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Abstract 

Targeted cancer immunotherapies have been described as a ‘magic bullet’ which allow for the 

specific targeting of cancerous cells whilst leaving healthy cells unharmed. By targeting proteins that 

a highly upregulated in tumours, we can specifically target cancer cells for destruction via the 

immune system. The selecting of target protein or antigen is critical, the pressure of the therapy can 

lead to the emergence of clonal populations that have downregulated the target protein, leading to 

therapy resistant recurrence. Furthermore, most immunotherapies target molecules that, while 

overexpressed in tumour cells, are also present at low levels in healthy cells, raising concerns about 

on-target, off-tumour side effects. 

NKG2D ligands are upregulated in almost every tumour cell, serving as a warning flag to the immune 

system, in particular Natural Killer cells, of cellular stress such as malignant transformation. They are 

also minimally expressed in normal, healthy tissue. By targeting the immune system’s own warning 

molecules, using an alternative T cell-based strategy, we hope to reduce on-tumour, off-target side 

effects. 

In this thesis we have developed multiple NKG2D ligand targeting, bispecific T cell engagers. 

Bispecific T cell engagers are small antibody-like structures which can bind to two different targets. 

One side will bind to a T cell (via CD3) whilst the other binds to a tumour associated protein, such as 

an NKG2D ligand, on a tumour cell. This brings the two cells into proximity, resulting in the formation 

of a pseudo-immune synapse, activation the T cell, leading to killing of the tumour cell. 

One of these molecules, the NKG2D TriTE, contains two copies of the NKG2D ectodomain, allowing it 

to bind to each of the eight NKG2D ligands, minimising the chance of loss of antigen mediated 

resistance, which is often seen when targeting a single protein. In this thesis, we have shown that the 

NKG2D TriTE can induce the activation of T cells and subsequent cytotoxicity against a broad 

spectrum of cancer cell lines from a wide variety of tissue types, while exhibiting minimal toxicity in 
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non-malignant cell lines. Additionally, we show evidence that the NKG2D TriTE mediated cytotoxicity 

is resistant to soluble NKG2D ligands, a major immune evasion mechanism utilised by tumours to 

evade detection as well as inhibiting NKG2D positive immune cells by releasing the proteins as 

‘decoys’. 

Furthermore, we have investigated alternative strategies to the NKG2D TriTE, such as the use of the T 

cell-co-stimulatory molecule, CD2; testing the effect of increasing the affinity to the target cell 

utilising an ScFv molecules against a smaller subset of the NKG2D ligands; and inhibiting the shedding 

of the NKG2D ligands. Overall, the results from this thesis show that the NKG2D TriTE is the superior 

NKG2D ligand T cell engager format investigated and should be taken forward into further pre-clinical 

testing as a novel pan-cancer immunotherapy. 
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Chapter 1: Introduction 

1.1 Cancer 

Despite the rapid development of new cancer therapies over recent decades, 167 000 people died 

from cancer in the UK from 2017-2019 (Cancer Research UK). Additionally, there are almost 400 000 

new cases of cancer each year in the UK, with cancers of the breast, prostate, lung and bowel 

accounting for over half of these (Cancer Research UK, 2017-2019). Whilst half of cancer patients will 

survive for 10 years or more with treatment, there is still an enormous burden of mortality and 

morbidity, and innovative new treatments are urgently needed. 

1.1.1 The Hallmarks of Cancer 

The term ‘cancer’ is used to refer to a multitude of conditions involving the uncontrolled proliferation 

of cells, often leading to the invasion of alternative tissues and organs. This is caused via the 

accumulation of DNA mutations, which can be inherited, occur spontaneously or be induced by 

carcinogenic agents (Loeb et al., 1974, 2003; Miki et al., 1994; Proctor, 2012; Venitt, 1996; Wagner et 

al., 1960). Collectively, these mutations alter the finely tuned pathways and processes within the cell 

evolved to maintain homeostasis, leading to deregulated growth and the formation of a tumour.  

Despite cancer cells showing high levels of heterogeneity, both within the tumour itself, but more 

broadly amongst different patients and tumour types, Hanahan and Weinberg identified key features 

of cancer cells which they state must be acquired through tumorigenesis, initially described in the 

first release of ‘The Hallmarks of Cancer’ released in 2000 (Hanahan & Weinberg, 2000). This 

described the six characteristics that commonly define a cancer cell: evading apoptosis, self-

sufficiency of growth factors, resistance to anti-growth-factors, replicative immortalisation, induce 

angiogenesis and the ability to invade other tissue and metastasis. Since 2000, two more updated 

versions of their seminal paper have been released, identifying additional hallmarks as well as 



 

23 
 

enabling characteristics, summarising the ever-evolving landscape of cancer research (Hanahan, 

2022; Hanahan & Weinberg, 2011). These include the evasion of the immune system as well as 

genome instability (Hanahan & Weinberg, 2011). 

1.1.2 Cell stress induced by tumourigenesis 

Tumourigenesis induces several stresses within the transforming cells. These can include genomic 

instability, metabolic stress and oxidative stress. During tumour development, cancer cells 

accumulate mutations, leading to DNA damage, abnormal cell processes and disruption of the 

cellular homeostasis. They also face metabolic and oxidative stress due changes such as the Warburg 

effect and increased reactive oxygen species (ROS), as well as hypoxia (Liberti & Locasale, 2016; 

Tafani et al., 2016). While such stresses typically induce apoptosis or cell cycle arrest in healthy cells, 

cancer cells often evade this, promoting survival and growth through the selection of advantageous 

mutations. For example, the tumour suppressor gene, p53, is mutated in around 50% of all cancer, 

allowing the cell to escape apoptosis pathways (Chen et al., 2022). 

1.1.3 Current therapies 

Surgical resection, radiotherapy and chemotherapy are the most common treatments for cancer 

used in the UK, with 68% of call patients receiving at least one of these treatments (PHE Official 

Stats, 2020). Where feasible, tumour masses are surgically resected, with the tumour being entirely, 

or partially removed in a process called debulking (Silberman, 1982). Whilst this seems the most 

intuitive approach, it is often not 100% effective due to the incomplete removal of the tumour cells, 

and inaccessibility to many tumours meaning it is not always a viable option.  

Radiotherapy has been used in the treatment of regionally localised cancers for over 100 years and is 

currently used in around half of all cancer patient treatment regiments, either as a monotherapy or 

as part of a combined treatment plan (Atun et al., 2015; Barton et al., 2014). Modern radiotherapy 

utilises ionising radiation to direct high-energy particles directly at the tumour to cause both single 
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and double strand breaks, as well as the release of free radicals which can cause further DNA 

damage, with the goal to induce apoptosis. The main limitation of radiotherapy is the toxicity to 

normal cells which are within the path of the radiation beam (Barnett et al., 2009). Many strategies 

have been employed to reduce this effect, in particular intensity-modulated radiation therapy which 

uses multiple beams of radiation at various angles which intersect at the tumour site (Zelefsky et al., 

2000). 

The final, major treatment option for cancer patients is chemotherapy, which refers to the 

administration of a chemical compound to kill cancer cells and is typically delivered via intravenous 

injection. Traditionally chemotherapeutic agents refers to a variety of different drugs which in 

general aim to either kill cancer cells or prevent them from diving with the main categories being, 

alkylating agents, anti-metabolites, topoisomerase inhibitors and mitotic inhibitors (Anand et al., 

2023). In recent years there have been important advances in drugs exploiting tumour-acquired 

mutations, most notably kinase inhibitors such as the tyrosine kinase inhibitor, Gleevec (Imatinib), 

which targets Philadelphia chromosome positive cancers(Cohen MH et al., 2002; Deininger et al., 

1997) . However, the majority of chemotherapy agents lead to severe side effects which can 

significantly impact the patient’s quality of life (Anand et al., 2023). 

The main limitations of these less targeted approaches are that due to the lack of specificity to the 

tumour cells, there is often off target effects, leading to damage of healthy cells. The major concern 

is that by damaging these cells, specifically by methods which induce DNA damage, further pro-

tumour mutations may be acquired. Additionally, resistance mechanisms are often developed from 

both chemotherapy and radiotherapy treatments. 

 



 

25 
 

1.2 Immunotherapy 

The role of the immune system in the development of cancer has been studied for decades, with the 

initial observations in the 1890s by Dr William Coley who found that patients that developed an 

infection after surgery saw an increased regression in their tumours for a short period of time (Coley, 

1909; Jessy, 2011; McCarthy, 2006). However, it wasn’t until more recently, that the role of the 

immune system in the eradication of tumour cells was more widely accepted, with immune evasion 

being included as one of the second generation of ‘Hallmarks of Cancer’ by Hanahan and Weinburg 

in 2011 (Hanahan & Weinberg, 2011). 

The cancer immunity cycle (Figure 1.1) was proposed in 2013, by Chen and Mellman, to describe the 

role of the immune system in controlling tumour growth via immunosurveillance (D. S. Chen & 

Mellman, 2013). Whilst tumours can be detected and eliminated by the innate immune system, for 

example by natural killer (NK) cells detecting NKG2D ligands presented on the cell surface of stressed 

cells, they can also activate the adaptive immune system through the detection of tumour associated 

antigens (TAAs) (Guerra et al., 2008; Ljunggren, 2008). TAAs refers to antigens from proteins that 

originate almost exclusively from tumours, such as neoantigens generated from mutated proteins, 

and could induce an immune, and anti-tumour response. The detection TAAs by antigen presenting 

cells (APC), such as dendritic cells, promotes them to migrate to the lymph nodes where they present 

the antigen to naïve T cells via major histocompatibility complex (MHC) molecules. Here, upon 

successful cross-presentation, activated T cells proliferate and are trafficked to the tumour. Once 

within the tumour, the activated T cells can kill their target cells via the recognition of TAA peptides 

via the T cell receptor (TCR). Subsequently, the targeted tumour cells will release more TAAs whilst 

being killed, reinitiating the cycle with a wider breadth of TAAs. 

The cancer immunity cycle is thought to be a major part of a process called cancer immunoediting, 

which can be divided into three stages, elimination, equilibrium and escape (Dunn et al., 2002). 
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Immunoediting describes the process in which a tumour evades immunosurveillance, inhibiting the 

cancer immunity cycle. 

 

Figure 1.1: The cancer immunity cycle. 

Created in BioRender, inspired by D. S. Chen & Mellman, 2013. 

 

Mutations are continuously being induced or spontaneously occurring within our cells, producing 

neoantigens or inducing the presentation of self-proteins, such an NKG2D ligands, that induce 

elimination by the immune system, similarly to the detection of a bacterial or viral infection (Rathe et 

al., 2019; Y. Zhang et al., 2021). Immune surveillance detects these changes and eliminates both 

cancer cells and pre-cancerous cells, often before detection of the tumour clinically.  

The equilibrium stage of immunoediting is the least understood stage and is thought to arise from a 

balance between tumour cells acquiring mutations allowing them to avoid detection and clearance 

by the immune system, and the immune system suppressing their proliferation. It is thought that 

tumour cells can remain in the equilibrium state for years, including those in patients currently in 

remission, without progressing to the evasion phase if additional mutations are not acquired. The 
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suppression by the immune system will however apply a selection pressure that would be favourable 

to tumour clones with mutations that allow for the avoidance of the immune system, such as the 

recruitment of as the downregulation of MHC molecules, preventing the presentation of TAAs 

(McGranahan et al., 2017). Interestingly, evidence for this step can be found by looking at cases of 

organ donor transmitted cancer, in which donated organs, unknowingly containing dormant cancer 

cells, are implanted into the recipient who is taking immunosuppressive drugs to prevent rejection 

(Desai & Neuberger, 2014). Without the donor immune system to dampen the growth, the tumour 

rapidly develops. 

For a tumour to fully develop and potentially metastasise, it must be able to effectively evade the 

immune system (Dunn et al., 2002). This stage is known as escape, and involves the rapid growth of 

the tumour, typically to a size that can be clinically detected. To achieve immune escape, the tumour 

must evolve mechanisms to more effectively evade suppression by the immune system. Mechanisms 

which have been identified include loss of antigen presentation (e.g. downregulation of MHC 

molecules) (Hazini et al., 2021; McGranahan et al., 2017), expression of immune checkpoint proteins 

(e.g. programmed death ligand-1 (PD-L1))  (Huang & Zappasodi, 2022; Juneja et al., 2017) and 

recruitment of non-cancerous immunosuppressive cells such as Tregs and myeloid derived 

suppressor cells (MDSCs) which, along with tumour cells, secrete a variety of immunosuppressive 

factors (e.g. TGF-β and IL-10) as well as express inhibitory proteins on their surface for contact 

mediated immunosuppression (e.g. cytotoxic T-lymphocyte antigen 4 (CTLA-4)) (Cinier et al., 2021; 

Groth et al., 2019; B. H. Li et al., 2020; Yokokawa et al., 2008). 

The model of immunoediting has facilitated the development of a multitude of different 

immunotherapy agents, many aiming to target specific immune evasion mechanisms. 

1.2.1 Immune checkpoint inhibitors 

Immune checkpoints were discovered in the 1990s and 2000s, identifying CTLA-4 and PD-1, and have 

revolutionised the treatment of cancer; leading to Honjo and Allison being awarded the Nobel Prize 
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in 2018 (Iwai et al., 2002; Leach et al., 1996). Immune checkpoints are a key immune regulatory 

mechanism to ‘turn off’ activated T cells, preventing harm to healthy tissue which could lead to auto-

immune disorders. Tumour cells, however, have taken advantage of these proteins and utilise them 

to escape T cell mediated targeting.  

PD-L1, as well as PD-L2, are ligands for the PD-1 immune checkpoint protein, and upon binding 

inhibit T cell activation through the immunoreceptor tyrosine-based inhibitory motif (ITIM) and 

immunoreceptor tyrosine-based switch motif (ITSM) that are present in the cytoplasmic region of 

PD-1 (Keir et al., 2008). PD-L1 has been reported to be upregulated in a wide variety of cancers, on 

tumour cells as well as fibroblasts and macrophage (Cha et al., 2019; L. Wang et al., 2024). CTLA-4 is 

expressed on T cells and acts as a competitive inhibitor for CD28 by binding to CD80 and CD86 on 

APCs with a higher affinity than CD28, thereby preventing the co-stimulatory function of CD28 

binding (Rudd et al., 2009).  Lack of effective CD28 co-stimulation has been shown to decrease T cell 

activation along with proliferation and cytokine release, as well as potentially inhibiting the 

formation of memory T cells (Ville et al., 2015). Tregs, which are often recruited into the TME to 

supress immune responses, express high levels of CTLA-4 (Tekguc et al., 2021).  

In 2011 the first immune checkpoint inhibitor (ICI), ipilimumab - a monoclonal antibody against 

CTLA-4, was approved by the FDA for advanced melanoma, followed by the approval of Nivolumab, 

in 2014 for the targeting PD-1 (Deeks, 2014; Stephen Hodi et al., 2010). Since then, more ICIs have 

been approved with the majority against PD-1 and PD-L1, with other checkpoint inhibitor targets, 

such as TIGIT, LAG-3 and TIM-3 currently under clinical trials (Lee et al., 2022; Sun et al., 2023). 

1.2.2 Cancer vaccines 

Cancer vaccines are designed to stimulate the immune system to attack tumour cells. They are 

typically categorised as either prophylactic or therapeutic. Prophylactic vaccines aim to prevent the 

cancer occurring at all, such as the human papillomavirus (HPV) vaccine which immunises patients 

against 4 HPV serotypes that are linked to cervical cancer (Asif et al., 2006). 90 % of cervical cancer 
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are linked to HSV serotype infections and since the initiation of the immunisation program in the UK 

in 2008, cervical cancer rates in these women have dropped by 34-90% (Falcaro et al., 2024). 

Therapeutic cancer vaccines, however, are designed to stimulate the immune system of cancer 

patients to better recognise and attack the tumour. The main limitation of therapeutic cancer 

vaccines is that most TAAs are likely to be self-antigens and high affinity TCRs against them will have 

been depleted during thymic selection, as shown in the disappointing anti-tumour efficacy data from 

clinical trials (Grimmett et al., 2022). Despite this, a dendritic cell-based therapeutic vaccine, 

Sipuleucel, was approved for the use in castration-resistant prostate cancer, after showing an 

increased median survival of 4.1 months in comparison to the placebo group (Cheever & Higano, 

2011). 

1.2.3 Adoptive cell therapy (ACT) 

Adoptive cell therapy refers to the process of activating/engineering a patient’s own cells ex vivo, 

prior to re-infusion back into the patient. Initially, this involved the isolation of tumour infiltrating 

lymphocytes from a patients surgically resected tumour, followed by expansion and infusion of large 

number of tumour-specific lymphocytes. In clinical trials carried out in the 1980s on melanoma 

patients, there was an objective overall response rate of 16% when combined with high dose IL-2, 

with complete response seen in a third of these patients (Atkins et al., 1999). However, whilst 

seemingly effective in melanoma, TIL (tumour infiltrating lymphocyte)-based ACT has shown minimal 

success in other cancer types (Hinrichs & Rosenberg, 2014). 

Alternative forms of ACT involve the engineering of T cells to express either an alternative TCR or a 

chimeric antigen receptor (CAR), typically formed of a single chain fragment variable (scFv) against a 

target antigen. Alternative TCR engineered T cells (TCR-T cells) allow for the recognition of 

intracellular proteins, a limitation of CAR-T cells which is restricted to membrane targets, by 

genetically altering T cells to express a TCR for specific TAA antigens/peptides as a targeted therapy. 

In August 2024, the FDA approved a MAGE-A4 directed TCR-T therapy, afamitresgene autoleucel 
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(Tecelta), for the treatment of metastatic synovial sarcoma, following Phase II trial in which an overall 

response rate of 39% was seen (D’Angelo et al., 2024). Whilst an appealing approach, the field is 

hindered by our understanding of TCR-peptide specificity and that each TCR can recognise many 

presented peptide sequences (Sewell, 2012). This is exemplified by clinical trials targeting peptides 

from the melanoma-associated antigen 3 (MAGE-A3), whereby in two separate clinical trials fatal 

side effects occurred due to cross reactivity, with the first clinical trial reacting to peptides derived 

from MAGE-A12 which is expressed in the brain; and the second to TITIN, a protein expressed in 

cardiomyocytes (Cameron et al., 2013; Linette et al., 2013; Morgan et al., 2013). More recently, work 

is being carried out to better predict the peptide specificity of engineered TCRs to be able to safely 

target TAAs in cancer patients. 

1.2.4 Chimeric antigen receptor (CAR) – T cells 

CAR-T cells consist of a single chain variable fragment (scFv) fused to the CD3 ζ intracellular domain, 

to elude the requirement of TCR engagement with an MHC-peptide complex. Instead, the T cell 

specificity is controlled by the target antigen of the scFv. Initial generations of CAR-Ts, containing 

solely the CD3 ζ intracellular domain, found this signalling to be insufficient (Brocker & Karjalainen, 

1995). Therefore, second generations were developed which contain additional co-stimulatory 

domains, such as from CD28 and 4-1BB (Imai et al., 2004; Maher et al., 2002). Additional generations 

have since been developed with various alterations to the intracellular region, including the addition 

of an NFAT (nuclear factor for activated T cells) responsive element to induce the expression of IL-12 

and IFN-γ, as well as elements to increase stimulation through the JAK/STAT pathway (Chmielewski & 

Abken, 2015; Kagoya et al., 2018; Kueberuwa et al., 2017). 

Presently, most success in CAR-T therapies have been seen for haematological malignancies, in 

particular B cell cancers with CAR-Ts targeting CD19 and BCMA (B-cell maturation antigen), with 

Kymriah being approved for B cell malignancies in 2017 and Abecma for multiple myeloma in 2021 

(Kochenderfer & Rosenberg, 2013; Maude et al., 2018; Neelapu et al., 2017; Schuster et al., 2017, 
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2019; J. Yang et al., 2023), whilst there has been limited success in solid tumours (Brudno & 

Kochenderfer, 2016).  

1.2.5 Limitations of immunotherapy 

Despite the huge potential in immunotherapy and significant impact it has had on patients, response 

rates hugely vary. Overall, the response rate has been reported as between 10-30% across a variety 

of different cancers, with efficacy being reported as better in certain tumour types such as melanoma 

where an overall response rate up to 50% has been reported (He & Xu, 2020; Valero et al., 2021). 

Many immunotherapy strategies, such as ICIs, rely on the ability of tumour cells to express reactive 

neoantigens via MHC molecules. As the majority of tumour associated proteins are self-proteins, the 

immune system is likely unable to effectively detect them with high affinity due to self-tolerance, 

unless the proteins are mutated sufficiently to be detected by as neoantigens (Mariuzza et al., 2023).  

Additionally, tumour cells often downregulate the expression of MHC molecules, or associated 

proteins, such as β2M (beta-2-microglobulin), to prevent detection via these peptides (Hazini et al., 

2021; Y. Zhao et al., 2021).  

Whilst targeted therapies offer the advantage of fewer off target effects due to their specificity, the 

treatments also apply a selection pressure on the tumour to select for target antigen negative 

tumour cells, as seen in ICIs and CAR-T therapies (Majzner & Mackall, 2018; McGranahan et al., 

2016; Rizvi et al., 2015; Van Rooij et al., 2013). In a Phase I trial of CD19-4-1BB-ζ CAR T-cell therapy 

for paediatric B-cell acute lymphoblastic leukaemia (B-ALL), which showed an initial response rate of 

93%, antigen loss accounted for 24% of relapses loss (Maude et al., 2016). This shows that the 

selection of the target antigen is critical for successful immunotherapy. Dual targeting 

immunotherapies are now being targeting as a strategy to prevent loss of antigen resistance (Spiegel 

et al., 2021). 
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An additional reason for lack of efficacy in solid tumours specifically is the lack of therapeutic 

permeability typically associated with the high intratumoural pressure, lack of effective vasculature 

as well as cancer-associated fibroblasts (CAFs) that help to form their distinct architecture (Ma et al., 

2019). CAFs in particular pose a significant, and literal, barrier to the treatment of solid tumours, by 

both physically excluding immune cells, as well as the secretion of immunosuppressive cytokines and 

chemokines such as IL-10, TGF-β and CXCL12, to both inhibit the entry of T cells as well as ‘turn off’ 

any T cells that succeed (Cinier et al., 2021; Groth et al., 2019; Maia et al., 2023; Mariathasan et al., 

2018; Rhim et al., 2014; Yokokawa et al., 2008).  

 

1.3 T cell engagers 

1.3.1 T cell activation 

T cell activation is generally described by the 3-signal model. where the initial signal alone, the TCR 

binding to a peptide presented on the MHC molecule, is typically insufficient to lead to full T cell 

activation. To achieve complete activation, additional signals from co-stimulatory molecules as well 

as the presence of pro-inflammatory cytokines such as IFN-γ are required (Curtsinger & Mescher, 

2010; Jenkins,’ et al., 1991; Leitner et al., 2010; Mescher et al., 2006). 

When a TCR binds a complementary peptide-MHC complex it triggers the rapid phosphorylation of 

tyrosine residues present in the ten immunoreceptor tyrosine-based activation motifs (ITAMs) of the 

TCR-CD3 complex, by the kinases Lck and Fyn (Smith-Garvin et al., 2009). The detection of the 

MHC:peptide complex by a TCR is known as signal one. Signal two comes from a co-stimulatory 

protein, such as CD28, which binds to B7 molecules on antigen presenting cells (APCs) (June et al., 

1990). The absence of CD28 significantly impairs T cell proliferation and cytokine proliferation 

(Shahinian et al., 1993).   
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In addition to CD28, other co-stimulatory proteins and accessory proteins (e.g. CD2) have been 

identified which are thought to help to provide a broader context to the interaction to prevent 

inappropriate activation (L. Chen & Flies, 2013). The CD2-CD58 interaction in spoken about in more 

detail in Chapter 5.  

1.3.2 Bispecific T Cell Engagers (BiTEs)  

Bispecific T cell engagers can be produced in a variety of different formats but in essence consist of a 

molecule with two targeting moieties, with one binding to T cell, typically to CD3 ε, and the other 

binding to a tumour associated antigen (Figure 1.2). Typically, BiTEs are formed of two scFvs joined 

with a flexible linker domain, with one scFv binding to CD3ε on a T cell. ScFvs are small antibody-like 

molecules that are formed of the variable regions of the heavy and light chain of an antibody and are 

typically linked together by a flexible linker.  

Simultaneous binding of BiTEs between a T cell and a target cell leads to CD3 clustering, T cell 

activation and T cell mediated cytotoxicity towards the target cell, through the release of cytotoxic 

granules containing perforin and granzyme, as well as the release of IFN-γ (Freedman et al., 2017; 

Khalique et al., 2021; Wolf et al., 2005). T cells have been shown to elicit cytotoxicity against APCs 

presenting as few as 10 MHC:peptide molecules, whilst CAR-T cells and BiTEs have been shown to 

have less sensitivity (Purbhoo et al., 2006; Stone et al., 2012).  

 

Figure 1.2: Schematic of NKG2D BiTE-induced T cell activation. 
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 BiTE-mediated T cell activation is independent of the specificity of the T cell’s TCR, HLA status of the 

target cell, or co-stimulation of CD28, however co-stimulation been found to enhance some BiTEs 

(Correnti et al., 2018; Dreier et al., 2002; Offner et al., 2006). Additionally, BiTEs can induce T cell 

activation of CD4+ and CD8+ T cells, with both cell types being shown to mediated BiTE-directed 

target cell killing (Mack et al., 1995). Furthermore, their small size (~ 60 kDa) should allow them 

easier penetration into the tumour where they can re-purpose in situ T cells.  

Whilst being originally developed in the 1960, BiTEs have only quite recently have been shown to be 

effective against a multitude of target with the most well-known being CD19, which was the target of 

the first FDA approved BiTE, blinatumomab, which in the phase II TOWER trial demonstrated 

increased overall survival in comparison to standard chemotherapy (7.7 months vs 4.0 months 

(Goebeler et al., 2016; Kantarjian et al., 2017; Klinger et al., 2012; Nisonoff & Rivers, 1961). Other 

BiTEs currently undergoing clinical trials include those targeting CD20, BCMA, and recently DDL3, for 

the treatment of extensive stage small cell lung cancer (ES-SCLC) - the first FDA approved BiTE against 

a solid tumour (Harrison et al., 2020; Paz-Ares et al., 2023). In the Phase II clinical trial for 

Tarlatamab-dlle, a BiTE targeting DLL3, there was as 40% objective response rate, with a median 

survival of 9.7 month (Paz-Ares et al., 2023; NCT05060016). The main limitation of BiTEs is their 

significantly shorter half-life when compared to IgG delivery intravenously, requiring blinatumomab 

to be administered via continuous infusion for the typical 4-week cycle (Klinger et al., 2012; Stork et 

al., 2009). 

1.4 Utilising innate immune ligands as immunotherapy targets 

In this thesis we have chosen to focus our attention on NKG2D ligands (NKG2DLs), a group of eight 

ligands upregulated in response to stress, that are detected by the NKG2D receptor, most notable 

expressed on natural killer (NK) cells. The NKG2D-NKG2DL axis has been widely reported to be key in 
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immune surveillance and the simultaneous targeting of eight separate ligands by one therapeutic 

should also minimise the chance of loss of antigen resistance mechanisms as tumour cells.  

1.4.1 NKG2D receptor 

NKG2D (encoded by KLRK1) is the most characterised activating receptor on NK cells. It can recognise 

a group of 8 ligands, known as NKG2D ligands, which are upregulated in response to stress to allow 

detection via a process called induced-self recognition (Wensveen et al., 2018). Whilst it is 

predominantly expressed on NK cells, it is also present on NKT cells, CD8+ T cells and subsets of γδ T 

cells (Raulet, 2003). NKG2D has been shown to play a key role in immune surveillance, with NKG2D 

KO mice showing increased rate of arising spontaneous tumours than WT mice (Guerra et al., 2008; 

López-Soto et al., 2015).  

NKG2D is a C-type, lectin-like, type II transmembrane glycoprotein that forms a homodimer with 

each monomer associated with a dimer of the adapter molecule DAP10 though attraction via 

opposing charges (DNAX-activating protein of 10 kDa) (Raulet, 2003).  In mice, a second isoform of 

NKG2D is expressed which is formed from alternative splicing and is 13 residues shorter. This shorter 

form of NKG2D, NKG2D-S, is capable to bind to both DAP10 and DAP 12 (DNAX-activating protein of 

12 kDa).  

DAP10 contains a YINM motif that facilitates association of the p85 subunit of PI3 kinase, as well as 

Vav1 through Grb2 (Raulet, 2003). This complex is responsible for the continuation of the 

downstream signal via the PI3K-Akt pathway (Upshaw et al., 2006). DAP12 however, contains ITAM 

sequences which are phosphorylated upon NKG2D binding, which facilitates signalling through Syk 

and Zap70 (Raulet, 2003). The role for NKG2D in T cell co-stimulation may be critical in mice than in 

humans, as shown by the conditional expression of NKG2D on mice CD8+ T cells upon activation and 

the additional signalling capability though DAP12 facilitated by the expression of the alternative 

NKG2D-S isoform (Wensveen et al., 2018).  
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1.4.2 NKG2D ligands 

Human NKG2D ligands (NKG2DLs) fall into two families, MIC proteins and the ULBP proteins (Figure 

1.3A). MHC class I chain-related proteins A and B (MICA and MICB) are so named due to their 

similarities to MHC molecules, in particular MHC class I. (Bauer et al., 1999; Cerwenka et al., 2000; 

Diefenbach et al., 2000). As in MHC-I, MICA and B contain 3 domains, termed α1-3, however, does 

not associate with β-2 microglobulin (β2M) which is required for MHC-I stability and function (Bauer 

et al., 1999). A second family of ligands, referred to as the RAET-1 proteins or ULBP (UL16-binding 

proteins) 1 to 6, so named due to their ability to bind to the UL16 protein of human cytomegalovirus 

to prevent detection by the host immune system (Cosman et al., 2001). These proteins also have 

homology with MHC molecules, including the α1 and α2 domain which interact with the NKG2D 

receptor; however, they lack the α3 domain. The affinity of each human NKG2DL and the NKG2D 

receptor has not been determined yet, however in mice there is a large variation, with ligands 

binding in the µM range in humans (Table 1-1) (Raulet et al., 2013). 
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Figure 1.3: NKG2D ligands expressed in human and mouse, and binding to the NKG2D homodimer. 

(A) Schematic of the human and mouse NKG2D ligands and their general structure. (B) C Crystal 

structure (1HYR) of the extracellular regions of MICA (green) and extracellular regions of the 

NKG2D homodimer (red and blue). Visualised using PyMol.  Crystal structure source:  (P. Li et al., 

2001). 
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In mice, the RAE-1 family of proteins in mice are homologous to the ULBP family in humans, whilst 

there have not been homologues of MICA/B identified as of yet (Diefenbach et al., 2000). These 

proteins are categorised into three groups, RAE1 proteins (retinoic acid early inducile-1, RAE1α-ε), 

which associate to the membrane through GPI-anchors, MULT1 (murine UL16-binding protein-like 

transcript 1) and H60 proteins which both contain a transmembrane domain. It is thought that the 

redundancy is NKG2D ligands is an evolved mechanism to both better react to various cell stresses as 

well as prevents immune escape by evasion strategies to downregulate immunostimulatory proteins, 

such as those evoked by viruses. This will be discussed further in 1.4.6. 

 

Human Anchoring Affinity, KD  Mouse Anchoring Affinity, KD 

MICA Transmembrane 1 µM  RAE-1α GPI 70 µM 

MICB Transmembrane 0.8 µM  RAE-1β GPI 0.19 µM 

ULBP1 GPI 1.1 µM  RAE-1 GPI 60 µM 

ULBP2 GPI* -  RAE-1 GPI 70 µM 

ULBP3 GPI -  RAE -1ε GPI 0.3 nM 

ULBP4 Transmembrane -  MULT1 Transmembrane 6 nM 

ULBP5 Transmembrane -  H60a Transmembrane 0.3 nM 

ULBP6 Transmembrane -  H60b Transmembrane 0.3 µM 

    H60c GPI 9 µM 

Table 1-1: Human and mouse NKG2D ligands 

Summary of tethering type and reporter affinity for human and mouse NKG2D ligands to NKG2D 
(Raulet et al., 2013). *Also reported to be expressed as a transmembrane protein (Fernández-
Messina et al., 2011). 
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1.4.3 Regulation of NKG2D ligand expression 

The regulation of the NKG2D ligands is highly complex and seems to be controlled at multiple levels, 

presumably to allow for rapid presentation upon response to stress. There are reports of control 

being orchestrated at multiple points from transcription and mRNA stability to presentation at the 

cell membrane, with the majority of control in healthy cells being at the transcription and mRNA 

stability stages (M. Fuertes, et al., 2008; Ghadially et al., 2017). Expression of NKG2DLs on the cell 

surface is also known to be upregulated by various cellular pathways, including the DNA damage 

response (DDR) which is activated in response to tumorigenesis and infection (Gasser et al., 2005; 

Nikitin & Luftig, 2012; Ward et al., 2009; Weitzman et al., 2004).  

 

1.4.4 NKG2D ligands and the DNA damage response 

The link between DNA damage and immunity, through the induction of NKG2DLs, was first described 

in 2005 upon investigating the causes of NKG2DL upregulation in response to malignant 

transformation (Gasser et al., 2005). Whilst Gasser et al. originally thought that uncontrolled 

proliferation was the trigger for NKG2DL expression, they found that it was the DNA damage induced 

by genotoxic and replication stress, including ionising radiation and chemotherapeutic agents. This 

increase in surface expression could be inhibited by preventing the activation of the DDR through 

ATR/ATM inhibitors as well as ATR targeted siRNA and knock out experiments (Gasser et al., 2005). 

Whilst the link between the DDR and NKG2DL expression is well documented, the exact mechanism 

as to how this occurs remains unclear. Additionally, there is evidence of other cellular pathways 

being involved in the regulation of NKG2DL expression, as discussed in 1.4.5, and the full picture is 

yet to be elucidated.  
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1.4.5 Regulation of NKG2DL at various levels 

Transcriptional regulation of NKG2DLs has been associated to a number of pathways due to binding 

sites identified within the promoter regions of the genes encoding NKG2D ligands. In humans, MICA 

and MICB promoters contain heat shock elements which when mutated result in a reduced level of 

protein detected in response to viral infection (Venkataraman et al., 2007). Additionally, there are 

HSE related sequences in the promoter of some ULBP genes (Eagle et al., 2006). NKG2DL 

transcription has also been linked to proliferation through E2F transcription factors although this was 

not seen to be consistent in humans, however inhibition of proliferation in the human colorectal 

cancer cell line, HCT116, via chemical agents or serum starvation did result in an increase in some 

NKG2DLs  (Jung et al., 2012a).  Furthermore, whilst the ULBP1-2 promoter regions have been shown 

to contain p53 response elements, as well as ULBP1-2 protein levels being increased upon p53 

induction, p53 deficient H1299 cells were able to express NKG2DL on their surface and be specifically 

targeted for NK cell lysis, albeit to a lesser extent than the p53 WT cells (Gasser et al., 2005; Textor et 

al., 2011). This highlights that whilst some pathways do not have a key role in the expression of 

NKG2DL expression, they may help to amplify the signal. 

Gasser and Raulet report that whilst levels of ULBP proteins increase in response to activation of the 

DDR, there is no increase in the rate of transcription of genes, however the degradation of the mRNA 

transcripts is inhibited (Raulet et al., 2013). Therefore suggesting that the DDR response mainly 

controls NKG2DL expression at the stage of mRNA stability. Additionally, miRNAs have been identified 

which regulate the expression of NKG2DLs, such as miR-175p, miR-20a and miR-93, which target 

MICA and MIB transcripts (Stern-Ginossar et al., 2008). Stern-Ginossar et al. have suggested that 

expression of these micro RNAs, as well as others, is a mechanism to suppress the basal expression 

of NKG2DLs transcripts (Stern-Ginossar et al., 2008). 

Finally, there is also some evidence of NKGDL regulation at the protein level, however much of this 

data relates to murine NKG2DL, with minimal data available for human NKG2DL. Fuertes et al, have 
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reported that the majority of MICA protein levels are retained intracellularly via an unknown 

mechanism and thus prevents targeting via NK cells (M. B. Fuertes et al., 2008). This is additionally 

supported by Ghadially et al., who found that in patient samples, MICA/B protein is found in much 

greater quantities within the cell than on the surface, in both normal and tumour samples (Ghadially 

et al., 2017). 

1.4.6 Immune evasion of NKG2D ligands by tumours 

As discussed earlier, in order for a tumour to progress and eventually metastasise, it must evade the 

immune system, including the detection via NKG2DLs. This includes both repressing the expression of 

the NKG2DL, as well as removing them from the cell surface. The most characterised strategy for 

NKG2DL detection is through the removal of the ligands from the cell surface, also known as 

shedding (Xing & Ferrari de Andrade, 2020a; Zingoni et al., 2020). This has been reported to occur via 

two main mechanisms, proteolytic cleavage or packaging into extracellular vesicles (EVs). 

Furthermore, the soluble, shed NKG2DLs has also shown to have a role in general 

immunosuppression by binding to NKG2D, leading to internalisation of the receptor (Groh et al., 

2002; Serritella et al., 2024; Vyas et al., 2017; Y. Zhang et al., 2023). The shedding of NKG2DLs and it’s 

role in BiTE-mediated cytotoxicity is investigated in Chapter 6. 

Moreover, TGF-β has been implicated in both reducing the transcription of MICA in glioma cells as 

well as reducing the expression of the NKG2D receptor on NK cells and CD8+ T cells (Friese et al., 

2004). Additionally, the overexpression of miRNAs targeting MICA and MICB have also been 

suggested to be an NKG2DL-mediated immune evasion strategy, supported by the silencing of these 

miRNAs leading to an increase in NK-cell mediated cytotoxicity in breast cancer (J. Shen et al., 2017; 

Stern-Ginossar et al., 2008). 
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1.4.7 Selection of NKG2DLs as an immunotherapy target. 

NKG2D ligands are upregulated in response to malignant transformation to indicate to the immune 

system that the cell is under stress and to induce clearance of the affected cell. The importance of 

this role is exemplified in the upregulation of multiple proteases to cleave the proteins from the 

surface of the tumour cell to evade recognition by in particular NK cells (Groh et al., 2002; Zocchi et 

al., 2012). Finally, the broad expression of NKG2D ligands on tumour cell types whilst being minimally 

expressed on normal, healthy cells should result in a highly selective pan-cancer treatment option, 

with minimal off-tumour effects (Ghadially et al., 2017). 

 

1.5 Oncolytic Viruses 

Oncolytic viruses (OVs) are able to infect and selectively replicate in tumour cells, whilst leaving 

normal cells unharmed (Figure 1.4). Once a tumour cell is infected, the virus is able to replicate and 

lyse to release progeny virions that can go on to initial subsequent rounds of viral infection and lysis. 

Upon cell lysis, there is also a release of damage associated molecular patterns (DAMPs), pathogen-

associated molecular patterns (PAMPs) and TAAs which help to initiate an anti-viral as well as an anti-

tumour response, aiding in the cancer immunity cycle. 
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Figure 1.4: Viral oncolysis mechanism of action. 

 

Viruses show a natural tropism for cancer cells with many of the described ‘Hallmarks of Cancer’ 

overlapping with ideally conditions for viral replication,  (Seymour & Fisher, 2016). The innate anti-

tumour effects of viruses have been investigated for decades, with observations that some cancer 

patients would see an improvement, sometimes going into partial remission, upon contracting an 

infectious disease, be that viral or bacterial (Pelner et al., 1958). The use of viruses in cancer therapy 

was not initially used for its oncolytic ability but instead as a strategy to stimulate the immune 

system, typically using attenuated viruses that are unable to replicate (Minton, 1973). However, a 

clinical trial with non-attenuated mumps virus in the 1970s showed minimal toxicity with 41% of 

patients showing complete regression of shrinking of tumours to less than half the original size in a 

variety of advanced tumour types (Asada, 1974). Therapeutic effects were often seen within days, 

prior to neutralisation of the virus by the host immune system. Unfortunately, follow up trials were 

not as successful and concerns about the regulation of using a wild-type viral pathogen as a 

therapeutic lead to a decline in the field. 
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The development of genetic engineering led to a revival of the field. Genetic manipulation allowed 

for the better understanding of viral biology, permitting the deletion of key viral genes to produce 

more tumour specific viruses, and increasing their safety profile (Tian et al., 2022).  This is generally 

achieved by the deletion of genes whose function can be provided in trans via the tumour cell 

phenotype, such as the deletion of ICP 34.5 from herpes simplex virus (HSV) which is responsible for 

inhibiting the production of type I interferons which block viral replication (B. L. Liu et al., 2003). 

Interferon signalling is typically non-functional in tumours and so viral replication will be unaffected 

in tumour cells, whilst being susceptible antiviral interferon signalling in normal cells. Alternative 

ways to achieve cancer selectivity include the use of tumour-specific inducible promoters for key viral 

proteins, directed evolution to select for cancer specific clones; and altering the viral entry receptor 

to target those upregulated in cancer (Hashimoto et al., 2012; Kuhn et al., 2008; Russell & Peng, 

2007; M. Yang et al., 2017). 

Two OVs are currently approved for clinical use: H101 an engineered adenovirus (serotype 5) for the 

treatment of head and neck cancer in 2005; and more recently Talimogene Laherparevac (T-VEC), an 

oncolytic (Andtbacka et al., 2015; Liang, 2018) HSV virus approved for use in metastatic melanoma. 

In the phase III trial of T-VEC, overall response rate of 31.5% was achieved with T-VEC in combination 

with GM-CSF), compared to 6.4% with GM-CSF alone. Additionally, 16.9% of patients in the T-VEC + 

GM-CSF arm achieved complete remission with a median overall survival of around 2 years 

(Andtbacka et al., 2015, 2019). Additional trials using T-VEC in the treatment of other cancers as well 

as in combination with other agents, such as ICIs are ongoing and have shown promising results (T. 

Zhang et al., 2023). 
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1.6 Enadenotucirev (EnAd) 

Enadenotucirev (EnAd), previously known as ColoAd1, is a Ad11p/Ad3 chimeric Group B adenovirus 

with selective oncolytic abilities. It contains a complete deletion of the adenovirus E3 region, 

responsible for host immune evasion, a partial deletion of the E4 region and a chimeric Ad3/Ad11p 

E2B region (Kuhn et al., 2008). EnAd was selected through a process called ‘Directed Evolution’ 

whereby a library of recombined adenoviral genomes was screened for candidates that were 

simultaneously highly potent in cancer cells and yet replicated poorly in normal cells (Kuhn et al., 

2008). The initial library was produced by the co-infection of HT29 colorectal cells at high MOI to 

encourage recombination. This pool of virions was then used to infect fresh HT-29 cells and were 

serially passaged 18 times at the first sign of cytopathic effect (CPE) to select for the most potent 

candidates. Clones were isolated from the final pool and assessed for tumour selective potency, with 

EnAd being selected as the top candidate. 

In a clinical trial for primary colon cancer, it was shown that EnAd could reach the tumour after 

intravenous delivery, with viral proteins detected in the nucleus of resected tumour cells indicating 

both successful infection as well as viral replication (Garcia-Carbonero et al., 2017a). This confirmed 

pre-clinical data showing the stability of EnAd in whole human blood, owing to the low prevalence of 

anti-Ad11p neutralising antibodies in the general population (Di et al., 2014; Marino et al., 2017). 

Further pre-clinical work is currently ongoing, aiming to ‘arm’ EnAd with immune stimulating 

components such as BiTEs targeting EpCAM, FAP, CD206 and folate receptor – β (FR-β) (Freedman et 

al., 2017, 2018; Scott et al., 2019). 
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1.7 Thesis Hypothesis and aims 

1.7.1 Thesis hypothesis 

We hypothesise that NKG2D ligands are ubiquitously expressed by cancer cell lines whilst being 

minimally expressed by normal, non-malignant cells, positioning them as an ideal candidate for an 

immunotherapy target, such as the NKG2D BiTE and TriTE alongside convention cancer therapies. 

1.7.2 Thesis aims 

1. Assess effect of conventional cancer therapies such as chemotherapy and radiotherapy on 

NKG2D ligand expression on the plasma membrane of both malignant and non-malignant 

cell lines to NKG2D ligand targeted treatments of malignant cells without sensitising non-

malignant cells. (Chapter 3 and 4) 

2. Assess the potency of NKG2D ligand targeting T cell engagers against a range of cancer types 

both in cell lines and in clinically relevant ex vivo samples. (Chapter 4) 

3. Determine the feasibility of utilising an oncolytic virus to deliver the NKG2D ligand T cell 

engager to tumours to achieve both BiTE-mediated cytotoxicity as well as oncolysis. (Chapter 

4) 

4. Assess strategies to enhance the targeting of NKG2D ligands using co-stimulatory molecules, 

inhibiting the shedding of NKG2D ligands, and increasing the affinity of the ligand binding 

domain. (Chapter 5 and 6) 
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Chapter 2: Materials and Methods 

2.1 Cell culture 

2.1.1 Cell lines and general maintenance 

Cell lines utilised within this thesis along with their culture conditions are summarised below in 

Table 2-1. Cell lines were cultured in static incubators at 37oC, 5% CO2. Cell lines were routinely 

passaged every 3-4 days. For suspension cells, confluency was visually observed by the 

acidification of the media (using the colour change of the phenol red containing media as a visual 

determination). For adherent cells, confluency and visual confirmation of cell health and lack of 

contamination was determined via inspection with an inverted microscope. Adherent cells were 

sub-cultured as follows: removal of the cell culture media followed by a PBS wash to remove any 

remaining serum. Trypsin was used to dissociated cells and the cells were incubated at 37oC until 

the cells dissociated. Once dissociated, to neutralise the trypsin, complete media was added, and 

cells were split typically at a 1 in 10 ratio for 3-4 days. For functional assays, cells were seeded at 

6.25 x 104/cm2, unless otherwise stated. Cell lines were routinely tested for mycoplasma 

contamination using the MycoAlert Detection Kit (LT07-318, Lonza).  

Table 2-1: Details about cell lines used. 

Cell line Description Media Source 

HEK293A 

Human embryonic kidney 

cells (immortalised with Ad5-

E1 region) 
DMEM + 10% FBS 

Gifted by Oxford 

Genetics, UK. 

HEK293T 

HEK293A subclone 

containing the SV40 large T 

antigen 
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DLD-1 
Human colorectal 

adenocarcinoma 
ATCC 

A549 
Human lung 

adenocarcinoma 
ATCC 

U87 MG WT 
Human glioblastoma Dushek Lab 

U87 MG CD58KO 

U2OS Human osteosarcoma Higgins Lab 

MDA-MB-231 

Human breast 

adenocarcinoma (triple 

negative) 

ATCC 

Panc-1 Human pancreatic carcinoma ATCC 

HT-1080 Human fibrosarcoma Itoh Lab 

SKOV-3 
Human ovarian 

adenocarcinoma 
ATCC 

RPE-19 Retinal pigment epithelia Higgins Lab 

NHDF 
Normal human dermal 

fibroblast  
Lonza 

JJN-3 Human multiple myeloma 

RPMI + 10% FBS 

Hammond La 
MM1S Human multiple myeloma 

U266 Human multiple myeloma ATCC 

CHO Chinese hamster ovary ATCC 

Molt-4 
Human acute lymphoblastic 

leukaemia 
ATCC 

CT26 Murine colorectal carcinoma ATCC 
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PSN-1 
Human pancreatic 

adenocarcinoma 
ATCC 

Raji Burkitt lymphoma ATCC 

THP1 
Human acute monocytic 

leukaemia 
ATCC 

Jurkat Human T cell leukaemia RPMI + 10% FBS + 

1% NaPyr + 1% 

GlutaMAX 

ATCC 

K562 
Human chronic myelogenous 

leukaemia 
ATCC 

HIEC-6 Human intestinal epithelial 

OptiMEM + 4% FBS 

+ 20 mM HEPES + 

10 ng/mL EGF 

ATCC 

HUVEC 
Human umbilical vein 

endothelial cells 

Large Vessel 

Medium 

(M200500) + Low 

Serum Growth 

Supplement 

(S00310) 

ThermoFisher 

Scientific 

ARPE-19 
Arising retinal pigment 

epithelial 

DMEM:F12 + 10% 

FBS 
Higgin’s lab 

 

2.1.2 Cryopreservation 

Cell lines were cryopreserved at a concentration of 3 x 106 cells/mL in 1mL aliquots in 90% FBS, 

10% DMSO. Vials were gradually cooled to -80oC using a CoolCell (Corning) to control freezing at 

1oC/minute. 
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2.2 Molecular Cloning 

2.2.1 Polymerase Chain Reaction (PCR) 

To amplify specific DNA sequences, PCRs were carried out using either Q5 (M0492, NEB) or 

Phusion (F531L, ThermoFisher) polymerase master mixes in a final volume of 50 µL, following 

manufacturer’s instructions. 1 ng of DNA was used as template and 0.5 µM of the forward and 

reverse primers. Primers were custom synthesised by Integrated DNA Technologies (IDT). 

Thermocycler program is detailed below in Table 2-2, using the ProFlex PCR system 

(ThermoFisher). When applicable, methylated template DNA was digested using 2 µL DpnI 

enzyme (R0176, NEB) following the PCR reaction, samples were incubated for 20 minutes at 

37oC.  

Table 2-2: General thermocycler settings for thermocycler. 

1 Initial Denature 98oC, 30 seconds 

2 Denature 98oC, 5 seconds 

3 Annealing Primer specific temp, 10 

seconds 

4 Extension 72oC, 20 seconds/kb product 

 Repeat steps 2-4 for 30 cycles  

5 Final Extension 72oC, 2 minutes 

 

2.2.2 Restriction digests 

Restriction digests were carried out on plasmid DNA to linearise plasmids to enable cloning and 

viral recovery or for diagnostic purposes. Digests were carried out according to manufacturer’s 

instructions (NEB) using the recommended digestion buffers. For restriction digests, plasmid 

DNA (200-500 ng) was digested with specified enzymes and corresponding buffers, in a final 
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volume of 10 µL, to generate a unique pattern of bands to allow for verification of the correct 

insertion of fragments. Samples were incubated at the optimal temperature for the enzymes 

(typically 37oC) for 1-2 hours before bands were visualised by gel electrophoresis. For digest of 

plasmid backbones for cloning or viral recovery, plasmids were digested at least for 2-3 hours if 

not overnight to ensure efficient cutting. When applicable, digested plasmids were treated with 

calf intestinal phosphatase (CIP, M0525, NEB) to remove the terminal phosphates to prevent re-

ligation of the plasmid. 

2.2.3 Agarose gel electrophoresis 

DNA fragments from PCR reactions or restriction digests were visualised using gel 

electrophoresis. Size of the fragments was determined by comparison to a standard 1kb DNA 

ladder (NO468, NEB) of known DNA sizes. Briefly, samples were resolved using a 1% (w/v) 

agarose (A4718) gel containing 1X GelRed nucleic acid gel stain (BT41003, Biotium) in Tris-

acetate-EDTA (TAE) buffer (recipes in appendix A). Samples were mixed with 6X loading dye and 

loaded into the gel submerged in 1X TAE buffer. The gel was run at 100V for 40-60 minutes or 

until the loading dye had reached the far end of the gel. DNA was visualised using the BioRad 

imager (Bio-Rad Laboratories). 

2.2.4 Isolation of DNA fragments for plasmid assembly 

DNA fragments, either from PCR amplifications or restriction digested were purified for plasmid 

assembly either using a gel extraction kit (T1020, NEB) if isolating from an agarose gel, or using a PCR 

clean-up kit (T1130, NEB) if isolating directly from a PCR reaction or restriction digest, following 

manufacturer’s instructions. Bands isolated from an agarose gel were cut once the correct size had 

been determined. 



 

52 
 

2.2.5 HiFi Assembly 

For assembly of new constructs, HiFi assembly was utilised by adding overlapping sequences when 

amplifying DNA sequences or by including them in newly synthesised DNA. Newly synthesised DNA 

was provided in the form of a ‘g block’ via IDT, USA. A 10 uL reaction using the 2X HiFi master mix 

(E2621, NEB) was prepared following manufacturer’s instructions. Briefly, 50 ng of digested backbone 

was mixed at a 1:2 ratio with the linearised fragment and the master mix. This was then incubated at 

50oC for 1 hour. 

2.2.6 Bacterial transformation 

Once thawed, 48uL of 10-B E.coli are mixed with 2 µL of the assembly reaction product and 

incubated on ice for 10 minutes. Cells were subjected to heat-shocked at 42oC for 45 seconds and 

then returned to the ice for 2 minutes. 500 µL of SOC recovery media (15544-034, ThermoFisher) 

was added to each reaction and then incubated at 37oC on a bacterial shaker for 30 (ampicillin 

resistant) or 60 minutes (kanamycin resistant). Cultures were spread onto agar plates containing the 

appropriate antibiotic and incubated at 37oC overnight. Agar plates were prepared using LB broth 

with ager (L2897, Merck) with either 50 µg/mL of kanamycin sulphate (K1377, Merck) or ampicillin 

sodium salt (A9518, Merck). 

2.2.7 Plasmid preparation and purification 

To select a correctly assembled plasmid, individual bacterial colonies were picked from the agar plate 

and grown overnight in 5 mL of LB broth (L3022, Merck) overnight at 37oC, 200 RPM. Plasmid DNA 

was then purified using the Monarch® Plasmid Miniprep Kit (T1010, NEB) following manufacturer’s 

instructions. Correct plasmid sequence was confirmed using diagnostic restriction digest and/or 

Sanger sequencing. 

For larger DNA preparation, midi preps or maxi preps were carried out. As with the mini prep set up, 

bacterial preparations were set up overnight, 50mL for midi prep, 200 mL for maxi prep and purified 
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using the QIAGEN Plasmid Plus Midi Kit (12943, QIAGEN) or Maxi Kit (12963, QIAGEN), following 

manufacturer’s instructions. 

2.2.8 DNA quantification 

DNA was quantified using the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). The 

machine was blanked using the elution buffer of the DNA prior to sample measurement. 

2.2.9 Sanger sequencing 

To confirm the sequence of newly cloned plasmids and detect potential point mutations, samples 

were sent for Sanger sequencing by Genewiz (UK) using custom primers following the service 

providers instructions. Reads were aligned to the predicted sequence using SnapGene software. 

2.3 Protein production and purification 

2.3.1 General transfection 

HEK293A/T cells were seeded for transfection in an appropriate culture vessel, one day prior to 

transfection, at a density of 6.26 x 104/cm2. Plasmids were transfected using either Lipofectamine 

2000 (11668019, ThermoFisher) or PEI MAX (40 kDa, 24765, Polysciences). Typically, 0.4 µg DNA/cm2 

was utilised with a 1 to 3 ratio to the transfection reagent. Plasmid DNA and the transfection reagent 

were diluted separately into OptiMEM (31985062, ThermoFisher) and incubated at RT for 5 minutes. 

These were then combined and incubated for a further 20 minutes at RT to allow the formation of 

transfection reagents. Complexes were added to cells gently to avid distortion of the cell monolayer.  

2.3.2 Production of BiTEs and TriTEs 

To increase protein yield, additional serum free media (10% of total volume added to flask) was 

added to the transfections 24 hours post transfection. 72 hours post transfection, supernatant was 

collected and clarified via centrifugation, 500 x g for 5 minutes. Supernatants were then 
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concentrated around 50-fold using 10 kDa MWKO Amicon Ultra-15 filter (UFC9010, Merck) prior to 

aliquoting and storing at -80oC or further purified using nickel beads (detailed in 2.3.3). 

2.3.3 Purification of His-tagged proteins via immobilised metal affinity 

chromatography. 

Clarified supernatants were incubated with Ni-NTA beads (30230, QIAGEN) overnight with agitation. 

The following day the supernatant-beads mixture was passed through a chromatography column 

(7372512, Bio-Rad), washed with 20 mM imidazole in HBS and eluted with 200 mM imidazole in HBS. 

Elute was injected into a 10 kDa molecular weight cut off dialysis cassette (Slide-A-Lyzer™ Dialysis 

Cassettes, 66810, ThermoFisher) to remove imidazole with 3-rounds of dialysis, using 500 mL of PBS 

each time. Dialysed protein was concentrated in a 10 kDa amicon filter prior to aliquoting and 

storage at -80oC. 

2.3.4 SDS-PAGE  

Samples were mixed with Laemmli buffer (J61337, Alfa Aesar) and boiled at 95oC for 10 minutes to 

denature the proteins. Samples were then loaded onto a premade SDS-PAGE gel (Mini-PROTEAN TGX 

precast gels, Bio-Rad), along with a protein ladder (26619, PageRuler Plus, ThermoFisher) and ran at 

120 V for 60 minutes, in 1X SDS running buffer (see appendix A), or until the loading dye had fully run 

through. Gels were either transferred to a nitrocellulose membrane for western blotting (2.3.6) or 

treated with Instant Blue to visualise total protein (2.3.7). 

2.3.5 Native PAGE 

Samples were mixed with sample buffer (BN2003, Life Technologies) then loaded onto a premade 

SDS-PAGE gel (Mini-PROTEAN TGX precast gels, Bio-Rad), along with a protein ladder (LC0725, Native 

Mark unstained protein standard, Life Technologies) and ran at 120 V for 120 minutes, in 1X native 

running buffer (see appendix A). Gels were either transferred to a nitrocellulose membrane for 

western blotting (2.3.6) or treated with Instant Blue to visualise total protein (2.3.7). 
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2.3.6 Western Blotting 

Resolved proteins were transferred from the SDS-PAGE membrane to a 0.2 µm nitrocellulose, 

membrane using the TransBlot turbo transfer system (1704158, BioRad) and transfer packs (1704158, 

BioRad), following the manufacturer’s instructions. Effective transfer efficiency was determined 

mainly by the successful transfer of the pre-stained protein ladder but additionally through Ponceau 

staining (22001, Biotium) prior to blocking.  

Membranes were blocked using the EveryBlot Blocking Buffer (12010020, BioRad) for 5 minutes at 

RT, following manufacturer’s instructions. Membranes were then incubated with a primary antibody 

(see Table 2-3 for details), diluted in blocking buffer, overnight at 4oC. Membranes were washed 

thrice with PBS-T and further incubated with an appropriate secondary antibody conjugated to 

horseradish peroxidase (HRP) for 1 hour at RT. Membranes were again washed thrice with PBS-T (PBS 

+ 0.05% Tween 20 (P1379, Merck)) before the addition of substrate (West Dura Extended Duration 

Substrate, 34075, ThermoFisher). Membranes were incubated with the substrate for up to 2 minutes 

before imaging or chemiluminescence using the BioRad imager. 

Table 2-3: Antibodies utilised for western blot. 

Target Clone Species Dilution 

Factor 

Supplier Catalogue 

Number 

Chk1 2G1D5 Mouse 1,000 Cell Signalling Tech. 2360 

Chk1-P (Ser345) 133D3 Rabbit 1,000 Cell Signalling Tech. 2348 

His tag 3D5 Mouse 5,000 Invitrogen 930-25 

Mouse IgG - Horse 10,000 Cell Signalling Tech. 7076 

Rabbit IgG - Goat 10,000 Cell Signalling Tech. 7074 
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2.3.7 Coomassie Protein staining 

Resolved proteins were visualised using the Coomassie InstantBlue protein stain (ab119211, abcam). 

SDS-PAGE gels of resolved proteins were incubated in the InstantBlue solution of 15 minutes with 

gentle rocking. Gels were imaged using the BioRad imager. 

2.3.8 His tag ELISA 

The concentration of BiTEs and TriTEs produced was determined using a commercially available His-

Tag competitive ELISA kit (L00436, GenScript) following the manufacturer’s instructions. Briefly, 

diluted samples or provided standards were added to a His-tag protein coated plate along with a 

monoclonal anti-His antibodies. The level of antibody binding was negatively correlated to the 

amount of His-tagged protein present in the sample or standard. The concentration of the BiTEs and 

TriTEs was determined using the standard curve and GraphPad Prism Software. 

2.3.9 MICA binding ELISA 

To determine the ability of molecules to bind to NKG2D ligands prior to using cell lines, constructs 

were tested via ELISA for their ability to bind to recombinant MICA. ELISA plates were coated with 

recombinant MICA protein (50 ng/well, 1300-MA-050, Bio-Techne) overnight at 4oC. Plates were then 

washed thrice with PBS-T to remove unbound antigen prior to blocking with 1% BSA in PBS (1 hour, 

RT). After washing thrice, diluted samples were added and incubated at RT for 2 hours with gentle 

agitation. Plates were washed five times prior to addition of an HRP-conjugated anti-his antibody 

(Direct-Blot™ HRP anti-His Tag, 362614, Biolegend, 1 in 15,000). Plates were again washed five times 

prior to the addition of TMB substrate (N301, ThermoFisher) for 10-15 minutes. The reaction was 

stopped using 0.18 M sulphuric acid (339741, Merck) and absorbance measured at 450 nm. 

2.3.10 sMICA and sMICB ELISA 

Soluble MICA and MICB were detected using the Human MICA DuoSet ELISA kit (DY1300, Bio-Techne) 

and Human MICB DuoSet ELISA kit (DY1599, Bio-Techne), following Manufacturer’s instructions. 
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2.4 Viral protocols 

2.4.1 General note of insertion of transgene in viral plasmid and viral 

plasmid preparation 

Transgene expression cassettes encoding the BiTEs or TriTEs were inserted into a AsiSI (R0630, NEB) 

and SbfI (R3642, NEB) linearised parental EnAd plasmid (EnAd2.4) using HiFi assembly (previously 

described in 2.2.5). Primers were designed to amplify expression cassettes to include the CMV 

promoter from the pSF expression plasmid or to introduce a splice acceptor sequence (SA) to allow 

expression to be controlled via the major late promoter within the viral (controls that the expression 

of the transgene will only occur in the second stage of the viral lifecycle). Correct insertion was 

confirmed via diagnostic restriction digest and Sanger sequencing. Prior to virus rescue, 5 µg of each 

plasmid was linearised using the restriction enzyme AscI (R0558, NEB) to linearise the viral genome 

and expose the ITRs (inverted terminal repeats). Samples were incubated at 37oC overnight to ensure 

efficient digestion and heat treated at 80oC for 20 minutes to inactivate the enzyme and sterilise the 

sample prior to transfection. 

2.4.2 Transfection of linearised viral plasmid for viral rescue 

HEK293A cells were seeded in T25 (1.5 x 106 cells/flask) the day prior to transfection using 

Lipofectamine 2000 (11668019, ThermoFisher Scientific). Briefly, 5 µg of the linearised EnAd plasmid 

DNA were diluted to 50 µL in OptiMEM (Gibco). Alongside this, 20 µL of Lipofectamine was added to 

30 µL OptiMEM (1:4 ratio of DNA to Lipofectamine). These samples were incubated for 5 minutes at 

RT before being combined and then incubated for a further 20 minutes at RT. During these 

incubations, the HEK293A cells were washed with PBS and 4 mL of OptiMEM added to the flask. 

After the incubation, the transfect complexes were added to the flask for 4-6 hours. The OptiMEM 

and remaining complexes are then replaced with DMEM containing 2% FBS. Flasks were observed 

every other day to check upon the development of viral plaques known as cytopathic effect (CPE). 
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Upon extensive CPE, supernatant and cells were harvested, subjected to three freeze thaw cycles and 

then centrifuged (500 x g, 5 minutes) to remove cell debris. Clarified viral supernatant was aliquoted 

and stored at -80oC until required. 

2.4.3 Clonal isolation and large-scale preparations. 

To obtain a stock originating from a single viral particle, to reduce variation within the viral prep, the 

initial clarified viral supernatant was serially diluted and used to infect A549 cells. The process of 

diluting the virus and infecting A549 cells is carried out in the same way as for the TCID50 assay 

which is explained in more detail below (2.4.4). Wells were identified that clearly contained one 

single plaque. One well was selected and serially diluted again to ensure a clonal viral stock was 

identified. This stock was then expanded by serially infecting fresh A549s in larger scale vessels. The 

freeze thaw cycles, and clarification was repeated as for the initial viral supernatant. The viral 

supernatant was then aliquoted into smaller aliquots, for use in functional assays, and stored at -

80oC.  

2.4.4 Titre determination via TCID50 

To determine infectious titres of adenoviral stocks a Tissue Culture Infectious Dose (TCID50) assay 

was carried out. A549 cells were seeded in a 96 well plate (1.5 x 104 cells/well) one day prior to 

infection. In a total volume of 1.2 mL of DMEM supplemented with 2% FBS, 8 serial dilutions (1 in 10) 

of adenovirus stock were generated. 100 uL of each dilution was added to the A549 cells with 10 

replicates per dilution. Virus free DMEM supplemented with 2% FBS was added to the extra wells as 

a negative control for viral infection. 5 days post infection, each well was assessed via an inverted 

light microscope for signs of CPE. The highest dilutions showing CPE were counted and infectious 

particles (TCID50/mL) was calculated using the Karber formula. 
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Titre (TCID50/mL) = 10 1 + D (S - 0.5) 

D = log(dilution factor) 

S = sum of the ratios of wells with infection to infection-free wells 

2.5 Flow Cytometry 

2.5.1 Adherent cell preparation 

To prevent the removal of the extracellular domain of membrane protein caused by trypsin cleavage, 

Cells were dissociated with enzyme-free dissociation buffer (13151014, Gibco) following PBS 

washing. Cells were counted and aliquoted into 96 well V-bottomed plates for staining. 

2.5.2 Surface protein staining 

Staining was performed in 96 well V-bottom plates with 100 000-200 000 cells/well. All 

centrifugation steps were carried out at 400 x g for 5 minutes. Briefly, cells were washed twice with 

PBS prior to blocking for 10 minutes at room temperature with either MACS buffer or, for immune 

cells, FcR block (130-059-901, Miltenyi Biotec) diluted 1 in 100 in MACS buffer. Cells were incubated 

for the 30 minutes at 4oC with the primary antibodies, diluted in MACS, in a volume of 50 uL per well. 

Details of antibodies are listed below in Table 2-4. Where a secondary antibody stain was required, 

cells were washed twice with PBS before the secondary stain (50uL/well, 30 minutes at 4oC). Once 

stained, cells were washed twice with PBS prior to fixing with 10% neutral buffered formalin for 10 

minutes at room temperature. Cells were stored in MACS buffer and protected from light at 4oC until 

analysis. Cells were analysed on the AttuneTM NxT Flow Cytometer (ThermoFisher Scientific). 

2.5.3 Intracellular staining 

Where intracellular staining was carried out post extracellular staining, cells were instead fixed with 

4% PFA. Cells were then washed twice with Perm/Wash to permeabilise the cells. Cells were then 

incubated with primary antibodies for 30 minutes at 4oC and then washed twice with PBS before 

being resuspended in MACS buffer for analysis as described above. 
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2.5.4 Biotinylation of NKG2D-Fc and IgG1-Fc for NKG2D ligands staining 

To determine the overall expression level of all eight NKG2D ligands, a recombinant human NKG2D-Fc 

chimera (rhNKG2D-Fc, Phe78 - Val216, 1299-NK-050, R&D Biosystems) was utilised which contains an 

IgG1 Fc region, allowing for a homodimer to be formed. To enable detection, the protein, along with 

a human IgG1 control (rhIgG1-Fc, 1299-HG,100, R&D Biosystems), were biotinylated using the Biotin 

Conjugation Kit, following manufacturer’s instructions (ab201795, Abcam). Biotinylated proteins 

were stored at 4oC until use. Cells were stained as detailed in 2.5.3, with the biotinylated NKG2D or 

IgG1 as a primary stain, followed by streptavidin-PE for detection via flow cytometry (Figure 2.1).  

 

Figure 2.1: Schematic of NKG2D ligand staining utilising the NKG2D ectodomain. 
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2.5.5 Antibodies 

Table 2-4: List of antibodies used for flow cytometry. 

Target Clone Dilution Isotype Fluorophore Supplier Cat. # 

Histidine Tag J095G46 1 in 100 IgG2a, 

mouse 

PE Biolegend 362603 

CD4 OKT4 1 in 200 IgG2b, 

mouse 

APC, FITC, 

PE 

Biolegend 317416, 

317410, 

317410 

CD8a HIT8a 1 in 200 IgG1, 

mouse 

APC Biolegend 300912 

CD25 BC96 1 in 200 IgG1, 

mouse 

PE, PE-Cy7 Biolegend 302606, 

302612 

CD69 FN50 1 in 200 IgG1, 

mouse 

FITC, BV605 Biolegend 310904, 

310938 

4-1BB 4B4-1 1 in 100 IgG1, 

mouse 

BV421 Biolegend 309822 

CD107a H4A3 1 in 100 IgG1, 

mouse 

PE-Cy7 Biolegend 394110 

Granzyme B GB11 1 in 100 IgG1, 

mouse 

Pacific Blue Biolegend 515408 

Perforin BD48  1 in 100 IgG1, 

mouse 

PE Biolegend 353304 

IFN-γ 4S.B3 1 in 100 IgG1, 

mouse 

FITC Biolegend 502506 



 

62 
 

CD45 HI20 1 in 100 IgG1, 

mouse 

FITC Biolegend 304006 

EpCAM 9C4 1 in 100 IgG2b BV421 Biolegend 324219 

, FAP 427819 1 in 100 IgG1, 

mouse 

PE R&D Systems MAB3715 

MICAB 6D4 1 in 100 IgG2a, 

mouse 

APC Biolegend 320908  

rhNKG2D-Biotin - 1 in 100 IgG1-Biotin - R&D 

Biosystems 

1299-NK-
050 

Streptavidin-PE - 1 in 100 - PE ThermoFisher SA10041 

 

Table 2-5: List of isotypes used for flow cytometry. 

Target Clone Fluorophore Supplier Cat. # 

Mouse IgG1 APC, PE-Cy7, 

FITC, BV605, 

BV421, Pacific 

Blue, PE. 

Biolegend 400119, 400108, 

400112, 400151, 

400126, 400162, 

400158 

Mouse IgG2a PE, APC. Biolegend 400212, 400220 

Mouse IgG2b APC, FITC, PE, 

BV421. 

Biolegend 402206, 

402208, 

402204, 

400342 

 IgG1-Biotin - R&D Biosystems 10-HG  
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2.5.6 Flow cytometry data analysis 

Flow cytometry data was analysed using FlowJo software (BD Biosciences). An example of a typical 

gating strategy is detailed in Figure 2.2. Live Dead gating was determined by live dead controls 

generated by boiling half of a sample for 5 minutes to achieve a sample with both live and dead cells. 

 

Figure 2.2: Exemplary gating strategy for flow cytometry. 

 

2.6 Immune cell isolation and assays 

2.6.1 General statement 

Leukocyte cones utilised were acquired from the NHS Blood and Transplant Services (Oxford, UK). 

Informed consent was obtained at the time of donation by the NHSBT. Ethical approval for the study 

was obtained from the Health Research Authority (REC reference 19/LO/1848; IRAS ID 253836). 
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2.6.2 Isolation of lymphocytes and monocytes from leukocyte cones 

Lymphocytes and monocytes were isolated from PBMCs sources from leukocyte cones using double-

density gradient centrifugation. Briefly, blood from the leukocyte cone was diluted in PBS and 

overlayed on top of 15mL Ficoll Paque Plus (GE17-1440-02, GE Healthcare) in a SepMate™-50 tube 

(85450, Stemcell Technologies) and then centrifuged at 950 x g for 30 minutes. The PBMCs 

accumulate at the interface between the plasma and Ficoll. The PBMC layer was collected and 

washed three times with PBS (1st spin, 950 x g for 10 minutes, 2nd spin – 450 x g for 10 minutes, 3rd 

spin – 200 x g for 10 minutes). 

To separate the PBMCs into lymphocytes and monocytes, they were subjected to an additional 

density gradient using Percoll PLUS. Washed PBMCs were resuspended in RPMI media supplemented 

with 10% FBS. Resuspended PBMCs were overlayed with Percoll PLUS (46%, 285 mOsm, GE 

Healthcare) and centrifuged at 950 x g for 30 minutes with no braking. The lymphocyte (at RPMI and 

Percoll interface) and monocyte (pellet) were separately collected and washed three times with PBS 

(same spin conditions as for PBMC washing). Monocytes were seeded in low adherence flasks in X-

VIVO-10 media supplemented with 2% human serum at a density of 3-4 x 106 cells/mL. Lymphocytes 

were cryopreserved at a density of 3 x 107 cells/mL in freezing media. 

2.6.3 T cell isolation 

T cells were isolated from thawed lymphocytes utilising a negative selection method. Frozen 

lymphocytes were thawed in RPMI supplemented with 10% FBS at least 16 hours prior to use. T cells 

were isolated using the Pan T cell isolation kit (130-096-535, Miltenyi Biotec), following 

manufacturer’s instructions. Briefly, cells are incubated with a biotinylated antibody cocktail targeting 

a variety of immune cell markers except for T cells markers. Streptavidin linked magnetic beads are 

then incubated with the cells. The suspension is then passed through a magnetic LS column (130-

042-401, Miltenyi Biotec) to allow the removal of cell types other than T cells.  
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2.6.4 BiTE/virus efficacy assay 

To determine the efficacy of BiTEs, co-culture experiments were set up using PMBC-derived T cells 

and cancer cell lines at an effector to target ratio of 5 to 1. Adherent target cells were seeded and 

allowed to settle overnight. The following day, freshly isolated T cells were resuspended in RPMI + 2% 

FBS and combined with target cells alongside the relevant treatments or viral particles. CD3/CD28 

DynaBeads (1uL/well, 11131D, ThermoFisher Scientific) were used as a positive control for T cell 

activation. Cells were incubated at 37oC, 5% CO2 until harvested for analysis. 

2.6.5 Characterisation of T cell activation by flow cytometry 

T cell activation was determined at a minimum by surface expression of CD25 and CD69 via flow 

cytometry. T cells were gated for using CD4 and CD8a, and live cells were gated for using sample in 

which 50% of the cells were killed via boiling. To assess production of granzyme B, perforin and 

interferon y, 4-6 hours prior to staining, cells were treated with GolgiStop (Monensin, 554724, BD 

Biosciences) and GolgiPlug (Brefeldin, 555029, BD Biosciences) to prevent the secretion into the 

supernatant. T cell mediated cytotoxicity of the target cells was determined using either XTT assay 

(described in 2.6.6), or via flow cytometry determining the percentage of live target cells (CD4-CD8-). 

2.6.6 Viability assay via XTT assay 

Viability was determined with the XTT assay (11465015001, Roche) following Manufacturer’s 

instructions. Briefly, XTT solution was prepared by adding 100 µL to 5 mL of Solution B and 10 mL 

PBS. Target cells were washed once with PBS prior to addition of XTT solution (150 µL/well). Cells are 

then incubated at 37oC for 1-2 hours. 450 nm absorbance was then determined using the VarioScan 

plate reader (ThermoFisher). Results were normalised to the untreated control to determine viability. 
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2.6.7 Cytotoxicity – xCELLigence 

The xCELLigence machine (Agilent) is used to analyse cytotoxicity in real time by measuring 

impedance over time. For all experiments, target cells were seeded the day prior to allow the cell to 

adhere to the plate. Subsequently, the impedance was measured for up to 6 days. 

2.7 Ex vivo tumour models  

2.7.1 General statement 

Ascites samples and colorectal liver metastases utilised were acquired with informed consent from 

routine procedures carried out at Churchill Hospital, Oxford. Ethical approval for these studies was 

obtained from the Health Research Authority (Ascites samples - REC: 19/SC/0173 ORB 20/A013; 

Colorectal liver metastases - REC: 21/YH/0206 – 17/LS/PJ). For the ascites samples, the cancer type of 

the patient as well as other details such as their treatment history are unknown. 

2.7.2 Processing ascites samples 

Processing of ascitic samples to isolate the cellular fraction from the ascitic fluid was carried out by 

Dr Gulsah Albayrak. Briefly, ascites samples were transferred into vessels for centrifugation to pellet 

the cellular fraction (400 x g, 10 minutes). Acellular supernatant (ascitic fluid) was retained and 

stored in aliquots at -20oC. Ascitic cells were washed once with PBS prior to treatment with red blood 

cell lysis buffer (10 minutes, 4oC, 158904, Qiagen). Cells were washed twice with PBS again, prior to 

cryopreservation in FBS + 10% DMSO (20 x 106 cells/mL, 1mL/vial). 

2.7.3 Slicing colorectal liver metastases with vibratome 

Colorectal liver metastases were collected from the theatre just after surgeries at the Churchill 

Hospital in Oxford under ethics number: EC: 21/YH/0206– 17/LS/PJ, Start: 11/11/2021, End: 

11/11/2026. Consenting was done by Katy Gordon-Quayle and Martin Pirkl. Samples were 

subsequently brought to Pathology in the John Radcliff Hospital, Oxford, for assessment by 
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pathologists. Tumours were cut into evenly sized blocks (around 1 cm3) and mounted onto a flat 

piece of thin plastic. Tumour blocks were then embedded in 4% low melting point agarose 

(16520050, ThermoFisher) and left to set at RT. Following this, the embedded tumour blocks were 

fixed to the vibratome stage. Tumour blocks were sliced at 250 µm thick and transferred to a plate 

initially containing 500 µL of slice media overnight. The following day, media is changed to slice 

media containing the 1 nM free BiTE. Samples of media was taken at day 2, 4 and 6 for IFN-γ ELISA. 

2.7.4 IFN-γ ELISA 

Concentrations of IFN-γ released in tissue slice experiments was measured using the ELISA MAX kit 

(430104, Biolegend), following Manufacturer’s instruction. Briefly, plates were coated with the IFN- γ 

capture antibody overnight. The following day, plates were washed, blocked with 1% BSA in PBS, 

followed by incubation with diluted samples for 2 hours with 2 hours of agitation at RT. Once plates 

are washed again, samples are detected using the biotinylated detection antibody followed by 

streptavidin-HRP. To detect bound antibody, TMB substrate (Thermo Fisher Scientific, USA, #N301) 

was added and incubated for 10-15 minutes before being stopped using 0.18 M sulphuric acid 

(Sigma Aldrich, USA, #339741). 450nm absorption was then measured in a plate reader and 

concentrations were interpolated from the standard curve. 

2.8 Pre-treatment assays 

2.8.1 Radiation 

Cell lines were seeded into culture vessels at a density of 6.26 x 104/cm2 the day before treatment. 

Vessels were then exposed to the relevant dose of ionising radiation using a caesium 137 irradiator 

or left untreated as a mock. Cells were then incubated for the required period prior to analysis. 

2.8.2 Chemical treatment 

Cell lines were seeded into culture vessels at a density of 6.26 x 104/cm2 the day before treatment. 

Suspension cell lines were seeded at 90% of the typical volume to allow for the drug to be added at a 
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later point. Cells were then treated with the relevant concentration of drug as well as the 

appropriate vehicle control. 
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Chapter 3: Determine methodologies to adjust the 

expression of NKG2DLs in human tumours. 
 

3.1 Introduction 

NKG2D ligands (NKG2DLs) refers to a family of eight proteins, divided further into MICA/B and the 

ULBP proteins 1-6. It is generally thought that NKG2DLs are expressed on all cancer cells due to the 

‘stressed’ tumour microenvironment (TME), whilst being minimally expressed on normal, healthy 

cells. This chapter will focus on establishing the breadth of cancer cell types that NKG2DLs are 

expressed on and assess the effect conventional treatments have on their cell surface expression.  

Whilst it was initially thought that NKG2DL expression was linked to proliferation, Gasser et al. 

discovered almost 20 years ago that hyperproliferation was insufficient to induce expression in 

normal cells (Gasser et al., 2005). They then identified that activation of the DNA damage response 

pathway was a critical regulator, showing the upregulation of NKG2DLs through various 

chemotherapeutic compounds as well as radiation. Inhibition of ATM, ATR or Chk1, through genetic 

or pharmacological methods, prevented this, demonstrating the role of DNA damage in the induction 

of NKG2DL expression on the plasma membrane. 

As briefly discussed earlier, ionising radiation and chemotherapy are the most commonly used 

treatments for cancer patients. Both therapies have been shown to activate the DNA damage 

response pathway due to either direct DNA breaks caused by the treatment itself, as is the case for 

ionising radiation, or through the production of replication stress caused by the inhibition of 

essential enzymes or the cross-linking of DNA through chemotherapy (O’Connor, 2015; Woods & 

Turchi, 2013; Y. Zhang, Fu, et al., 2022). One of the most prominent examples of this is 5-fluorouracil 

(5-FU), which inhibits thymidylate synthase when converted into fluorodeoxyuridine monophosphate 

(FdUMP). This in turn inhibits the production of deoxythymidine triphosphate (dTTT), one of the four 
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nucleotides required for DNA synthesis, inducing replicative stress (Grem, 2000). dTTT is not required 

for RNA synthesis, therefore non-replicating cells are spared. Additionally, FdUMP which can be 

directly incorporated into DNA during synthesis, causing DNA breaks (Huehls et al., 2016). 

An additional group of therapeutic chemicals linked to DNA damage are histone deacetylase 

inhibitors (HDACi), which inhibit enzymes responsible for condensing areas of the genome to 

epigenetically repress transcription (Bolden et al., 2006; Bose et al., 2014). Therefore, much of the 

genome is more accessible, leading to changes in gene expression (Bolden et al., 2006). Additionally, 

the more open chromatin structure allows for greater sensing of DNA damage, thereby increasing 

the activation of key DDR proteins (Robert & Rassool, 2012). Panobinostat, also known as Farydak, is 

a HDACi that is used in conjunction with other drugs in the treatment of multiple myeloma 

(“Panobinostat Approved for Multiple Myeloma,” 2015).  

Whilst the development of these treatments in cancer was intended to trigger apoptosis or 

senescence in cancer, resistance is often seen. Therefore, their use in combination treatment 

strategies is being extensively evaluated. In Chapter 4 of this thesis, we combine ionising radiation 

and chemotherapy, to increase cell surface NKG2DL expression via activation of the DNA damage 

response pathway, and a Bi-/Trispecific T cell engager targeting NKG2DLs(Kim et al., 2006; Sauer et 

al., 2017a; M. J. Shen et al., 2017; Weiss et al., 2018). Kim et al. found that in a number of different 

cell lines, ionising radiation induced NKG2DL expression, both at the mRNA and protein level at the 

cell surface, making them more susceptible to NK cell-mediated cytotoxicity (Kim et al., 2006). 

This chapter will focus on the establishment of NKG2DLs being a pan-cancer target and whether the 

ligand levels can be manipulated through commonly used therapeutic treatments. In addition, we 

will investigate the effect of these treatments on normal cells, using non-malignant cell lines. 
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3.2 Chapter Hypothesis and Aims 

3.2.1 Chapter Hypothesis 

We hypothesis that all cancer cell lines will express high cell surface levels of NKG2DLs, which can be 

further increased using conventional cancer therapies. 

 

3.2.2 Chapter Aims 

1. Screen a range of both cancer and non-malignant cell lines for NKG2DL expression. 

2. Identify conventional cancer therapies to combine with NKG2DL targeting Bi/Trispecific T 

cell engager mediated killing for potential synergies. 
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3.3 Results  

3.3.1 NKG2DLs are expressed on a variety of different human cancer cell 

lines. 

In order to determine how widely NKG2DLs are expressed amongst human cancers, a range of cell 

lines derived from a range of different cancer types including leukaemia, lymphoma, sarcomas and 

epithelial cells, were screened for surface expression of NKG2DLs. Whilst there are several antibodies 

available for some of the individual ligands, especially for MICA and MICB, some of the ligands are 

not able to be distinguish from each other using antibody-based techniques, due to their highly 

similar structure. To detect the total levels of NKG2DLs on the cell surface, we utilised a commercially 

available recombinant NKG2D receptor, which was biotinylated and then detected using streptavidin 

conjugated to PE, to allow detection via flow cytometry. A biotinylated IgG1 was used in replacement 

of an isotype control. A better control would have been a mutated form of NKG2D which was unable 

to bind to the ligands, however this was not commercially available.  

As shown in Figure 3.1 and Table 3-1, expression of NKG2DLs were detected in all human cell lines, 

with minimal but varying non-specific binding of the IgG-biotin or streptavidin-PE alone, with the 

exception of all three multiple myeloma cell lines and Raji cells. Representative flow cytometry plots 

are shown for each cell line tested (Figure 3.1A).  

Epithelial, leukemic, sarcoma and some lymphoma derived cell lines in general expressed high levels 

of NKG2DLs with the highest expressing cell lines being K562, a chronic myelogenous leukaemia 

(CML) cell line, and Jurkat, a leukemic T cell line. To show the specificity of the recombinant NKG2D 

protein, non-human cancer cell lines, CHO and CT26, were used as the NKG2DLs are reported to have 

significantly different structures (Raulet et al., 2013). As expected, both cell lines showed minimal 

(Figure 3.1). 
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Figure 3.1: NKG2DLs are highly expressed in multiple human cancer cell lines. 

Indicated human, hamster and mouse cancer cell lines were stained for NKG2DLs using a 
biotinylated NKG2D or biotinylated IgG in replace of an isotype control followed by 
streptavidin-PE to detect binding via flow cytometry. (A) Individual flow cytometry plots for 
cancer cell lines showing PE expression for unstained, streptavidin-PE only, IgG1-Biotin-
Streptavidin-PE or NKG2D-Biotin-Streptavidin-PE. Average percentage positive (B), using 
unstained control to gate at 1% for each cell line, and gMFI (C) are presented. Data represented 
as mean +/- SD. N=3.  Statistical significance assessed by one-way ANOVA with Dunnett's 
multiple comparisons test to unstained, p<0.001 ***, p<0.0001 ****, detailed in Table 3-1. 
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Table 3-1: Summary of NKG2DL expression within panel of cancer cell lines detailed in Figure 3.1. 

  Average % 

positive 

Average 

gMFI 
Relative gMFI 

gMFI significance 

Summary p-value 

Myeloma 

JJN3 3.6 75.1 1.0 ns >0.9999 

MM1S 5.2 84.3 0.9 ns >0.9999 

U266 12.3 257.3 1.6 ns 0.3343 

Sarcoma 

HT-1080 71.0 771.0 3.7 **** <0.0001 

U2OS 94.1 2566.3 15.8 **** <0.0001 

Leukaemia 

Jurkat 94.2 1978.3 36.6 **** <0.0001 

K562 92.5 3482.7 24.3 **** <0.0001 

THP1 18.0 200.3 2.3 ns 0.1646 

Epithelial 

A549 92.0 1895.7 3.6 **** <0.0001 

DLD-1 95.9 2733.3 11.9 **** <0.0001 

MDA-MB-231 70.0 1167.3 3.8 **** <0.0001 

Panc-1 87.3 2334.3 4.5 **** <0.0001 

PSN-1 50.0 866.7 1.3 *** 0.0006 

SKOV-3 78.7 2112 2.7 **** <0.0001 
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CNS 

U87 60.7 913.7 2.8 **** <0.0001 

Lymphoma 

C1866 58.2 857.7 1.9 **** <0.0001 

Molt-4 92.5 2329.0 21.3 **** <0.0001 

Raji 13.3 156.7 1.6 ns 0.9712 

Non-human 

CHO 7.9 194.0 1.2 ns 0.9998 

CT26 5.4 196.3 1.0 ns >0.9999 

 

Due to the varied non-specific binding from the IgG-biotin control, the ‘relative gMFI’ was calculated 

by normalising the NKG2D-biotin signal to the IgG-biotin (listed in Table 3-1). From this 

normalisation, a smaller subset of cell lines was identified as being high, medium or low expressers 

and selected for use in further experiments. These identified cell lines are detailed in Table 3-2. 
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Table 3-2: Summary of selected panel of cancer cell lines along with their expression level of 
NKG2DLs. 

Expression Level Cell line Relative gMFI 

High 

Jurkat 36.6 

Molt-4 21.3 

K562 24.3 

Medium 

DLD-1 11.9 

A549 3.6 

U2OS 15.8 

Low/None 
Raji 1.6 

JJN3 1.0 

 

3.3.2 NKG2DLs are minimally expressed on non-malignant human cell 

lines or PBMC-derived cells. 

We then sought to investigate the expression of NKG2DLs on so-called ‘normal’, non-malignant cells, 

which should not express the ligands on the cell surface. The cell lines tested included a retinal 

pigment epithelial cell line (ARPE), human intestinal epithelial cells (HIEC-6), human umbilical vein 

endothelial cells (HUVEC) and normal human dermal fibroblasts (NHDF). Whilst these cell lines are 

considered to be ‘normal’, 3/4 showed expression of NKG2DLs to some extent (Figure 3.2). For 

example, 80% of HUVEC cells were positive for NKG2DLs however the level of expression (gMFI) was 

much lower than that of the colorectal cell line, DLD-1. The minimal expression seen may also not be 

indicative of typical in vivo expression levels due to the conditions in which these cells are cultured 

where they are supplied with excessive amounts of nutrients and in some instances, growth factors. 
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Figure 3.2: NKG2DLs are minimally expressed in multiple non-malignant human cell lines. 

Non-malignant human cell lines were stained for NKG2DLs using a biotinylated NKG2D or 
biotinylated IgG in replace of an isotype control followed by streptavidin-PE to detect 
binding via flow cytometry. The colorectal cell line, DLD-1, was used as a positive control for 
staining. (A) Individual flow cytometry plots for cell lines showing PE expression for 
unstained, streptavidin-PE only, IgG1-Biotin-Streptavidin-PE or NKG2D-Biotin-Streptavidin-
PE. Average percentage positive (C), using unstained control to gate at 1% for each cell line, 
and gMFI (B) are presented. Represented as mean +/- SD, n = 3.   Statistical significance 
assessed by one-way ANOVA with Dunnett's multiple comparisons test to unstained, p<0.05 
*, p<0.0001 ****. 
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Many forms of immunotherapy, such as bispecific T cell engagers, require the re-targeting of host 

immune cells against a tumour associated antigen. We have previously shown that the activation of T 

cells can cause the upregulation of immunotherapy target proteins such as PD-L1 on the T cells 

themselves (Khalique et al., 2021). We therefore thought it was important to look at the expression 

levels of NKG2DLs on both PBMCs and isolated T cells, both unstimulated and activated, to 

determine the likelihood of on-target, off-tumour effects, which is of considerable concern for PBMC 

derived cells if a therapeutic was to be delivered intra venously. If the target antigen is also 

expressed on CD3+ immune cell, T cells could be re-directed against each other, resulting in 

fratricide, 

Whole PBMCs were negative for NKG2DL expression when stained for total NKG2DLs (Figure 3.3A+B). 

We then looked at isolated PBMC-derived T cells which had been activated for 48 hours using 

CD3/CD28 DynaBeads. We observed a minimal increase in the expression of NKG2DLs when 

comparing unstimulated to stimulated (Figure 3.3C-E, activation confirmed by high levels of CD25 

and CD69). Additionally, activated cells seemed to be more ‘sticky’ than the resting T cells as shown 

by the increase non-specific binding of the streptavidin-PE.  
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Figure 3.3: NKG2DLs are minimally expressed on healthy PBMC-derived immune cells. 

(A-B) Human PBMCs were stained for NKG2DLs using a biotinylated NKG2D or biotinylated 
IgG in replace of an isotype control followed by streptavidin-PE to detect binding via flow 
cytometry. The colorectal cell line, DLD-1, was used as a positive control for staining.  Average 
percentage positive (A), using unstained control to gate at 1% for each cell line, and gMFI (B) 
are presented. (C-E) PBMC-derived T cells were activated using CD3/CD28 Dynabeads or left 
unstimulated for  hours. Cells were then stained for NKG2DLs as above as well as for CD25 
and CD69 to confirm activation.  Average percentage positive (C), using unstained control to 
gate at 1% for each cell line, and gMFI (D) are presented. (E) Average percentage positive of T 
cell activation markers, CD25 and CD69, in stimulated and unstimulated T cells. Data 
represented as mean +/- SD, N = 3. Statistical significance assessed by two-way ANOVA with 
Dunnett's multiple comparisons test to unstained, p<0.05 *, p<0.0001 ****. 
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3.3.3 Mimicking tumour like conditions increases the expression of 

NKG2DLs on some tumour cell lines. 

Whilst cancer cell lines are a useful tool in research, the conditions under which they are studied in 

vitro do not generally reflect the tumour microenvironment, especially the concentrations of 

nutrients and oxygen. In vitro cell cultures are typically maintained at a controlled temperature and 

CO2 concentration to somewhat mimic the general temperature and pH of the body, but they are 

also batch fed with high levels of nutrients at concentrations in far excess of those available in 

healthy tissue and quite different from those predicted in the tumour microenvironment. 

To better reflect the tumour microenvironment, cell lines were therefore cultured in medium 

supplemented with different amounts of patient malignant peritoneal ascites. Peritoneal fluid is 

normally produced at low volumes in the peritoneal cavity to act as a lubricant however, in some late-

stage cancers, the fluid can accumulate, either due to blockage of lymph ducts or due to an excess of 

fluid being produced. At this point it is referred to as ascites or ascitic fluid. Ascitic fluid is a grave 

prognostic factor as well as typically leading to a worsening in the patient’s quality of life due to the 

increased pressure within the abdomen causing immense discomfort. The average survival time from 

the time of being diagnosed with ascitic fluid is in the range of weeks or months, depending on the 

primary tumour origin (Ayantunde & Parsons, 2007). The ascitic fluid from patients is typically drained 

as part of palliative treatment and comprises of both a cellular fraction as well as soluble factors 

including pro-inflammatory cytokines and chemokines, fragments of the extracellular matrix and 

various lipids (Han & Borazanci, 2023; Matte et al., 2012). Both the cellular fraction and the acellular 

ascitic fluid can be a useful tool in modelling the tumour microenvironment. 

Cancer cell lines were cultured in varying amounts of patient acellular ascitic fluid for 72 hours prior 

to staining for NKG2DLs. In 3/3 ascites fluid samples tested, NKG2DLs increased in both percentage 

and expression levels in a dose dependent manner on the surfaces of both DLD-1 (Figure 3.4A-C) and 

A549 (Figure 3.4D-F) cell lines. Although both cell lines express relatively high amounts of NKG2DLs in 
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normal culture conditions, we can see a striking ascites concentration-dependent increase in gMFI 

(Figure 3.4B+E). This increase in the number of NKG2DLs present on the cell surface may lead to an 

increase in therapeutic effect seen when utilising immunotherapies against these targets however 

this will need to be balanced with the immunosuppressive effects typically observed when utilising 

ascitic fluid. We additionally saw a dose dependent increase in cell viability with all three ascitic fluid 

samples (Figure 3.4C+F). The lack of complete media does not seem to have a negative effect in 

terms of cell viability with 3/3 fluids leading to an increase in cell viability with most doses showing 

an ascites dose-dependent increase in viability. 

Unlike the A549 and DLD-1 cells which already express NKG2DLs, Rajis and JJN3 cells did not 

significantly upregulate NKG2DLs (Figure 3.5A-D). Surprisingly, when treated with the same patient 

ascites fluid, Raji cells showed a slight decrease in the number of NKG2DL positive cells and the 

overall expression (Figure 3.5A+B). We additionally saw no significant increase in NKG2DLs in the 

non-malignant NHDF cells when treated with the same ascitic fluids (Figure 3.6). Due to the high 

autofluorescence of NHDFs than that of the positive control (as shown in Figure 3.6D), gMFI is 

reported as relative to the unstained.  

 



 

83 
 

 

 

 

Figure 3.4: NKG2DLs are upregulated further on cancer cell lines in presence of acellular 
patient derived ascitic fluid. 

Human colorectal, DLD-1, cells (A-C) and human lung adenocarcinoma, A549, cells (D-F) 
were cultured in various concentrations of one of three ascitic fluids (AS1-3) and DMEM 
supplemented with 10% FBS for 72 hours. Cell lines were then stained for NKG2DLs using a 
biotinylated NKG2D or biotinylated IgG in replace of an isotype control followed by 
streptavidin-PE to detect binding via flow cytometry. Viability was determined alongside 
using viability dye. Average percentage positive (A + D), using unstained control to gate at 1% 
for each cell line, and gMFI (B + E) are presented, along with cell viability (C + F).  Data 
represented as mean +/- SD, N=3. Statistical significance assessed by one-way ANOVA with 
Dunnett's multiple comparisons test to 10% DMEM, p<0.001 ***, p<0.0001 ****. 
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Figure 3.5: NKG2DLs on cancer cell lines are not upregulated on NKG2DL negative cell lines in 
the presence of acellular ascitic fluid. 

Human B cell lymphoma, Raji, cells (A-C) and human multiple myeloma, JJN3, cells (D-F) 
were cultured in various concentrations of one of three ascitic fluids (AS1-3) and RPMI 
supplemented with 10% FBS for 72 hours. Cell lines were then stained for NKG2DLs using a 
biotinylated NKG2D or biotinylated IgG in replace of an isotype control followed by 
streptavidin-PE to detect binding via flow cytometry. Viability was determined alongside 
using viability dye. Average percentage positive (A + D), using unstained control to gate at 1% 
for each cell line, and gMFI (B + E) are presented, along with cell viability (C + F).  Data 
represented as mean +/- SD, N = 3. Statistical significance assessed by one-way ANOVA with 
Dunnett's multiple comparisons test to 10% RMPI, p<0.01 **, p<0.001 ***, p<0.0001 ****. 
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Figure 3.6: NKG2DLs are not upregulated on non-malignant cell lines when treated with 
acellular ascitic fluid. 

NHDF cells were cultured in various concentrations of one of three ascitic fluids (AS1-3) and 
RPMI supplemented with 10% FBS for 72 hours. Cell lines, including Jurkat cells as a positive 
control, were then stained for NKG2DLs using a biotinylated NKG2D or biotinylated IgG in 
replace of an isotype control followed by streptavidin-PE to detect binding via flow 
cytometry. Viability was determined alongside using viability dye. Average percentage 
positive (A), using unstained control to gate at 1% for each cell line, and gMFI (B) are 
presented, along with cell viability (C).  Data represented as mean +/- SD, N = 3. Statistical 
significance assessed by one-way ANOVA with Dunnett's multiple comparisons test to 
unstained, p<0.0001 ****. (D) Example flow cytometry plots for NHDF and Jurkat in the YL-1 
channel.   
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3.3.4 MICA and B are detected on patient derived ascitic cells. 

We also analysed the level of NKG2DLs expressed in the cellular fractions of ascitic fluid samples, 

which would better reflect the heterogeneity of the tumour cells in primary samples as well as the 

long-term exposure to the conditions within the tumour microenvironment. Three patient samples 

of ascitic cells were analysed for expression of NKG2DLs, however, due to difficulties in the staining 

with the recombinant NKG2D protein, we have shown data for staining using an antibody against 

MICA and MICB. 

Figure 3.7A shows the basic composition of the ascitic cells, with two of the samples analysed 

containing a large amount of tumour cells (EpCAM+), whilst the third was highly enriched in immune 

cells (indicated by CD45 positivity). Minimal fibroblasts were detected in the samples, with the 

highest amount being detected in sample 2 with 4.6% of cells being identified as fibroblasts. 

 2/3 samples analysed were MICAB positive for CD45+ cells, however there was minimal difference in 

the gMFI for these samples (Figure 3.7B-C). In CD45 negative cells, which includes tumour cells and 

fibroblasts, we detected surface expression of MICAB in 2/3 samples, both in the percentage positive 

as well as gMFI (Figure 3.7B-C). Looking more in depth at these cells, both of these samples had 

MICAB detected on tumour cells as well as on fibroblasts (Figure 3.7D-G). The third sample also 

contained a small proportion of fibroblasts positive for MICAB. 
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Figure 3.7: MICAB is expressed on tumour cells and cancer associated fibroblasts in primary 
cells isolated from ascitic fluid. 

Ascitic cells were stained with various cell markers as well as aMICAB-APC or isotype control 
for flow cytometry analysis. (A) Simplistic overview of cellular composition of each sample. 
(B+C) MICAB expression of CD45- and CD45+ expressing subgroups. (D+E) MICA/B 
expression on tumour cells as determined by CD45-EpCAM+. (F+G) MICA/B expression on 
cancer associated fibroblasts as determined by CD45-FAP+. (B, D, F) Data shown as mean +/- 
SD, with isotype for each sample set to 1% positive. (C, F, G) Data shown as gMFI, 
represented as mean +/- SD, N = 3. Statistical significance assessed by two-way ANOVA with 
Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, 
p<0.0001 ****. 
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3.3.5 Chemotherapy and radiotherapy treatment can further increase 

NKG2DL expression on cancer cell lines. 

Chemotherapy and radiotherapy are two of the most widely used cancer treatment. Both radiation 

and certain chemotherapeutic drugs can activate the DNA damage response in cells, which has been 

shown to induce the expression of NKG2DLs and so we sought to investigate their effect on the 

surface expression of NKG2DLs (Gasser et al., 2005). 

A549 and DLD-1 cells were treated with varying doses of the chemotherapeutic 5-flurouracil (5-FU) 

or ionising radiation and stained for NKG2DLs 48 or 72 hours later, respectively. As shown in Figure 

3.8, A549 treated cells showed a dose-dependent increase in NKG2DL surface expression with both 

chemotherapy and radiotherapy treatment (Figure 3.8: NKG2DL are upregulated on A549 cells in 

response to radiation and chemotherapy, unlike DLD-1 cells.A-B). As A549 cells are almost 100% 

positive, the more prominent difference can be seen in gMFI. Additionally, there was only a slight 

reduction in the cell viability allowing for a therapeutic effect to be seen when in combination with 

NKG2DL targeted therapies.  

Surprisingly, the opposite effect was seen for the colorectal cell line, DLD-1. Whilst for both 5-FU and 

radiation treatments, there were minimal changes in expression at the lower doses, the higher doses 

of both treatments lead to a significant decrease in NKG2DL expression. To confirm that the DDR 

pathway was functional in DLD-1 cells, we assessed the levels of activated Chk1 protein via western 

blot, indicated by phosphorylation of Serine 345, and confirmed that there was a dose dependent 

increase in phosphorylated Chk1 protein in DLD-1 cells (Figure 3.8E).  
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3.3.6 Chemotherapy and radiotherapy treatment can induce NKG2DL 

expression on NKG2DL-negative cancer cell lines. 

Once we had determined that we could increase the expression on cancer cell lines that already 

expressed NKG2DLs, we turned our attention to investigate if conventional cancer treatments, such 

as chemotherapy and radiation, could induce expression of NKG2DLs on negative cancer cell lines, 

thereby making them susceptible to NKG2DL mediated killing. 

Raji and JJN3 cells were subjected to chemotherapy and radiotherapy at a range of doses, as above 

and stained for NKG2DLs. In Raji cells, NKG2DL expression was increased in a dose dependent 

manner by both treatments (Figure 3.9A+B). JJN3 cells also saw an increase in ligand expression at 

higher concentration of 5-FU treatment with a slight decrease in cell viability seen at the highest 

concentration (Figure 3.9C). Whilst we saw a dose dependent increase in in gMFI and percentage 

positive JJN3 cells when treating with ionising radiation, a similar increase was also seen for the IgG1 

control (Figure 3.9D). 

 

Figure 3.8: NKG2DL are upregulated on A549 cells in response to radiation and 
chemotherapy, unlike DLD-1 cells. 

Human lung adenocarcinoma, A549, cells (A+B), and human colorectal, DLD-1, (C+D) were 
treated with a range doses of 5-FU for 48 hours (A+C) or of ionising radiation and left for 72 
hours (B+D). (A-D) Cell lines were then stained for NKG2DLs using a biotinylated NKG2D or 
biotinylated IgG in replace of an isotype control followed by streptavidin-PE to detect 
binding via flow cytometry. Viability was determined alongside using viability dye. Average 
percentage positive using determined unstained control to gate at 1% for each cell line, and 
gMFI are presented, along with cell viability.  Data represented as mean +/- SD, N = 3. 
Statistical significance assessed by two-way ANOVA with Dunnett's multiple comparisons 
test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. (E) A proportion of DLD-
1 cells were analysed via western blot to show activation of the DNA damage response, as 
indicated by phosphorylation of Chk1 protein at Ser354, N = 1. 
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Figure 3.9: NKG2DL are upregulated on the NKG2DL negative cell line, Raji cells, in response 
to radiation and chemotherapy. 

Raji (A+B) and JJN3 (C+D) cells were treated with a range doses of 5-FU for 48 hours (A+C) or 
of ionising radiation and left for 72 hours (B+D). (A-D) Cell lines were then stained for 
NKG2DLs using a biotinylated NKG2D or biotinylated IgG in replace of an isotype control 
followed by streptavidin-PE to detect binding via flow cytometry. Viability was determined 
alongside using viability dye. Average percentage positive using determined unstained 
control to gate at 1% for each cell line, and gMFI are presented, along with cell viability.  
Data represented as mean +/- SD, N = 3. Statistical significance assessed by two-way ANOVA 
with Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, 
p<0.0001 ****. 
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Another form of chemotherapy frequently used in cancer treatment are HDACi, in particular as part 

of the treatment regimen for multiple myeloma. HDAC proteins are often upregulated in cancers due 

to their role in epigenetic regulation, by removing acetyl groups from histones, leading to chromatin 

condensation and transcriptional repression which can help to reduce the expression of tumour 

suppressor genes (Ropero & Esteller, 2007). Two potent HDACi, valproic acid (VPA) and sodium 

butyrate (NaBut) have been shown to increase the levels of MICA and B in HeLa and HepG2 cells 

which increased their susceptibility to NK cell lysis (C. Zhang et al., 2009). We therefore sought to 

investigate if this was also applicable in cell lines used within this thesis.  

A549, DLD-1, Raji and JJN3 cells were treated with increasing concentrations of VPA or NaBut for 48 

hours prior to staining for NKG2DLs. As shown in Figure 3.10, we can see a dose dependent increase 

in total surface expression of NKG2DLs in all four cell lines, with the most dramatic increase being in 

the multiple myeloma cell line, JJN3, when treated with VPA whereby the gMFI roughly triples. 

(Figure 3.10J+K). We additionally see a high increase in NKG2DL expression on JJN3 cells treated with 

NaBut, as well as a decrease in cell viability with the highest doses of both drugs, however more so 

with NaBut. Raji cells showed a dose dependent increase in the percentage of NKG2DL positive cells 

in response to both VPA and NaBut, as well as a slight increase in gMFI, however the overall level 

remained low, with the IgG1-biotin control background being similar to that of the NKG2D-Biotin 

signal (Figure 3.10G+H). Similarly to the radiation and 5-FU treatment, A549 cells showed a dose 

dependent increase in NKG2DL expression levels by gMFI (Figure 3.10B). DLD-1 cells also showed a 

similar response, in contrast to the radiation and 5-FU treatments previously tested (Figure 3.10E).  

To determine the effect of these treatments on non-malignant cells, NHDFs were treated with the 

previously described treatments and stained for NKG2DLs at the same timepoints (Figure 3.11). 

Radiation, 5-FU and HDACi treatments lead to minimal increase in the NKG2DLs expressed. Small 

increases in both percentage positive and relative gMFI were observed, seemingly in a dose 
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dependent manner, however this was far below the levels seen for the cancer cell line, Jurkat (Figure 

3.11A,B,D,E,G,H).  
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Figure 3.10: HDAC inhibitors upregulate NKG2D ligands in multiple cancer cell lines. 

Human cancer cell lines (A549 – A-C, DLD-1 – D-F, Raji – G-I, JJN3 – J-L) were treated with 
various concentrations of valproic acid (VPA) or sodium butyrate (NaBut) for 48 hours prior 
to staining for NKG2D ligands and viability before analysis via flow cytometry. Cells were 
stained using a biotinylated NKG2D or biotinylated IgG in replace of an isotype control 
followed by streptavidin-PE to detect binding via flow cytometry. A live/dead dye was 
utilised to determine cell viability. Average percentage positive using unstained untreated 
control to gate at 1% (A, D, G, J). Average gMFI (B, E, H, K). Average cell viability (C, F, I, L). 
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Data represented as mean +/- SD, N = 2. Statistical significance assessed by one-way ANOVA 
with Dunnett's multiple comparisons test to untreated, p<0.01 **, p<0.001 ***, p<0.0001 
****. 
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Figure 3.11: Radiation and chemotherapy minimally upregulate NKG2D ligands in a non-
malignant cell line. 

Normal human dermal fibroblasts (NHDFs) were treated with either ionising radiation for 72 
hours (A-C),  5-FU for 48 hours (D-F) or HDACis (G-I) for 48 hours prior to staining for NKG2D 
ligands and viability before analysis via flow cytometry. Cells were stained using a 
biotinylated NKG2D or biotinylated IgG in replace of an isotype control followed by 
streptavidin-PE to detect binding via flow cytometry. Jurkat cells were stained alongside as a 
positive control. A live/dead dye was utilised to determine cell viability. Average percentage 
positive using unstained untreated control to gate at 1% (A, D, G). Relative gMFI (B, E, H). 
Average cell viability (C, F, I). Data represented as mean +/- SD, N = 3. Statistical significance 
assessed by two-way ANOVA with Dunnett's multiple comparisons test to untreated, p<0.05 
*, p<0.01 **, p<0.001 ***, p<0.0001 ****. 
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3.4 Discussion 

To assess the range of cancer types that might be targetable via NKG2D ligands we initially analysed a 

wide range of cancer cell lines to assess the levels of NKG2DLs expressed, as well as ‘normal’, non-

malignant cell lines. Using a biotinylated ectodomain of the NKG2D receptor itself, followed by 

streptavidin-PE, we detected all eight NKG2D ligands simultaneously by flow cytometry. We found 

high expression in virtually all types of cancer analysed, including sarcoma, leukaemia and epithelial 

cancers, with the exception of cell lines originating from B cell cancers such as multiple myeloma 

(Figure 3.1). This contrasts with Barber et al., who were able to detect NKG2DLs on the surface of a 

variety of multiple myeloma cell lines, including U266 and MM1S, as well as successfully target them 

using an NKG2D receptor CAR-T cell approach (Barber et al., 2008). Notable differences between the 

two studies are the media in which the cells are cultured in, with the U266 and MM1S cells using in 

Barber et al.’s work supplemented with additional nutrients such a non-essential amino acids and 

sodium pyruvate as well as the reducing agent β-mercaptoethanol. JJN3 cells have also previously 

been reported to express NKG2DLs, whilst there are mixed reports for Raji cells (El-Sherbiny et al., 

2007; Kellner et al., 2012; Pende et al., 2002). 

We additionally looked at non-malignant cell lines and confirmed that whilst some, in particular 

ARPE-19 and HUVECs, were positive for NKG2DL on their surface, they expressed them at very low 

levels based on gMFI (Figure 3.2). Furthermore, we assessed the expression of NKG2DL on PBMC 

cells, both to assess non-malignant primary cells as well as to determine the likeliness of toxicity 

within the blood. We were unable to detect NKG2DL on whole PBMCs (Figure 3.3A+B). This means 

that intra venous infusion of an NKG2DL targeting immunotherapy could be possible. 

To more accurately model the TME, we utilised both the cellular and acellular fraction of patient 

derived malignant ascites, to determine both if cells isolated from patients express NKG2DLs as well 

as the effect the immunosuppressive acellular fluid would have on both cancer cell lines expressing 
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differing levels of NKG2DLs, as well as if NKG2DL surface expression could be induced on non-

malignant cells. 

 We saw a dose dependent increase in NKG2DL expression in both cancer cell lines that express 

NKG2DL in typical cell culture conditions  however saw minimal change or a decrease in NKG2DL in 

Raji and JJN3 cells (Figure 3.4+Figure 3.5). Additionally, in A549 and DLD-1 cells, all three ascitic fluids 

tested resulted in an increase in target cell viability (Figure 3.4C+F). Furthermore, in Figure 3.6 we 

show that treatment of non-malignant cells with ascitic fluid caused a minor increase in NKG2DL 

gMFI signal, however the overall levels of ligands was still low. 

We are unsure as to the exact component of ascitic fluid that would cause an increase in NKG2DL 

expression in DLD and A549 cells whilst having minimal effects on Raji and JJN3 cells. Typically, we 

see that the ligands upregulated in response to ascitic fluid are a result of the immunosuppressive 

soluble factors such as IL-6, IL-10 and TGF-β, as shown previously. (Khalique et al., 2021; Scott et al., 

2019). IL-10 has been shown to induce the expression of MICA/B and ULBP1-3 in macrophages, 

however it has also been shown to decrease the expression of MICA on the surface of melanoma 

(Schulz et al., 2010; Serrano et al., 2011). Additionally, TGF-β has been widely reported to inhibit the 

NKG2D-NKG2DL axis in a variety of cancers (Friese et al., 2004; Serrano et al., 2011; Shin Lee et al., 

2021). 

The increasing dose of ascites fluid simultaneously results in an equal reduction in complete media 

which provides additional nutrients such as amino acids, lipids and glucose to the cells. Therefore, 

another factor that could be involved is nutrient deprivation. Serum starved HCT116 (colorectal) 

showed decreased levels of MICA/B and ULBP2, however ULBP1 transcription has been linked to the 

ATF4 transcription factor, whose own expression is induced during nutrient deprivation (Gowen et 

al., 2015; Jung et al., 2012b). In future work, we would like to analyse the composition of the ascitic 

fluids to ascertain the key factor/s. However, it is still intriguing how the same ascitic fluids can have 

differing effects on cancer cell lines.  
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Whilst we did not see an increase in NKG2DLs on the ascites fluid treated NHDFs, we did detect a 

small amount of NKG2DLs on the CAFs within the cellular fraction of the ascites fluid, in 2/3 of the 

samples tested, however the number of CAFs in this analysis was low. That being said, if true, this 

suggests we could target both tumour cells as well as CAFs by targeting NKG2DL in tumours. Ben-

Shmuel et al. have previously found that the NKG2D-NKG2DL interaction was critical for NK-cell 

mediated targeting of CAFs (Ben-Shmuel et al., 2023).  

As the majority of cancer patients will undergo some form of chemotherapy or radiotherapy as part 

of their treatment regiment, we additionally looked at the effect of these standard of care 

treatments, which are known to induce the DNA damage response, on the NKG2DL expression levels 

in both malignant and non-malignant cells. When using ionising radiation, the path of the beam also 

hits healthy cells causing toxicity. We therefore sought to determine if there was a pre-treatment 

condition in which we could increase the therapeutic window for NKG2DL targeting therapies by 

increasing the NKG2DL expression on malignant cells whilst preventing the sensitisation of the non-

malignant cells. 

In A549 cells, we saw a dose dependent increase in NKG2DLs expressed (gMFI), in response to both 

radiation and treatment with 5-FU (Figure 3.8A+B). Surprisingly, the opposite effect was seen for 

DLD-1 cells, in which we saw a dose dependent decrease in NKG2DL in response to both radiation 

and 5-FU treatment, despite the dose dependent increase in P-Chk1 protein (Figure 3.8C+D+E). 

Furthermore, we saw no significant difference in NKG2DL surface expression in the NHDF treated 

cells at any radiation dose, with only small increases seen upon treatment with 5-FU and HDACis. 

We additionally identified treatments to induce NKG2DL expression in Raji and JJN3 cells, which 

typically express low levels. Both radiation and 5-FU treatment led to significantly different NKG2DL 

expression in Raji cells, in a dose dependent manner (Figure 3.9A+B). This effect however was not as 

dramatic when looking at JJN3 cells, which when treated with HDACis, particularly VPA, showed a 

dramatic increase in NKG2DL surface expression (Figure 3.9C+D, Figure 3.10J-L). This indicates that 
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NKG2DL negative cancer cell lines may evolve different mechanisms to downregulate NKG2DL. HDACi 

inhibitors were also effective at upregulating NKG2DL on A549 and DLD-1 cells, and to a lesser 

extent, Raji cells (Figure 3.10A-I).  

Whilst the concentrations of the chemotherapy drugs using is this thesis are typical of that used in in 

vitro assays, they may not be clinically relevant (C. Zhang et al., 2009; L. Zhao et al., 2014). VPA is 

used in the treatment of bipolar disorder at doses in which the serum concentration is likely to be 

between 50-74 µg/mL (Gugler & von Unruh, 1980). With the concentrations used within this thesis, 

we would be within the range of 144 – 721 µg/mL, much higher than the predicted levels. The 

plasma level of 5-FU in patients undergoing treatment was measured at between 3 – 5 µM. In the 

data presented in this thesis, we saw a significant increase in NKG2D ligand expression with 3 µM of 

5-FU in A549, JJN3 and Raji cell lines. 

Taking this together, the differences seen across multiple cancer cell types in response to various 

therapeutic treatment conditions, as well as a cellular ascitic fluid, indicates that the various evasion 

mechanisms that tumours employ to prevent NKG2DL mediated targeting may also make them 

sensitive to certain therapeutics. For example, the dramatic increase in NKG2DLs seen in JJN3 cells 

upon treatment with VPA, as well as the minimal induction in the non-malignant cell lines, indicates 

that these cells have evolved a mechanism to epigenetically silence NKG2DLs. 

Many viruses are known to encode proteins to retain the NKG2DL proteins at the ER to prevent their 

presentation on the cell surface, evading detection by the immune system, however this has also 

been noted in uninfected cells which contain high levels of intracellular NKG2D ligands (Baugh et al., 

2020; M. Fuertes et al., 2008; Ghadially et al., 2017). The exact mechanism that regulates the 

translocation of NKG2DLs in response to stress is unknown, however upregulation of proteins to 

retain NKG2DLs within the cell would be advantageous to a tumour. The regulation may also not be 

at the point of protein translocation, H157 cells showed decreased mRNA levels for multiple NKG2DL, 

including MICA/B and ULBP1-3, in response to increasing doses of radiation (M. J. Shen et al., 2017). 
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It therefore would be useful to investigate the total NKG2DL protein levels, including retained, 

intracellular protein, to get a better understanding in DLD-1 cells. 

In conclusion, we have shown that a wide variety of cancer types express NKG2DL, whilst non-

malignant cells express minimal to none. Additionally, we have shown that using standard of care 

therapies, we can increase the levels of NKG2DLs expressed on cancer cells that already express 

them on their surface, as well as induce NKG2DL expression on cancer cell lines that were initially 

negative, whilst minimal expression is retained on a non-malignant cell line. Furthermore, many of 

these treatments, did not lead to a dramatic decrease in cell viability alone, therefore these 

treatments allow the opportunity for synergistic effects with NKG2DL targeting therapeutics. 
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Chapter 4: Engineering of NKG2D ligand (NKG2DL) 

targeting Bispecific T cell engagers (BiTEs) for arming 

oncolytic adenoviruses. 

 

4.1 Introduction 

After showing in the previous chapter that NKG2DLs are highly expressed on a variety of cancer cell 

lines, whilst being minimally expressed in normal cell lines. We set out to explore the targeting of 

these ligands therapeutically, with the goal to arm the oncolytic adenovirus, EnAd, with a bispecific T 

cell engager (BiTE) to enable in situ production of the therapeutic, as well as providing oncolytic cell 

death of infected cells. Previously, EnAd has been armed with a variety of BiTEs, including those 

targeting EpCAM, fibroblast activating protein (FAP), CD206 and folate receptor β (FRβ), with the 

ability to successfully target antigen positive cells within a variety of clinically relevant samples 

(Freedman et al., 2017, 2018; Scott et al., 2019). 

NKG2DLs have previously been explored as targets for immunotherapy, using monoclonal antibodies 

to target one or two of the ligands or using the NKG2D receptor to target all eight ligands (Ferrari De 

Andrade et al., 2018; Godbersen et al., 2017; Goulding et al., 2023; Hagelstein et al., 2021; Märklin et 

al., 2019; Sallman et al., 2023a; D. Yang et al., 2019; T. Zhang et al., 2006). CAR-T cell therapies 

engineered to express the NKG2D receptor have been underdeveloped for several years with Celyad 

Oncology being the most prominent in the field with multiple clinical trials ongoing (Curio et al., 

2021; Sallman et al., 2023b; D. Yang et al., 2019; T. Zhang et al., 2006). Their primary candidate 

includes the full length NKG2D receptor engineered to also express the CD3 ζ intracellular signalling 

region, as with 1st generation CAR-Ts, which in currently undergoing clinical trials for the treatment of 
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metastatic colorectal cancer in combination with chemotherapy (Sallman et al., 2023b, 

NCT04991948). 

Two bispecific T cell engager (BiTE) consisting of an αCD3 ScFv fused to a single copy of the NKG2D 

ectodomain have been published previously showing promising results against a number of tumour 

types, as the production of a bispecific NK cell engager using an αCD16 ScFv to allow engagement of 

NKG2D negative NK cells (Godbersen et al., 2017; Hagelstein et al., 2021; Märklin et al., 2019). 

Hagelstein et al. found that there was increased overall potency with the NKG2D-αCD3 bispecific, 

compared to the NKG2D-αCD16, showing upregulation of degranulation marker CD107a and 

increased production of IFN-γ and perforin. 

We hypothesise that we can improve on these technologies by delivering the therapeutic via an 

oncolytic virus to allow for the continued production of the bispecific within the tumour. Additionally, 

we hypothesise that the addition of a second NKG2D ectodomain will improve the potency of the 

therapeutic. Further to this, BiTEs can repurpose T cells that are already residing within the tumour, 

as opposed to CAR-T cell which need to overcome the obstacle of gaining entry into the tumour from 

the bloodstream. In addition to this, the presence of replicating (oncolytic) virus within the tumour 

should elicit a pro-inflammatory immune response, leading to the influx of new T cells into the 

tumour which have not been exposed to the immunosuppressive environment for extended periods 

of time. 

As previously discussed, the NKG2D receptor is formed of a homodimer, linked by disulphide bonds. 

The previously mentioned therapeutics containing the NKG2D ectodomain are all constructed using a 

single copy of the protein, as in the NKG2D BiTE presented in this thesis. We predict that, by having 

two copies of the NKG2D ectodomain within the same construct (referred to as a tri-specific T cell 

engager (TriTE)), the avidity to the target cell can be increased by the binding to two separate ligands, 

or the two protein domains will assemble into the extracellular homodimer complex allowing for a 
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more physiological interaction with the ligands to occur, most likely with higher affinity (schematics 

of predicted binding presented in Figure 4.1B).  

Previously in our lab, a NKG2D-αCD3 construct (NKG2D BiTE) and a NKG2D-αCD3-NKG2D construct 

(NKG2D TriTE) have been developed. The preliminary work for these constructs was carried out by Dr 

Janet Lei and a more thorough evaluation of the NKG2D-CD3-NKG2D construct by Dr Richard Baugh 

was also undertaken in the context of GBM. Within this work, the NKG2D TriTE was encoded within 

an oncolytic herpes virus (oHSV), allowing the targeting of glioma stem-like cells (Baugh et al., 2024). 

Whilst this showed promising results, oHSV delivery is limited to intra tumoral injection due to high 

prevalence, and a large proportion of the population having pre-existing immunity (F. Xu et al., 2006). 

The oncolytic virus used in this chapter, EnAd, is a chimeric adenovirus that is mainly derived from 

serotype 11p which has a much lower plasma antibody prevalence (Vogels et al., 2003). This was 

shown in vitro by Di et al, assessing the ability of human plasma to neutralise different adenovirus 

serotypes, and was supported by a mechanism of action phase I trial in which the virus was delivered 

by intravenous injection to patients who subsequently had their primary colorectal tumours 

resected, showing significant uptake of virus into the tumour (Di et al., 2014; Garcia-Carbonero et al., 

2017b). 

This chapter will focus on the evaluation of the NKG2D BiTE and TriTE in a wider range of cancer 

types as well as in non-malignant cells. Additionally we will focus on evaluating the efficacy of these 

therapeutic agents in combination with conventional cancer treatments, as well as assess its potency 

when expressed from an oncolytic virus. 
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4.2 Chapter aims and hypothesis 

4.2.1 Chapter hypothesis 

We hypothesis that NKG2DLs expressed on a variety of cancer cell line can be targeted with an 

NKG2DL T cell engager formed of either one or two copies of the ectodomain of the NKG2D receptor 

fused to an αCD3 ScFv. Furthermore, we hypothesise that we can increase this potency using the 

combination of standard of care treatments identified in Chapter 3, which we have shown can 

significantly upregulate NKG2DLs on target cells, sensitising NKG2DL negative cell lines.  

4.2.2 Chapter aims 

1 - Engineer a NKG2D TriTE that can successfully be produced from the oncolytic virus, EnAd. 

2 - Determine the breadth of cancer cell line in which the NKG2D BiTE and TriTE can induce 

cytotoxicity. 

3 - Investigate the effect of combining NKG2D BiTE and TriTE treatments which conventional cancer 

therapies which were shown to increase surface levels of NKG2DLs. 

4 - Assess the ability of the NKG2D BiTE/TriTE armed virus to induce T cell activation and kill 

NKG2DL+ cells. 
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4.3 Results 

4.3.1 Design of NKG2D BiTE and TriTE utilised in this thesis. 

As stated above, previous work carried out by Dr Janet Lei to design the original NKG2D BiTE and 

TriTE constructs, along with some preliminary evaluations of the constructs as pan cancer 

therapeutic molecules. The original NKG2D TriTE contained two identical copies of the NKG2D 

ectodomain (residues 78-216 of full length NKG2D as detailed in Figure 4.1A), which led to 

recombination upon construction of the viral plasmid. Therefore, to decrease the propensity for 

recombination and NKG2D ectodomain elimination from the TriTE during virus production, the 

NKG2D ectodomain sequence was codon optimised using the GenScript tool. This nucleotide 

sequence was then compared to the original sequence used and codons were altered to reduce the 

overall homology between the two sequences with as few adjacent corresponding bases as possible. 

The codon usage was kept as close to the codon optimised version to increase protein production. 

This NKG2D TriTE with reduced homology between the NKG2D domains was incorporated into an 

oHSV virus as part of Richard Baugh’s DPhil thesis and subsequent publication (Baugh et al., 2024). 

Originally a mutant version of the NKG2D, which had 5 mutations within the B6 loop of the NKG2D 

domain abolishing its binding ability, was to be used as the control construct however the protein 

production from this construct was insufficient for use in functional assays. Therefore, within this 

thesis I have utilised a nanobody against the rabies virus S protein (CtrlNB) as an irrelevant protein to 

use in the control construct (Scott et al., 2019). The CtrlNB-αCD3-CtrlNB construct was made 

similarly to the NKG2D-αCD3-NKG2D construct in that the second CtrlNB domain was codon 

optimised and then altered to reduce homology between the two sequences. 

Whilst other groups have demonstrated the efficacy of similar, NKG2D BiTE constructs which contain 

only one extracellular domain of NKG2D, to our knowledge, the NKG2D TriTE is the first NKG2D ligand 

targeting T cell engager which utilises two copies of the NKG2D ectodomain. Whilst in other TriTEs 
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typically bind to three separate entities, we are unsure of the binding orientation in which the 

NKG2D TriTE will form (as detailed in Figure 4.1B). One possibility is that the extracellular region of 

the NKG2D receptor is able to assemble in this orientation, allowing for more binding of the NKG2D 

ligand similarly to that of the full length NKG2D homodimer. Another alternative is that the NKG2D 

ectodomains are unable to form a complex due to removal of the intracellular and transmembrane 

regions of the full-length protein. The homodimer interface is stabilised by non-covalent, hydrogen 

bonds, which may not be sufficient for dimerisation without the transmembrane region (Garrity et 

al., 2005; P. Li et al., 2001). The transmembrane region of NKG2D contains cysteine residues which 

form interchain disulphide bonds with DAP10 molecules, stabilising the NKG2D dimer (Garrity et al., 

2005). In this instance, the NKG2D TriTE may be binding to multiple NKG2D ligands on the target cell. 
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Figure 4.1: Design and predicted mode of action of NKG2D BiTE and TriTE. 

(A) Domains of the full length NKG2D protein (P26718), along with the residues utilised in the 
NKG2D BiTE and TriTE for binding to all NKG2D ligands. (B) Predicted binding of the NKG2D BiTE 
and TriTE to bridge between a cell expressing NKG2D ligands, such as MICA, and CD3 within the 
TCR-CD3 complex. Created using BioRender. 
 

 

4.3.2 Engineering and production of NKG2D bispecific constructs. 

The minimal homology sequence of the NKG2D ectodomain was cloned into the pSF plasmid 

backbone, to be expressed under the CMV promoter, using standard cloning techniques to replace 

the second NKG2D ectodomain in the original construct to reduce the likelihood of recombination 



 

109 
 

(Figure 4.2A+B). An equivalent control construct was also that contained a nanobody sequence 

against the S protein of rabies (Scott et al., 2019). All constructs were cloned to contain an N-terminal 

secretion signal and a C terminal decahistidine tag for detection, purification and quantification. The 

four constructs utilised in this chapter are illustrated in Figure 4.2C. 

 

HEK293-T cells were utilised for protein production as they are easy to transfect at high efficiency 

and yield large amounts of recombinant protein. 72 hours post transfection, supernatant and lysate 

 

Figure 4.2: Generation of NKG2D BiTE and TriTE with matched control constructs. 

(A+B) Schematic of expression plasmids for mammalian expression of BiTEs and TriTEs under the 

CV promoter. KanR – Kanamycin resistance. CMV – Cytomegalovirus, SV40 – simian vacuolating 40, 

GS linker – glycine serine linker. (C) Schematic representation of the structure of the NKG2D BiTE, 

TriTE and nanobody (NB) control BiTE and TriTE. The NKG2D domain (orange) composes of the 

ectodomain of the NKG2D receptor. Domains are linked via a GS linker (GSSGGGG) for flexibility. 

Each construct encodes an N-terminal immunoglobulin signal peptide (SP) and a C-terminal 

decahistidine tag (His). 
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were harvested separately and the supernatant concentrated 50-fold, via centrifugal ultrafiltration, 

using a 10 kDa amicon filter. Protein expression and size was confirmed using SDS-PAGE and western 

blotting for qualitative purposes (Figure 4.3A). For all constructs, the protein was detected in the 

supernatant with a small amount of the CtrlNB BiTE also being detected in the lysate, showing that 

the proteins were being efficiently secreted from the producer cells. As commonly seen with BiTE 

constructs produced in our lab, the bands were running slightly higher on the gel than predicted 

(10kDa higher). We hypothesis that the increase in size is likely to be from post translation 

modifications that occur to the protein, such as glycosylation. We have previously sent BiTEs for mass 

spectrometry, which confirms the correct protein sequence. Quantification of BiTE and TriTE was 

then determined using a His tag ELISA. Both the CtrlNB BiTE and CtrlNB TriTE were produced at much 

higher levels than the NKG2D containing constructs (Figure 4.3A). Larger TriTE proteins showed a 

lower protein yield and the inclusion of the NKG2D ectodomain in general lead to a decreased yield. 

 

 

Figure 4.3: NKG2D BiTE and TriTE are successfully expressed and secreted from HEK293-T cells, 

along with matched controls. 

HEK293-T cells were transfected with plasmids encoding the NKG2D BiTE, TriTE or control 

constructs. 72 hours post transfection, cell lysates and supernatants were harvested. Supernatant 

was concentrated around 50-fold using a 10 kDa MWKO amicon filter. Protein expression was 

confirmed using an anti-His tag immunoblot (A) and competitive His tag ELISA, N=1 (B). 
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4.3.3 The NKG2D BiTE and TriTE mediate antigen dependent cytotoxicity 

and induce several markers of T cell activation.  

To initially assess the ability of the NKG2D BiTE and TriTE to induce T-cell mediated cytotoxicity 

against a NKG2DL positive cell line we used the xCELLigence system to detect target cell death. 

Briefly, the xCELLigence system passes an electric current through the bottom of the cell culture plate 

every 15 minutes. This signal is impeded by the presence of cells bound to the bottom of the plate in 

a dose dependent manner. Once a target cell is killed via a T cell, the cell will no longer be able to 

adhere to the plate and so the impedance will be reduced. This metric is displayed as a cell index 

whereby a higher value indicates a higher number of cells attached to the plate. In accordance with 

this, a lower cell index indicates an increase in cytotoxicity. Using this technology we can achieve 

real-time cytotoxicity analysis.  

For this assay, the colorectal cell line, DLD-1, were seeded as target cells and allowed to adhere for 

24 hours. The next day PBMC-derived T cells were added at an effector to target ratio of 5:1. An 

initial concentration of 1 nM for each construct was used based on the dose of other BiTE constructs 

utilised in our lab. As shown in Figure 4.4, both the NKG2D BiTE and TriTE reduce the amount of 

adherent target cell line with the NKG2D TriTE outperforming the NKG2D BiTE. Furthermore, the 

CtrlNB constructs and the T cells alone treated DLD-1s are unaffected and continue to proliferate, 

similarly to the DLD-1 alone condition.  
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Figure 4.4: NKG2D BiTE and NKG2D TriTE are cytotoxic against the colorectal cell line, DLD-1. 

DLD-1 cells were seeded and subsequently treated with PBMC-derived T cells (effector: target ratio 

– 5:1) and 1 nM of the indicated construct. Cell index recorded using the xCELLigence system, by 

measuring impedance of signal at 15-minute intervals. N = 2, represented as mean +/- SD. 

 

 

Having determined that both the NKG2D BiTE and TriTE can mediate cytotoxicity, we next sought to 

investigate the optimal timepoint. As previously stated, DLD-1 cells were seeded 24 hours prior to 

the addition of PBMC-derived T cells and BiTE/TriTE. To determine whether the BiTE-mediated T cell 

activation was due to the presence of the NKG2DLs on the surface of the target cells, the assay was 

conducted both as a co-culture with DLD-1 cells as well with the T cells in a monoculture.  

As shown in Figure 4.5A, we can see a decrease in DLD-1 viability when treated with either the 

NKG2D BiTE or TriTE from the 48-hour timepoint. This decrease in viability is T cell dependent as we 

see minimal changes in viability without the presence of T cells (Figure 4.5B). It is noted that this 

decrease in viability is not as dramatic as that seen in the initial assay (Figure 4.4) and this is likely an 

issue due to the variation between different PBMC batches. 

T cell activation was assessed using the T cell activation markers CD25, CD69 and 4-1BB. There is an 

increase in the expression of all three markers, in both CD4+ and CD8+ T cells, in the co-culture 

conditions, when treated with either the NKG2D BiTE or TriTE whilst not for the control constructs 
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(Figure 4.5C-H). Additionally, we can see that in the monoculture conditions, there is no increase in 

any of the activation markers except for CD137 (4-1BB) at the later timepoints. Again, the NKG2D 

TriTE either outperformed or was equal to the NKG2D BiTE when looking at CD25 and CD69 

expression. Looking at 4-1BB expression, the NKG2D BiTE treatments results in a higher expression in 

CD4+ T cells and similar levels of expression overall in CD8+ T cells. We also see a decrease in CD69 

levels from 72 hours post treatments, consistent with CD69 being an early marker for T cell 

activation. For future experiments, the timepoint of 72 hours will be used for PBMC-derived T cell-

based BiTE assays as this is when we see the maximal response for all markers. 

From this data, we can conclude that both the NKG2D BiTE and TriTE are able to activate T cells in a 

target cell dependent manner. Additionally, the cytotoxicity observed is T cell dependent. Overall, we 

can see that the NKG2D TriTE is out competing the NKG2D BiTE showing that the increase in avidity 

between the target and T cell is a limiting factor for the NKG2D BiTE. 
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Figure 4.5: Peak potency of the NKG2D BiTE and TriTE occurs by 72 hours. 

DLD-1 cells were seeded and subsequently treated with 1 nM of the indicated construct, in the (A, 

C, E + G) presence or (B, D, F + H) absence of PBMC-derived T cells (effector: target ratio – 5:1). 

(A+B) Viability was assessed via XTT assay at the indicated timepoints. (C-H) T cell activation was 

assessed via flow cytometry for T cell activation markers, CD25 (C+D), CD69 (E+F) and 4-1BB (G+H) 

at the indicated timepoints. (C, E, G) Data shown as average mean fluorescence. (D, F, H) 

Percentage positive, using unstimulated control to gate at 1%. N = 3, represented as mean +/- SD.  
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To confirm that we our using an optimal dose for these functions we carried out a brief dose 

response experiment using T cell activation markers as the main readout (Figure 4.6). For both the 

NKG2D BiTE and NKG2D TriTE, both the percentage positive and gMFI for CD25 and CD69 increase in 

a dose dependent manner, with the NKG2D TriTE reaching a plateau at around 0.1-1 nM. The NKG2D 

BiTE does not reach a plateau however higher doses were not able to be tested due to limitations in 

the yields of the NKG2D TriTE protein. The dose of 1 nM was selected for future assays as this gave 

the maximum response for the NKG2D TriTE whilst also giving a reasonable response for the NKG2D 

BiTE. Additionally, it would allow for a lower amount of starting material to be used which, due to the 

low yields of NKG2D TriTEs we were able to produce, was a limiting factor. Furthermore, both control 

constructs shown minimal to no activation when using these doses.  

 

 

Figure 4.6: Dose response of NKG2D BiTE and TriTE. 

Colorectal cancer cells, DLD-1, were co-incubated with PBMC-derived T cells for 72 hours with a 

range of concentrations of the indicated treatments. After incubation, T cells were stained for T 

cell activation markers, CD25 (A + C) and CD69 (B + D), and analysed via flow cytometry.  N = 3, 

represented as mean +/- SD. 
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The previous data utilised concentrated supernatant from transfected HEK293 cells. Whilst we saw 

no cytotoxicity from the control constructs, and all the constructs were produced in the same 

manner, we sought to confirm that the cytotoxicity observed was due to the potency of the NKG2D 

BiTE and TriTE and not due to an unknown artefact within the supernatant. Therefore, the constructs 

were purified via IMAC via the decahistidine tags present on each protein construct. 

Clarified and filtered supernatant from transfected HEK293 cells was incubated with nickel beads 

overnight, washed and then eluted using a higher concentration of imidazole. A PBS buffer exchange 

was carried out on the elute to remove the imidazole and the dialysed eluate was then concentrated 

using a 10 kDa MWKO amicon filter, aliquoted and stored at -80oC. Samples were analysed via SDS-

PAGE followed by instant blue to visualise the purity of the proteins and western blot to confirm 

presence of target protein (Figure 4.7). For all constructs, the concentrated elute showed one protein 

product of the correct size (Figure 4.7A+B). Bands of the same size were also detected via anti-his tag 

immunoblot (Figure 4.7C+D).  

Aggregation or higher order oligomers could cause an issue in functionality by allowing non-specific 

activation of T cells, i.e. if a dimer where to form containing two αCD3 ScFvs, a pseudosynapse could 

be formed between T cells. To determine if the constructs were remaining as monomers, samples 

were analysed under native conditions to preserve the structure of the proteins. Proteins migrated as 

expected according to their net charge at pH 8.3 (detailed in Figure 4.7G), with the NKG2D BiTE and 

TriTE migrating further through the gel than the control constructs. Whilst the NKG2D TriTE has a 

more negative net charge that the NKG2D, they seem to migrate at a similar pace, most likely due to 

the difference in protein size.  
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Figure 4.7: Purification of NKG2D and control BiTEs and TriTEs via IMAC. 

HEK293-T cells were transfected with plasmids encoding the NKG2D BiTE, TriTE or control 

constructs. 72 hours post transfection, supernatants were harvested and clarified. His tag protein 

was purified using an IMAC system and eluted with 200 mM imidazole. (A-D) Samples were 

analysed via SDS-PAGE gel under reducing conditions. 1 – Clarified supernatant, 2 – Dialysed elute, 

3 – concentrated elute. (A + B) Total protein was detected using InstantBlue to assess purity.  (C+D) 

Western blot analysis of His tag proteins to confirm size and identity of protein. (E+F) 

Concentrated elute was analysed via Native PAGE to assess the oligomerisation state of the 

protein. (E) Total protein was detected using InstantBlue to assess purity.  (F) Western blot analysis 

of His tag proteins to confirm size and identity of protein. (G) Predicted charge of each protein at 

the pH of the Native PAGE conditions (pH 8.3). Calculated using 

https://www.protpi.ch/Calculator/ProteinTool 
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When tested functionally, in co-culture experiments, the purified constructs produced similar T-cell 

dependent, cytotoxic effects to the concentrated supernatant samples seen previously (Figure 4.8A). 

The NKG2D BiTE and TriTE treated co-cultures saw a significant decrease in target cell viability in 

comparison to the untreated condition, whereas there was no significant change for the control 

constructs.  

Overall, we saw significant increase in all T cell activation markers assessed for the NKG2D BiTE and 

TriTE, with activation seen in both CD4+ and CD8+ T cells (Figure 4.8B). As seen previously, there was 

a significant increase in CD25, CD69 and CD137 (4-1BB), in both percentage positive as well as in 

median fluorescence. Additionally, the NKG2D TriTE again outperformed the NKG2D BiTE. Controls 

constructs showed no significant change in expression of T cell effector proteins apart from perforin 

expression, and there was no significant difference in expression of any markers in monocultures. 

We looked more in depth at later T cell activation markers, particularly those with functions related 

to the release of cytotoxic molecules towards the target cell. The presence of CD107a (also known as 

LAMP-1) on the cell membrane is a marker for degranulation of CD8 T cells as well as NK cells. For 

both CD4 and CD8 T cells, we can see a significant increase in surface CD107a positive cells upon 

treatment with the TriTE only when in a co-culture with target cells and not when treated as a 

monoculture. Control constructs and untreated samples both showed minimal expression above the 

baseline both in the co-culture and monoculture. Surprisingly, there was a decrease in CD107a 

surface expression in the control and untreated conditions when in a co-culture with DLD-1 cells 

versus the monoculture, especially for the CD4+ T cells. Despite this, both the NKG2D BiTE and TriTE 

induce a significant difference in CD107a expression, in a target cell dependent manner, in 

comparison to the untreated condition.  

To detect cytokines being produced by the T cells, protein secretion was inhibited for 6 hours prior to 

staining allowing the accumulation of protein within the cell. Post extracellular staining, T cells were 

fixed and permeabilised to allow for intracellular staining of interferon-γ, perforin and granzyme B. 
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Similarly to the other T cell markers assessed, a significant increase in the expression of all three of 

these molecules was detected in the NKG2D TriTE treated co-culture. As CD8+ T cells are 

characterised as having more of cytotoxic function, it is unsurprising to see higher levels of both 

granzyme B and perforin in these cells in comparison to the CD4+ T cells. Consistent with this is the 

basal level of granzyme B and perforin protein seen in CD8+ T cells but not in CD4+. Additionally, 

there was a significant increase in interferon-γ production in both CD4+ and CD8+ T cells from NKG2D 

TriTE treated co-cultures. IFNy production is important to establish a pro-inflammatory environment 

and aid in full T cell activation being achieved. The NKG2D BiTE does not show the same pattern with 

these later markers of T cell activation as the earlier ones with there being a slight increase in 

perforin expression in CD4+ T cells but not in other markers.  
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Figure 4.8: NKG2D BiTE and TriTE are the active components in the conditioned supernatant and 
induce T cell activation as shown by variety of different markers.  
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4.3.4 Investigating the correlation between antigen abundance and T 

cell-mediated cytotoxicity. 

We were intrigued about the sensitivity of the NKG2D BiTE/TriTE and hypothesised that the level of 

expression of the ligands was correlated with the level of T cell activation. As shown in Chapter 3, 

cancer cell lines isolated from a variety of different tissues express NKG2DLs and exhibit a large range 

of expression levels. A smaller panel of these human cancer cell lines were selected based on their 

relative expression levels, as described in Table 4-1. These eight cell lines were identified and being 

high, medium or low expressing based on their relative expression in comparison to the IgG1 control. 

 

 

 

 

 

 

 

Colorectal cancer cells, DLD-1, were co-incubated with 1 nM of the indicated constructs in the 

presence (filled) or absence (unfilled) of PBMC-derived T cells for 72 hours. (A) Cell viability 

determine by XTT assay. (B) After incubation, T cells were treated with GolgiStop and GolgiPlug for 

6 hours to prevent the secretion of cytokines. T cels were then stained for CD4 (red), CD8 (blue) 

and extracellular T cell activation markers, CD25, CD69, 4-1BB and CD107a, followed by fixation 

and permeabilization to stain for intracellular markers granzyme B, perforin and IFN- γ. Samples 

were then analysed via flow cytometry. Percentage positive, using unstimulated control to gate at 

1% for each cell line. Data shown as average mean fluorescence. N = 3, represented as mean +/- 

SD. Statistical significance assessed by two-way ANOVA with Dunnett's multiple comparisons test 

to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. Samples in the absence of T cells 

(monoculture) were not significantly different from the untreated. Asterisks refer to the co-culture 

samples. 
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Table 4-1: Panel of cancer cell lines. 

NKG2D ligand expression level Cell line 

High 

Jurkat 

Molt-4 

K562 

Medium 

DLD-1 

A549 

U2OS 

Low/None 
Raji 

JJN3 

 

 

T cell co-culture experiments with each of these cell lines were set-up in parallel to test the efficacy 

of the NKG2D BiTE and TriTE. Adherent cell lines were seeded 24 hours prior to allow them to settle 

and adhere to the plate. Suspension cells were added to the co-culture at the same time as the T 

cells and treatment. Co-cultures were incubated for 72 hours prior to harvest and staining for flow 

cytometry analysis to determine target cell viability and T cell activation. 

 Surprisingly we saw that the highest cytotoxicity and T cell activation was seen in the ‘medium’ 

expressing cell lines, and even within this group, the NKG2DL abundance did not correlate with the 

potency of the therapeutics (Figure 4.9F+G). In Figure 4.9A, both the NKG2D BiTE and TriTE caused a 

decrease in Jurkat cell viability, however this does not seem to be dependent on PBMC-derived T cell 

activation. The only ‘high’ expressing cell line that gave a significant increase in T cell activation was 

K562s, however this was to a much lower level that that seen in the ‘medium’ expressers and no 

significant difference in K562 viability was seen. We also observed some T-cell mediated cytotoxicity 

with the JJN3 cells which express low levels of NKG2DLs when treated with the NKG2D TriTE, 

however in another NKG2D negative cancer cell line, Raji, we saw a slight increase in viability upon 

treatment with either the NKG2D BiTE or TriTE (Figure 4.9A). 
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Figure 4.9: Expression of ligands on cancer cell lines does not correlate with cytotoxicity and T cell 

activation. 

Target cell lines were incubated with PBMC-derived T cells and 1 nM of the indicated construct 

(effector: target ratio – 5:1). After treatment, cells were harvested and stained for T cell activation 

markers and target cell viability (A). (B-E) T cell activation markers were assessed via staining for 

CD25 (B+D) and CD69 (C+E).  Statistical significance assessed by two-way ANOVA with Dunnett's 

multiple comparisons test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. (B-C) 

Data shown as average mean fluorescence. (D-E) Average percentage positive, using unstimulated 
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As we previously saw in Chapter 3, non-malignant cell lines show minimal to no expression of 

NKG2DLs. We would then hypothesise that these cells would be spared from NKG2DL mediated 

cytotoxicity. However, as we saw a small amount of cytotoxicity with some of the cancer cell lines 

that express low levels of NKG2DLs, we sought to investigate the off-tumour effect of the NKG2D 

BiTE/TriTE on non-malignant cell lines. Cell lines were treated with the NKG2D BiTE/TriTE or control 

constructs in co-cultures as previously described.  

In Figure 4.10A, we can see that there was no significant change in target cell viability in any of the 

three non-malignant cell lines tested, whilst in NKG2D positive breast cancer cell line, MDA-MB-231, 

there was a highly significant decrease in target cell viability. Surprisingly, we did see a significant 

increase in CD69 expression on T cells (Figure 4.10D-E), as well a small but significant increase in 

CD25 overall expression (Figure 4.10C), however this was to a much lower level than that seen for 

positive control cell line, MDA-MB-231 (Figure 4.10B-E). 

 

control to gate at 1% positive. N = 3, represented as mean +/- SD. (F+G) Comparison of NKG2DL 

relative gMFI (as detailed in Table 3-1) to target cell viability (F) and percentage CD25 positive (G) 

upon treatment with NKG2D TriTE. 
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Figure 4.10 - NKG2D TriTE does not have significant potency against non-malignant cells.  

Target cell lines were incubated with PBMC-derived T cells and 1 nM of the indicated construct for 

72 hours (effector: target ratio – 5:1). After incubation, cells were stained for target cell viability (A) 

and T cell activation markers, CD25 (B+C) and CD69 (D+E), and analysed via flow cytometry. (B+D) 

Data shown as average mean fluorescence. (C+E) Average percentage positive, using unstimulated 

control to gate at 1% positive. N = 3, represented as mean +/- SD. Statistical significance assessed 

by two-way ANOVA with Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.01 **, 

p<0.001 ***, p<0.0001 ****. 
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4.3.5 NKG2D TriTE specifically activated in situ T cells in colorectal liver 

metastasis. 

To test the NKG2D TriTE in a more physiologically relevant setting, we utilised a human tumour 

sample freshly resected from a patient with colorectal liver metastasis. Utilising primary tumours is 

far more clinically relevant than in vitro assays utilising cancer cell lines, retaining the spatial 

architecture of the tumour and allows for the testing of the therapeutics on in situ T cells, within the 

tissue. For this experiment, multiple sections of the same tumour were taken to assess how different 

areas of the tumour would respond to the therapeutic. Tumour sections were sliced at 250 µm thick 

and incubated in slice media overnight and then treated with the NKG2D TriTE, control TriTE or left 

untreated. Samples were taken every 2 days to assess the levels of IFNγ as a readout for T cell 

activation. As shown in Figure 4.11, the NKG2D TriTE was able to significantly increase IFN-γ 

production in both slices assessed, detectable 48 hours post treatment. There was no production of 

IFN- γ detected in the control TriTE or untreated slice cultures. 
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Figure 4.11: NKG2D TriTE treatment of colorectal liver metastasis induces a significant increase in 
IFN- γ production. 

Slices of colorectal liver metastases were incubated with 1nM of the indicated constructs for 6 

days. Conditioned supernatant was collected at the indicated timepoints. IFN-γ was detected in 

the conditioned supernatant for sandwich ELISA. N=2 slices from 1 patient. Statistical significance 

assessed by two-way ANOVA with Dunnett's multiple comparisons test to untreated (S1), 

p<0.0001 ****. S1 – slice 1; S2 – slice 2.  

 

 

4.3.6 Conventional cancer treatments enhance NKG2D BiTE and TriTE 

mediated cytotoxicity. 

As shown in Chapter 3, many treatments lead to an increase in NKG2DL surface expression, even in 

cancer cell lines that are negative when untreated. We next sought to determine if this increase in 

ligand expression leads to an increase in T cell activation as well as cytotoxicity. A549 cells were 

seeded in 96 well plates 24 hours prior to treatment. Plates were subjected to the indicated dose of 

radiation with T cells and treatments being added shortly after. 72 hours post treatment, T cells were 

harvested for staining and target cells were assessed for viability using an XTT assay. As shown in 

Figure 4.12D, there was a dose dependent increase in CD25 expression with NKG2D TriTE treatment 

up until the plateau of 5 Gy. There was a small increase in activation seen for the NKG2D BiTE, with a 

significant increase in CD69 expression and percentage positive CD25 cells at the highest dose of 10 

Gy. No T cell activation was detected in either control construct or the untreated conditions. 

Interestingly these results did not correlate with the viability data which showed the largest decrease 
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in the 2 Gy dose for all conditions (Figure 4.12A). We hypothesise that the target cell upregulates 

DNA repair enzymes and anti-apoptosis proteins in response to the high dose of radiation, allowing 

for increased resistance to cell death in the higher radiation treatment, at least in the short term. 

However, at longer time points, we predict the 10 Gy would succumb to a similar fate. 
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Figure 4.12: Radiation in combination with NKG2D BiTE and TriTE treatment leads to improved 
cytotoxicity. 

A549 cells were seeded 24 hours prior to radiation to allow adherence. The following day, cells 
were exposed to the indicated dose of gamma irradiation before addition of PBMC-derived T cells 
and 1 nM of the indicated construct for 72 hours (effector: target ratio – 5:1). (A) Viability was 
assessed via XTT assay.  (B-E) T cell activation was assessed via flow cytometry for T cell activation 
markers, CD69 (B+C) and CD25 (D+E). Statistical significance assessed by two-way ANOVA with 
Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 
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We next turned our attention to tumour cell lines that typically do not express NKG2DLs, however 

their surface expression can be induced. In Chapter 3, we showed that HDAC inhibitors, such as 

valproic acid and sodium butyrate, are effective at significantly increasing surface expression of 

NKG2DLs in Raji and JJN3 cells. Following on from this, we sought to determine if this increase in 

ligands was sufficient to sensitise the cells to NKG2D BiTE/TriTE mediated killing.  

JJN3 cells were incubated in a co-culture with PBMC-derived T cells and treated with NKG2D 

BiTE/TriTE or controls, as well as 5 mM valproic acid (VPA), 5 mM sodium butyrate (NaBut) or media. 

As seen in Figure 4.13A, NaBut treatment resulted in a large decrease in JJN3 viability overall, with 

the combined NKG2D TriTE resulting in only ~5% of JJN3 cell being viable. Similarly, we saw a 

significant increase in the overall expression of 2/3 T cell activation markers assessed (Figure 4.13B, 

D, F), in all NaBut treated co-cultures, alluding to the cytotoxicity of the target cell inducing non-

specific T cell activation. 

VPA treatment had a less dramatic effect on JJN3 viability as a monotherapy, however in combination 

with the NKG2D TriTE we see a highly significant decrease in viability, to around 40% (Figure 4.13A). 

Highly significant increases in T cell activation were observed in co-cultures treated with NKG2D 

TriTE, as well as to a lesser extent with the NKG2D BiTE (Figure 4.13B-G). No increase in expression of 

activation markers was observed with the control constructs or in the untreated condition. 

****. (B+D) Data shown as average mean fluorescence. (C+E) Percentage positive, using 
unstimulated control to gate at 1%. N = 3, represented as mean +/- SD. 
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Figure 4.13: HDACi sensitise JJN3 cells to NKG2D TriTE mediated cytotoxicity. 

JJN3 cells were treated with 5 mM of valproic acid (VPA) or sodium butyrate (NaBut) as well as 

PBMC-derived T cells and 1 nM of the indicated construct for 72 hours (effector: target ratio – 5:1). 

After treatment, cells were harvested and stained for T cell activation markers and target cell 

viability (A). (B-E) T cell activation was assessed via flow cytometry for T cell activation markers, 

CD69 (B+C), CD25 (D+E) and 4-1BB (F+G).  N = 3, represented as mean +/- SD. Statistical 
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4.3.7 Arming an oncolytic adenovirus with NKG2DL targeting T cell 

engagers. 

Via transient transfection, the NKG2D TriTE was produced at a far lower yield than the NKG2D BiTE; 

however, much of the work in this chapter displays the superior potency of the NKG2D TriTE when 

compared at equal molarity. This control of NKG2D BiTE and TriTE would not be attainable when 

utilising the virus to express the therapeutics. In Figure 4.6, we estimated that the NKG2D BiTE was 

100-fold less potent than the NKG2D TriTE via a dose response experiment. Therefore, if the NKG2D 

BiTE was produced at far higher concentrations than the NKG2D TriTE it may be the more potent 

candidate. For this reason, we chose to engineer viruses encoding the NKG2D TriTE as well as the 

BiTE. 

Therefore, the four constructs discussed above were cloned into the EnAd backbone using PCR to 

amplify the DNA sequence and adding overhangs to facilitate insertion. The EnAd backbone was 

digested using restriction enzymes sites, AsiSI and SbfI, that are located between the E4 and fibre 

regions to linearise the backbone and the fragments were inserted using HiFi assembly. Primers were 

designed to amplify the sequences to either contain the CMV promoter from the expression vector 

or to insert a splice acceptor site (SA) to allow for the expression of the constructs to be under the 

major late promoter (MLP) which would link the expression of the proteins to the late stage of the 

viral lifecycle (see Figure 4.14A for schematic).  

significance assessed by two-way ANOVA with Dunnett's multiple comparisons test to untreated, 

p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. (B, D, F) Data shown as average mean 

fluorescence. (C, E, G) Percentage positive, using unstimulated control to gate at 1%. 
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To initially validate the insertion, plasmids were subjected to a diagnostic test digest. Diagnostic test 

digests make us the of the unique pattern, or ‘molecular fingerprint’, that occurs when cutting a 

plasmid with restriction enzymes. These patterns can be used to determine if an insert has 

successfully been inserted. EnAd backbone plasmid or engineered constructs were digested with 

 

Figure 4.14: Schematic of transgene insertion into EnAd and verification of insertion. 

(A) Schematic representation of the EnAd backbone depicting the insertion site used for encoding 

transgenes. (B+C) Test digests of NKG2D and control TriTEs (B) and BiTEs (C) to confirm correct 

insertion for the transgenes into the EnAd backbone. Correct clones indicated by a tick, selected 

clones with sequence confirmed by Sanger sequencing indicated by a green tick. 
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ApaI and SbfI and samples were ran on an agarose gel to resolve the various bands produced. The 

bands produced, as seen in Figure 4.14B, were compared to the predicted sizes (using SnapGene 

software) to verify the insertion of the transgene, with correct insertion indicated as ticks above each 

lane. Correct insertion and integrity of the inserted sequence was further verified by Sanger 

sequencing, indicated by a green tick.  

To produce virus from these plasmids, the backbones were linearised with AscI, exposing the ITRs of 

the viral genome. Linearised DNA was transfected in HEK293 cells to allow rescue of the viruses, 

being frequently checked for signs of cytopathic effect (CPE), indicating that the virus has been 

successfully recovered and is replicating. Upon 100% CPE, viral supernatants, plus any remaining 

attached cells, were subjected to three rounds of freeze thaw cycles to lyse cells, releasing any 

remaining viral particles. Individual clones were then isolated from the clarified viral supernatant via 

serial dilution. Wells with individual plaques were selected for further expansion and analysis. 

Titration of the expanded clarified supernatants was determined by TCID50 in A549 cells (detailed in 

Figure 4.15A). 

The compare the oncolytic properties of the engineered EnAd constructs to the parental virus a 

dose-response was carried out in DLD-1 cells. Target cell viability was determined three days post 

infection using an XTT assay. All viruses showed similar activity to the parental virus, with the 

engineered viruses being slightly more potent (Figure 4.15C). We additionally verified the production 

of the transgenes from the viruses. DLD-1 cells were infected at an MOI of 5 for three days. 

Supernatant was collected and concentrated using 100 kDa MWKO filters and analysed via His tag 

ELISA. All constructs could be detected with the BiTEs in general produced at higher levels that the 

TriTEs, with the EnAd-CMV-NKG2D BiTE produced at ~4-fold higher level than the TriTE counterpart. 

The control constructs were produced at much higher levels than the NKG2D ectodomain constructs, 

consistent with transient transfections (Figure 4.15B). 
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Figure 4.15: Validation and characterisation of engineered EnAd viruses encoding NKG2D BiTE and 

TriTE. 

(A)Titres as calculated by TCID50 in A549 cells. (B) Construct quantification via His tag ELISA. Mean 

concentration displayed above. N=1. (C) Cytotoxicity of viruses at a range of viral MOIs was 

assessed in DLD-1 cells. XTT assay measured after 3 days. Measured in triplicate, represented as 

mean +/- SD. 

 

 

To determine the potency of the expressed NKG2D BiTE and TriTE in a co-culture of tumour cells and 

T cells, we decided to use an MOI of 0.1, to allow the therapeutic to be expressed from a smaller 

number of virally infected cells, without the effects of oncolysis masking the effect of BiTE-mediated 

cytotoxicity. DLD-1 cells were infected at an MOI of 0.1 in the presence of absence of PBMC-derived 

T cells, and assessed for cytotoxicity in real time using the xCELLigence system (Figure 4.16A+B). The 
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viruses encoding the NKG2D TriTE, either under the CMV promoter or MLP via a SA, showed a 

decrease in the cell index starting from around 72 hours when in a co-culture with T cells, however, 

little to no cytotoxicity was seen for the monoculture or in other conditions. Both viruses showed 

similar killing profiles with the EnAd-SA-NKG2D TriTE virus killing marginally quicker than then EnAd-

CMV-NKG2D TriTE virus, and both resulting in complete cytotoxicity of the target cell at around 120 

hours post infection (Figure 4.16B). This killing was associated with a significant difference in multiple 

T cell activation markers in both CD4+ and CD8+ T cells, including CD69, CD25 and 4-1BB, which was 

not seen in the monoculture, the NKG2D BiTE expressing viruses or with the control viruses (Figure 

4.16C-E).  
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Figure 4.16: Oncolytic adenovirus encoding the NKG2D TriTE mediated target cell cytotoxicity in a T 
cell dependent manner at low MOI. 
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DLD-1 cells were seeded one day prior to infection via the indicated engineered virus (MOI-0.1) in 

the presence or absence of PBMC-derived T cells (effector: target ratio – 5:1). Replicate plates 

were seeded to allow for the analysis of T cell activation without stopping the real time 

cytotoxicity analysis of the xCELLigence plate. (A+B) Cell index recorded using the xCELLigence 

system, by measuring impedance of signal at 15-minute intervals. N = , represented as mean +/- 

SD. (A) Data plotted for each engineered virus, or untreated control, in the presence or absence of 

PBMC-derived T cells. (B) Data plotted for each engineered virus in the presence of PBMC-derived 

T cells. (C) 120 hours post infection, T cell activation was assessed via flow cytometry for T cell 

activation markers, CD25 (D+G), CD69 (E+H) and 4-1BB (C+F), in both co-culture conditions (C-E) as 

well as in a monoculture without a target cell line (F-H). Statistical significance assessed by two-

way ANOVA with Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.0001 ****. (C-

H) Data shown as average mean fluorescence. N = 2, represented as mean +/- SD. 

 

 

4.4 Discussion 

In this study, we investigated the versatility of the NKG2D BiTE and TriTE in targeting a variety of 

cancer cell types as well as non-malignant cell lines to determine which types of cancer they may be 

most suitable for. We additionally investigated the potency of these constructs in combination with 

standard of care treatments such as radiation and chemotherapy as well as encoding the constructs 

within an oncolytic virus in order to increase selectively the concentration of agent expressed within 

the tumour microenvironment.  

Following the alterations to the NKG2D TriTE and Control NB TriTE plasmids to reduce homology 

between the repeated domain, we expressed the proteins and confirmed their production via 

western blot and ELISA, as shown in Figure 4.3. We noted that proteins containing the NKG2D 

ectodomain were produced at much lower yields that their control nanobody counterparts, as well 

as the smaller BiTEs resulting in higher protein yields than TriTEs. 

We next sought to evaluate the functionality of these constructs using the colorectal cell line, DLD-1. 

Both the NKG2D BiTE and TriTE showed T cell-dependent cytotoxicity, with the NKG2D TriTE 

surpassing the potency of the NKG2D BiTE, whilst no significant different in target cell viability was 

observed for the control BiTE and TriTE, or in monocultures (Figure 4.8A). Looking at the overall T cell 
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activation profile induced by these agents we can see a significant difference in the expression of 

multiple T cell activation markers, cytotoxic proteins such as granzyme B and perforin and IFN-γ, in a 

target cell-dependent manner (Figure 4.8B). We observed activation of both CD4+ and CD8+ T cells, 

with granzyme B and perforin seen at higher levels in CD8+ T cells, consistent with their cytotoxic 

role. We did also see a slight increase of these proteins in CD4+ cells, indicating that they are also 

capable of mediating cytotoxicity, as well as also providing ‘helper’ functions for CD8+ T cells. Whilst 

there are few studies looking at this role for CD4 T cells, cytotoxic CD4 T cells are thought to be 

important in antiviral immunity (Knudson et al., 2021). Additionally, CD4+ CAR-T cells have been 

shown in vitro to induce target cell lysis independent of CD8 T cells, albeit at high target to effector 

ratios, and to a less extent than CD8 T cells (Bove et al., 2023). Consistent with the cytotoxicity data, 

the NKG2D TriTE induced higher levels of T cell activation than the NKG2D BiTE (Figure 4.8). No 

significant difference was observed in control BiTE or TriTE treated co-culture conditions, with the 

exception of perforin expression. In summary, both the NKG2D BiTE and TriTE induce T cell-mediated 

killing, activating both CD4+ and CD8+ T cells, but the NKG2D TriTE is the superior therapeutic 

candidate. 

As discussed in earlier in this chapter, we are unsure about the structure of the NKG2D TriTE in 

comparison to the endogenous NKG2D homodimer as part of the NKG2D-DAP10 hexametric 

complex. The homodimer interface is supported via hydrogen bonds between the β1 and β strand-

like elements (aa 148-150), with no interchain disulphide bonds (P. Li et al., 2001). Therefore there is 

a possibility that the two domains are able to form a functional NKG2D receptor region in solution, 

independent of the transmembrane region. However, ee could also expect that the NKG2D BiTE 

would also be able to do this, however we have seen much lower potency from this therapeutic in 

comparison to the NKG2D TriTE. This may be due to the NKG2D TriTE containing two NKG2D 

ectodomains within the same polypeptide chain providing more favourable kinetics. Higher 

concentrations of the NKG2D BiTE may be needed to promote the dimerisation between NK2D 

ectodomains on two separate chains.  
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To determine if the potency of the NKG2D TriTE is dependent on the homodimer formation, residues 

within the homodimer interface should be mutated to abolish binding between the two 

ectodomains. Furthermore, if it is the case that the two copies of the NKG2D ectodomain are able to 

correctly form the NKG2D receptor extracellular domain effectively, future work should be carried 

out to optimise the orientation of the domains to ensure that the most potent configuration is found, 

as well as to ideally increase the yield of the NKG2D TriTE.  

Further to these in vitro experiments, we were able to obtain an ex vivo sample from a colorectal 

liver metastasis to test the NKG2D TriTE on clinically relevant material. In Figure 4.11, we saw that 

the NKG2D TriTE treatment was capable of activating in situ tumour infiltrating lymphocytes, as seen 

by an increase in IFN-γ production, over 6 days in comparison to the control TriTE and untreated 

slices. Whilst this is a promising start, future work needs to carried out to obtain more samples to 

repeat this work. 

After confirming the functionality of the NKG2D BiTE and TriTE, we expanded our investigation to 

explore the range of tumour types they could potentially target. As discussed in Chapter 3, we 

detected a wide range of NKG2DL expression levels within the panel of cancer cell lines tested. We 

therefore selected cell lines to reflect this breadth as detailed in Table 4-1. Upon assessing the T cell-

mediated cytotoxic potency of the NKG2D BiTE and TriTE against these cells lines we were surprised 

to observe that both treatments were most potent against the cell lines with ‘medium’ expression of 

NKG2DLs Figure 4.9A. Additionally, whilst there was a significant decrease in Jurkat cell viability with 

both the NKG2D BiTE and TriTE treatments, this was not associated with an increase in T cell 

activation markers (Figure 4.9B-E).  

Upon further investigation, we realised that ‘medium’ NKG2DL expressing cell lines were all 

adherent, whereas the other cell lines used in the assay are suspension cells. Having the target cell 

line in a more fixed position, i.e. adhered to the plate, may be more favourable for T cell activation 

than having both the target and effector cells able to freely move around the well as can happen 
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with suspension cell lines. Treatment of two other ‘high’ expressing cell line, K562 and Molt-4, 

showed an increase in expression of CD69 and to a lesser extent CD25, with a slight decrease in 

target cell viability for the NKG2D TriTE (Figure 4.9). It may be that, for these cell lines, a longer 

timepoint was required to see the cytotoxic effects. 

NKG2DLs are minimally expressed on normal, healthy cells, a point which we confirmed previously 

Chapter 3. We sought to determine if this low level of NKG2DL expression was sufficient to for 

NKG2D TriTE mediated cytotoxicity, which might lead to off-tumour cytotoxicity. We saw no 

significant difference in target cell viability for any of the NKG2D TriTE treated non-malignant cell 

lines (Figure 4.10A). Whilst there was no observed cytotoxicity, we did detect increases in expression 

of T cell activation markers, CD25 and CD69, with a highly significant difference in CD69 positive cells 

(Figure 4.10D). These levels were however lower than those for the positive control cell line, 

especially when looking at CD25 expression which is a later T cell activation marker. 

In Chapter 3, we saw that radiation resulted in an increase in the expression of NKG2DLs on A549 

cells in a dose dependent manner, despite their already high level of expression. This led us to 

wonder if this would translate into an increased potency of the NKG2D BiTE and TriTE. Surprisingly, 

we observed the largest reduction in viability with the lowest dose of radiation, 2 Gy (Figure 4.12A). 

There was also a dose dependent increase in target cell viability, excluding the mock irradiated 

samples. When looking at the corresponding T cell activation marker expression we can see a 

radiation dose dependent increase in overall CD25 expression when treated with the NKG2D TriTE 

(Figure 4.12D). From this we concluded that whilst the increase in NKG2DL translated to an increase 

in T cell activation, ionising radiation is having a radiation dose-dependent protective effect to target 

cells, sparing them from T cell mediated cytotoxicity. Potentially higher doses of radiation lead to the 

increase in pro-survival proteins, delaying the radiation induced cytotoxicity, and providing a 

resistance strategy for immune mediated targeting. The treatment of HeLa cells with x-ray radiation 
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led to a dose dependent increase in a variety of different DNA repair enzymes, including Rad51 (H. 

Zhao et al., 2019). 

We found greater success when assessing the combination of NKG2DL negative cell lines with their 

standard of care treatments, whereby we were able to sensitise JJN3 cells to NKG2D BiTE and TriTE 

mediated killing through the use of HDAC inhibitors. Notably, in Figure 4.13A we saw a dramatic 

decrease in JJN3 viability in all NaBut treated samples. However, due to the highly toxic effect of 

NaBut treatment it was difficult to fully deduce the contributing effect of the NKG2D BiTE and TriTE. 

Valproic acid treatments were less potent as a monotherapy, however we saw large increases in 

multiple T cell markers (CD69, CD25 and 4-1BB) when JJN3 cells were treated with VPA in conjunction 

with the NKG2D TriTE (Figure 4.13B-G). We additionally saw an increase in CD69 expression in JJN3 

cells treated with NKG2D BiTE and VPA. This work is consistent with other studies in the field in 

which treatment with HDACi enhances NKG2D ligand mediated killing, although to our knowledge 

this is the first documented case of sensitising a NKG2DL negative cancer cell line to a NKG2DL 

targeted immunotherapy using a standard of care treatment (Cho et al., 2021; Jensen et al., 2013; 

Sauer et al., 2017b). However, as discussed in Chapter 3, these concentrations may not be clinically 

relevant in patients. In future work we would like to use panobinostat which is more is a non-

selective HDAC inhibitor currently in use to treat multiple myeloma (“Panobinostat Approved for 

Multiple Myeloma,” 2015).  

Lastly in this chapter, we focused on the ability to arm an oncolytic adenovirus with the NKG2D BiTE 

and TriTE. Whilst we were able to detect His tagged protein from all viruses, the NKG2D BiTE and 

TriTE were produced at much lower yields than their control counterparts (Figure 4.15B). We have 

previously stated that due to the expression of the NKG2D TriTE in transient transfections, we were 

concerned about production of the proteins from the viruses in situ. Whilst the yields of the NKG2D 

BiTE and TriTE proteins from the viruses was much lower than that of the controls, the difference 
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between the NKG2D BiTE and TriTE was not dramatically different (2-4-fold). Additionally, the 

insertion of the transgenes within virus did not affect its oncolytic ability of the virus (Figure 4.15C). 

Similarly to the free protein experiments, the viruses encoding the NKG2D TriTE showed T-cell 

mediated cytotoxicity, with the SA-NKG2D TriTE virus killing marginally quicker than the CMV-NKG2D 

TriTE (Figure 4.16A+B). This was supported by the significant difference in the expression of multiple 

T cell activation markers (Figure 4.16C-E). In comparison to the free BiTE experiment, complete 

eradication of the target cells took much longer, around 5 days in comparison to around 2-3 days for 

the free BiTE (Figure 4.4). We have attributed this to the amount of time required for the virus to 

produce the NKG2D TriTE after infection. This cytotoxic effect was not seen for either of the NKG2D 

BiTE encoding viruses, or for the control viruses. With the exception of a small significant difference 

in the expression of CD69 with the EnAd-CMV-NKG2D BITE, we did see not the induction of a T cell 

response, despite the production of the NKG2D being much higher than that used in free BITE 

experiments. 

In conclusion, the NKG2D TriTE, and to a lesser extent the NKG2D BiTE, are potent against a number 

of different cancer cell lines in a T cell-dependent manner, whilst showing no cytotoxic effect against 

non-malignant cell lines. Furthermore, the NKG2D TriTE was able to activate in situ T cells in an ex 

vivo samples. We have additionally shown that we can sensitise a NKG2DL negative multiple 

myeloma cell line to NKG2D BiTE and TriTE mediated cytotoxicity via treatment with HDACi, in a T cell 

dependent manner. Furthermore, we showed promising data with the efficacy of arming EnAd with 

the NKG2D TriTE, under either the CMV promoter or the SA for more controlled expression. The 

delivery and expression of the NKG2D TriTE via EnAd provides an appealing opportunity for in situ 

production within the tumour itself, most likely allowing for higher local concentrations to be 

achieved than that possible from intra venous delivery.  

Future experiments should be conducted to determine if there is a potential synergy with these 

viruses and other therapeutic treatments such as radiotherapy. Previous work within our lab has 
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shown a synergy between transgene expression from EnAd and radiation, putting forward the 

exciting possibility of an increased production of the NKG2D TriTE from EnAd-NKG2D TriTE infected 

cells, whilst additionally increasing number of NKG2DLs on the target cell (Pokrovska et al., 2020). 

Finally, we have previously observed a synergy with the herpes virus (oHSV) -NKG2D TriTE in GBM 

cells with a combined treatment of radiation and temozolomide, further emphasising the possible 

synergy of oncolytic virus delivery with targeted immunotherapy (Baugh et al., 2024). 
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Chapter 5: Improving NKG2D BiTE by incorporation of 

CD2 into the immune synapse. 

5.1 Introduction 

CD2 (also known as LFA-2) is an accessory protein expressed on the cell surface of some immune 

cells, including T cells and NK cells, and is highly expressed on memory T cells (Krensky et al., 1983; 

Lo et al., 2011). In humans its primary binding partner is the ubiquitously expressed CD58 (also 

known as LFA-3), although they have been shown to interact with a low affinity of between 9-22 µM 

(van der Merwe et al., 1994).  In mice CD2 only binds to CD48, which is also present in humans but 

supposedly has a much lower affinity than CD58 (Mcardel et al., 2016). Knock out models of CD2 in 

mice show no obvious phenotype of T cell development or function, however CD2 may not be as 

critical in T cell development and function as in humans, owing to the lack of a homologue for CD58. 

CD2 has been associated with several different auto-immune disorders such as psoriasis and graft-

versus-host disease, with Siplzumab, a humanised anti-CD2 monoclonal antibody, having undergone 

multiple clinical trials for various autoimmune disorders, including psoriasis and graft-versus-host and 

is currently being investigated for its use in diabetes (Podestà et al., 2020). 

The major role of CD2 is thought to be to promote adhesion between the T cell and antigen 

presenting cell, stabilising the contact between the two cells to allow sufficient time for the TCR to 

screen peptides presented on MHC molecules (Burton et al., 2023). ICAM-1 has been described as 

having a similar adhesion role with LFA-1, however the CD2-CD58 interaction leads to a closer 

immune synapse being formed, creating a complex that is ~15 nm in length in comparison to ~ 40 

nm, and so may help to increase the sensitivity of antigen detection and T cell activation (Shi & Shao, 

2023; Wang et al., 1999). Consistent with this is the decrease in T cell activation seen when 

increasing the length of CD48 in a mouse cell line model (Milstein et al., 2008). The abolition of CD2-



 

147 
 

CD58 and ICAM-1-LFA-1 interactions individually lead to a reduction in antigen sensitivity, with the 

blockade of both interactions having an additive effect (Bachmann et al., 1999; Burton et al., 2023). 

In a bilayer system, the interaction between CD2 and CD58 was sufficient to induce T cell activation, 

independent of a presented peptide (Kaizuka et al., 2009). 

Mutations or loss of CD58 have been reported as a potential immune evasion strategy in cancer and 

blockade of the CD2-CD58 interaction has been shown to reduce tumour cell lysis, as well as be 

associated with a worse prognosis (Abdul Razak et al., 2016; Ho et al., 2023; Romain et al., 2022; Y. 

Shen et al., 2022; X. Xu et al., 2024). Ho et al. found in a cohort of melanoma patients undergoing 

immunotherapy treatment, non-responders had significantly less CD58 expression than their 

responding counterparts, indicating a potential immune evasion mechanism (Ho et al., 2023). 

Additionally, CD58 knock out experiments in ex vivo melanoma cells reduced tumour cell lysis and 

interferon-γ production, which could be rescued by overexpression of CD58.  In a CRISPR screen 

aiming to identify genes that could generate resistance or sensitivity of a tumour cell to T cell 

engager mediated cytotoxicity, CD58 was identified as providing a resistance mechanism genetically 

knocked out, as well as sensitising the tumour cell when overexpressed (Y. Shen et al., 2022). The 

CD2-CD58 axis has gained attention in recent years in the CAR-T field after it was found that the CD2-

CD58 axis is not being effectively utilised (Burton et al., 2023; Patel et al., 2024; Y. Shen et al., 2022). 

Burton et al., found that typical CAR-T cell therapy products which express a scFv from the cell 

surface are unable to effectively utilise the CD2-CD58 interaction, resulting in a reduction in antigen 

sensitivity in comparison to the native TCR or CAR-T modalities that more closely mimic the native 

TCR structure such as STARs (Burton et al., 2023).  

 In addition to its role in adhesion, CD2 has also been shown to promote T cell activation and 

proliferation, as well as being shown to be crucial in the organisation of the immune synapse 

(Demetriou et al., 2020; Gollob et al., 1996). Whilst the intracellular region of CD2 does not contain 

ITAMs, it does contain a highly conserved proline rich region which have been shown to interact with 
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the SH3 domain of Src kinases such as Lck, a key tyrosine kinase in T cell activation (Nunes et al., 

2008). Additionally, it recruits CD2 associated protein (CD2AP) which aids in cytoskeleton 

polarisation, as well as CD2 binding protein 1 (CD2BP1) which may have a role in inhibiting T cell 

activation (Dustin et al., 1998; H. Yang & Reinherz, 2006). There have also been reports of the CD2-

CD58 interaction aiding in the reversal of T cell anergy and the Amplification of signalling pathways 

through the recruitment of LAT and SHP-2 (Boussiotis et al., 1994). T cells are better able to respond 

to IL-12, upon monocyte interaction via the CD2-CD58 axis, allowing them to better proliferate 

(Gollob et al., 1996). Additionally, in CD28 negative T cells, CD2 co-stimulation has been identified as 

the major T cell activation pathway (Leitner et al., 2015). 

Recent work has focused on the location CD2 within the immune synapse and how this might affect 

its function (Demetriou et al., 2020; Kaizuka et al., 2009). As detailed in Figure 5.1, the arrangement 

of the immune synapse can be divided into different compartments, each with different distances to 

the central CD3-TCR complex, allowing for the physical exclusion of CD45, which can otherwise 

inhibit T cell activation by dephosphorylating ITAMs (Davis & van der Merwe, 2006). The placement 

of CD2 within this structure has been variously proposed to be within the cSMAC, in close proximity 

to the TCR-CD3 complex, as well as being reported to be mainly found further away, in a region 

between the pSMAC and dSMAC, termed the ‘corolla’. In reality it seems as though CD2 is fairly 

mobile as the immune synapse forms and there may be a proportion of CD2 in both locations, which 

varies at different stages of immune synapse formation (Demetriou et al., 2020; Siokis et al., 2018).  

In the later stages of T cell activation, it seems to be in the corolla on the outside of the pSMAC, 

however at earlier timepoints it also may be present in the cSMAC and has been detected during a 

co-IP of the TCR-CD3 complex (Brown et al., 1989). 
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Figure 5.1: Schematic of reported CD2-CD58 spatial placement within the immune synapse.  

Birds eye view of the interface between the T cell and antigen presenting cell, formed of the 
central supra-molecular activation complex (cSMAC, yellow) which contains the cire 
interacting components, surrounded by the peripheral SMAC (pSMAC, orange), which is in 
turn surrounded by the distal SMAC (dSMAC, red). An area in between the pSMAC and 
dSMAC (brown) has been termed the ‘corolla’ and has been reported to be where CD2-CD58 
is enriched in later stages of the immune synapse formation. Diagram inspired from (Huppa 
& Davis, 2003). 
 

 

We therefore sought to investigate the role of CD2 in the context of bispecific T cell engagers and 

determine if CD2 enrichment within the immune synapse, independent from CD58 binding, improves 

T cell activation. 
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5.2 Chapter Hypothesis and Aims 

5.2.1 Chapter Hypothesis 

We hypothesise that the CD2-CD58 is critical in the determining the sensitivity of BiTEs and TriTEs, 

similarly to native TCRs and CAR-Ts. We additionally hypothesise that CD2 is an important co-

stimulatory protein in T cell activation and its presence within the immune synapse will increase the 

potency of the NKG2D BiTE. 

5.2.2 Chapter Aims 

1. Determine the role of the CD2-CD58 axis in BiTE-mediated T cell activation. 

2. Design and production of new NKG2D TriTEs which contain a CD2 binding moiety to 

enrich CD2 within the immune synapse and improve the NKG2D BiTE. 
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5.3 Results 

5.3.1  Engaging CD2, in conjunction with CD3/CD28 stimulation, increases T cell 

activation.  

 To determine the effect of CD2 on T cell activation, PBMC-derived T cells were incubated with a 

commercially available antibody cocktail that contained an anti-CD3 and an anti-CD28 antibody 

complex with or without an anti-CD2 antibody complex included. Whilst the concentration and ratio 

of each antibody was proprietary, the suppliers have stated that the concentrations of aCD3 and 

aCD28 were equal.  

As shown in Figure 5.2, the addition of the aCD2 antibody to the activation cocktail increases the 

expression of T cell activation markers at a variety of doses until a plateau seems to be reached at 0.3 

µL/well, with the aCD3/aCD28 cocktail barely reaching the same level of activation with a 10-fold 

increase in dose.  This suggested that there could be a significant advantage to engaging CD2 during 

T cell activation. 
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Figure 5.2: Binding of CD2 increases T cell activation. 

PBMC-derived T cells were incubated with varying amounts of either an aCD3/aCD28 
antibody cocktail or an aCD3/aCD28/aCD2 antibody cocktail for 72 hours. T cells were 
stained for expression of activation markers, CD69 (A, C) and CD25 (B, D) and analysed via 
flow cytometry. Average percentage positive (A + B), using unstimulated control to gate at 
1% for each cell line, and gMFI (C + D) are presented. N= 3 biological replicates.  Error bars 
indicate mean +/- SD. 
 
 

 

5.3.2 The CD2:CD58 axis is critical in the sensitivity of the NKG2D BiTE and 

TriTE. 

Following the recent publication that in semi solid systems that disruption of the CD2-CD58 axis leads 

to a decrease in sensitivity to peptides presented on MHC molecules and that some CAR-T modalities 

are unable to utilise the interaction reducing their sensitivity to antigen, we sought to identify 
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whether this was also the case for bispecific T cell engagers (Burton et al., 2023). To assess constructs 

targeting NKG2D, we utilised the glioblastoma cell line U87, in which CD58 has been knocked out, 

kindly donated by the Dushek lab (verification of successful knock out shown in Appendix C).  

As previously mentioned, the efficacy of the NKG2D TriTE in the context of GBM, was explored by a 

previous DPhil student in which U87 cells were used extensively (Baugh et al., 2024). In this work the 

NKG2D BiTE showed little efficacy and so was not tested further. Consistent with this, when testing 

the potency of the two constructs in co-culture experiments with U87-WT cells, we observed higher 

cytotoxicity with the NKG2D TriTE in comparison to the NKG2D BiTE (Figure 5.3A+E). The absence of 

the CD2-CD58 interaction was highly disruptive in both cytotoxicity and T cell activation, with a 100-

fold increase in the concentration of NKG2D TriTE required in the CD58KO cell line to achieve the 

equivalent reduction in viability seen in the wildtype U87 co-culture (~40 % viability, Figure 5.3E). We 

additionally saw a similar effect with the highest doses of NKG2D BiTE, showing a decrease in 

potency with the CD58 KO cell line (Figure 5.3A-D).  

Here we have shown the importance of the CD2-CD58 interaction for NKG2D BiTE and TriTE-

mediated T cell activation and associated cytotoxicity. We additionally can see that the decrease in 

potency between the NKG2D BiTE and TriTE caused by the decrease in overall avidity to the target 

cell. This is further magnified by the removal of the CD2-CD58 interaction, which is reducing the 

overall avidity between the target cell and T cell. 
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Figure 5.3: CD2-CD58 interaction increases efficacy of NKG2D BiTE and TriTE. 

A co-culture of U87-WT, or U87-CD58 KO cells, and PBMC-derived T cells were treated with a 

range of doses of either the NKG2D BiTE or TriTE for 72 hours. Cells were then stained for T 

cell activation markers, CD25 (B + F), CD69 (C + G) and 4-1BB (D + H), for analysis via flow 

cytometry along with a viability dye to determine target cell viability (A + E). Average 

percentage positive, using unstimulated control to gate at 1% for each cell line are presented 

for T cell activation markers (B-D, F-H). N = 3, error bars indicate mean +/- SD. 
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5.3.3 Incorporating CD2 into the immune synapse may help to increase T cell 

activation. 

We next wanted to assess the role of CD2 within the immune synapse and ascertain if the CD2-C58 

interaction is important for the tethering of the two cell together or having CD2 within the immune 

synapse, independent of its interaction with CD58, leads to significant increases in T cell activation. 

We therefore sought to investigate the effect of bringing CD2 into the immune synapse, independent 

of its interaction with CD58. 

To do this, we designed NKG2D ligand T cell engagers that also contained an aCD2 scFv to also 

incorporate CD2 into the immune synapse by bringing the protein into closer proximity to CD3 and 

the NKG2D ligand. 

As previously discussed in the introduction of this chapter, the positioning of CD2 within the immune 

synapse structure may prove to be critical to its function (Demetriou et al., 2020). Therefore, we 

initially aimed to generate T cell engagers that included the aCD2 scFv at various positions within the 

constructs to vary the length between CD2 and CD3 within the synapse. We initially chose to add the 

CD2 scFv to the NKG2D BiTE due to the reduced number of possible orientations as well as concerns 

for protein production yields as we had experienced limited yields when producing the NKG2D TriTE.  

We identified an aCD2 scFv sequence that had previously been used to target extracellular vesicles to 

T cells (Connelly et al., 1998; Stranford et al., 2024). As far as we are aware, both the binding affinity 

and binding site are unknown. To determine the optimal orientation of the new CD2 binding NKG2D 

TriTEs, the aCD2 scFv was inserted either upstream, downstream or in between the NKG2D 

ectodomain and aCD3 scFv of the NKG2D BiTE (Figure 5.4A). Control constructs were generated in a 

similar manner using the CtrlNB-aCD3 BiTE constructs utilised in previous chapters. Correct insertion 

was confirmed by Sanger sequencing. As previously described, the aCD2 containing TriTEs were 

produced in HEK293 cells, and the clarified supernatant concentrated around 20-fold. Correct protein 
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size was determined by SDS-PAGE and immunoblotting for His tag. We confirmed that all aCD2 

containing TriTEs were detected in the supernatant at roughly the correct size (Figure 5.4B). The yield 

of proteins containing the NKG2D ectodomain was much lower than those containing the control 

nanobody, consistent with the yields of the NKG2D BiTE and TriTE.  

To assess the binding ability of the constructs, PBMC-derived T cells were stained with 1nM of aCD2 

containing TriTEs or controls, followed by detection using an anti-His tag antibody (Figure 5.4C). Prior 

to staining, T cells were treated with an anti-CD3 antibody, to block the binding of TriTEs via CD3, or 

isotype control. The OKT3 anti-CD3 clone was utilised to block binding to CD3 as it binds to the same 

epitope as the L2K scFv, utilised in the BiTEs/TriTEs here, however has 100-fold higher affinity 

(Segaliny et al., 2023). In general, we see a reduction in binding when the CD3 epitope is blocked. 

 

 

Figure 5.4: Construction of CD2 binding TriTEs. 

(A) Schematic of NKG2D TriTEs containing an aCD2 scFv in various configurations. All 

constructs generated included an N-terminal immunoglobulin secretion signal peptide and a 

C-terminal decahistidine tag (His) tag. Domains were linked by GS linkers to allow flexibility 

(SSGGGGS). (B) HEK293 cells were transfected with plasmid DNA. Lysate (L) and supernatant 

(S) were harvested 72 hours post transfection and supernatant was concentrated (~ 40-fold). 
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Having the aCD2 scFv in the middle of the construct heavily inhibits the ability of the construct to bid 

to T cells at all, most likely to due the protein being unable to correctly fold or causing steric 

hindrance (Figure 5.5C). Additionally, having the NKG2D ectodomain within the protein negatively 

affects the binding via aCD3 in comparison to the control nanobody. Having the aCD2 binding moiety 

at either the N or C terminal of the proteins resulted in control constructs that were able to bind to T 

cells in a CD2 dependent manner. Of the NKG2D ectodomain containing aCD2 TriTEs, having the 

aCD2 at the C terminus of the construct (NK-aCD3-aCD2) lead to the highest amount of CD2 

dependent binding. Having the aCD2 at the N terminal of the protein also showed some binding 

ability to both CD3 and CD2, however much lower than the C terminal version. The control NB, aCD2 

TriTEs showed similar binding profiles. Therefore, the constructs with aCD2 at either the C or N 

terminal were taken forward for functional testing. 

 As shown previously, in the co-culture using U87-CD58KO cells where the CD2-CD58 interaction is 

absent, the NKG2D TriTE induces T cell mediated cytotoxicity, whereas the NKG2D BiTE shows no 

effect (Figure 5.5). However, in the U87-WT co-culture, we see a significantly greater increase in T cell 

activation and lower in target cell viability when treated with the NKG2D BiTE, as well as with the 

NKG2D TriTE. This suggests the CD2-CD58 interaction can potentiate BiTE activity. Despite 

significantly greater CD69 expression with the aCD2-NK-aCD3 configuration, the potency of either of 

the NKG2D, aCD2 TriTE configurations does not exceed that of the NKG2D BiTE which contains the 

same amount of NKG2D ligand binding domains (Figure 5.5C-D). T cell activation was however 

significantly greater for one of the control constructs, Ctrl-aCD3-aCD2, in both co-cultures as well as 

Expression was assessed by His-tag immunoblot. Expected size shown below each sample. 

(C) Ability of constructs to bind to CD2 on T cells was assessed by staining of PBMC-derived T 

cells. T cells were initially stained with an anti-CD3 antibody (OKT3), to block TriTE binding 

via CD3, or isotype control. Cells were then stained with 1 nM of the NKG2D TriTE, aCD2 

containing NKG2D TriTE or matched control. Binding was detected using an anti-his tag – PE 

antibody and was analysed via flow cytometry. N=3. Error bars indicate mean +/- SD. 
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in the monoculture, suggesting CD2 clustering with CD3 is inducing T cell activation. This was not 

seen as dramatically in the aCD2-Ctrl-aCD3 construct, which resulted in a significant but less dramatic 

increase in CD69 than the Ctrl-aCD3-aCD2 construct; and did not induce CD25 expression. The 

placement of aCD2 and aCD3 within these TriTEs is likely to be an important part of this difference. 

Both Ctrl, NB TriTEs showed similar CD2 binding ability to each other, and so differences seen are not 

due to binding ability (Figure 5.4C).  
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Figure 5.5: CD2 and CD3 clustering induce activation of T cells, independent from a target 
antigen. 

A co-culture of U87-WT, or U87-CD58 KO cells, and PBMC-derived T cells were treated 1 nM 

NKG2D BiTE, NKG2D TriTE, aCD2 scFv containing NKG2D TriTEs, or matched controls, for 72 

hours. Cells were then stained for T cell activation markers, CD25 (A-B) and CD69 (C-D) for 

analysis via flow cytometry along with a viability dye to determine target cell viability (E). 
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5.4 Discussion 

The results in this chapter focus on determining the effect of the CD2-CD58 interaction in the context 

of T cell engagers targeting NKG2D ligands, and to determine if there was a positive effect of having 

CD2 enriched in the immune synapse independently from its interaction with CD58.  

Firstly, in order to establish the effect CD2 stimulation has on T cell activation, we stimulated PBMC-

derived T cells with antibody cocktails to stimulate via CD3 and CD28 in the presence or absence of 

an CD2 antibody (Figure 5.2). We saw dramatically greater T cell activation when also engaging CD2, 

needing 10x the dose of the aCD3 + aCD28 treatment to reach the equivalent activation based on 

CD25 and CD69 expression. 

Next, to investigate the importance of the role of the CD2-CD58 interaction in BiTE mediated T cell 

activation, we utilised the GBM cell line U87, along with a paired CD58 KO cell line. In Figure 5.3 we 

saw a decrease in T cell activation and associated cytotoxicity in the CD58 KO cells line in comparison 

to the WT cell line, showing an increase in sensitivity to the NKG2D ligands present on the target 

cells, this is consistent with other groups who have also looked into the role of CD2 and CD58 on 

bispecific T cell engager mediated cytotoxicity (Patel et al., 2024; Y. Shen et al., 2022). We 

hypothesise that the lower number of contact points between the two cells in the CD58 KO cell line 

can be compensated via an increase in the concentration of T cell engager which is providing 

alternative adherence between the two cells.  

Average percentage positive, using unstimulated control to gate at 1% for each cell line are 

presented for T cell activation markers (A + C). Data shown as average mean fluorescence (B 

+D). N = 3, represented as mean +/- SD. Statistical significance assessed by two-way ANOVA 

with Dunnett's multiple comparisons test to untreated, p<0.05 *, p<0.01 **, p<0.001 ***, 

p<0.0001 ****.   
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We have shown that engaging CD2 alongside CD3 and CD28, increases the level of T cell activation, 

highlighting an intracellular signalling role of CD2, consistent with literature (Figure 5.2, (Kaizuka et 

al., 2009; Leitner et al., 2015)). To determine if the presence of CD2 in the immune synapse alone 

would lead to an increase in T cell activation, we added an anti CD2 scFv to the NKG2D BiTE (Figure 

5.4A), which shows little to no potency against either the U87 WT or CD58 KO cell lines. 

Unfortunately, the addition of the aCD2 scFv to the NKG2D BiTE, especially in certain configurations, 

abolished its ability to bind to T cells (Figure 5.4C), and potentially also NKG2DL+ tumour cells, 

although this was not tested. In Figure 5.5 we saw that the most potent T cell activation, other than 

that induced by the NKG2D TriTE, was due to the Ctrl-aCD3-aCD2 construct which was able to 

increase T cell activation significantly, with CD69 expression being within similar ranges of the NKG2D 

TriTE. We also saw higher levels of activation markers in the co-cultures, versus the monoculture, 

mostly likely due to the availability of ligands for other co-stimulatory proteins. The WT-U87 co-

culture also showed higher levels of T cell activation than the CD58 KO, suggesting that the binding of 

the aCD2 scFv did not abolish the CD2:CD58 interaction. Future work should be carried out to map 

the binding epitope of the aCD2 scFv. 

One the basis of the data available we are unable at present to conclude whether the activation seen 

required cross-linking of T cells via CD2 on one cell and CD3 on another, or if the clustering of CD2 

and CD3 on a single T cells is sufficient to activate T cells. These of course do not have to be mutually 

exclusive. It would be the more likely option that once the TriTE has bound to the T cell via one of 

CD2 or CD3, that the closest epitope of the other to bind to would be on the same T cell. It should be 

noted that, despite the CD69 and CD25 expression being significantly greater in the Ctrl-aCD3-aCD2 

treated conditions, there was only slightly lower target cell viability observed, similar to that of the 

NKG2D BiTE which showed much lower levels of activation. Therefore, CD3-CD2 clustering on T cells 

may be sufficient for the early stages of T cell activation, however it doesn’t seem sufficient to 

mediate the later, cytotoxic stages. This could be further investigated by looking at later T cell 

activation markers such as CD107a and granzyme production which indicate degranulation. 
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Furthermore, this activation does not occur when the aCD2 and aCD3 scFvs are further apart as in 

the aCD2-CtrlNB-aCD3 configuration (Figure 5.5). This not only suggests that CD2 does in fact have a 

significant co-stimulatory role in T cell activation, independent of adhesion via CD58, but also that 

the distances between these molecules, even at the nm scale, is critical. 

As briefly discussed in the introduction to this chapter, the optimal placement of CD2, at specific 

timings of the immune synapse formation, is not fully understood. The fully formed immune synapse 

has been estimated to be around 5 µm wide, whilst the variable regions of antibodies are typically 

10-18 nm apart (Demetriou et al., 2020; Staufer et al., 2022). Therefore, the antibodies utilised in 

Figure 5.2, resulting in an increase in T cell activation, would have brought CD2 into nm range of CD3 

and CD28, resulting in CD2 most likely being within the cSMAC of the synapse. Similarly, based on 

published crystal structures, we have estimated the length of the pseudo synapse produced by the 

NKG2D BiTE to be 19.5 nm. From this we can assume that, in both the aCD2-Ctrl-aCD3 and the Ctrl-

aCD3-aCD2 treated cultures, the aCD2 would be within the cSMAC region of the immune synapse, 

and that CD2 must be within a very close range of CD3 to initiate T cell activation as seen with the 

Ctrl-aCD2-aCD3 configuration but not aCD2-Ctrl-aCD3.  

Our lab has previously developed constructs to engage CD28 into the immune synapse during BiTE 

mediated T cell activation (Scott et al., 2019). In that work an anti-CD28 scFv was added at the N 

terminus of a CD206-BiTE designed for M2 macrophage targeting with the aCD3 scFv at the C 

terminus, as well as a second version which contained a second aCD3 ScFv domain. The proteins 

containing two CD3 scFvs had improved ability to activate T cells and retained its target antigen 

specificity. In contrast, the TriTE containing both an aCD3 and aCD28 scFv resulted in even greater T 

cell activation and was no longer target antigen dependent, indicating that T cell activation can occur 

due to CD3-CD28 clustering at a greater distance. This therefore suggests that proximity required of 

different T cell co-stimulatory receptors to the CD3-TCR complex for T cell activation, along with the 

proximity of other CD3-TCR complexes, varies. 
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To better understand the spatial arrangements that need to occur during T cell activation we would 

ideally produce constructs with aCD2 and CD3 with varying distances between them. We could also 

of course do this with other co-stimulatory molecules such as CD28, 4-1BB, and OX40, whose co-

stimulatory functions have been found to be advantageous in CAR-T therapies (Smirnov et al., 2024). 

The combined stimulation of multiple co-stimulatory molecules has been shown to produce a wider 

signalling response and a more diverse cytokine profile (Andrews et al., 2020; Skånland et al., 2014; 

Tapia-Galisteo et al., 2023).  

We could then use this information to engineer more potent antigen-specific T cell engagers by 

understanding the optimal distance for the different co-stimulatory molecules in relation to CD3. 

However non-specific, or antigen independent, T cell activation will always be a concern when 

developing immunotherapies due to the frequent presence of most target antigens on at least some 

normal cells, albeit often at low levels, potentially leading to risk of cytokine release syndrome 

(Shimabukuro-Vornhagen et al., 2018). Gene therapy using oncolytic viruses provide one possible 

solution to this, allowing the therapeutic to be produced within the tumour itself at higher 

concentrations that would likely be tolerated by intra venous delivery. 

 

In conclusion, in this chapter we have shown that the CD2-CD58 interaction increases the sensitivity 

of NKG2D BiTEs and TriTEs, similar to that seen for other BiTEs as well as CAR-T cells (Burton et al., 

2023; Patel et al., 2024; Y. Shen et al., 2022). We have additionally shown that the recruitment of 

CD2 into the immune synapse, independent from CD58 binding, induces significant T cell activation. 

This could be a promising approach, especially in tumours that have acquired mutations to 

downregulate CD58 as an immune evasion mechanism.  
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Chapter 6: Impact of sNKG2D ligands on T cell 

activation and strategies for inhibition.  

6.1 Introduction 

The role of the NKG2D/NKG2D ligand axis has been extensively studied for its role the in 

immunosurveillance step of the immunoediting model, allowing elimination of malignant cells that 

exhibit malignant stress through the upregulation of NKG2D ligands (NKG2DLs) on their cell surface 

(Schreiber et al., 2011). The importance of this interaction is further exemplified in a NKG2D KO 

model, in which mice show higher rates of spontaneous tumour formation compared to WT mice  

(Guerra et al., 2008). Lower NKG2D receptor expression on immune cells is involved in the 

progression to the immune evasion step of this model, aided by the release of soluble NKG2DLs 

ligands (sNKG2DL) which act as a decoy, as well as strategies to downregulate initial receptor 

expression on the cell surface (Groh et al., 2002; Raffaghello et al., 2004). sNKG2DL, with MICA being 

the most well characterised, can bind to the NKG2D receptor on a multitude of immune cells, most 

prominently on NK cells, as well as CD8+ T cells and some γδ T cells. Upon binding, the sNKG2DL lead 

to the internalisation and degradation of the NKG2D receptor, inevitably leading to fewer receptors 

present on the cell surface (Cao et al., 2007; Groh et al., 2002; Song et al., 2006).  

MICA, MICB and ULBP2 have been detected in the serum of cancer patients in variety of different 

cancers, including various haematopoietic cancers as well as solid tumour cancers of the colon, lung, 

prostate and skin and have been associated with a worse prognosis (Doubrovina et al., 2003; Hilpert 

et al., 2012; Jinushi et al., 2008; G. Liu et al., 2013; Nückel et al., 2010; Paschen et al., 2009; 

Yamaguchi et al., 2012). In contrast, healthy donor serum showed minimal to no soluble MICA 

(sMICA) or MICB (sMICB) (Xing & Ferrari de Andrade, 2020b). sNKG2DL have also been shown to 

inhibit immunotherapy with high sMICA associated with poor overall survival in metastatic 
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melanoma patients treated with the anti-CTLA-4 immune checkpoint inhibitor, ipilimumab (Koguchi 

et al., 2015).  

As previously discussed, shedding of NKG2DLs, via proteolytic cleavage or via packaging into 

extracellular vesicles, has been shown to contribute to the tumour immune evasion, especially 

through NK cells. In general, NKG2DLs with transmembrane domains (such as MICA, MICB and 

ULBP2) are shed via proteases, whereas ligands tethered via GPI-anchors are likely to be shed via 

extracellular vesicles (such as ULBP1, ULBP3 and MICA*008, which contains a single insertion leading 

to a truncated protein which associates via a GPI anchor) (Ashiru et al., 2013). The fact that tumour 

cells in general have been shown to release a higher level of EVs compared to normal cells hints 

towards an evolved strategy to possibly remove problematic proteins from their surface (L. Zhang & 

Yu, 2019).  

Proteolytic cleavage of MICA, and presumably MICB, is a two-step process. In the first step, the 

disulphide bond in the ectodomain between residues 202 and 258 is removed by the disulphide 

isomerase, ERp5 (Kaiser et al., 2007; X. Wang et al., 2009).  This leads to a conformational change, 

which has been hypothesised to facilitate the exposing of the cleavage site for proteases. Once the 

cleavage site is exposed, the ligand is cleaved from the transmembrane domain by a protease, many 

of which are commonly upregulated in cancer. The ADAM (a disintegrin and metalloproteases) and 

MMP (matrix metalloproteases) families are most commonly linked to the shedding NKG2DLs, with 

ADAM10 and ADAM17 being the most well documented (Waldhauer et al., 2008). Fittingly, high 

expression of Erp5, required for the initial step of MICA cleavage, is often seen in conjunction with an 

increase in ADAM10 expression in tumours (Zocchi et al., 2012), consistent with high expression of 

both proteins being required to escape recognition via NKG2D+ immune cells.   

High expression of either ADAM10 or ADAM17 have been linked to unfavourable outcomes in a 

multitude of cancers including breast, brain, colorectal, lung, prostate, renal and ovarian, as well as 

being shown to contribute to a variety of different immunotherapy treatments via cleavage of the 
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target antigen (Ding et al., 2004; Hedemann et al., 2018; Lendeckel et al., 2005; P. C. C. Liu et al., 

2006; Orme et al., 2020; Roemer et al., 2004; Saad et al., 2019; Sikora-Skrabaka et al., 2022; 

Yoneyama et al., 2018; Zheng et al., 2007). ADAM10 is an alpha secretase, most famously known for 

its role in preventing the formation of the amyloid β which is associated with Alzheimer’s disease 

(Lammich et al., 1999). ADAM17, also known as tumour necrosis factor-α converting enzyme (TACE), 

is well-documented to be responsible for the cleavage of proTNFα to allow the release of soluble 

TNFα as part of the inflammatory response, as well as being responsible for the shedding of more 

than 80 other protein precursors, including cytokines, growth factors and adhesion molecules (Black 

et al., 1997; Zunke & Rose-John, 2017).  

Aderbasib (INCB7839) is a structurally related molecule to INCB3619, one of the first inhibitors of 

both ADAM10 and ADAM17; and has been reported to have superior pharmacokinetic properties  

(Mullooly et al., 2016). Aderbasib was tested in a clinical trial in combination with Herceptin in HER2+ 

breast cancer patients, with a reported mid-trial overall response rate of 40% in the highest dosed 

group and an 80% reduction in soluble HER2 detected in patient serum (Friedman et al., 2009). It has 

also been tested in a clinical trial in conjunction with rituximab in DLBCL patients (NCT02141451) and 

is currently in clinical trials for treatment of recurrent high-grade gliomas in children (NCT04295759), 

however there has been no data published for either trial. 

GI254023X, an ADAM10 selective inhibitor, has been shown to inhibit the shedding of known 

ADAM10 substrates such as IL-6R, CXCL1, CXCL16 and more recently, MICA and MICB  (Hundhausen 

et al., 2003; Lammich et al., 1999; Metz et al., 2012; Y. Zhang, Hu, et al., 2022). In the human 

neuroblastoma cell line, IMR-32, an increase of MICA and MICB was detected on the cell surface with 

the combination of chemotherapy and GI254023X, which made the cells more sensitive to NK cell 

mediated killing, which shows the potential therapeutic benefit of inhibiting these proteins (Y. Zhang, 

Hu, et al., 2022).  
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As an alternative way to prevent the shedding of MICA/B, Ferrari de Andrade et al. developed a 

monoclonal antibody to inhibit the shedding of the ligands by blocking the cleavage site (De Andrade 

et al., 2018). Mice were immunised with the, highly conserved, α3 domain of MICA and the 7C6 

antibody was identified for further studies. This was based on its ability to prevent the shedding of 

MICA and MICB from the cell surface as well as increasing the levels of NKG2DLs present on the cell 

surface. Treatment with the 7C6 antibody led to a reduced in number of lung metastasis in two 

mouse models, in an NK cell-mediated manner. To determine the contribution of inhibiting cleavage 

of MICA and B on the cytotoxicity observed, a 7C6-DANA mutant which abrogates the binding to the 

Fc receptor, was produced. With this version, NKG2D-dependent cytotoxicity of the target cell is 

observed, albeit to a lower level than the 7C6 antibody with Fc engagement capacity (De Andrade et 

al., 2018). 

The contribution of sNKG2DL on immunosuppression in the tumour is well documented, however in 

general the therapeutic effect of reducing their levels has mainly focussed on NK cell mediated 

tumour lysis (Groh et al., 2002). The role of NKG2D as a co-stimulatory molecule for CD8+ T cells is 

increasingly being elucidated including it being reported that NKG2D-induced T cell activation leads 

to an increase amount of cytokines produced per cell as well as diversifying the cytokine profile 

(Kavazović et al., 2017; Kohlhapp et al., 2023; Lerner et al., 2023). 

 

In this chapter we aim to elucidate the the effects of sNKG2DL on BiTE mediated T cell activation and 

further investigate the effect of ADAM10 and ADAM17 inhibitors as a method to decrease the 

shedding of NKG2DLs to prevent immunosuppression whilst simultaneously stabilising the levels of 

NKG2DLs on the cell surface. Finally, we will explore the use of the identified 7C6 binding epitope to 

mimic this phenotype whilst also increasing the affinity between the target cell and T cell, as an 

improvement to the NKG2D TriTE.  
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6.2 Chapter Hypothesis and Aims 

6.2.1 Chapter Hypothesis 

We hypothesise that by inhibiting the shedding of NKG2DLs we can increase the number of available 

NKG2DLs to target on the cell membrane, as well as prevent the NKG2DLs ligand-mediated 

immunosuppression. 

6.2.2 Chapter aims 

1 - Determine the effect of sNKG2DL on T cell activation. 

2 - Investigate the use of an anti-MICA/B scFv to increase affinity of a BiTE to the tumour cell whilst 

inhibiting proteolytic cleavage of the ligands. 
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6.3 Results 

6.3.1 Soluble NKG2D ligands selectively inhibit NKG2D ligand-

targeting BiTEs. 

Firstly, we set out to determine if there was a correlation between the amount of shed NKG2DLs and 

the ability of samples to inhibit T cell activation, both generally and also by NKG2DL-specific BiTEs. 

Due to the limited availability of commercial kits for soluble ULBP1-6, and the majority of the 

literature at present discussing MICA and MICB, this chapter will focus on sMICA and sMICB. Using 

patient-derived, malignant peritoneal ascites fluid, we analysed the inhibitory effects of samples on 

experimental activation of T cells and compared this to the levels of sMICA and sMICB.  

Nine ascitic samples were analysed for the presence of sMICA and sMICB, referred to as AS1-9. As 

shown in Figure 6.1A+B, 7/9 samples contained detectable levels of sMICA with AS1 containing the 

highest concentration at 9.9 ng/mL. Samples 7 and 9 did not contain detectable levels of sMICA. All 

ascitic samples contained detectable levels of sMICB with AS1 again containing the highest levels at 

36 ng/mL which was far higher than any of the other samples. AS3 and AS8 also contained high 

levels of sMICB at 8 ng/mL and 3 ng/mL respectively.  

To determine whether the concentration of sMICA/B in ascitic fluid had a suppressive effect on 

experimental T cell activation, the inhibitory activity of each ascitic fluid was estimated using a T cell 

activation assay. To activate them, PBMC-derived T cells were treated with aCD3/aCD28 DynaBeads 

in the presence of each ascitic fluid for 72 hours. T cells were then analysed by flow cytometry to 

detect the upregulation of activation markers CD25 and 4-1BB (Figure 6.1 C+D). Five out of nine 

samples resulted in lower CD25 expression when compared to the T cells activated in 2% RPMI, with 

AS6 showing little effect and AS3-5 actually increasing the level of CD25 expression on T cells in 

comparison. In general, a similar trend between samples was seen for 4-1BB levels, although none of 

the ascites fluids induced 4-1BB higher than that in the 2% RPMI control treatment.  
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AS7 was identified as being the most inhibitory sample, assessed by induction of both CD25 and 4-

1BB. When plotting the soluble ligand levels against the CD25 expression data we can see little to no 

correlation between the level of T cell activation and concentration of sMICA or sMICB as shown by 

the Pearson’s correlation score of 0.03790 and -0.1608, respectively (Figure 6.1 E + F). There was also 

no correlation between the total concentration of sMICA and sMICB with T cell activation (r = -

0.08798, data not shown). It follows that levels of NKG2DLsLs, or at least sMICA/B, do not seem to 

associate with the ability of ascites samples to influence non-specific activation of T cells.  

Due to the lack of correlation between the suppression of T cell activation and levels of sMICA or 

sMICB, it is unlikely that sNKG2DLs are the key immune-inhibitory factors within ascitic fluid and that 

other components are causing the suppressive phenotype.  

It has also been reported that sNKG2DL result in the internalisation and degradation of NKG2D on 

the surface of NK cells as well as CD8+ T cells (Groh et al., 2002). In humans T cells, NKG2D is a co- 

stimulatory receptor for cytotoxic CD8+ T cells which has been shown to be important in the co- 

stimulation of T cell activation. Inhibition of this interaction may be detrimental for T cell therapies, 

such as BiTEs (Kavazović et al., 2017; Kohlhapp et al., 2023; Lerner et al., 2023).  
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Figure 6.1: There is no correlation between sMICA and sMICB with decreasing T cell activation.  

Patient derived ascitic fluid (AS1-9) was analysed for (A) sMICA or (B) sMICB via sandwich ELISA and 

quantified against a standard curve. (C+D) PBMC-derived T cells were co-cultured with ascitic fluid in 

the presence or absence of aCD3/aCD28 Dynabeads for 72 hours. T cells were stained for T cell 

activation markers CD25 (C) and 4-1BB (D) and analysed via flow cytometry. Average gMFI shown. N 

= 3, error bars indicate mean +/- SD. Statistical significance assessed by two-way ANOVA with 

Dunnett's multiple comparisons test to 2% RPMI control, p<0.001 ***, p<0.0001 ****. (E+F) 

Comparison of sMICA (E) and sMICB (F) to the level of T cell activation in the presence of ascitic 

fluids.  
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To evaluate the effect of sNKG2DL on T cell activation by aCD3 stimulus alone, a sMICA inhibition 

assay was carried out by adding increasing concentrations of sMICA to BiTE experiments. To identify 

which cancer cell line to use for these assays, a panel of cell line conditioned media was analysed for 

the levels of sMICA/B after 72 hours. As shown in Figure 6.2, conditioned supernatant from A549 

cells, a human non-small cell lung adenocarcinoma, contained the highest levels of both sMICA and 

sMICB and was therefore prioritised for use. 

 

Figure 6.2: Some cancer cell lines secrete detectable levels of sMICA and sMICB, with the lung 
adenocarcinoma cell line, A549, expressing the most. 

Conditioned supernatant was collected from cancer cell lines 72 hours after seeding. sMICA (A) 
and sMICB (B) were detected via sandwich ELISA and levels of protein were determined via 
comparison to a provided standard curve. N=3, error bars show mean +/- SD. 

 

Varying concentrations of recombinant sMICA were added to co-cultures of A549 cells and PBMC-

derived T cells that were treated with either the NKG2D TriTE or an EpCAM BiTE (kindly provided by 

Dr Hena Khalique) to determine if sNKG2DL had a negative effect on TriTE-mediated T cell activation. 

As shown in Figure 6.3, there was a sNKG2DL dose-dependent increase in target cell viability when 

treated with the NKG2D TriTE, however no significant increase was seen when treated with the 

EpCAM BiTE. This was explained by a sNKG2DL dose-dependent decrease in both T cell activation 

markers CD25 and CD69 seen when treated with the NKG2D TriTE, but not with the EpCAM BiTE. As 

the decrease in T cell activation is not occurring across both T cell engagers, we can deduce that the 
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reduction in T cell activation and cytotoxicity seen for the NKG2D TriTE treated co-cultures is likely 

due to the sMICA acting as a competitive inhibitor to the TriTE, preventing the TriTE from binding to 

the NKG2DLs present on the target cell membrane.  
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Figure 6.3: Soluble MICA inhibits NKG2D TriTE mediated T cell activation, but not all T cell 

activation.  

Co-cultures of A549 cells and PBMC-derived T cells were treated with either 1 nM of NKG2D TriTE 

or EpCAM BiTE in the presence of varying amounts of recombinant sMICA (rsMICA) for 72 hours. 

(A) Viability was determined using an XTT assay on A549 cells once T cells were removed. (B) 

PBMC-derived T cells were stained for activation markers, CD69 (B+D) and CD25 (C+E) and 

analysed via flow cytometry. Data shown as average medium fluorescence (B+C), and percentage 

positive based on unstimulated T cells (D-E).  N = 3, error bars shown mean +/- SD. Statistical 
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6.3.2 sMICA/B can be reduced through inhibition of ADAM 

proteases. 

Whilst sMICA and sMICB do not seem to have an inhibitory effect on T cell activation, it may still be 

advantageous to decrease the shedding in the tumour microenvironment to increase the potency of 

the NKG2D BiTE and TriTE. By reducing the shedding of the ligands from the tumour cell, we 

hypothesise that there will be an increase in the number of ligands present on the target cell 

membrane. Additionally, although it seems at least in vitro there is no negative effect of inhibiting T 

cell co-stimulation via sMICA, this may not be the case in vivo where there are other immune cells 

involved, particularly NK cells. 

As previously discussed, NKG2DLs are removed from the cell surface by two main mechanisms, 

cleavage of the extracellular domains via proteases such as ADAM 10 and 17, and release on the 

surface of extracellular vesicles (EV). NKG2D ligand shedding by EV secretion would be challenging to 

abrogate and likely require a more widespread strategy of inhibiting the exosome biogenesis 

pathway altogether. We therefore turned our focus to inhibiting the proteases which have been 

indicated to be involved in shedding of NKG2DLs. ADAM10 and ADAM17 have been reported to be 

the main contributors to NKG2D cleavage, which are reportedly blocked using GI254023X and TAPI-0, 

respectively, as well as the dual inhibitor, Aderbasib, and have shown efficacy in cancer cell lines 

previously (Seifert et al., 2021). In Figure 6.4A+D, the ADAM10 inhibitor, GI254023X showed a dose 

dependent decrease in both sMICA and sMICB detected in the supernatant of A549 cells. The 

ADAM17 inhibitor, TAPI-0, was less potent and showed a significant decrease in shed MICA ligands 

only at the highest dose of 10 µM decreasing the ligands from 408 pg/mL in the untreated sample to 

258 pg/mL, resulting in a 37% reduction (Figure 6.4B+E). Similarly to GI254023X, supernatant from 

significance assessed by two-way ANOVA with Dunnett's multiple comparisons test to 0 µg/mL 

sMICA treated. p< 0.01 **, p<0.001 ***, p<0.0001 ****. 
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Aderbasib treated A549 cells showed a dose dependent decrease resulting in a 76% reduction in 

detected soluble ligands after 72 hours (untreated – 408 pg/mL vs 100 µM Aderbasib treatment – 97 

pg/mL, Figure 6.4C+F). For the sMICB assay, the amount of detected soluble ligands was below that 

of the standard curve and so whilst we can see that there is a decrease in shed MICB (Figure 6.4D-F), 

especially for the aderbasib treated cells, we were unable to determine the concentration. In Figure 

6.4G-H, an increase in cell surface NKG2DLs can be seen, with the largest increase seen when treated 

with 10 or 100 µM aderbasib. This is consistent with the inhibition of ligand shedding having a 

positive effect on the abundance of NKG2DLs present on the cell surface. 
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Figure 6.4: ADAM 10 and 17 inhibitor treatments reduces amount of shed MICA and MICB whilst 

also increasing the amount of total NKG2DLs on the cell surface. 

 A549 cells were treated with the indicated dose of ADAM17 inhibitor, GI254023X, ADAM10 

inhibitor, TAPI-0, ADAM10/17 inhibitor, aderbasib, or vehicle control for 72 hours. Supernatant was 

collected and analysed via sandwich ELISA for the presence of sMICA (A-C) or sMICB (D-F). (G-I) 

Cells were analysed for total NKG2DLs using a biotinylated recombinant NKG2D ectodomain with a 

streptavidin-PE for detection via flow cytometry. N = 3, error bars shown mean +/- SD. Statistical 

significance assessed by one-way ANOVA with Dunnett's multiple comparisons test to untreated, 

p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. 
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6.3.3 Preventing the shedding of ligands does not improve NKG2D 

TriTE mediated T cell activation. 

Further to the above seen increase of surface NKG2D ligand through aderbasib treatment, we 

hypothesised that the T cell activation through NKG2D BiTE/TriTE could be potentiated by the 

increase of surface ligands. Aderbasib has relatively low solubility in water and could be dissolved in 

DMSO at a concentration of 100 µM. Therefore, when using the highest dose of Aderbasib to inhibit 

ADAM proteases, the final concentration of DMSO would be 1%. We have previously noted that this 

concentration of DMSO inhibited the cytotoxic function of T cells (unpublished) and therefore sought 

to investigate the maximum dose of DMSO that we could utilise in our assay without compromising T 

cell function.  

As shown in Figure 6.5, when using either aCD3/aCD28 beads or the NKG2D TriTE to activate T cells, a 

final concentration of 0.1% DMSO showed little effect in terms of CD25 expression, whereas 1% 

DMSO lead to a decrease for the NKG2D TriTE (Figure 6.5), consistent with the literature (Holthaus et 

al., 2018). There was also a similar but less dramatic difference seen in terms of target cell 

cytotoxicity. We therefore chose to proceed with a limit of 0.1% DMSO in further T cell assays. Due to 

the solubility of Aderbasib, this therefore meant the highest dose of Aderbasib used in Figure 6.4, 

100 µM, could not be used as the this would require a final concentration of DMSO to be 1%. 

However, as the increase in total NKG2DLs on the cell surface and reduction in soluble ligands 

between the 10 µM and 100 µM dose were similar (141.2 pg/mL vs 96.2 pg/mL respectively), a 

meaningful effect on T cell activation should still be evident. 



 

179 
 

 

In Figure 6.6, A549 cells were treated with 1 or 10 µM Aderbasib, or vehicle control, whilst in a co-

culture with PBMC-derived T cells. Cells were treated alongside with NKG2D T cell engagers or 

control constructs for 72 hours prior to analysis for T cell activation and target cell cytotoxicity. As 

previously seen, the NKG2D BiTE and TriTE treated co-cultures had a lower target cell viability for all 

treatments in comparison to the control treatments or untreated samples (Figure 6.6A). The addition 

of Aderbasib had no significant effect on target cell viability, indicating that the increase in NKG2DLs 

on the cell surface did not increase the potency of either the NKG2D BiTE or TriTE. This is supported 

 

Figure 6.5: High concentrations of DMSO negatively affect T cell mediated cytotoxicity. 

Co-cultures of A549 cells and PBMC-derived T cells were treated with either 1 nM NKG2D TriTE or 

1 µL/well of CD3/CD28 DynaBeads in the presence of varying concentrations of DMSO for 72 

hours. (A) PBMC-derived T cells were stained for CD25 to determine activation and analysed via 

flow cytometry. (B) Viability was determined using an XTT assay on target cells once T cells were 

removed. N = 1. 

 



 

180 
 

by the minimal increase in some T cell activation markers seen for the aderbasib treated samples 

(Figure 6.6B-D). 

 

Figure 6.6: Inhibiting the cleavage of NKG2DLs with an ADAM10/17 inhibitor does not increase T 
cell mediated cytotoxicity. 

A549 cells in a co-culture with PBMC-derived T cells were treated with 1 nM NKG2D BiTE, TriTE or 
associated control vectors in the presence of ADAM10/17 inhibitor aderbasib or vehicle control.  
(A) Viability was determined using an XTT assay on target cells once T cells were removed. PBMC-
derived T cells were stained for CD25 (B), CD69 (C) and 4-1BB (D) to determine activation and 
analysed via flow cytometry. N = 2, error bars indicate mean +/- SD. Statistical significance 
assessed by two-way ANOVA with Dunnett's multiple comparisons test to untreated, p<0.05 *. 
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6.3.4 An aMICAB scFv BiTE is equally as potent as the NKG2D TriTE 

against cell lines expressing MICA but not when all NKG2DLs are 

present. 

As mentioned previously (6.1), Ferrari de Andrade et al. developed an antibody targeting the α3 

domain of MICA which blocks the cleavage site resulting in inhibition of MICA shedding (Ferrari De 

Andrade et al., 2018).  

In general, we have often seen that the NKG2D BiTE and TriTE are not as potent as other BiTEs 

developed in our lab, as briefly shown in Figure 6.3 when comparing to the EpCAM BiTE (Freedman 

et al., 2017; Khalique et al., 2021). This could be due to several reasons such as the differences in 

affinity to the target molecule, the length of the immune synapse generated, or the abundance of 

the tumour antigen on the target cell surface. Traditionally, BiTEs contain two scFvs, targeting the 

CD3 of T cells and antigens of a target cell with high affinity. Due to the lack of availability of an scFv 

against NKG2DLs and the variety amongst the ligands, it was decided to use the ectodomain of the 

NKG2D receptor, which although this targets all ligands, it compromises on affinity. The affinity 

between NKG2D and MICA has been calculated to be around 1 µM (Raulet et al., 2013), and whilst 

the NKG2D TriTE contains two NKG2D ectodomains to increase the overall avidity, or to form the 

extracellular NKG2D homodimer structure, it is still likely lower than that of an scFv binding an 

epitope which is typically in the nM range. 

We therefore sought to use higher affinity agents to target the most studied ligands, MICA and MICB, 

which have publicly available antibodies. We chose to base the design on the α3 domain binding, 

7C6 antibody which also prevents the shedding of MICA and MICB (Ferrari De Andrade et al., 2018.). 

Whilst in this chapter we have shown that sMICA and sMICB seem to have minimal to no effect on 

NKG2D TriTE mediated cytotoxicity, however we hypothesise that the increase in affinity that comes 

from utilising an scFv will be more potent than using a weaker affinity against more targets. 
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Additionally, the aMICAB scFv binds to the base of the MICAB proteins and should lead to a shorter 

distance between the T cell and target cell. A tighter immune synapse of less than 20 nm has been 

shown to be beneficial for T cell activation (Davis & van der Merwe, 2006).  

The aMICAB scFv sequences were generated using the heavy and light variable regions of the 7C6 

antibody (US20200165343). To determine the best orientation, the two configurations of the heavy 

and light sequences were tested both in binding assays, as well as in functional assays. These 

constructs are referred to as aMICAB(HL) and aMICAB(LH) with H and L referring to the heavy and 

light sequence, respectively, and specifying the order of the sequences. The regions were linked via a 

GS linker and then joined to the aCD3 scFv (schematic shown in Figure 6.7A). As with previous 

constructs, an N-terminal immunoglobulin secretion signal and a C-terminal decahistidine tag were 

included to allow for secretion and detection, respectively. Constructs were cloned into the pSF 

backbone and sequences were verified via Sanger sequencing. As a control for non-specific activation 

an anti-FHA (Filamentous hemagglutinin) scFv fused to the aCD3 scFv was utilised, previously 

generated in our lab (Freedman et al., 2017).  

The BiTEs were produced in HEK293 cells and supernatant was concentrated using a 10 kDa MWKO 

amicon filter prior to aliquoting and storing at -80oC. The size of the BiTEs was determined by His tag 

immunoblot (Figure 6.7B). The FHA-aCD3 control BiTE was roughly the correct size, however both 

aMICAB BiTEs were detected at much higher molecular weights than predicted (between 80-100 

kDa). Similarly to other constructs utilised in this thesis, this may be due to post-translational 

modifications. Additionally, the aMICAB(LH) BiTE was produced at a higher yield than the 

aMICAB(HL) orientation or the FHA BiTE.  

To confirm the ability of the aMICAB BiTEs to bind to MICA, an ELISA was carried out. ELISA plates 

were coated with a commercially available MICA protein and were incubated with 1 nM of each 

construct for 2 hours. The binding was then detecting using an HRP-conjugated anti-His antibody. The 

NKG2D BiTE, TriTE as well as both conformations of the aMICAB BiTE showed a positive signal for 



 

183 
 

binding, whilst all control samples showed no binding (Figure 6.7C). The MIC(LH) BiTE showed the 

highest absorbance, indicating a higher proportion of the protein is functionally active. 

 

 

Figure 6.7: Design and expression of aMICAB BiTEs.  

(A) Schematic of aMICAB BiTEs along with control constructs. All constructs generated included an 

N-terminal immunoglobulin secretion signal peptide (SP) and a C-terminal decahistidine tag (His) 

Domains were linked by GS linkers to allow flexibility (SSGGGGS).  aMICAB scFvs were formed from 

the heavy and light variable regions of the 7C6 antibody. Both orientations were engineered into 

the bispecific to determine the optimal configurations.  These constructs are referred to as 

aMICAB (HL) and aMICAB (LH) with H and L referring to the heavy and light sequence, respectively, 

and specifying the order of the sequences. HEK293 cells were transfected with the indicated 

plasmid for 72 hours. Lysate and supernatant were collected and processed as detailed in 

materials and methods. (B) Constructs were detected via western blot to determine they were of 

the correct size using an anti-His tag antibody to immunoblot. (C) Binding of the samples to 

recombinant MICA was carried out using an indirect ELISA using an HRP-conjugated anti-His tag 

antibody to detect bound constructs to the MICA coated plate. 
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The aMICAB BiTEs were then tested for functionality and compared to the NKG2D BiTE and TriTE to 

determine the most potent candidate. The colorectal cell line, DLD-1, was shown to express high 

levels of MICA and B as well as overall high levels of NKG2DLs (Figure 6.8A). In functional testing, the 

NKG2D BiTE and TriTE caused a significant decrease in cancer cell viability whilst, rather unexpectedly 

there was no significant difference in target cell viability from treatments with either aMICAB BiTEs 

(Figure 6.8B). The NKG2D BiTE and TriTE cytotoxicity was also associated with a significant increase in 

multiple T cell activation markers, indicating T cell dependent cytotoxicity (Figure 6.8C-H). Despite 

the lack of cytotoxicity, both aMICAB constructs were able to significantly activate T cells seen by an 

increase in CD69 and CD25 expression but not 4-1BB expression. There was minimal activation for all 

control constructs. As shown in Figure 6.8C-H, the aMICAB(LH) orientation was more effective than 

the aMICAB(HL) BiTE at inducing T cell activation as indicated by the higher expression of CD69, CD25 

and 4-1BB, albeit a minimal increase in 4-1BB expression.  
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We hypothesised that as the NKG2D BiTE and TriTE performed better than the aMICAB BiTEs due to 

their ability to bind to all the NKG2DLs as opposed to just MICA/B. To test this theory, we utilised an 

engineered cell line, overexpressing MICA. We predict that as MICA is the only available ligand on the 

target cell, the aMICAB BiTEs would outperform the NKG2D BiTE and TriTE, due to its presumed 

increased affinity as well as the narrowing of the immune synapse.  

To generate stable MICA expressing cell lines the MICA*004 allele was cloned in a lentiviral genome 

vector that contained a puromycin resistance gene. We next chose to use the hamster cell line, CHO, 

to transduce due to the low homology between human and hamster NKG2DLs. Lentiviral particles 

were generated, and CHO cells were transduced. Positive cells were selected using puromycin and 

stained for MICA to confirm expression (Figure 6.9A).  

As shown in Figure 6.9B, the aMICAB (LH) BiTE showed equivalent potency as the NKG2D TriTE, with 

a significant decrease in target cell viability compared to the untreated sample. Additionally, both the 

aMICAB (LH) and the NKG2D TriTE outperformed the NKG2D BiTE, which mediated with no 

significant decrease in viability similar to the control constructs. The NKG2D TriTE and aMICAB BiTE in 

the LH configuration also significantly increased the expression of multiple T cell activation markers 

(Figure 6.9C-G). The alternative confirmation, aMICAB (HL) BiTE, also induced a significant increase in 

T cell activation, however we did not see a corresponding decrease in target cell cytotoxicity Figure 

Figure 6.8: The NKG2D TriTE outperforms the aMICAB scFv BiTEs when targeting a cancer cell line. 

(A) DLD-1 cells were stained with an αMICAB-APC antibody (blue) or isotype control (red) and 

analysed via flow cytometry. Representative flow cytometry plot shown. (B-H) DLD-1 cells were 

treated with 1 nM of the indicated constructs in a co-culture with PBMC-derived T cells for 72 

hours. (B) Viability was determined using an XTT assay on target cells once T cells were removed. 

PBMC-derived T cells were stained for CD69 (C-D), CD25 (E-F) and 4-1BB (G-H) to determine 

activation and analysed via flow cytometry.  N = 2, error bars indicate mean +/- SD. Statistical 

significance assessed by one-way ANOVA with Dunnett's multiple comparisons test to untreated, 

p<0.05 *, p<0.01 **, p<0.0001 ****. 
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6.9B. The NKG2D BiTE partially induced T cell activation, with a highly significant increase in CD69 

expression, as well as 4-1BB, however there was no significant increase in CD25 (Figure 6.9C-H). 
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6.4 Discussion 

 

sNKG2DLs have been reported to impede immune mediated clearance of tumours by acting as a 

decoy for the NKG2D receptor found on NK and T cells (Cao et al., 2007; Groh et al., 2002; Song et al., 

2006; Y. Zhang et al., 2023). This chapter focussed on determining the effect of sNKG2DLs on TriTE-

mediated T cell activation and cytotoxicity. 

Firstly, we investigated the abundance of sMICA and sMICB present in the acellular peritoneal ascitic 

fluid from patients with malignant cancer. We saw a large variation in the concentrations of both 

sMICA and sMICB detected, with all samples tested being positive for sMICB, whereas sMICA was 

detected in only 7/9 samples. (Figure 6.1A-B). It was also noted that the levels of sMICA and sMICB 

do not correlate with each other in individual samples. As we do not know the relative expression 

levels of the proteins expressed on the surface of the patients’ tumour cells, we are unable to 

comment on whether this reflects the producer cell. Different proteases have varying specificities 

and so the quantity of ligands cleaved may depend both on the abundance of the ligands present on 

the cell surface and the specific proteases that are within the vicinity. Upon comparing the levels of 

sMICA/B in each ascitic fluid sample to the level of inhibition mediated on DynaBead induced T cell 

Figure 6.9: The NKG2D TriTE and the MICAB BiTE are equally as potent when targeting cell lines 

expressing on MICA and not other NKG2DLs. 

(A) CHO cell lines stably expressing MICA were engineered using lentiviral transduction and were 

selected for using puromycin. Cells were stained for MICA expression using an aMICAB antibody, 

isotype control or were left unstained. MICA expression was determined using flow cytometry. (B-

H) CHO cells overexpressing MICA*004 (CHO-MICA) were treated with 1 nM of the indicated 

constructs in a co-culture with PBMC-derived T cells for 72 hours. Cells were dissociated and 

stained for T cell activation markers CD69 (C-D), CD25 (E-F) and 4-1BB (G-H), as well as viability 

using a membrane permeability dye, and analysed via flow cytometry. (B) Viability of target cells 

(CD4-CD8-), relative to the target only control. Average percentage positive, using unstimulated 

control to gate at 1% for each cell line are presented for T cell activation markers (D, F, G). Data 

shown as average mean fluorescence (C, E, G). N = 3. Statistical significance assessed by one-way 

ANOVA with Dunnett's multiple comparisons test to untreated, p<0.001 ***, p<0.0001 ****. 
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activation, we saw no correlation with either sMICA or sMICB. A major limitation of these results is 

that we did not also detect the abundance of soluble ULBP ligands, which may alter our 

interpretation significantly. The immune-inhibitory component of ascitic fluid is still yet to be 

elucidated. Whilst there are high levels of immunosuppressive cytokines found, such as IL-6 and IL-

10, found in ascitic fluid, it is often not a simple story to match this to immunosuppressive assays or 

patient outcomes. The answer is likely to be the combination of a variety of different factors, 

including immunosuppressive compounds as well the availability of metabolites such as amino acids 

and lipids (Gong et al., 2020; J. Shen et al., 2017). 

Following from this, we sought to evaluate the effects of NKG2DLs on BiTE mediated-T cell activation, 

which differs from CD3/CD28 Dynabeads in that only CD3 is crosslinked during T cell activation. In 

Figure 6.3 we saw the dose dependent decrease in both T cell activation and target cell viability 

when treating co-cultures with the NKG2D TriTE but not with an EpCAM targeting BiTE. This suggests 

that NKG2D mediated co-stimulation is not critical for BiTE mediated activation whilst in might be for 

TCR-mediated activation (Groh et al., 2001; Kohlhapp et al., 2023; Lerner et al., 2023). It is most 

feasible that the soluble ligand is binding to the NKG2D ectodomains of the NKG2D TriTE, preventing 

the binding to the target cell. Whilst this is frustrating for out targeting strategy, it is possible that this 

mechanism could be advantageous within the tumour as the sNKG2DL would be sequestered by the 

NKG2D TriTE, becoming unable to cause downregulation on NK cells which seem to be more sensitive 

to sNKG2DL-mediated immunosuppression (Ferrari De Andrade et al., 2018). Additionally, an 

inhibitory role for sNKG2DL in CD8+ T cell inhibition has been described in a number of 

circumstances (Groh et al., 2002; Y. Zhang et al., 2023). It should also be noted that the 

concentrations of sMICA used in these assays are much higher than that detected in the conditioned 

media from cancer cell lines or in the patient ascitic fluid samples analysed (Figure 6.1A+B, Figure 

6.2). Therefore, the inhibitory effect seen with the NKG2D TriTE may not be physiologically relevant, 

and the NKG2D TriTE is resistant to sNKG2DL-mediated suppression. We therefore concluded that 

sMICA does not directly inhibit T cells in BiTE-mediated cytotoxicity, however at high concentrations 
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can inhibit NKG2D ligand targeting TriTEs by acting as a decoy ligand. Groh et al found that soluble 

MICA caused the downregulation of NKG2D from the surface of CD8 T cells, resulting in lower levels 

of cytotoxicity compared to CD8 T cells that were not treated with soluble MICA (Groh et al., 2002). It 

would be interesting to look if the NKG2D receptor on CD8 T cells was downregulated in both 

presence of both the EpCAM BiTE and NKG2D TriTE and determine if downregulation of NKG2D 

effects the potency of BiTE/TriTE activated T cells. NKG2D has been identified as a co-stimulatory 

molecule in the activation of CD8 T cells and has also been identified as mediating the killing of MHC-

I negative tumour cells, as downregulation my soluble NKG2DLs also seems to have a large inhibitory 

effect on CD8 T cells (Lerner et al., 2023). From our data, the EpCAM BiTE was not affected by any of 

the concentrations of sMICA, with the NKG2D TriTE being affected by only extremely high 

concentrations. This could therefore mean that BiTE-activated T cells are resistant to sNKG2DL 

mediated suppression. 

We next turned to inhibiting the shedding of ligands as strategy to increase the cell surface 

expression of NKG2DLs, as well as prevent the down regulation of NKG2D on immune cells. In Figure 

6.4A-F, we showed that three different small molecule inhibitors of ADAM 10 and/or ADAM17 

significantly reduce the amount of sMICA and sMICB shed from a cancer cell line in a dose 

dependent manner. Additionally, we saw a significant increase in amount of overall NKG2DLs 

expression on the cell surface, however this was only slightly higher than the DMSO control (Figure 

6.4G-I). After identifying the dual ADAM10/17 inhibitor, Aderbasib, as the most effective of the three 

treatments, we then tested if this increase in ligand expression translated to an increase in T cell 

activation as well as target cell cytotoxicity. In Figure 6.6, we saw no significant difference in the 

target cell viability, or in two out of the three T cell activation markers assessed, when treated with 

Aderbasib. With the highest does of Aderbasib (10 µM), we saw a slightly significant increase in 4-

1BB expression (Figure 6.6D). We saw a similar pattern for the NKG2D BiTE, however it was not 

significantly different.  
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We are unsure about the kinetics of Aderbasib treatment. We measure the levels of surface NKG2DLs 

and sMICA/B after 72 hours. Whilst, in this assay, tumour cells were treated with Aderbasib at the 

same time as the addition of the T cells and NKG2D BiTE/TriTE. Pre-treatment with Aderbasib to 

stabilise the levels of NKG2DLs on the cell surface prior to the addition of the BiTE and T cells may 

have proven more effective. Furthermore, the concentrations of soluble ligands released from A549 

(400 pg/mL sMICA and 600 pg/mL sMICB) may not be sufficient to inhibit the NKG2D TriTE, as seen in 

Figure 6.3 where much higher amounts of soluble MICA were used. 

Zhang et al. found that found that chemotherapy induced senescence, in neuroblastoma cells, led to 

a significant increase both surface expression of MICA/B as well as an increase in sMICA/B detected 

in the supernatant, with the latter being attributed to an increase in ADAM10 protein levels (Y. Zhang 

et al., 2023). Treatment with the ADAM10 inhibitor GI254023X, utilised in this chapter, was able to 

provide an additive effect, by preventing the cleavage of the increasing amount of MICAB, allowing 

for more NK mediated tumour lysis than the chemotherapy treated condition. We were unable to 

determine the timings of the GI254023X treatment and NK cell addition in this study. 

The final part of this chapter focussed on the development of new BiTEs that targeted only a subset 

of the NKG2DLs but at a higher affinity. The MICA targeting 7C6 antibody, from which aMICAB scFv 

was created, binds to the α3 region of MICA/B to prevent the shedding via proteolytic cleavage, 

promoting NKG2D- and CD16-mediated targeting by NK cells, even in HLA-negative target cells 

(Ferrari De Andrade et al., 2018, 2020). 

As previously mentioned, the NKG2D BiTE and TriTE target NKG2DLs using the ectodomain of the 

NKG2D receptor, which can bind to the eight NKG2D ligands. Whilst this is one of the main 

advantages of these agents, owing to the improbable downregulation of all of them, this also creates 

a major disadvantage in that the affinity of the interaction (NKG2D-MICA affinity estimated to be ~ 1 

µM) is much lower than that of an scFv binding to an epitope (Raulet et al., 2013). In comparison, the 

antibody from which the EpCAM scFv, used in the EpCAM BiTE, originates from has an affinity of 
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around 10 nM (Brischwein et al., 2006). We therefore hypothesised that a BiTE with increased 

affinity, against fewer targets, would be superior to the NKG2D TriTE that has lower affinity to more 

target proteins. 

Therefore, we constructed aMICAB BiTEs containing an scFv obtained from the heavy and light 

sequences from the 7C6 antibody. To ensure the optimal confirmation was used, we generated two 

versions of the BiTE, aMICAB (LH) and aMICAB (HL), alternating the order of the sequences in the 

protein (Figure 6.7A). Both proteins were produced and secreted well, and were functionally able to 

bind to MICA, with the aMICAB (LH) configuration showing a higher level of binding than the aMICAB 

(HL) configuration as well as the NKG2D BiTE and TriTE (Figure 6.7B+C). 

We next tested the ability of these constructs to mediate T cell activation and target cell cytotoxicity 

in a co-culture of DLD-1 cells and PBMC-derived T cells. As shown previously, the NKG2D BiTE and 

TriTE mediate significant target cell cytotoxicity; however, this was not observed with either of the 

aMICAB BiTEs (Figure 6.8B). NKG2D BiTE and TriTE-mediated cytotoxicity was additionally associated 

with high levels of multiple T cell activation markers (Figure 6.8C-H). Whilst the aMICAB (LH) BiTE 

was able to partially induce T cell activation, as shown by the significant change in CD69 and CD25 

expression, there was no significant change in 4-1BB expression. The marginally better performance 

seen with the aMICAB (LH) BiTE than the aMICAB (HL) is supported by the increased binding to MICA 

seen in Figure 6.7C. From this data, we can conclude that, when treating DLD-1 cells, the increased 

affinity of the aMICAB BiTEs does not improve their potency against agents that target the full 

repertoire of NKG2DLs, such as the NKG2D BiTE and TriTE. This therefore suggests that the number of 

target ligands is a limiting factor for the aMICAB BiTEs. 

Whilst we know that DLD-1 cells express high levels of MICAB as well as NKG2DLs, we do not know 

the proportion of total NKG2DLs that comprise MICA and MICB, and if this is consistent with other 

colorectal cancer cell lines or cancer types. Leivas et al. showed a large amount of variation amongst 

multiple myeloma patients in terms of the surface expression levels of different NKG2DLs (Leivas et 
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al., 2021). Whilst at least one of the NKG2DLs were detected in all patients, some of the ligands were 

completely absent. It would therefore be interesting to determine the expression levels of the 

individual NKG2DLs, instead of focussing on them as a whole. 

To determine the role of affinity in BiTE-mediated cytotoxicity, we utilised an engineered CHO cell 

line that solely expressed MICA, and no other NKG2DLs detectable by the human NKG2D ectodomain 

(Figure 6.9). When MICA is the only available NKG2DL, the NKG2D TriTE and aMICAB (LH) BiTE 

mediate similar target cell cytotoxicity, as well as levels of T cell activation markers (Figure 6.9B-H). In 

comparison, co-cultures treated with the NKG2D BiTE, which also binds to the target cell via a single 

binding moiety like the aMICAB BiTEs, showed no significant difference in target cell viability in 

comparison to the untreated condition (Figure 6.9B). This suggests that whilst the increase in affinity 

to the ligand does result in increased potency, an increase in overall avidity has a similar effect. 

We hypothesis that the levels of MICA on DLD-1 cell lines is much lower than that expressed on the 

engineered CHO cell lines and was therefore insufficient for the aMICAB BiTEs to mediate cytotoxicity 

towards the DLD-1 cells. The difference in MICA expression on the engineered CHO-MICA cell line in 

comparison to DLD-1 cell line would be interesting to investigate, however we would be unable to 

fairly compare efficacy data from the two experiments due to the targeting of cell lines originating 

from different species.   

Similar work has been carried out by Goulding et al., in the context of CAR-T cells, whereby the 7C6 

derived-scFv was presented from a CAR-T cell (α3MICAB CAR-T) and compared to a NKG2D-CAR-T 

cell which expressed the NKG2D ectodomain as the targeting region (Goulding et al., 2023). They 

showed, in both haematological and solid xenograft models, that the α3MICAB CAR-T was far 

superior to the NKG2D CAR-T as well as a CD19 targeting CAR-T cell treatment. This shows similar 

findings to those presented in Figure 6.9, in which the aMICAB (LH) BiTE outperformed the NKG2D 

BiTE. 
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In conclusion, within this chapter we have shown that whilst high concentrations of sMICA inhibited 

the NKG2D TriTE, they did not affect the potency of a BiTE targeting an alternative ligand, suggesting 

that sMICA, and potentially all sNKG2DLs, does not generally inhibit T cell activation. Additionally, the 

NKG2D TriTE showed only mild inhibition at the lower concentrations of sMICA, which are still above 

those detected in malignant ascitic fluid, indicating that NKG2D TriTE activated T cells may be 

resistant to sNKG2DL mediated inhibition. Furthermore, we showed that by inhibiting ADAM10 and 

ADAM17, we can significantly reduce the level of sMICA/B as well as increase the abundance of 

NKG2DLs on the cell surface. However, this does not seem to translate to an increase in BiTE-

mediated cytotoxicity, most likely due to the low level of soluble ligands present in the culture media. 

Finally, we investigated the effect of increasing the affinity of the target cell binding moiety, utilising 

an scFv derived from an antibody which binds to the α3 region of MICA and MICB. When directly 

compared against one another in a cell line which expresses only one of the NKG2DLs, MICA, the 

aMICAB (LH) BiTE outperformed the NKG2D BiTE, showing that the increase in affinity, as well as 

potentially decreasing the distance of the immune synapse, does aid in BiTE-mediated cytotoxicity 

(Staufer et al., 2022). The increase in overall avidity by the addition of an extra NKG2D ectodomain 

however, as seen in the NKG2D TriTE, showed similar potency to the aMICAB (LH) BiTE. Therefore, in 

the targeting of cancer cells which express other NKG2DLs than MICA/B, such as those in cancer 

patients, the NKG2D TriTE would be a better candidate. 
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Chapter 7: Final discussion and conclusions 

 

In the first half of this thesis, we sought to better characterise two pre-clinical therapeutic agents, 

the NKG2D BiTE and TriTE, which target the stress ligands known as NKG2D ligands (NKG2DLs). Both 

the NKG2D BiTE and TriTE contain the NKG2D receptor ectodomain, allowing them to bind to not just 

one, but eight therapeutic targets. Additionally, NKG2DLs are commonly upregulated in cancer due to 

their innate role as stress markers and are minimally expressed on normal cells. 

Initially, we sought to verify for ourselves that NKG2DLs are in fact expressed on a wide range of 

cancer cells. Looking at a variety of cell lines from various tumour types, we were surprised to 

observe that not all the cell lines analysed were positive, and that there was a large range in their 

expression levels. We observed in cancer cell lines of B cell origin, including those derived from 

patients with multiple myeloma, that there was no or minimal expression of NKG2DLs, similar to the 

normal cell lines tested. This was at odds with multiple other reports involving these cell lines, in 

addition to clinical data showing the expression of multiple different NKG2DLs on plasma cell 

samples from a multitude of myeloma patients (Leivas et al., 2021). We concluded that this 

discrepancy is likely due to differences in culture conditions between different groups, a common 

problem in scientific research. We were surprised, however, that the cell culture medium we used 

(RPMI supplemented with 10% FBS) would lead to a reduction in NKG2DLs, compared to media with 

additional supplements such as amino acids and sodium pyruvate. Although metabolic stress was not 

investigated in this thesis, the availability of required metabolites has been shown to upregulate 

NKG2DLs in a handful of cases (Marinović et al., 2023; McCarthy et al., 2018). 

Overall, we confirmed that NKG2DLs are widely expressed among cancer cell lines. We additionally 

observed that in the small range of non-malignant cell lines we tested, minimal NKG2DLs were 

expressed. These results are consistent with clinical samples obtained from patients from a variety of 
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different sources (Driouk et al., 2020; Ghadially et al., 2017; Sun et al., 2019; Tsukagoshi et al., 2016; 

Yang et al., 2019). This is promising evidence that NKG2DLs are valuable targets for immunotherapy, 

and that our therapeutic agents could be used in the treatment of a wide variety of cancer types. 

From this work, we verified the potency of the NKG2D BiTE and TriTE agents on a variety of different 

cancer cell lines, as well as on one patient-derived colorectal liver metastasis sample, in which we 

observed a significant increase in IFN-γ release when treated with the NKG2D TriTE. This indicates 

that the NKG2D TriTE can effectively activate tumours in situ, despite the immunosuppressive 

conditions within. While this is promising, more patient samples are needed to further support the 

use of the NKG2D TriTE in this context. 

We were also able to induce the expression of NKG2DLs on JJN3 cells, a multiple myeloma cell line, 

which were minimally susceptible to BiTE-mediated killing. However, when treated in combination 

with HDAC inhibitors (HDACi), which are often used as part of the treatment regimen for multiple 

myeloma patients, we saw that they were sensitized to NKG2D BiTE- and TriTE-mediated killing. 

We additionally tested the effect of conventional cancer therapies, including radiation and 

chemotherapy, on NKG2DL expression in both cancer cell lines and normal cell lines. While not all 

treatments led to a significant increase in NKG2DL expression, all cell lines tested were susceptible to 

at least one. For example, DLD-1 cells exhibited the unusual behaviour of downregulating surface 

NKG2DLs in response to both radiation and 5-FU treatment, but a significant increase was seen upon 

HDACi treatment. This suggests that different cancer cells use different mechanisms to modulate 

immune-activating ligands, and more research is needed to determine the optimal combination of 

therapies when targeting NKG2DLs. 

A common side effect of radiation is off-target toxicity to healthy tissues due to the path of the 

ionizing radiation beam. Due to the activation of the DNA damage response (DDR) pathway upon 

DNA damage caused by radiotherapy, we were concerned that NKG2DL surface expression could also 

be upregulated on normal cells, causing them to be sensitized to the NKG2D BiTE/TriTE therapy. 
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However, we found in the one ‘normal’ cell line tested that surface expression of NKG2DLs was not 

upregulated in response to a multitude of DDR-activating treatments. 

From our understanding, the expression of NKG2DLs on the surface of the cell membrane is induced 

by the DDR pathway as an additional mechanism to ensure the damaged cell is eliminated, despite 

apoptosis and other ‘kill me’ mechanisms also being induced. Therefore, it makes logical sense that 

the increase in surface NKG2DLs would be reserved for later stages of the apoptosis pathway. Likely, 

in normal cells with functional DNA damage machinery, the cells will not initially upregulate their 

surface expression but instead halt the cell cycle and upregulate DNA repair pathways. This needs to 

be confirmed experimentally, as does the expansion of the ‘normal’ cell lines tested. The use of ex 

vivo normal tissue would improve this research further. Additionally, studies of longer duration need 

to be carried out since apoptosis from DNA damage typically takes much longer than the timeframes 

used in this thesis. 

In the later part of Chapter 4, we briefly evaluated the arming of the oncolytic virus (OV), EnAd, with 

the NKG2D BiTE and TriTE, and observed T cell-mediated killing of target cells following viral infection 

when expression was under the constitutively active promoter CMV or the adenoviral major late 

promoter (MLP) using the splice acceptor (SA). Future work combining this virus with radiation will 

hopefully potentiate this activity, as seen with the oHSV-NKG2D TriTE virus in the treatment of GBM 

(Baugh et al., 2024; Pokrovska et al., 2020). 

One major limitation of the NKG2D TriTE is its low protein yield. Whether produced via transient 

transfection or expressed from adenovirus, the NKG2D TriTE is produced at much lower protein 

yields than the control constructs and the NKG2D BiTE. While we still observed target killing from the 

NKG2D-armed EnAd viruses, the levels of T cell activation were quite low compared to that seen in 

free BiTE experiments, as well as that seen from other EnAd viruses expressing BiTEs (Freedman et 

al., 2017, 2018; Scott et al., 2019). This, combined with the subdued potency seen from other BiTEs 
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developed in our laboratory, led us to investigate and develop the strategies presented in the second 

half of this thesis. 

In the latter part of this thesis, we focused on strategies to improve the targeting of NKG2DLs. We did 

this in two main ways: first, by investigating the potential benefit of incorporating the accessory 

protein CD2, and second, by inhibiting NKG2DL shedding to both prevent the inhibitory effects of 

soluble NKG2DLs (sNKG2DLs) and stabilize/increase the surface expression of the ligands on the cell 

surface, thereby making them available for use by the NKG2D BiTE and TriTE. 

The CD2-CD58 interaction is well known for its role in aiding adhesion between T cells and antigen-

presenting cells (APCs), which has been shown to increase the sensitivity of TCRs in detecting antigen 

(Binder et al., 2020; Burton et al., 2023). We have shown that, similarly to CAR-T cells and other BiTE 

molecules, the sensitivity of the NKG2D BiTE is enhanced via the CD2-CD58 interaction (Burton et al., 

2023; Patel et al., 2024). Following this, we sought to investigate the role of CD2 as a co-stimulatory 

molecule in BiTE-mediated T cell activation. In this work, we saw that the clustering of CD2 next to 

CD3 in the immune synapse did indeed stimulate T cell activation. This activation was dependent on 

the distance between the aCD2 and aCD3 single-chain variable fragments (ScFvs). While we have 

demonstrated that CD2-CD3 clustering is sufficient for T cell activation, more work needs to be done 

to further investigate this and to compare it with the clustering of other co-stimulatory molecules. 

Finally, we evaluated the potency of the NKG2D BiTE and TriTE against an aMICAB BiTE, which, while 

only binding 2/8 NKG2DLs, would likely bind with higher affinity. It has been shown in HER2-targeting 

bispecific antibodies that increased affinity improves T cell activation (Poussin et al., 2021). The 

aMICAB BiTE and NKG2D BiTE both bind to the target cell using a single moiety. When targeting the 

CHO-MICA cell line, the aMICAB BiTE was superior to the NKG2D BiTE in T cell-mediated cytotoxicity, 

demonstrating that increased affinity to the antigen is beneficial. However, the NKG2D TriTE, which 

contains an extra NKG2D ectodomain, performed similarly to the aMICAB BiTE. When the aMICAB 

BiTE was tested on the colorectal cell line DLD-1, we saw minimal activation of T cells and no 



 

200 
 

difference in target cell viability, while both the NKG2D BiTE and TriTE showed significant changes. 

Goulding et al. found that when presenting the same ScFv as the targeting domain of a CAR-T, the 

CAR-T was superior to an NKG2D-CAR-T at targeting multiple cancer cell lines, both of haematological 

and solid tumour origin (Goulding et al., 2023). 

In conclusion, we have shown that the NKG2D TriTE, containing two copies of the NKG2D 

ectodomain, is the superior therapeutic agent evaluated in this thesis. While its efficacy needs to be 

further evaluated using patient-derived samples, the initial evaluation of this therapeutic is 

extremely promising. Additionally, we investigated the use of a higher-affinity antibody binding to a 

subset of NKG2DLs and found that the benefit of high-affinity binding to the target cell via fewer 

ligands is outweighed by the ability to bind to multiple ligands present on the target cell, at least in 

the case of NKG2DLs. 
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Chapter 7: Appendix 

7.1 Appendix A- Buffer Recipes 

 Recipe  

TAE buffer (50x)  242 g Tris, 100 mL 0.5 M EDTA and 57.1 mL 

Glacial Acetic Acid in 1 L DI water 

SDS Running buffer (10x)  19.8 g Tris, 86.4 g glycine, 6 g SDS in 1L DI 

water 

Native Running buffer (10x) 

  

19.8 g Tris, 86.4 g glycine in 1L DI water 

MACS buffer  0.5% BSA, 2 mM EDTA in PBS  
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7.2 Appendix B – DNA and protein sequences 

Secretion signal peptide 

DNA sequence 

ATGGGATGGAGCTGCATCATCCTATTCCTCGTGGCGACGGCCACTGGAGTGCATAGCGAACTGGTG 

Amino acid sequence  

MGWSCIILFLVATATGVHSELV 

GS linker sequence 

DNA sequence 

TCCTCCGGCGGCGGTGGAAGC or TCCAGCGGCGGAGGCGGTTCC 

Amino acid sequence 

SSGGGGS 

Decahistidine tag 

DNA sequence 

CATCACCATCACCATCACCACCATCACCAT 

Amino acid sequence 

HHHHHHHHHH 

NKG2D ectodomain 

DNA sequence 

TTCCTAAACTCATTATTCAACCAAGAAGTTCAAATTCCCTTGACCGAAAGTTACTGTGGCCCATGTCCTAAAAACT

GGATATGTTACAAAAATAACTGCTACCAATTTTTTGATGAGAGTAAAAACTGGTATGAGAGCCAGGCTTCTTGTAT
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GTCTCAAAATGCCAGCCTTCTGAAAGTATACAGCAAAGAGGACCAGGATTTACTTAAACTGGTGAAGTCATATCA

TTGGATGGGACTAGTACACATTCCAACAAATGGATCTTGGCAGTGGGAAGATGGCTCCATTCTCTCACCCAACCT

ACTAACAATAATTGAAATGCAGAAGGGAGACTGTGCACTCTATGCCTCGAGCTTTAAAGGCTATATAGAAAACTG

TTCAACTCCAAATACATACATCTGCATGCAAAGGACTGTG 

Amino acid sequence 

FLNSLFNQEVQIPLTESYCGPCPKNWICYKNNCYQFFDESKNWYESQASCMSQNASLLKVYSKEDQDLLKLVKSYH

WMGLVHIPTNGSWQWEDGSILSPNLLTIIEMQKGDCALYASSFKGYIENCSTPNTYICMQRTV 

CD3 scFv 

DNA sequence 

GATGTGCAACTCGTGCAGTCCGGTGCGGAAGTGAAAAAGCCGGGCGCGAGCGTCAAAGTGTCATGCAAGGCG

TCAGGATATACGTTTACTAGATACACTATGCACTGGGTGCGCCAGGCACCTGGTCAGGGCCTTGAATGGATCGGC

TACATCAATCCGTCGAGAGGCTACACTAATTACGCGGACTCAGTCAAAGGGCGCTTCACGATTACGACCGACAA

GTCCACCTCGACTGCATACATGGAACTGTCCTCGCTGAGAAGCGAGGACACCGCTACTTACTACTGCGCTAGATA

CTACGATGATCACTACTGCCTCGATTACTGGGGCCAGGGAACCACTGTCACGGTGTCATCGGGAGAGGGCACCT

CAACCGGATCAGGGGGATCGGGAGGCTCGGGCGGCGCAGACGACATCGTCCTGACCCAGTCGCCCGCCACCT

TGTCGCTGTCCCCAGGAGAAAGAGCGACCCTGTCATGCCGGGCGTCGCAAAGCGTGAGCTATATGAATTGGTAT

CAGCAGAAGCCAGGAAAGGCGCCGAAGAGATGGATCTACGACACCTCCAAGGTCGCTTCAGGTGTCCCGGCTA

GATTCTCAGGATCGGGATCAGGAACGGACTACTCCCTGACCATCAATTCACTGGAAGCAGAAGATGCGGCCACC

TACTACTGTCAGCAGTGGTCCTCCAACCCGCTGACTTTCGGAGGCGGAACTAAGGTCGAGATCAAG 

Amino acid sequence 

DVQLVQSGAEVKKPGASVKVSCKASGYTFTRYTMHWVRQAPGQGLEWIGYINPSRGYTNYADSVKGRFTITTDKS

TSTAYMELSSLRSEDTATYYCARYYDDHYCLDYWGQGTTVTVSSGEGTSTGSGGSGGSGGADDIVLTQSPATLSLSPG

ERATLSCRASQSVSYMNWYQQKPGKAPKRWIYDTSKVASGVPARFSGSGSGTDYSLTINSLEAEDAATYYCQQWSS

NPLTFGGGTKVEIK 
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Rabies S protein nanobody 

DNA sequence 

GAGGTCCAGTTGGTTGAGTCAGGGGGTGGCCTTGTTCAGGCTGGCGGGAGCCTCCGACTGAGTTGCGCGGCC

AGTGGTAGAACTCTGTCTAGTTATCGAATGGGGTGGTTTCGGCAAGCGCCAGGGAAGGAACGAGAGTTTATCTC

CACGATTAGTTGGAACGGGCGCTCTACCTATTATGCTGACTCCGTCAAGGGCCGCTTCATATTCAGTGAAGACAA

TGCAAAGAATACGGTCTATCTGCAAATGAACAGTCTGAAACCAGAGGACACCGCTGTATACTATTGCGCTGCGGC

ACTTATTGGCGGGTATTATAGCGATGTCGATGCTTGGTCATATTGGGGTCCTGGTACCCAAGTCACTGTGTCCTCA 

Amino acid sequence 

EVQLVESGGGLVQAGGSLRLSCAASGRTLSSYRMGWFRQAPGKEREFISTISWNGRSTYYADSVKGRFIFSEDNAKN

TVYLQMNSLKPEDTAVYYCAAALIGGYYSDVDAWSYWGPGTQVTVSS 

CD2 ScFv 

DNA sequence 

AATATCATGATGACCCAGTCTCCAAGCTCCCTGGCTGTTTCTGCCGGCGAGAAGGTGACCATGACATGCAAGAG

CAGCCAAAGCGTGCTGTACAGCAGCAACCAGAAGAACTACCTGGCTTGGTACCAGCAAAAACCTGGACAGAGC

CCTAAGCTGCTGATCTACTGGGCTAGCACCAGAGAGAGCGGAGTGCCTGATAGATTCACAGGCAGCGGCAGCG

GCACAGATTTCACCCTGACAATCAGCTCCGTGCAGCCCGAGGACCTGGCCGTGTACTACTGCCATCAGTACCTGA

GCAGCCACACATTCGGCGGAGGCACCAAGCTGGAAATCAAGCGGGGCGGAGGTGGCTCTGGAGGCGGTGGA

TCTGGTGGTGGCGGATCACAACTGCAGCAGCCTGGCGCCGAGCTGGTGCGGCCTGGCAGCAGCGTGAAGCTG

AGCTGTAAAGCCTCTGGCTACACCTTTACCAGATACTGGATTCACTGGGTCAAGCAGAGACCCATCCAGGGCCT

GGAATGGATCGGCAACATCGACCCCAGCGACAGTGAAACCCACTACAACCAGAAATTCAAGGACAAGGCCACA

CTGACCGTGGACAAGTCCTCTGGAACAGCCTACATGCAGCTGTCTAGCCTGACCAGCGAGGACAGCGCCGTGTA

TTATTGCGCCACCGAGGATCTCTACTACGCCATGGAATACTGGGGCCAGGGCACCAGCGTGACCGTGTCCTCC 

Amino acid sequence 
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NIMMTQSPSSLAVSAGEKVTMTCKSSQSVLYSSNQKNYLAWYQQKPGQSPKLLIYWASTRESGVPDRFTGSGSGT

DFTLTISSVQPEDLAVYYCHQYLSSHTFGGGTKLEIKRGGGGSGGGGSGGGGSQLQQPGAELVRPGSSVKLSCKASG

YTFTRYWIHWVKQRPIQGLEWIGNIDPSDSETHYNQKFKDKATLTVDKSSGTAYMQLSSLTSEDSAVYYCATEDLYYA

MEYWGQGTSVTVSS 

EpCAM ScFv 

DNA sequence 

ATGGGATGGAGCTGCATCATCCTATTCCTCGTGGCGACGGCCACTGGAGTGCATAGCGAACTGGTGATGACTCA

GTCCCCGTCATCCCTGACGGTGACCGCCGGCGAGAAGGTCACCATGTCGTGCAAGTCCTCGCAAAGCCTGCTTA

ACAGCGGCAACCAGAAAAACTACCTCACGTGGTATCAGCAAAAGCCAGGTCAACCCCCAAAACTGCTCATCTAC

TGGGCGAGCACCCGCGAGTCGGGGGTGCCAGACCGGTTCACCGGCTCCGGGTCAGGAACTGATTTCACCCTAA

CCATCAGCTCGGTGCAAGCGGAGGACCTGGCCGTGTACTACTGCCAAAATGATTACTCGTACCCTCTGACCTTTG

GAGCGGGCACCAAGCTCGAAATCAAGGGCGGTGGAGGAAGCGGCGGGGGAGGCTCAGGTGGGGGAGGATC

AGAAGTCCAACTGCTGGAGCAGTCAGGAGCCGAACTGGTCCGCCCGGGAACCTCCGTCAAGATTTCCTGTAAG

GCTTCCGGCTACGCTTTTACCAATTACTGGCTGGGCTGGGTCAAGCAAAGACCGGGGCATGGCCTGGAGTGGA

TCGGCGACATCTTCCCAGGGAGCGGCAACATCCACTACAACGAGAAGTTCAAGGGGAAAGCGACTCTGACTGC

CGACAAATCATCCAGCACCGCCTACATGCAGCTGTCGTCGCTCACTTTCGAAGACAGCGCGGTGTACTTTTGTGC

TCGGCTCCGGAACTGGGATGAACCAATGGACTACTGGGGACAAGGAACTACCGTGACCGTCTCCTCCCTCGAG 

Amino acid sequence 

MGWSCIILFLVATATGVHSELVMTQSPSSLTVTAGEKVTMSCKSSQSLLNSGNQKNYLTWYQQKPGQPPKLLIYWAS

TRESGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYCQNDYSYPLTFGAGTKLEIKGGGGSGGGGSGGGGSEVQLLEQ

SGAELVRPGTSVKISCKASGYAFTNYWLGWVKQRPGHGLEWIGDIFPGSGNIHYNEKFKGKATLTADKSSSTAYMQL

SSLTFEDSAVYFCARLRNWDEPMDYWGQGTTVTVSSLE 

MICAB ScFv (LH) 

DNA sequence 
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GATATCCAGATGACCCAGACCACATCTTCCCTGAGCGCTTCTCTGGGCGATAGAGTGACAATCAGCTGCAGCGCC

AGCCAGGACATTTCTAATTACCTGAACTGGTACCAGCAGAAGCCCGACGGCACCGTGAAGCTGCTGATCTACGA

CACCAGTATCCTGCACCTGGGCGTGCCCAGCAGATTCAGCGGCAGCGGCTCCGGCACAGATTACAGCCTGACCA

TCAGCAATCTGGAACCTGAAGATATCGCCACCTACTACTGCCAGCAATACAGCAAGTTCCCACGGACCTTCGGCG

GCGGAACCACCCTGGAGATCAAGGGAGGAGGAGGCAGCGGCGGAGGCGGCAGCGGAGGCGGCGGCTCTCA

GATCCAGCTGGTGCAGTCTGGTCCTGAGCTGAAAAAGCCTGGAGAAACCGTGAAAGTGTCTTGTAAAGCCAGC

GGCTATATGTTCACCAACTATGCCATGAACTGGGTCAAGCAGGCCCCTGAGAAGGGCCTGAAGTGGATGGGCTG

GATCAACACCCACACCGGCGACCCCACCTACGCCGACGACTTCAAGGGCAGAATCGCCTTCAGCCTCGAGACA

AGCGCTAGCACCGCCTACCTGCAAATCAACAACCTGAAGAACGAGGATACAGCCACATACTTTTGCGTGCGGAC

ATACGGCAACTACGCCATGGACTACTGGGGCCAGGGCACCTCCGTTACCGTGTCCTCCGCCAAGACCACGGCTC

CTTCCGTGTACCCCCTGGCCCCTGTGTGCGGCGACACAACTGGCAGCAGCGTGACCCTGGGATGTCTGGTGAAG

GGCTACTTCCCTGAGCCTGTGACCCTTACATGGAACAGCGGCAGCCTGAGCAGCGGCGTGCACACATTTCCAGC

CGTGCTGCAGAGCGACCTGTACACCCTGTCTAGCTCTGTGACCGTCACAAGCAGC 

Amino acid sequence 

DIQMTQTTSSLSASLGDRVTISCSASQDISNYLNWYQQKPDGTVKLLIYDTSILHLGVPSRFSGSGSGTDYSLTISNLEP

EDIATYYCQQYSKFPRTFGGGTTLEIKGGGGSGGGGSGGGGSQIQLVQSGPELKKPGETVKVSCKASGYMFTNYAM

NWVKQAPEKGLKWMGWINTHTGDPTYADDFKGRIAFSLETSASTAYLQINNLKNEDTATYFCVRTYGNYAMDYW

GQGTSVTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSSVT

VTSS 

MICAB ScFv (HL) 

DNA sequence 

CAGATCCAGCTGGTCCAGAGCGGACCTGAGCTGAAAAAGCCTGGCGAGACAGTGAAAGTGTCCTGCAAGGCC

TCCGGCTACATGTTCACCAACTACGCCATGAACTGGGTGAAGCAGGCCCCTGAGAAGGGCCTGAAGTGGATGG

GCTGGATCAATACCCACACCGGCGACCCCACCTACGCAGATGACTTCAAGGGCAGAATCGCCTTCTCTCTGGAA
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ACCAGCGCCAGCACCGCCTACCTGCAGATCAACAACCTGAAGAACGAGGATACAGCCACCTACTTCTGCGTGCG

GACCTACGGCAACTACGCCATGGACTACTGGGGCCAGGGCACAAGCGTGACCGTGTCTTCTGCCAAGACCACA

GCTCCATCTGTGTACCCCCTGGCCCCAGTGTGCGGCGACACCACAGGCAGCTCTGTCACCCTGGGCTGTCTGGT

GAAAGGATATTTTCCCGAGCCTGTGACACTGACCTGGAACAGCGGCAGCCTGAGCAGCGGCGTGCACACGTTT

CCTGCCGTGCTGCAAAGCGACCTGTACACCCTGAGCAGCTCCGTGACCGTTACAAGCAGCGGCGGCGGCGGAT

CTGGCGGCGGCGGATCCGGAGGCGGAGGCAGCGACATTCAGATGACCCAGACCACCTCCTCCCTCTCTGCTAG

CCTGGGAGATAGAGTGACAATCAGCTGTAGCGCTTCTCAGGACATCAGCAACTACCTGAACTGGTACCAGCAAA

AGCCTGATGGCACCGTGAAGCTGCTGATCTACGACACCAGCATCCTGCACCTGGGCGTGCCTAGCCGGTTCAGC

GGCTCTGGAAGCGGCACTGATTACAGCCTCACAATCAGCAATCTGGAACCTGAGGACATCGCCACATATTACTGC

CAGCAGTACAGCAAGTTCCCCAGAACCTTCGGCGGCGGAACAACACTGGAAATCAAG 

Amino acid sequence 

QIQLVQSGPELKKPGETVKVSCKASGYMFTNYAMNWVKQAPEKGLKWMGWINTHTGDPTYADDFKGRIAFSLET

SASTAYLQINNLKNEDTATYFCVRTYGNYAMDYWGQGTSVTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYF

PEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVTSSGGGGSGGGGSGGGGSDIQMTQTTSSLSASLGDRVTIS

CSASQDISNYLNWYQQKPDGTVKLLIYDTSILHLGVPSRFSGSGSGTDYSLTISNLEPEDIATYYCQQYSKFPRTFGGG

TTLEIK 

MICA*004 

DNA sequence 

ATGGGTCTAGGTCCAGTGTTTCTACTACTAGCTGGCATCTTTCCTTTTGCCCCTCCAGGCGCCGCCGCCGAGCCTC

ACTCCCTGCGGTACAACCTGACAGTCCTGTCCTGGGATGGATCCGTGCAGTCTGGCTTTCTGGCTGAAGTGCAC

CTGGACGGCCAGCCCTTCCTCCGCTACGATCGGCAGAAGTGCAGAGCCAAGCCTCAGGGCCAATGGGCCGAG

GATGTCCTGGGAAACAAGACCTGGGACAGAGAGACACGGGACCTGACCGGCAATGGCAAGGACCTGCGGATG

ACCCTGGCCCACATTAAGGACCAGAAAGAGGGTCTGCACTCTTTGCAAGAAATCAGAGTGTGCGAGATCCACG

AGGACAACTCCACCAGATCCAGCCAGCACTTCTACTACGACGGCGAGCTGTTCCTCTCCCAGAACGTGGAAACC
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GAGGAATGGACCGTGCCTCAAAGCTCTAGAGCCCAGACACTGGCTATGAACGTGCGGAACTTCCTGAAGGAGG

ACGCCATGAAAACCAAGACCCACTACCACGCTATGCACGCCGACTGCCTGCAGGAACTGAGGAGATACCTGGA

ATCCTCTGTGGTGCTGAGACGGAGAGTGCCCCCTATGGTGAACGTGACCAGATCTGAGGCTTCCGAGGGAAATA

TCACCGTGACCTGCCGGGCCTCCAGCTTCTATCCCAGAAACATCACCCTGACCTGGCGGCAGGACGGCGTGTCC

CTGTCTCACGACACCCAGCAGTGGGGCGACGTGCTGCCTGATGGCAACGGCACCTACCAGACCTGGGTGGCCA

CCCGGATCTGCCAGGGCGAAGAGCAGAGATTCACCTGTTACATGGAACATTCGGGCAACCATTCTACACACCCC

GTGCCATCTGGCAAGGTGCTGGTGCTCCAGTCCCACTGGCAGACCTTCCACGTCTCTGCTGTGGCTGCTGCCGC

TGCTGCCATCTTCGTAATCATCATCTTCTACGTGAGATGTTGCAAGAAGAAGACATCCGCCGCCGAGGGCCCTGA

GCTGGTGAGCCTGCAAGTTCTGGATCAGCATCCTGTGGGCACCAGCGACCACAGAGACGCTACCCAGCTGGGC

TTCCAGCCTCTGATGTCCGCTCTGGGCTCCACCGGCTCTACTGAGGGAGCCTGA 

Amino acid sequence 

MGLGPVFLLLAGIFPFAPPGAAAEPHSLRYNLTVLSWDGSVQSGFLAEVHLDGQPFLRYDRQKCRAKPQGQWAED

VLGNKTWDRETRDLTGNGKDLRMTLAHIKDQKEGLHSLQEIRVCEIHEDNSTRSSQHFYYDGELFLSQNVETEEWT

VPQSSRAQTLAMNVRNFLKEDAMKTKTHYHAMHADCLQELRRYLESSVVLRRRVPPMVNVTRSEASEGNITVTCR

ASSFYPRNITLTWRQDGVSLSHDTQQWGDVLPDGNGTYQTWVATRICQGEEQRFTCYMEHSGNHSTHPVPSGKV

LVLQSHWQTFHVSAVAAAAAAIFVIIIFYVRCCKKKTSAAEGPELVSLQVLDQHPVGTSDHRDATQLGFQPLMSALG

STGSTEGA* 

Primers for cloning into virus 

SA - CAAATAAAGTTTGCGATCGCTACCCTGCATTTCTCTCTTCAGGGccgccgccATGGGATGGAGCTGCATCAT 

CMV - CAAATAAAGTTTGCGATCGCTACCCTGCACGTCAGCTTACCTTTTTGGCAGG 

Reverse - GAATTGATTTTCAAATAAACAAGTTCCTGCAGGATAGCTGACG 
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7.3 Appendix C – Verification of KO in U87 cell line 

 

Verification of U87 CD58 KO. 

U87-WT and U87-CD58 KO cells were stained with a PE-conjugated aCD58 antibody or appropriate 

isotype for analysis via flow cytometry. A) Individual flow cytometry plots showing PE expression 

for unstained, isotype or aCD58-PE. Average percentage positive (B), using unstained control to 

gate at 1% for each cell line, and gMFI (C) are presented.  

 

 


