. As in the case of the CytoTox-GloTM experiment, the GAIN function was used 

on the MARS software to ensure that measurements were all within the dynamic range of the 

instrument. Similarly, in co-culture experiments, fluorescence values for effector or control 

cell were subtracted from the relevant co-cultured samples i.e. mLIGHT-L cells/Target cells 

– mLIGHT-L cells alone and NT-L cells/Target cells – NT-L cells alone. Blank controls were 

included as appropriate. 
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Caspase-3 

Caspase-7 

Strongly fluorescent at a 
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Figure 2.2 Principle of the Caspase-3/7 assay 

Active forms of caspase-3 and caspase-7 cleave the substrate Ac-DEVD-AMC, which generates the AMC 

fluorophore. The bright blue fluorescence of the AMC fluorophore can be detected at Excitation 

380nm/Emission 500nm respectively. Figure was adapted from manual protocol for SensoLyte® 

Homogeneous AMC Caspase-3/7 Assay. 
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Assay Catalogue Number Supplier 

CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay (MTS) 

G3581 Promega 

CytoTox-GloTM cytotoxicity assay (5x10ml) G9291 Promega 

SensoLyte ® homogenous AFC caspase -3/7 

assay kit 

ANA71114 Cambridge bioscience 

Table 2.5 Cell death and proliferation assays 

 

2.6 Statistical analysis 

Results were collected, analysed and presented through Microsoft Excel. Results were 

presented as mean values ±SEM. P-values were generated using a two tailed paired student t-

test and statistical analysis was carried out with the statistical software, Minitab. 
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Chapter 3 

The effect of mLIGHT on renal cell 

carcinoma cell lines   
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3.1 Introduction 

Previous work in our lab group has investigated the effects of activating lymphotoxin 

receptors using the soluble agonist BS-1 mAb to activate LTβR, or soluble, recombinant 

LIGHT to activate both LTβR and HVEM. Findings from our studies had showed that both 

the soluble mAb agonist and recombinant LIGHT were do not induce significant cell death in 

any of the epithelial cell lines unless co-treated with IFN-γ (Albarbar, PhD thesis). For 

unknown reasons, this was only observed in some, but not all cell lines which would suggest 

that the tumour cell origin and tumour grade is important. These data provided evidence that 

similarly to the CD40 receptor/ligand system, the signal quality may be important when 

inducing lymphotoxin receptor mediated cell death.  

In continuation of this work, the present study first aimed to assesss the role that the 

lymphotoxin receptors play in determining cell fate off RCC when ligated with mLIGHT. 

The activation of mLIGHT on RCC cell lines is novel as it has a different tumour origin, 

which could potentially affect the functional outcome (such as apoptosis, growth arrest or 

proliferation) as exampled by previous work. 

As the RCC cell lines represent a new area of investigation, the first aims of the work were to 

optimise a system involving mLIGHT induced cell death of RCC cell lines.  This would later 

be compared with the ability of humanised agonist HERA-LIGHT to induce such effects as 

currently such agonists represent a realistic treatment compared to genetically modified cells. 

 

The aims of the work in this chapter were to: 

• Confirm or refute lymphotoxin receptor (LTβR and HVEM) expression on the RCC 

cell lines: ACHN, 786-O and A-704 as these are the target receptors of mLIGHT 

• Determine the optimal seeding densities for co-culture with effector cells which 

allows sensitive detection of apoptosis 

• Assess mLIGHT-induced cell death using assays that assess the activity of a “dead 

cell protease” and caspase-3/7 in renal carcinomas (A-704, 786-O and ACHN) whilst 

using HCT116 as a positive control. 
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3.2 Expression of the Lymphotoxin receptors on RCC cell lines  

The lymphotoxin receptors LTβR and HVEM are expressed on a number of immune cells 

and non-immune cells. There have been a number of studies which have described the 

relative importance of the two receptors. Some studies claim that both receptors need to be 

present in order for to induce cell death, whilst others claim that it is one in particular that is 

required (Zhai et al., 1998; Pasero et al., 2009b). Before further investigation was performed, 

the expression of LTβR and HVEM was assessed using flow cytometry. All anti-bodies used 

in this study utilised the R-phycoerythrin (PE) fluorochrome. The antibody is conjugated with 

PE in order to give off a fluorescent signal when the anti-body has bound to a protein. In this 

study, a isotype control was used as well as unlabelled cells to ensure that any non-specific 

binding was not influencing any conclusions. To select for healthy, viable cells, the scatter 

graph (as shown in figure 3.1) was gated so only results which fell inside the oval referred to 

as R1 were plotted on the scatter graph. The exact experimental method is described in 

section 2.3. The level of protein expression for LTβR and HVEM was important, as well also 

the differences between them as this may later help understanding of the effects of mLIGHT-

induced apoptosis induction. HVEM expression was similar across all RCC cell lines 

screened, however LTβR expression was higher in A-704 compared with ACHN and 786-0, 

as shown in figure 3.2. This made all of the RCC cell lines suitable for functional 

investigation of the effects of mLIGHT-mediated lymphotoxin receptor activation. 
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Figure 3.1 Gating Strategies  

Following acquisition, the viable population of cells was gated using forward and side scatter, indicated by R1 

in the scatter graph. From this population the fluorescence intensity was determined. In this example, a control 

isotype antibody PE was used (filled grey histogram) to determine non-specific binding, LTβR expression was 

determined using a PE-conjugated anti-LTβR antibody (white histogram). This figure demonstrates a low level 

of non-specific binding as well an example of the gating strategies used to select viable cells. 
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Figure 3.2 The expression of LTβR and HVEM on RCC cell lines 

Cells were harvested and either left untreated (black lined histogram), treated with control PE (blue lined 

histogram) or with the test antibodies: anti-LTβR (left) or anti-HVEM (right) (red lined histogram). Following 

labelling, cells were analysed using flow cytometry, with at least 5000 events being acquired. This figure shows 

that all cell lines tested were positive for both LTβR and HVEM, with A-704 being showing a significantly 

higher expression of LTβR compared to other cell lines. The expression levels for each receptor was otherwise 

comparable between cell lines. 
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3.3 Determining the optimal cell density for detection of mLIGHT-mediated cell death 

using CytoTox-Glo 

When using the co-culture technique it is important to effectively growth arrest the effector 

cells (in this case the mLIGHT-L and NT-L cells). This was achieved through the use of 

Mitomycin C (MMC). Prior to co-cultures being performed, a cell viability assay was 

performed with varying concentrations and seeding densities of the effector cells to determine 

the optimal concentration of MMC required to achieve growth arrested cells, but without 

causing significant cytotoxicity (data not shown). The concentration decided upon through 

routine microscopy observation and through the use of the cell viability assay was 15µg/mL. 

this was in accordance with previous work Albarbar, PhD thesis). The ratios of effector to 

target cells had also been previously optimised (Albarbar, PhD thesis). The L cells that are 

used in this study (i.e. the mLIGHT-L and NT-L cells) are relatively small in comparison to 

those used in previous co-culture studies to activate the CD40 receptors. Therefore, a larger 

ratio of effector to target cells is used; 1:0.8 effector to target cells is used in this study, as 

opposed to a 1:1 ratio of effector to target cells that has been used previously (Dunnill et al., 

2017; Ibraheem et al., 2019). Despite this, it is still important to optimise the cell density (i.e. 

the number of cells to be seeded per well) of the cells to be seeded to ensure there is adequate 

coverage of the plate whilst avoiding artefacts as a result of overgrowth.  

Following MMC optimisation, L cells were growth arrested with MMC at a concentration of 

15µg/mL for 2 hours and co-cultured and the assay performed as described in sections 2.4.1 

and 2.5.2, respectively. Initially, a seeding density of 2x104 effector cells per well was used. 

This means that there was 2x104 effector/control cells and 1.6x104 target cells per well. The 

results appeared to have a large background reading of death due to overgrowth in the ACHN 

and 786-O cell lines, however the A-704 cell line had a significant level of mLIGHT 

mediated cell death, as shown in figure 3.4. Further experiments were subsequently 

performed with the same ratio of effector cells to target cells at a density of 1.6x103, 1.2x103 

(data not shown) and 1x103 effector cells.  
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Figure 3.3 The induction of cell death in RCC cell lines using the Cytotox-Glo assay 

at 2x104 effector cells and 1.6x104 target cells 

MMC-treated control (NT-L) cells and m-LIGHT-L cells were seeded at 2x104 cells per well in a white 96-

well plate and were incubated overnight. Approximately 12 hours later, the media was aspirated and 1.6x104 

target cells (ACHN, 786-O, A-704, HCT116) were co-cultured with either control cells or mLIGHT-L cells. 

The cells were incubated for 24 hours, 48 hours and 72 hours at 37°C and 5% of CO2. Following the 

relevant incubation period, 50µL of CytoTox-Glo substrate was added to each well and the luminescence 

was measured using a FLUOstar OPTIMA (BMG Labtech) plate reader. Results are presented as relative 

luminescence units (RLU) following background correction. Bar graphs a, b, c and d show ACHN, 786-O, 
A-704 and HCT116 respectively. a and b show no significant levels of cell death but high levels of 

background death. c and d show significant levels of cell death. N=5 Bars correspond to mean values ±SEM. 

NS. non-significant; *, p < 0.01; **, p < 0.01; ***, p < 0.001, paired student t-test, target cells/control vs 

target cells/mLIGHT, as indicated.   

 

d 
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Following the results in figure 3.4, co-culture experiments were subsequently performed with 

the same ratio of effector cells to target cells (1:0.8), but with decreasing cell densities. The 

co-culture and assay procedure was followed as above. The following cell densities were 

used: 1.6x104 : 1.28x104, 1.2x104 : 0.964 (data not shown) and 1x104 : 0.8x104  effector cells: 

target cells per well respectively, as shown in figure 3.5. 

Despite the cell density of 1x104 effector cells sufficiently reducing the background death in 

ACHN, it was not an optimal density for the A-704. The A-704 cell line still showed cell 

death, but the level of mLIGHT mediated death was greatly reduced. There was, however, 

still a high level of background death in the 786-O cell line particularly at 72 hours. Further 

experiments were performed, specifically of the 786-O cell line, in an attempt to reduce the 

background death which was particularly evident after 72 hours (data not shown). This 

included reducing the cell density further and adjusting the ratio, however, these experiments 

proved largely unsuccessful and it was not possible to achieve this within the time frame of 

the project. The 786-O cell line was not used in further co-culture experiments. 
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Figure 3.4 The induction of cell death in RCC cell lines using the Cytotox-Glo assay at 

1x104 effector cells and 0.8x104 target cells 

MMC-treated control (NT-L) cells and m-LIGHT-L cells were seeded at 1x104 cells per well in a white 96-well 

plate and were incubated overnight. Approximately 12 hours later, the media was aspirated and 8x103 target 

cells (ACHN, 786-O, A-704, HCT116) were co-cultured with either control cells or mLIGHT-L cells. The cells 

were incubated for 24 hours, 48 hours and 72 hours at 37°C and 5% of CO2. Following the relevant incubation 

period, 50µL of CytoTox-Glo substrate was added to each well and the luminescence was measured using a 
FLUOstar OPTIMA (BMG Labtech) plate reader. Results are presented as relative luminescence units (RLU) 

following background correction. Bar graphs a, b, c and d show ACHN, 786-O, A-704 and HCT116 

respectively. a) no significant levels of cell death is seen. b) moderate levels of death is seen at 48 hours, but a 

high level of background death at 72 hours is evident. c) moderate levels of death at all timepoints, with the 

level of death increasing at each timepoint. d) significant levels of death at both 48 and 72 hours is seen.  Bars 

correspond to mean values ±SEM. N=5. Stats: ns. non-significant; NS. non-significant; *, p < 0.05; **, p < 0.01; 

***, p < 0.001, paired student t-test, target cells/control vs target cells/mLIGHT, as indicated.   
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3.4 Detection of Caspase-3/7 activation 

To further investigate the effects of mLIGHT mediated lymphotoxin receptor activation, the 

activation of executioner caspases-3/7 was investigated. This would help confirm the 

previous cell death findings earlier in the chapter, as well as identify possible mechanisms of 

apoptosis present in the RCC cell lines. Using the parameters that were optimised above, 

ACHN and A-704 (as well as HCT116 as a positive control) cell lines were co-cultured with 

mLIGHT-L cells and NT-L control cells, as described in 2.5.1. The assay was carried out as 

described in 2.5.3, and results are shown in figure 3.6. ACHN showed no evidence of an 

increase in caspase-3/7 activity, while A-704 showed a significant increase along with 

HCT116 in agreement with the results presented above, as well a previous study which used 

HCT116 (Albarbar, PhD thesis).  
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Figure 3.5 Activation of the executioner caspases using the caspase3/7 assay 

MMC-treated control (NT-L) cells and m-LIGHT-L cells were seeded at 1x104 cells per well in a white 96-well 

plate and incubated overnight. Approximately 12 hours later, the media was aspirated and 8x103 target cells 

(ACHN, A-704 and HCT116) were co-cultured with either control cells or mLIGHT-L cells. The cells were 
incubated for 72 hours at 37°C and 5% of CO2. Following incubation, 50µL of medium was added to each well 

and then 50µL of substrate of the Anaspec reagent was added to each well. Fluorescence was measured by a 

FLUOstar OPTIMA (BMG Labtech) plate reader. Results are presented as relative fluorescence units (RFU) 

following background correction. Bar graphs a, b and c show ACHN, A-704 and HCT116 respectively. a) no 

significant change in caspase-3/7 activation. b and c) a significant increase in caspase-3/7 activation is seen. 

Bars correspond to mean values ±SEM. N=5 Stats: *, p < 0.05; **, p < 0.01; ***, p < 0.001, paired student t-

test, target cells/control vs target cells/mLIGHT, as indicated.   
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3.5 Summary 

• All three RCC cell lines tested were positive for both LTβR and HVEM expression, 

and there were similar levels of HVEM expression present in all three cell lines, 

whilst there was a greater level of LTβR expression in A-704 than ACHN and 786-O 

• Treatment with 15µg/mL of MMC was an appropriate concentration of MMC to 

growth arrest NT-L and mLIGHT-L cells; whilst 20µg/mL was cytotoxic and 

10µg/mL proved ineffective at growth arresting the L cells. 

• A cell density of 2x103 effector cells and 1.6x103 target cells induced significant cell 

death in the A-704 cell line, but created a high level of background death in ACHN 

and 786-O. 

• A cell density of 1x103 effector cells and 0.8x103 target cells sufficiently reduced the 

background death in ACHN, yet there was no cell death seen in ACHN. This density 

also proved insufficient for 786-O, despite there being moderate death in 786-O at 48 

hours. A-704 showed a moderate level of cell death at this reduced cell density  

• Caspase-3 and caspase-7 activation was observed in A-704, yet it was absent in 

ACHN cells. 
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Chapter 4 

The effect of HERA-LIGHT on renal 

cell carcinoma cell lines   
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4.1 Introduction 

Following the functional outcomes of LTβR and HVEM by mLIGHT, the activation of 

lymphotoxin receptors by HERA-LIGHT was of interest. As previously discussed, soluble 

agonists have not been able to induce as high of a level of cytotoxicity as a membrane 

presented signal. HERA-LIGHT belongs to the HERA-Ligand family of soluble agonists, 

which are all based upon a novel hexavalent compound which allows the HERA-Ligands to 

bind to six receptors in a spatially defined manner, as opposed to agonistic antibodies which 

can only bind two receptors in a spatially undefined manner. This allows the HERA-based 

ligands to create an effective level of receptor clustering, without the need secondary cross-

linking via Fcγ receptors. This gives the HERA-based ligands an advantage over other, 

antibody-based agonists.  

The aims of this chapter were to: 

• Assess the effects of HERA-LIGHT treatment on the biomass of RCC cell lines and 

to use these data to refine the concentration and seeding density for further 

investigation. 

• Investigate the ability of HERA-LIGHT to induce cell death in RCC cell lines, and to 

begin to investigate the type of cell death using the caspase-3/7 assay. 
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4.2 Effect of HERA-LIGHT on biomass levels at different concentrations and cell 

densities 

Similarly to the co-culture experiments, it is important to optimise various parameters of the 

experimental work when using agonists. In the case of the HERA-LIGHT experiments, an 

appropriate cell density and the concentration of HERA-LIGHT had to be determined. 

Previously, a titration performed by in the research group had provided an indication of what 

concentration of HERA-LIGHT was required, so for this study the concentrations 0.1μg/mL 

and 0.2μg/mL were tested as these two concentrations showed an effect (Georgopoulos et al, 

unpublished observations). These two concentrations were used at cell densities of 8000 cells 

per well and 5000 cells per well. The experimental procedure was carried out as described in 

2.4.2, and the assay was carried out as described in 2.5.1. The results showed a reduction in 

cell biomass in the ACHN and A-704 cell lines at all cell densities and HERA-LIGHT 

concentrations used compared to the untreated cells of the same conditions. There was 

however a greater reduction in biomass when the concentration of 0.2μg/mL and 8000 cells 

was used. As a result, these parameters were selected for further experimentation. The 786-O 

cell line showed little or no reduction in biomass at either concentration of cell density used. 

As a result, this cell line was not used in further experiments. 
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Figure 4.1 The effect of HERA-LIGHT treatment of biomass levels at different 

concentrations of HERA-LIGHT and cell densities 

Cells were seeded at 5x103 cells per well or 8x103 per well in a clear 96-well plate. After 2 hours cells were 

treated at a concentration of either 0.2μg/mL, 0.1μg/mL or cells were left untreated. Cells were incubated for 48 

hours and 72 hours at 37°C and 5% of CO2. Following the relevant incubation period, 20µL of MTS solution 

was added to each well and the absorbance was measured using a FLUOstar OPTIMA (BMG Labtech) plate 

reader. Results are presented as relative absorbance following background correction. Plots a, b, and c show 

ACHN, 786-O, A-704 respectively. Upper plots show 0.1μg/mL of HERA-LIGHT treatment; lower plots show 

0.2μg/mL of HERA-LIGHT treatment. Left hand plots show 8x103 cells seeded; right hand plots show 5x103 

cells seeded. a) HERA-LIGHT treatment consistently lowered biomass levels across both cell densities and 

concentrations tested, with a cell density of 8x103 and a HERA-LIGHT concentration of 0.2μg/mL showing the 

greatest drop in biomass. b) HERA-LIGHT treatment showed no significant change in cell biomass levels. c) 

following HERA-LIGHT treatment, , there was a significant decrease in cell biomass levels at a cell density of 
8x103, a lower, or non-significant decrease was seen at a cell density of 5x103 . The largest decrease in cell 

biomass was seen at a cell density of 8x103 and a concentration of 0.2μg/mL. Bars correspond to mean values 

±SEM. N=4. Stats: ns. Non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001, paired student t-test, treated vs 

untreated cells as indicated.  
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4.3 The ability of HERA-LIGHT to induce cell death 

Using the conditions previously optimised in the above section (a cell density of 8000 cells 

and a concentration of 0.2μg/mL), the method described in 2.4.2, and the CytoTox-Glo assay 

(as described in 2.5.2), the ability for HERA-LIGHT to induce cell death in the ACHN, A-

704 and HCT116 cell lines was investigated. The HCT116 cell line was used it had been 

previously shown to be susceptible to lymphotoxin receptor induced cell death in chapter 3 

and by Albarbar (Albarbar, PhD thesis). It was important to use a specific death assay so it 

could be determined whether the reduced biomass was due to the induction of cell death or 

whether HERA-LIGHT was anti-proliferative. The results showed that HERA-LIGHT was in 

fact able to induce significant cell death via the lymphotoxin receptors in A-704, HCT116, 

and a low level of cell death in ACHN, as shown in figure 4.2. 
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4.2 The ability of HERA-LIGHT to induce cell death  

Cells were seeded at 8x103 white 96-well plate. After 2 hours HERA-LIGHT was added at a concentration of 

0.2μg/mL or cells were left untreated. Cells were incubated for 24 hours, 48 hours and 72 hours at 37°C and 5% 

of CO2. Following the relevant incubation period, 50µL of CytoTox-Glo substrate was added to each well and 

the luminescence was measured using a FLUOstar OPTIMA (BMG Labtech) plate reader. Results are presented 

as relative luminescence units (RLU) following background correction. Bar graphs a, b and c show ACHN, A-

704 and HCT116 respectively. a)  HERA-LIGHT treatment showed no significant induction of cell death. b and 
c) following HERA-LIGHT treatment, moderate to significant cell death was seen in these two cell lines. At 24 

hours little or no cell death was seen, which increased to moderate death at 48 hours and moderate to significant 

cell death at 72 hours. Bars correspond to mean values ±SEM. N=5. Stats: ns. Non-significant; *, p < 0.05; **, p 

< 0.01; ***, p < 0.001, paired student t-test, treated vs untreated cells as indicated. 
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4.4 Caspase-3 and caspase-7 activation following HERA-LIGHT treatment 

Following the confirmation that HERA-LIGHT was able to induce cell death as well as  a 

reduction in biomass, the activation of the executioner Caspase-3 and Caspase-7 was 

investigated. The experiment was performed using the methods described for setting up the 

treated cells and assay as described in sections 2.4.2 and 2.5.3, respectively. In accordance 

with the results above, ACHN showed no increase in caspase-3 and caspase-7 activity, 

whereas A-704 and HCT116 showed a moderate increase in caspase activity.  
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4.3 The ability of HERA-LIGHT to activate the executioner caspases using the caspase-

3/7 assay  

Cells were seeded at 8x103 white 96-well plate. After 2 hours HERA-LIGHT was added at a concentration of 

0.2μg/mL or cells were left untreated. Plates were incubated for 72 hours at 37°C and 5% of CO2. Following 

incubation, 50µL of medium was added to each well and then 50µL of substrate of the Anaspec reagent was 

added to each well. Fluorescence was measured by a FLUOstar OPTIMA (BMG Labtech) plate reader. Results 

are presented as relative fluorescence units (RFU) following background correction. Bar graphs a, b and c show 

ACHN, A-704 and HCT116 respectively. a) HERA-LIGHT treatment showed no significant change in caspase-

3/7 activity. B and c) HERA-LIGHT treatment showed a moderate level of caspase-3/7 induction. Bars 

correspond to mean values ±SEM. N=5. Stats: ns. Non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001, 

paired student t-test, treated cells vs control untreated cells, as indicated.   
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4.5 Summary 

• HERA-LIGHT reduced the cell viability levels in ACHN and A-704, but showed little 

or no reduction in viability levels in 786-O. 

• HERA-LIGHT induced a moderate level of death A-704, yet showed no induction of 

death in ACHN 

• In accordance with the Cytotox-glo assay, A-704 showed some increase in caspase-3 

and caspase-7 activity, whilst there was no caspase activation in the ACHN cell line. 

 

 

  



79 
 

 

 

 

 

 

 

 

Chapter 5 

Discussion  
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5. General Discussion 

An often-neglected characteristic of the TNFR family is the reliance on the “signal quality” 

(i.e. the level of receptor cross-linking) to determine the functional outcome of TNFR 

signalling (Albarbar et al., 2015; Fernandes et al., 2016; Georgopoulos et al., 2007). A 

number of studies have demonstrated that there is a clear superiority in receptor activation 

and signalling potential in TNFR members, such as CD40, TNF-α, TRAIL and Fas when 

membrane bound ligand are used, or cross linked forms of the soluble ligand (Ardestani et al., 

2013a; Bugajska et al., 2002; Engels et al., 2005; Georgopoulos et al., 2007; Schneider et al., 

1998; Suda et al., 1997; Wajant et al., 2001; Wajant et al., 2015; Zapata et al., 2001). Despite 

this, the overwhelming majority of studies involving the lymphotoxin system has used 

soluble agonists and ligands, rather than the membrane bound form or highly cross-linked 

agonistic antibodies. 

Previously, it has been shown that mLIGHT has the ability to induce extensive cell death in 

most colorectal and urothelial carcinoma cell lines tested, yet the mLIGHT showed 

cytoprotective effects in normal human urothelial (NHU) cells (Albarbar, PhD thesis). 

Therefore, through the use of RCC cell lines, this study showed that mLIGHT mediated 

signalling resembled similar findings in the CD40 system (Bugajska et al., 2002; 

Georgopoulos et al., 2006; Ibraheem et al., 2019).  

This present study looked to build on the previous optimisation carried out in our research 

group to optimise a co-culture system to investigate mLIGHT mediated signalling in renal 

cell carcinomas. There are some conflicting views in previous studies on the importance that 

LTβR and HVEM play in inducing cell death. Some studies claim that both are required for 

cell death to be triggered, whilst others claim that it only one of the two receptors that is 

essential to cell death (Zhai et al., 1998; Pasero et al., 2009b). Therefore, it was important to 

confirm the presence or absence of LTβR and HVEM present in the RCC cell lines. All three 

RCC cell lines used in this study were found to be positive for both LTβR and HVEM, as was 

HCT116 (positive control). Interestingly, A-704 displayed a higher level of LTβR expression 

than ACHN and 786-O, and as discussed below, A-704 consistently was more responsive to 

mLIGHT and HERA-LIGHT. 
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5.1 The effect of mLIGHT on on RCC cell lines 

This study used the previously optimised seeding densities (1:0.8 effector cells to target cells) 

and initially used the same seeding density as the previous study (2x104 effector cells). This 

showed extensive cell death in the A-704 cell line, as well as in HCT116. However, there was 

a high level of background death in the control group at this density in the ACHN and 786-O 

cell lines. As a result, the cell density was halved to 1x103 effector cells. This is probably due 

to the large size of the RCC cell lines relative to many other epithelial cell lines. Whilst there 

was still a significant amount of cell death seen in HCT116, there was a greatly reduced level 

of death seen in A-704. The ACHN cell line appeared largely unresponsive to mLIGHT, 

whilst the 786-O cell line appeared to undergo cell death, but still displayed a high level of 

background death as the incubation time reached 72 hours. A similar result was observed 

when the cell density of 786-O was reduced further, and it was not possible to effectively 

optimise this. It would be interesting to pursue the optimisation of a co-culture with 786-O 

and mLIGHT presenting effector cells further as it did display moderate cell death after 48 

hours. It would be reasonable to assume that this level would increase further, in line with 

other data on the lymphotoxin system (Albarbar, PhD thesis), if the system could be better 

optimised. Interestingly, in accordance with the data for cell death, there was significant 

activation of caspase-3 and caspase-7 activity in A-704 (and the HCT116 positive control), 

and ACHN showed no activation of caspase-3 and caspase-7 activity. Therefore, caspase 

dependent cell death was at least in part responsible for apoptosis. The functionality of 

caspase -3 and caspase-7 could be confirmed by investigating caspase-8 (the caspase which is 

largely responsible for the activation of the executioner caspases) as well as using western 

blots to confirm the findings found using the assays. 

5.2 The effect of HERA-LIGHT treatment on RCC cell lines 

It has been well documented that soluble ligand and agonistic antibodies can induce growth 

inhibition, yet much of the research to date has used biomass assays (which can assess growth 

inhibition), but specific death assays have more seldom been used. On top of this, previous 

work in our research group has failed to reproduce data which showed that BS-1 was 

cytotoxic to HT29 cells (Browning et al., 1996; Hu et al., 2013), and could only show a small 

amount of reduction in biomass when adjusting both the cell density and the timing of the 

treatment in a panel of CRC and UCC cell lines (Albarbar, PhD thesis). This previous work 

within the group also demonstrated that soluble LIGHT was superior to BS-1 (which only 
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activates LTβR). This is perhaps due to the requirement of activation of both lymphotoxin 

receptors in order to be cytotoxic, although there is much debate around this topic. Moreover, 

all carcinoma cell lines in this lab are routinely kept in an antibiotic free medium and we have 

evidence which shows that antibiotics create a low level of stress, and therefore enhance 

weakly pro-apoptotic signals (Dunnil and Georgopoulos, unpublished). It is therefore 

possible that weakly pro-apoptotic signals have been inadvertently enhanced as a result of 

antibiotics being used. 

There is, however, much evidence demonstrating that the cross-linking of members of the 

TNFR family exhibits a greater level of cell death induction. In this study, a member of the 

engineered HERA-ligands family, HERA-LIGHT, was tested. The HERA-ligands can ligate 

six receptors, in a spatially defined manner, without the need for secondary cross-linking. 

This is designed to increase the clustering of the TNFR and create a higher level of adaptor 

protein recruitment, which would ultimately lead to a greater chance of signal transduction 

and downstream signalling. In this study, HERA-LIGHT was used in an attempt to directly 

induce cell death. This is despite the fact that the HERA-ligands have generally been 

designed to activate the immune system to have anti-tumour effects rather than for the 

induction of cell death directly. Several HERA-ligands have been used to date which have 

showed superiority over their soluble ligands and antagonistic antibody counterparts (Merz et 

al., 2018; Richards et al., 2019; Thiemann et al., 2018). In light of previous findings in this 

research group regarding the effectiveness of soluble ligands and agonistic antibodies, 

HERA-LIGHT was tested on cells that had been grown and maintained in antibiotic free 

medium, treatment with HERA-LIGHT was added two hours after seeding the target cells (so 

that the target cells had chance to adhere to the plate and were not as vulnerable) and both 

biomass and death assays were utilised.  

HERA-LIGHT was found to induce growth inhibition in both ACHN and A-704, and the 

inhibitory effects of HERA-LIGHT were enhanced at a higher dose of HERA-LIGHT and 

when there was a higher number of cells seeded. 786-O showed no response to HERA-

LIGHT treatment at any concentration or cell density tested. Interestingly, the 786-O cell line 

showed the highest response to CD40 receptor activation out of the RCC cell lines that were 

used in this study in response to both the membrane presented signal and the soluble agonist. 

However, it is important to note that despite 786-O displaying the highest response to CD40 

activation, the response to the soluble agonist was still relatively small (Ibraheem et al, 2019)  
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Moreover, when a specific cell death assay was used (CytoTox-Glo), there was a moderate 

level of cell death induced in A-704. Despite displaying growth inhibition, ACHN appeared 

to be unresponsive to HERA-LIGHT when tested for cell death. This was in direct contrast to 

the A-704 cell line which showed growth inhibition and cell death, whereas ACHN only 

showed growth inhibition. The presence of cell death in A-704, and absence of cell death in 

ACHN were similar of the findings when using the membrane presented signal. Moreover, 

these results were further supported as A-704 showed a small amount of caspase-3 and 

caspase-7 activation, whilst ACHN showed no caspase-3 and caspase-7 activation when 

compared to untreated cells. Similarly, HCT116 was seen to display a moderate level of cell 

death induction and caspase-3 and caspase-7 activation.  

Whilst HCT116 was not intended to be a focus of this thesis, it is interesting to note that it 

displayed extensive cell death when mLIGHT was used, and moderate cell death when 

HERA-LIGHT was used. This pattern is replicated, albeit on a smaller scale, with the A-704 

cell line. This would appear to suggest that mLIGHT mediated lymphotoxin receptor 

activation is superior to the HERA-LIGHT mediated lymphotoxin receptor activation. 

However, due to the relatively limited number of cell lines tested in this study, and with only 

the A-704 cell line displaying cell death (other than HCT116) it is difficult to compare 

mLIGHT and HERA-LIGHT with any real confidence. The use of a panel of carcinoma cell 

lines would confirm the findings with the A-704 cell lines. 

5.3 Interpretation, Future Work and Direction 

The lymphotoxin system is highly complex and relatively poorly understood in both signal 

transduction as well as receptor activation. For example, there have been a variety signal 

delivery formats used in the activation of the lymphotoxin receptors, as well as conflicting 

views on the roles that both LTβR and HVEM play in determining the functional outcome 

(Zhai et al., 1998; Pasero et al., 2009b). In continuation of previous work to understand these 

issues (Albarbar, PhD thesis), this study used well characterised RCC cell models (Ibraheem 

et al., 2019) and has initiated areas of future work which would address some of the issues 

currently surrounding research in the lymphotoxin system. This also allows comparison 

between previous studies in this research group on the CD40 system which also used well 

characterised models (Bugajksa et a., 2002; Dunnill et al., 2017., Ibraheem et al., 2019). 

Despite both expressing LTβR and HVEM, the difference between ACHN and A-704 when 

using the membrane presented signal would merit future investigation. It would be interesting 
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to perform further experiments on the recruitment of TRAF adaptor proteins in these two cell 

lines, as the recruitment of specific TRAFs dictates the downstream signalling in the TNFR 

pathways. TRAF3 is a negative regulator of NF-κB, and as a result TRAF3 recruitment is 

associated with cell death (Albarbar, PhD thesis; Force et al., 1997; Sanjo et al., 2010; 

VanArsdale et al., 1997). Additionally, it has been shown that LIGHT induced cell death was 

TRAF3 dependant (Rooney et al., 2000). Therefore, TRAF3 recruitment would be expected 

in cell lines that display cell death, and conversely an absence of TRAF3 recruitment would 

be expected in cell lines that do not display cell death. Equally, TRAF2 and TRAF5 are other 

commonly recruited TRAFs following lymphotoxin receptor activation, however these are 

more commonly associated with cell survival. Consequently, investigating the specific TRAF 

recruitment in the cell lines tested in this study would go some way to elucidating the specific 

pathways that are activated following lymphotoxin receptor activation. 

The specific TRAF recruitment may also explain the anti-proliferative, but lack of cell death 

induction in ACHN when treated with HERA-LIGHT. As previously mentioned, TRAF3 is a 

negative regulator of NF-κB, and therefore, TRAF3 recruitment may have been the cause of 

the anti-proliferative effects. However, if there was little or no activation of JNK, it is entirely 

possible that there was anti-proliferative signals but no death signals. If this hypothesis could 

be confirmed, it would be further evidence for cell type specific effects of lymphotoxin 

receptor activation. 

From the data presented in this thesis, it is only possible to say that there was cell death in A-

704 following HERA-LIGHT treatment. This is because the biomass assay is unable to 

distinguish between a reduction in biomass that is a result of a reduction in proliferation and 

an induction of cell death. In the A-704 cell line, which demonstrated a reduction in biomass 

and cell death, it would be interesting to investigate the TRAF recruitment and the activation 

of NF-κB and JNK as this would give some indication as to whether HERA-LIGHT was anti-

proliferative as well as cytotoxic.  

On the other hand, the lack of death shown by ACHN could also be attributed to a factor 

outside of signal transduction and intracellular signalling, such as the presence of DcR3. 

DcR3 has been shown to often be overexpressed in a number of types of cancer, and is 

thought to confer tumour resistance to death inducing ligands such as LIGHT and Fas. 

Previously, it had been shown to confer the cell line SW480 with resistance to LIGHT 

mediated cell death (Yu et al., 1999; Yu et al., 2013).  
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It is also interesting to note that the A-704 cell lines showed a higher level of expression of 

LTβR than ACHN and 786-O and also showed to be more responsive to the two methods 

used in this study to activate the lymphotoxin receptors. This observation, whilst easy to 

neglect, could in fact be more significant than originally thought. As previously described, 

there is some debate over the relative importance of each lymphotoxin receptor in the 

induction of cell death. This should be investigated more thoroughly, for example using 

western blots as well as flow cytometry to more accurately evaluate receptor expression. It 

would also be interesting to use a panel of epithelial carcinoma cell lines to see if this 

observation is reflected in other cancer cell types. Perhaps a study in which rigorous 

lymphotoxin receptor expression could be carried out through a variety of techniques to give 

quantifiable results would go some way to answer this question. 

Likewise, it would also be interesting to compare the receptor binding and adaptor protein 

recruitment mediated by mLIGHT and HERA-LIGHT, as this may well give some answers 

as to the possible superiority that mLIGHT displayed in the present study and a previous 

study (Albarbar, PhD thesis). Further investigation could also shed some light as to why 

ACHN is relatively resistant to LIGHT-mediated cell death yet displayed growth inhibition 

when treated with HERA-LIGHT. Studies in the CD40 system have shown that the 

membrane presented signal gave a higher level of cell death induction due to superior TRAF3 

recruitment (Georgopoulos et al., 2006), and it is likely that this would be similar in the 

lymphotoxin system. 

 As previously mentioned, HERA-LIGHT was developed with the view of stimulating T cell 

activation through LIGHT-mediated HVEM signalling. As a result, the ability of HERA-

LIGHT to ligate and activate both lymphotoxin receptors remains unclear, and therefore, the 

exact binding and specificity of HERA-LIGHT to each lymphotoxin receptor should be 

evaluated before drawing and firm conclusions regarding HERA-LIGHT and LTβR/HVEM 

interactions. 

Whilst the lymphotoxin system, and the similar CD40 system, show cytotoxic effects specific 

to malignant cells, the effect of LIGHT on their normal cell counterparts should be tested in 

order to determine the specificity to of LIGHT-mediated signalling tumorous cells. Recently, 

it has been shown that normal renal cells are spared from the cytotoxic effects of CD40 

activation, and it would be interesting to see if this was also the case when the lymphotoxin 

receptors are activated with LIGHT. Similarly, LIGHT was shown to not just lack 
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cytotoxicity when presented to normal human urothelial cells, but was actually cytoprotective 

(Albarbar, PhD thesis). Whilst only speculation, it seems incredibly plausible from these two 

studies, that LIGHT would not be cytotoxic in normal human renal cell lines. 

Looking beyond the specific findings of this study, and at the lymphotoxin system as a 

whole, it is important to continue what this study and previous work in our research group 

(Albarbar, PhD thesis) have done by keeping methodologies largely similar (especially with 

soluble ligands and agonistic antibodies) and by using cell lines that are representative of 

their tissue origin. The ability for the lymphotoxin system and the CD40 system to share such 

similar mechanisms of signal transduction (i.e. they utilise similar if not identical TRAFs), 

yet they each have the ability to induce different cell death pathways in a signal type and cell 

type remains dependant manner, remains fascinating. Looking into the precise differences in 

these mechanisms will answer some of the questions surrounding the highly complicated 

activation and transduction present in the lymphotoxin system. This could perhaps be 

achieved through some elaborate work that could combine protein domains from more than 

one TNFR, for example, using the cytoplasmic tail (which is where TRAFs are recruited) 

from CD40, and having the extracellular domain from LTβR. The outcome of such 

experiments would demonstrate the relative importance of each part of the TNFR signalling 

and signal transduction. 

5.4 Conclusion 

Through the use of well characterised and appropriate renal cell carcinoma (RCC) cell 

models, this study went some way towards creating a co-culture system suitable for the 

investigation of the effect of mLIGHT in RCC cell lines. This study demonstrated that 

mLIGHT was able to induce cell death in some, but not all RCC cell lines tested. These 

findings pave the way for possible further investigation, with the differential effects that 

mLIGHT had on different RCC cell lines being an avenue of particular interest. Moreover, 

this study is the first to investigate the effects of HERA-LIGHT directly on epithelial cells 

(rather than T cells) through lymphotoxin receptor activation. HERA-LIGHT was found to 

inhibit the growth of the cell lines A-704 and ACHN, as well as inducing cell death in A-704, 

yet the 786-O cell line showed no response. Similarly to the results from the mLIGHT 

experiments, the difference in response that each cell line showed to HERA-LIGHT 

treatment would suggest that there is much that can be learnt about the lymphotoxin system 
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by studying the role that the lymphotoxin system plays in regulating renal carcinoma cell 

fate. 
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