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Abstract 
Tumour development is a multistep process characterized by aberrant monoclonal cell 

proliferation. Immune cells exert selective pressure on tumour populations, promoting the 

survival of low-immunogenic variants that can evade immune detection. One such 

mechanism involves the recruitment of immunosuppressive cells expressing inhibitory 

receptors and ligands that suppress T-cell activation. Currently, inhibitory receptors and 

ligands are being extensively studied as therapeutic targets. The food and drug 

administration (FDA) has approved several immune checkpoint inhibitors (ICIs) targeting 

Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4), Programmed Cell Death Protein 1 

(PD-1), and its ligand Programmed Cell Death-Ligand 1 (PD-L1). These treatments have 

shown efficacy in limiting tumour progression and extending patient survival. However, due 

to dynamic intrinsic and extrinsic changes in the tumour microenvironment (TME), a high 

rate of acquired resistance to ICIs remains a major challenge. To address this, alternative 

co-inhibitory molecules are being explored for therapeutic targeting, either as standalone 

agents or in combination therapies. In this study, recombinant single-chain variable 

fragment (scFv) antibodies with high affinity for the co-inhibitory molecules V-domain 

Immunoglobulin Suppressor of T-cell Activation (VISTA) and PD-L1 were initially targeted.  

These co-inhibitory molecules play a critical role in immune regulation by inhibiting T-cell 

proliferation and cytokine production when interacting with their respective ligands. Both 

VISTA and PD-L1 have been shown to be overexpressed in various solid tumours including 

melanoma, non-small cell lung carcinoma (NSCLC) and ovarian cancer. The generation of 

recombinant scFv antibodies against these co-inhibitory molecules were pursued using the 

phage display biopanning technique. Due to technical challenges encountered during the 

biopanning phage display process, a statistically significant increase in binding towards 
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either bait protein was not achieved after four rounds. As a result the project’s focus 

shifted toward characterizing 60 monoclonal antibodies derived from a previously 

successful VISTA-directed biopanning experiment conducted in a separate study. These 

clones were evaluated for specificity against VISTA and control bait proteins, and their 

binding affinities were analysed using the Enzyme-Linked Immunosorbent Assay (ELISA). 

ELISA analysis revealed that most of the clones exhibited strong binding affinity to VISTA 

with minimal cross-reactivity to control proteins. Notably, most clones demonstrated 

statistically significant preferential binding to their target bait, with p-values <0.000001. To 

assess sequence diversity, Sanger sequencing was performed on all clones. The results of 

Sanger sequencing showed that full-length sequencing was completed only on half of the, 

most of which had an identical sequence, suggesting potential amplification bias during 

phage display. Thus, in this project, 60 monoclonal scFvs with a high binding affinity 

towards VISTA and minimal cross-reactivity towards control bait proteins was achieved. 

Sanger sequencing of these clones showed minimal diversity indicating an amplification 

bias during biopanning phage display. Further confirmatory and validation techniques are 

required to validate the functional activity of the scFv binders. Future efforts should focus 

on optimizing the biopanning phage display protocol to enhance target-specific library 

generation and minimize bias. 
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1.1. Development of tumours 

 
Tumour development is a multistep process involving multiple genetic and epigenetic 

changes that lead to aberrant monoclonal growth. A benign tumour is one that does not 

penetrate the tissues around it, whereas, a malignant tumour, or cancer, invades and 

spreads throughout the body by the lymphatic or circulatory system (Cooper 2000). For 

tumour cells to have a selective advantage in their survival and growth, these cells undergo 

eight hallmarks. These hallmarks include the ability to acquire new mutations, primarily by 

activating oncogenes and repressing tumour suppressor genes, evade death, 

reprogramming cellular metabolism, induce angiogenesis, prevent an immunological 

response, invade and metastasize (Hanahan 2022). 

Tumour cells are surrounded in a Tumour Microenvironment (TME) rich in activated stroma, 

Cancer-Associated Fibroblasts (CAFs), and inflammatory cells as shown in figure 1.1 

(Coussens & Werb 2010, Visser et al. 2005, Wiseman & Werb 2002). This environment 

plays a role in the genesis and metastatic spread of tumour as well as the disruption of 

homeostatic mechanisms related to tissue architecture (Baghban et al. 2020). 

Communication between tumour cells and TME is facilitated through direct contact or by 

the release of growth factors (Asif et al. 2021). Growth factors stimulate angiogenesis to 

develop blood and lymphatic vessels to nourish this complex environment (Ishii et al., 2003, 

Visser et al., 2005). Additionally, CAFs serve as the primary mediators for synthesis of 

Extracellular Matrix (ECM) proteins such as collagen and laminin. These proteins function 

as a physical scaffold to promote tumour dissemination (Baghban et al. 2020 and Zhu et 

al. 2015). 
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Figure 1.1: A schematic representation of the environment surrounding tumour cells. For the 
formation of TME, Tumour cells become surrounded with inflammatory cells, blood vessels and 
fibroblasts supported by the ECM. These cells aid in tumour progression and metastasis. 

 

 

1.2. Anti-tumorigenic immune response 

 
Initially immunosurveillance present in the TME interacts with tumour cells to initiate an 

anti-tumorigenic immune response (Marcus et al. 2014). Natural Killer cells (NK cells) are 

potent mediators as they can detect tumour cells without prior sensitization (Herberman 

et al. 1975) and directly lyse these cells by the release of cytotoxic granules such as 

perforin and granzyme b (Davis et al. 2001). In the TME, macrophages are differentiated 

into M1 macrophages to increase the expression of major histocompatibility complex-II 

(MHC-II), phagocytose malignant cells and secrete pro-inflammatory cytokines such as 

interleukin (IL)-23 and IL–2 to further activate an immune response (Aras & Zaidi 2017). 

Dendritic cells are present to act as critical tumour Antigen Presenting Cells (APCs) as they 

acquire antigens from apoptotic tumour cells or soluble antigens that have drained from 

tumour lymphatics to initiate T-cell priming and cause tumour cells to become infiltrated 
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with CD4+ 

and CD8+ T-cells (Broz et al. 2014, Fu et al. 2018, Roberts et al.2016). The action of these 

innate immune cells against tumour cells is depicted in figure 1.2. 

 

 

 
Figure 1.2: An illustration showing anti-tumorigenic immune cells in the TME. Mature dendritic 
cells and macrophages suppress tumour development by increasing the expression of MCH-II and 
secreting inflammatory cytokines. Natural killer cells can directly lyse tumour cells by the release of 
granzymes, perforin. 

 

 

1.3. T-cell response against tumour cells 

 
Tumours highly infiltrated with T-cells act as “hot” tumours and have better survival 

outcomes since T-cells have a crucial role in preventing tumour outgrowth (Dahlin et al. 

2011). The distinctive interaction of the T-cell receptor (TCR) with peptides attached to 

MHC (pMHC) on activated innate cells and tumour cells allows T-cells to detect altered or 

overexpressed tumour antigens. Cluster of Differentiation (CD)8+ T-cells bind to pMHC 

class-I expressed on nucleated cells to increase the cytotoxic activity of T-cells to directly 
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lyse tumour cells (Hanson et al. 2000). Alternatively, CD4+ T-cells bind to pMHC class-II 

expressed on APCs to undergo T-helper subtype differentiation (Gao & Jakobsen 2000). 

When T-cells differentiate into T helper 1 (Th1) subtypes, proinflammatory cytokines are 

released such as interferon-gamma IFN-γ to further activate the immune response 

(Sandick et al. 2003). The release of these proinflammatory cytokines along with a second co-

stimulatory signal are required for T-cells to differentiate into their effector subtype and 

infiltrate the TME to eliminate tumour cells (Chen & Flies 2013, Hwang et al. 2020) as 

illustrated in figure 1.3. below. 

 

 

 
Figure 1.3: T-cell Activation. For a complete T-cell activation, following the interaction between 
TCR and pMHC, a second signal is required between co-stimulatory molecules and their ligands for 
example CD28 and CD80 interaction along with the release of pro-inflammatory cytokines. 

 
 

 

Co-stimulatory molecules are spread throughout the surface of T-cells and following the 

interaction between MHC and TCR, the cytoskeleton is re-orientated to form an 

immunological synapse to sustain TCR activation and to facilitate and amplify signalling 

(Tskvitaria-Fuller et al. 2003). The immunological synapse consists of central 

Supramolecular Activation Clusters (cSMAC) which contains an abundance of TCRs bound 

to MHC to recruit signalling molecules that have a high affinity to their respective ligands 
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(Saito et al. 2010). Whereas the peripheral SMAC (pSMAC) contains integrins to aid in 

adhesion (Čemersk & Shaw 2006). Depending on the type of ligand-receptor interaction, 

different signalling pathways are initiated (Dower et al. 2000). 

On naive T-cells, CD28 is the major co-stimulatory signalling molecule that interacts with 

CD80/86 to activate the T-cell to migrate toward that specific antigen (Riha & Rudd 2010). 

The intracellular pathways involved in activated T-cells are incompletely defined however 

studies have shown that CD28 interaction with CD80/86 increases the Phosphoinositide 3- 

OH Kinase (PI3-K) which in turn activates Protein kinase B (AKT) to increase cytokine 

production such as IL-2 and aid in T-cell survival, proliferation and migration (Kane et al. 

2001, Woods et al. 2000). This signalling pathway can be observed in figure 1.4. 

 

 
Figure1.4: CD28 signalling pathway. Following CD28 interaction with CD80/86, CD28 stimulates 
P13K to upregulate PDK1 which in turn activates AKT. PDK1 + AKT phosphorylate and regulate 
multiple pathways including IL-2 and Nuclear Factor-κB (NF-κB). 

 
 

 

1.4. Immune evasion 

 
Following the elimination of tumour cells by immunosurveillance, some tumour subclones 

may acquire further mutations to escape the immune response. This causes tumour 
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development to be stalled and reach an equilibrium phase. However, selective pressure 

imposed by the immune system results in immunoediting to promote low immunogenic 

subclones with a high tumorigenic potential to continue to proliferate and induce T-cell 

tolerance (Shankaran et al 2001 & Schreiber et al. 2002). This subclone causes an 

outgrowth of tumour and eventually cancer. 

Tumour cells and its surrounding environment comprise various mechanisms that promote 

tumour proliferation while suppressing effector immune cells response. The acidic 

environment of tumours impairs the production of TCRs, secretion of cytokines and CD8+ 

cytolytic activity to induce a state of T-cell anergy in which the T-cell remains alive but 

functionally inactive. (Calcinotto et al. 2012). Due to the rapid proliferation of tumour cells, 

areas distal from vasculature are unable to have proper blood perfusion causing a hypoxic 

state (Goel et al. 2011). Tumour cells in these areas are better adapted to a limited supply 

of oxygen, nutrients and can promote further growth by stimulating angiogenesis (Vaupel 

et al. 2007). However, effector T-cells are less equipped to adapt to the hypoxic 

environment and instead immunosuppressive cells (Ostrand- Rosenberg et al. 2012) such 

as Regulatory T-cells (Tregs) (Facciabene et al. 2011) and Myeloid-Derived Suppressor Cells 

(MDSCs) (Corzo et al. 2010) start to accumulate. The immunosuppressive cells inhibit 

dendritic cell maturation, release of co-stimulatory factors and reduce the expression of 

MHC to prevent activation of CD8+ and CD4+ T-cells (Novitskiy et al. 2008). Cancer cells are 

further able to evade the immune response by directly releasing cytokines such as IL-10 

(Dennis et al. 2013) and prostaglandin E2 (Benefield et al. 1996) to prevent maturation of 

dendritic cells (Ma et al. 2013) and upregulate the expression of immune checkpoint 

ligands to suppress activation of effector T-cells (Dennis et al. 2013, Lao et al. 2022). 

Furthermore, macrophages differentiate into M2 macrophages to secrete anti-
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inflammatory cytokines such as IL-10 to inhibit T-cell activation (Qian et al. 2011). 

Macrophages may also express immune checkpoints such as programmed cell death ligand-

1 (PDL-1) to further suppress T-cell activation (Kuang et al. 2009). Lack of APC, effector T-

cells and an increase in inhibitory cells such as Tregs and MDSCs results in “cold” 

tumours which are associated with a poor prognosis (Tu et al. 2016). 

 

1.5. Immune checkpoints 

 
Immune checkpoints are co-inhibitory molecules present on the surface of APCs to regulate 

TCR signalling. Immune checkpoint expression is extremely dynamic, strictly controlled 

transcriptionally and post-transcriptionally, and greatly impacted by alterations in the 

environment (Liechtenstein et al. 2012). The type of co-inhibitory molecules and ligands 

present depend on changes within cellular activation, the tissue and cell type (Ravetech & 

Lainer 2000). 

Co-inhibitory molecules can fine-tune the immune response by acting as threshold 

receptors or as negative feedback receptors (Rumpert et al. 2020). Threshold receptors 

and their accompanying ligands are present prior to T-cell activation, thus for a T-cell to 

become completely activated, co-stimulatory receptors that send a signal greater than the 

threshold inhibitory signal are required (Rumpert et al. 2020). This is done to distinguish 

between mild disturbances and avoid an unnecessary immunological reaction. Following 

cell activation certain inhibitory receptors can be disinhibited to ensure a continuation of 

the immune response to clear any pathogen present more effectively (Rumpert et al. 2020). 

On the contrary, inhibitory receptors and the expression of Forkhead box p3 (Foxp3)+ T- 

cells are upregulated following T-cell activation to act as a negative feedback response to 
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prevent surrounding tissue damage and an autoimmune response due to an overactive 

immune system (Jordan et al. 2001, Schnell et al. 2020, Zhu et al. 2012). 

In 2012, Zhu et al. developed a tide model to explain the interaction between co-inhibitors 

and co-stimulators. This is initiated by the interaction between the TCR and the 

corresponding MHC molecule to trigger a cascade of signalling events that is only partially 

adequate to activate T-cells. The outcome and magnitude of the signalling cascade are 

determined by the spatiotemporal expression of antigen-independent interactions 

between T-cell co-stimulatory and co-inhibitory receptors and their associated ligands 

(Chen & Flies 2013). The outcome of the signalling cascade leads to either activation or 

differentiation of naive T-cells, deactivation of T-cells or a state of anergy (Zhu et al. 2012). 

Naive T-cells have an abundance of co-stimulatory receptors to induce activation and 

regulate cytokine production for T-cell differentiation into its helper or cytotoxic subtype. 

However, during peak immune response, co-inhibitors are often expressed along with co-

stimulators and the outcome of T-cell activation depends on the type of receptors and 

ligands present, the ligand-receptor interaction and the affinity of the opposing receptors 

(Ravetch & Lainer 2000). 

Some co-stimulators and co-inhibitors compete with one another to bind to the same 

ligands, for example, the Cytotoxic T-Lymphocyte Associated protein-4 (CTLA-4) co-

inhibitor is a homologue of CD28 and hence competes with CD28 to bind with CD80/86. The 

CD28 interaction with CD80/86 promotes T-cell proliferation and immune cell migration to 

that location. Contrarily, when CTLA-4 interacts with CD80/86, it suppresses subsequent T-

cell activation as shown in 1.5 below. When CD28 and CTLA-4 are both expressed on the 

same cell, they compete with one another for the same ligands' binding. If both are 

expressed, CTLA-4 outcompetes CD28 since it has a higher binding affinity for the ligands. 
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To further block the interaction with CD28, CTLA-4 may actively remove CD80/86 from 

APCs by trans-endocytosis (Pardoll 2015). 

 
 

 
Figure 1.5: Schematic representation of T-cell exhaustion. If Co-inhibitory receptors interact with 
their ligands following TCR-pMHC interaction as depicted by CTLA-4-CD80/86 interaction, the T- 
cell becomes exhausted and loses its ability to generate cytokines and proliferate. 

 

 
The role of co-signalling molecules is to tightly regulate the balance between eliminating 

pathogens and tumour cells while maintaining peripheral self-tolerance (Pardoll 2012). Co- 

inhibitory and co-stimulatory signaling mechanisms mutually regulate Tregs along with 

effector T-cells to maintain homeostasis. This mechanism of peripheral tolerance is present 

biologically to avoid excessive tissue damage due to the inflammatory response. On the 

contrary, in TME, there is an imbalance between the expression of co-inhibitors to co- 

stimulatory molecules to allow tumour cells to evade immune-mediated elimination. 

1.6. Overexpression of inhibitory molecules in TME 

 
Depending on the type of signalling pathway that these co-inhibitors generate, upregulation 
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of inhibitory molecules causes either T-cell exhaustion, anergy, or death. In the TME, T- 

cells progress from T-cells with co-stimulators capable of exhibiting effector function to 

partially exhausted T-cells, where T-cells begin to lose their ability to produce inflammatory 

cytokines such as IFN-γ. Finally, T-cells become fully exhausted which lack the ability to 

produce cytokines and proliferation (Wherry et al. 2003 & Zajac et al. 1998). This occurs 

due to the prolonged antigen stimulation from immunogenic tumour cells due to continual 

TCR and co-stimulatory engagement (Ahmadzadeh et al. 2009 & Schietinger et al. 2016). 

Furthermore, the presence of inflammatory cytokines such as IFN-α initially aids in control 

of tumour progression. Nonetheless continuous exposure causes T-cell exhaustion by 

inducing the production of inhibitory cytokines and inhibitory molecules such as IL-10 and 

CTLA-4 (Schietinger et al. 2016). 

T-cells become anergic when they develop a tolerance mechanism that inhibits them from 

being activated in the presence of tumour cells. This is achieved as cells surrounding 

tumours overexpress co-inhibitory molecules and express suboptimal co-stimulatory 

molecules to prevent activation in the presence of an antigen (Crespo et al. 2013). Certain 

inhibitory molecules, such as T-cell Immunoglobulin and Mucin-3 (TIM-3) and Programmed 

Death-1 (PD-1), cause the death of tumour-infiltrating T-cells when they interact with their 

respective ligands (Shi et al. 2010, Kang et al. 2015). 

1.7. Immune checkpoint inhibitors 

 
These dysfunctional T-cells still retain some residual function to target tumour cells and 

reversal into the activated form is currently being thoroughly studied as a potential 

immunotherapeutic treatment (Xiao et al. 2020). Immunotherapy which was pioneered by 

Dr William B. Coley in 1890 was developed by studying the mechanism of tumour evasion 
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(Jia et al. 2020). It is a form of treatment that stimulates the body’s immune system to 

recognize and respond to tumour associated antigens for degradation and to control 

tumour growth (Boyero et al. 2020). The overexpression of inhibitory molecules causing 

dysfunctional T-cells and an increase in Tregs can be targeted by a form of 

immunotherapeutic agent known as Immune Checkpoint Inhibitors (ICIs) (Sethi et al. 2013). 

The first immune checkpoint inhibitor licensed by the food and drug administration (FDA) 

was ipilimumab which consists of monoclonal antibodies targeting CTLA-4 shown in figure 

1.6 (Leach et al. 1996). Expression of CTLA-4 results in downregulation of CD4+ T- cells and 

an increase in the expression of FOXP3 to upregulate Tregs (Lenschow et al. 1996, Wing K. 

et al. 2008). Therefore, targeting this inhibitor in tumours results in inhibition of Treg 

dependent immunosuppression and enhances the antitumor immune response (Peggs et 

al.2009). These CTLA-4 inhibitors were first licensed for the treatment of metastatic 

melanoma (He et al. 2017) and studies on the effectiveness of ipilimumab in stage III and 

stage IV melanoma have shown that patients administered ipilimumab have the highest 

response rate and disease control rates in comparison to patients administered 

conventional treatment (Fellner 2012 & Schadendorf et al. 2015). Thus, ipilimumab has a 

great potential to improve the survival rate of patients with metastatic melanoma. 

 
Figure 1.6 The mechanism of action of anti-CTLA-4 therapy. The interaction between CTLA-4 
and CD80/86 results in deactivation of T-cells. However, monoclonal antibodies targeting CTLA-4 
allows the T-cell to be re-activated and initiate anti-tumour response. 
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Following the approval of ipilimumab other ICIs have been FDA-approved including 

pembrolizumab which target PD-1 in various tumours including classical Hodgkin’s 

lymphoma and non-small cell lung cancer (NSCLC) (Stewart 2021), and atezolizumab which 

target Programmed cell Death-Ligand1 (PD-L1) in liver cancer and lung cancer (National 

cancer institute 2022). Studies on administration of anti-PD-1 and anti-PD-L1 have also 

shown that the use of these ICIs have drastically increased the survival rate of high-grade 

tumours (Topalian et al. 2014, Lynch et al. 2012, Postow et al. 2015). 

1.8. Statement of the problem 

 
During treatment with ICIs, patients may develop immune-related Adverse Events (irAEs) 

that have the potential to cause a severe reaction. These irAEs include nausea, diarrhoea, 

gastrointestinal disorders, abdominal pain and hypothyroidism and a small subset of 

patients also experience grade III or grade IV drug-related adverse events. In anti-PD-1/PD- 

L1 treatment, low grade generalised symptoms were reported in 95% of patients whereas 

6% experienced irAEs of a severe grade (Hamid et al. 2013). 

There are various causes of these adverse events which may be due to an imbalance in 

immunologic homeostasis following treatment, which result in a lack of T-cell tolerance 

(Postow et al. 2018). This is because therapeutic antibodies can target immune checkpoints 

expressed on normal tissue to trigger an inflammatory response (Baban et al. 2015). Since 

tumour cells may express antigens corresponding to antigens present on normal tissue, 

the immune response against tumour cells may cross-react and target normal tissue (Byrne 

& Fisher 2017) and lastly ICIs may also upregulate the levels of autoantibodies present 

prior to treatment (Kimbara et al. 2018). 

Even though most patients experience some form irAEs, only a small subset of patients 
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respond to ICIs. Approximately, 15-30% of patients with solid tumours respond to 

treatment with other individuals either having primary resistance towards the treatment 

or relapse after the initial response to form acquired resistance. The cause of resistance 

towards ICIs are highly complex and not completely understood however certain 

mechanisms have been characterised. 

Resistance to ICIs may be caused by the immune inhibitory environment of tumours 

containing an increased level of inhibitory cells such as MDSCs, Tregs, inhibitory cytokines 

and various co-inhibitory receptors not targeted by the treatment. Resistance may confer 

in tumours with a low tumour mutational burden (TMB) and neoantigen expression as they 

prevent T-cell recognition of tumour specific antigens (Rizvi et al. 2015). Alterations in 

genes involved in the antigen-presenting machinery cause immunoresistance. These 

include defects in genes expressing the MHC molecules such as deletions in the beta-2- 

microglobulin protein which prevent proper folding of the MHC-I molecule. This would 

result in tumour cells being unable to present antigens on their surface and impair 

the CD8+ T-cells from causing its cytotoxic function (Restifo et al. 1996). Defects in T-cells 

effector pathways such as loss of Janus Kinase 1 and 2 (JAK1/JAK2) genes confer resistance 

to anti-PD-1 therapy. These defects prevent the transcription of genes involved in anti- 

tumour activity from being activated (Shin et al, 2016). 

Immunoresistance is also affected by oncogenic signalling pathways. Loss of Phosphatase 

and Tensin Homolog (PTEN) tumour suppressor genes during tumour development are 

associated with anti-PD-1 resistance. This is because the PTEN pathway dampens 

Phosphoinositide 3-Kinase (PI3K) signalling which is critical for cell survival and 

proliferation. Loss of PTEN pathway is associated with upregulation of PI3K signalling along 

with overexpression of CC motif chemokine ligand 2 (CCL2) and Vascular Endothelial 
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Growth Factor (VEGF) which are inhibitory cytokines of T-cells (Peng et al. 2016). Certain 

transcriptomic changes known as Innate anti-PD-1 Resistance (IPRES) also confer 

resistance in patients administered anti-PD-1. These include genes involved in 

angiogenesis, ECM remodeling, adhesion of cells, mesenchymal transition and wound 

healing that are found overexpressed in patients of different tumour types not responding 

to anti-PD-1 treatment (Hugo et al. 2016). 

1.9. Improving the effectiveness of ICIs 

 
To improve the efficacy of ICIs, predictive biomarkers may be investigated prior to 

treatment. This is due to the variability of each tumour, which makes it difficult to 

determine the response rate of an individual towards treatment. As predictive biomarkers 

for anti-PD-1/PD-L1 therapy, the National Comprehensive Cancer Network (NCCN) advises 

assessing PD-1 and PD-L1 expression as anti-PD-1/PD-L1 therapy is associated with a 

greater response when more than 10% of cancer cells express PD-L1. As a matter of fact, 

in cases of NSCLCs, pembrolizumab can be used as a primary treatment in patients that 

have over 50% of the proportion of PD-L1 positive cancer cells over total tumour cells since 

this treatment has the highest rate of progression-free survival (Herbst et al., 2016). 

Analysis of Tumour Mutational Burden (TMB) as a companion predictive biomarker can be 

performed as it has been linked to a better overall survival benefit (Fuchs et al. 2022). 

Investigating genetic variations in signalling pathways which can either improve or reduce 

efficacy can be performed. For example, microsatellite instability (MSI), which is brought 

on by genetic changes in the Deoxyribonucleic Acid (DNA) mismatch repair pathway, 

increases the amount of neoantigens presented to CD8+ T lymphocytes. Thus, their 

presence in tumours has been associated with a higher response rate and overall survival 
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benefit in patients receiving nivolumab and ipilimumab (Overman et al. 2018). 

Immune status in the TME can be investigated. The adaptive immune response in TME can 

be categorised as inflamed, immune-excluded and immune-desert phenotypes (Galli et al. 

2020). The immune-excluded phenotype arises when TME prevents the release of 

chemokines that stimulate T-cell recruitment and form physical barriers to surround the 

TME. Soluble molecules such as VEGF drive the formation of dense collagen fibers to form 

a physical barrier which contains an increased fibre mass to surround the TME to prevent 

any immune cells from entering the area. This results in a high cluster of immune cells 

surrounding the tumour area (Kather et al. in 2018). Immune desert phenotype results 

from the increase of Tregs, macrophages and MDSC which inhibit T-cell proliferation and 

activation. (Kather et al. 2018 & Galli et al. 2020). Their presence prevents the infiltration 

of the CD4+ and CD8+ T-cells from surrounding and infiltrating the TME (Kather et al. 2018). 

The third type of phenotype is the inflamed type. In the inflamed type, the TME is 

infiltrated with CD4+ and CD8+ T-cells that can recognize these neoantigens. This type of 

environment promotes the highest response with ICI treatment (Gajewski et al. in 

2017). 

In recent years, cancer immunotherapy has significantly developed, and it is being 

recognized as a key feature in the control of tumour progression (Qin et al. 2019). The use 

of ICI can be administered in conjunction with radiotherapy and chemotherapy. 

Radiotherapy in combination with ICIs has been shown to act synergistically by increasing 

the presentation of tumour antigens, T-cell activation and stimulates the Interferon (IFN) 

genes to facilitate the adaptive immune response. Combinatory radiotherapy and 

immunotherapy may increase the likelihood of radiation mediated and immune mediated 

adverse events (Bang & Schoenfield 2019). In some cancer types, chemotherapy used in 
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conjunction with ICI is the standard of care. These work in tandem to improve the response 

rate since chemotherapy aids to transform cancer types that lack CD4+ and CD8+ T-cell 

infiltration into those that can be infiltrated by these immune cells (Galluzzi et al. 2020). 

Nonetheless, a single immunotherapeutic agent is not suitable to treat all individuals with 

the same tumour type or all tumours present. Therefore, combinatory ICI therapy is 

generally preferred as it has an increased likelihood of targeting diverse tumour cells and 

its environment for destruction while preventing resistance (Tan et al 2020). Thus, other 

ICIs that target different co-inhibitory molecules than those FDA approved and have a 

lower incidence of irAE are currently being investigated (Qin et al. 2019). In this study 

antibodies targeting V-domain immunoglobulin suppressor of T-cell activation (VISTA) and 

PD-L1 immune checkpoints will be generated. 

1.10. VISTA 

 
VISTA is a relatively novel co-inhibitory molecule which forms part of the B7-butyrophilin 

family. VISTA is coded by the VISR gene found on the reverse strand of chromosome 10 in 

humans whereas in mice it is found on the forward strand of the same chromosome. It is 

highly conserved as it shares 85.6% sequence similarity between human and mouse VISTA 

(Flies et al. 2011). It is mainly expressed on haematopoietic cells most commonly on the, 

FOXP3+ Tregs, CD11+ myeloid-derived cells, dendritic cells and to a lesser extent on the 

CD4+/CD8+ T-cells and neutrophils (Wang et al. 2011). VISTA was also found to be highly 

expressed on tissue of the brain, thyroid and stomach (Wang et al. 2020). VISTA is 

composed of a type 1 transmembrane protein having an Immunoglobulin variable (IgV) 

region, stalk segment and a cytoplasmic tail containing a conserved Src homology 2 (SH2) 

binding motif and a C-terminal SH3 binding domains which are required for the 
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downstream signaling pathway (Yuan et al.2021). Studies on the structure of VISTA by 

Slater et al. 2020 has found that this molecule contains an abundance of highly conserved 

histidine residues which form 3 histidine clusters in the extracellular domain. The function 

of the clustered histidine residues is still mainly undetermined, but these form an FG loop 

that corresponds with the CDR3 region of the TCR. In addition, these clusters are required 

to determine the binding affinity to its corresponding antigen. 

VISTA acts both as a ligand on APCs and a receptor on naive T-cells as its cytoplasmic tail 

contains two protein kinase C binding sites to signal VISTA-expressing cells as well as 

proline residues that can serve as docking sites (Flies et al. 2011). The role of VISTA as a 

ligand was demonstrated on lymphoma cells expressing VISTA which were interacting with 

an unidentified receptor on T-cells to inhibit T-cell proliferation and cytokine production 

(Wang et al. 2011). VISTA exhibits its inhibitory effect to induce T-cell tolerance through 

various pathways that are still mainly undetermined however VISTA was shown to induce 

Tregs production and prevent T-cell priming (Flies et al. 2015). 

A study done by ElTanbouly et al. 2020 showed that when compared to wild type mice, 

VISTA deficient mice exhibited an increase in activated CD4+ T-cells. Furthermore, single- 

cell RNA sequencing performed on wild type and VISTA deficient mice revealed that wild 

type mice upregulated inhibitory genes such as Kruppel like factor 2 (KLF2), B-cell 

translocation gene (Btg)1 and Btg2 (ElTanbouly et al. 2020). The KLF2 is expressed in T-

cells to prevent proliferation and protein synthesis and maintain T-cell quiescence (Leiden 

et al. 2001) whereas btg genes have a role to increase T-cell activation threshold by 

downregulating CD3 signalling to further inhibit T-cell proliferation (Boussiotis et al. 2001). 

Mice with VISTA deficiency had an increased expression of KLF3, T-cell factor7 (Tcf7), B- 

cell lymphoma 2 (Bcl2) and interleukin 7 receptor (Il7r). The KLF3 functions as a KFL2 and 
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KFL4 agonist whereas Tcf7 interacts with Bcl-6 to promote T-cell proliferation and to 

generate memory T-cells (Liu et al. 2019). The Il7r and Bcl2 also aid to promote T-cell 

survival by upregulating anti-apoptotic proteins (Lefrançois et al. 2000). Additionally, there 

was an increased expression of signalling lymphocyte activation molecules 6 (Slamf6) and 

IFN-γ receptor 1 (Ifngr1) to increase the expression of co-stimulatory receptors along with 

an upregulation of actin genes and Calponin 2 (Cnn2) to maintain the immunological 

synapse (ElTanbouly et al. 2020). 

Wang et al. in 2019 discovered a ligand, the V‐Set and Immunoglobulin domain containing 

3 (VSIG‐3) that can interact with VISTA. They confirmed this by using small interfering RNA 

(siRNA) to create CD3+ cells that expressed various quantities of VISTA receptors. They 

discovered that the quantity of VISTA expression on the CD3+ cells correlated with the 

inhibitory effect created by the VSIG-3. The IgSF family member VSIG-3 is a co-inhibitory 

ligand that can prevent the release of cytokines like CCL5, CCL3, CXCL-11, IL-2, IL-17, and 

IFN-ϒ to stop T-cell proliferation and to prevent the infiltration of Th1 subtype into the TME. 

The VSIG-3 is reported to be upregulated in gastric and hepatocellular carcinomas (Wang 

et al. 2017). 

Furthermore, Johnston et al. 2019 hypothesised that VISTA binds with a stronger affinity 

to other counter-receptors at an acidic environment such as TME. This study revealed that 

at an acidic-pH, P-selectin glycoprotein ligand-1 (PSGL-1) receptor binds with VISTA. The 

PSGL-1 exhibits its co-inhibitory effect by releasing cytokines such as IL-10, Transforming 

Growth Factor-β (TGF-β) and 2,3-dioxygenase (IDO) to stimulate the production of Tregs 

(Urzainqui et al. 2007). This study further investigated the pH selective binding between 

the PSG-L1 and the VSIG-3 and found that there was no specific binding between these two 
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molecules in the cell-based assays. Therefore, VSIG-3 and the PSGL-1 do not compete to 

bind with VISTA. Recently VISTA was also shown to interact with the ligand; galectin-9. The 

interaction between VISTA and galectin-9 prevents the release of granzyme B from T- cells 

and activates caspase-3 pro-apoptotic pathway to induce T-cell apoptosis (Yasinska et al. 

2020). The interaction between VISTA and its inhibitory ligands can be observed in figure 

1.7 below. 

 

 

 
 
Figure 1.7: The interaction of VISTA with its respective receptor and ligands. VISTA functions 
as a receptor for VSIG-3 and galectin-9 as well as a ligand for PSGL-1. Illustration adapted from 
Yum & Hong 2021. 

 

VISTA is a homologue to programmed cell death ligand-1 (PD-L1) and to a lesser extent to 

PD-1. A blast sequence done by Altschul et al. 1990 found that VISTA has a sequence 

identity of 24% with PD-L1, which was further confirmed computationally by analysing the 

IgV domain of all other known structures. VISTA was also found to have some sequence 

similarities to PD-1 during a National Center for Biotechnology Information (NCBI) 

database search on the similarity of IgV regions to known co-signalling molecules, Flies et 

al. 2011 found that VISTA had similarities with CD28 and B7 families however full-length 

VISTA and PD-1 had several identical residues in the IgV domain. Hence following this 
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study, VISTA was also referred as PD-1 homologue (PD- 1H). 

VISTA is overexpressed on various tumours including ovarian, NSCLC, prostate and 

melanoma (ElTanbouly et al. 2019). In gastric tumours VISTA is expressed mainly on the 

infiltrating immune cells with only a small subset of gastric tumours having VISTA 

expressed in the cytoplasm. The expression of VISTA is strongly associated with PD-L1 

expression, and these inhibitors are upregulated on a subgroup of gastric tumours (Böger 

et al. 2017). Hence, targeting both VISTA and PD-L1 in this gastric tumour subgroup may 

have a synergistic treatment effect. Furthermore, other studies on different tumours have 

also found that VISTA and PD-L1 expression are strongly associated. A study performed by 

Gao et al. 2017 showed that VISTA, PD-L1 and PD-1 were upregulated following ipilimumab 

treatment in metastatic prostate cancer on CD4+, CD8+ T-cells and macrophages. The 

expression of these inhibitors reduced IFN-ϒ and TNF-α production. Overexpression of 

VISTA following anti-PD-1 therapy may be a mechanism of acquired resistance in 

endometrial and ovarian tumours therefore, the use of anti-VISTA following anti-PD-1 

resistance can be done to activate the anti-tumour response (Mulati et al. 2019). 

 

1.11. The interaction of PD-L1 with PD-1 

 
PD-L1 is a protein receptor coded by the CD274 gene present on chromosome 9. It is 

composed of 2 extracellular domains made up of Immunoglobulin constant (IgC)-like 

domain and IgV-like domain along with a transmembrane and cytoplasmic domain 

(Akinleye & Rasool 2019). This is upregulated after stimulation by IFNs mainly mediated 

by the MEK/ Extracellular signal Regulated Kinase (ERK) dependent pathway and 

MyD88/TRAF6-dependent pathway (Liu et al. 2007). It is biologically expressed on T-cells, 
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B-cells, certain APCs including dendritic cells, macrophages, mast cells derived from bone 

marrow (Yamazaki et al. 2002) and on tissue such as the heart, lung and kidney to limit an 

autoimmune reaction towards this tissue (Freeman et al. 2000). However, it has been 

shown to be overexpressed on different types of solid tumour cells including tumours of 

kidney, pancreas, uterus, skeletal muscle and colon (Chen et al. 2002) and certain chronic 

infections to evade an immune response by reducing TCR and CD28 signalling, reducing 

cytokine production and inhibiting T-cell proliferation and survival (Sheppard et al. 2004, 

Hui et al. 2017). Overexpression of PD-L1 is associated with a poor overall survival rate 

(Hino et al. 2010, Thompson et al. 2006) because tumours expressing PD-L1 act as 

oncogenes promoting tumour development and metastasis. PD-L1 can interact with PD-1 

and given that PD-1/PD-L1 pathway has an active role on tumour cells and its surrounding 

environment, ICIs targeting this interaction have a great potential to mediate an antitumor 

immune response. 

PD-1 is a type I transmembrane protein made up of an immunoglobulin domain, a 

transmembrane domain and an intracellular domain containing a Tyrosine-based 

Inhibitory Motif (ITIM) and a Tyrosine-based Switch Motif (ITSM) immunoreceptors found 

on the Pdcd1 gene on chromosome 2 in humans. PD-1 forms part of the CD28 family and 

acts as an immune checkpoint on activated T-cells, B cells and on other APCs such as 

myeloid cells and dendritic cells. However, their function on APCs is yet to be determined 

(Keir et al. 2008). 

The mechanism of action on how PD-1 can exert its inhibitory effect is not completely 

understood however different inhibitory pathways have been proposed to be initiated by 

PD-1. PD-1 effect can be TCR-dependent where a low TCR stimulation promotes inhibition 
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by PD-1 whereas an increase in TCR or CD28 signalling can circumvent the inhibitory signals 

of PD-1 (Freeman et al. 2000). In the immunological synapse, PD-1 is phosphorylated once 

it binds with the ligand. Following this, SH-2 domain containing tyrosine phosphatase-2 

(SHP-2) and possibly SHP-1 interacts with ITIM and ITISM motifs to dephosphorylate 

signalling pathways such as mammalian target of rapamycin (mTOR) and RAS-ERK 

pathways. In addition, it upregulates the PTEN pathway to antagonise PI3K and reduce 

antigen receptor signalling of CD3 and CD28. PD-1 inhibitory signalling pathway is depicted 

in figure 1.8 below. 

 
 

 
Figure 1.8: PD-1 signalling in T-cells. For PD-1 to exert its function, SHP2 phosphorylates the 
ITSM domain in the PD-1 tail. This phosphorylation results in inhibition of TCR signalling and its 
signalling pathways including P13K-AKT and RAS pathways to reduce the activation of transcription 

factors NF-κB and Nuclear Factor of Activated T-cells (NFAT). This phosphorylation also results in 

increased expression of BATF to further inhibit the expression of transcription factors. Adapted from 
Sharpe et al. 2017. 

 

PD-L1 has the ability of reverse signalling. This occurs when PD-L1 expressed on dendritic 

cells interact with PD-1 to inhibit dendritic cell activation and upregulate IL-10 and IDO 
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production (Kuipers et al.2006). PD-1 increases the expression of basic leucine zipper 

transcriptional factor ATF-like (BATF) to suppress the expression of Transcription factors 

such as FOX 01, IFN and Nuclear Factor of Activated T-cells (NFAT). This also induces further 

PD-1 production on T-cells in TME causing T-cells to be highly expressed with PD-1 (Staron 

et al. 2014). 

The FDA has approved 6 ICIs targeting the PD-1/PD-L1 pathway: pembrolizumab, 

nivolumab and cemiplimab for PD-1 and atezolizumab, avelumab and durvalumab to 

target PD-L1. Pembrolizumab and nivolumab were approved for the treatment of 

melanoma whereas cempilimab was approved for the treatment of cutaneous squamous 

cell carcinoma. Atezolizumab was developed to target urothelial carcinoma and NSCLC 

whereas durvalumab was approved to be administered in unresectable NSCLC following 

chemoradiation and urothelial carcinoma. Avelumab was approved to target metastatic 

merkel cell carcinoma (Ai et al. 2020). Treatment with these ICIs has been shown to 

considerably increase overall survival, which can vary from 13.8 months to 36.9 months, 

which is significantly longer than previous standard chemotherapy, which ranged from 5.3 

months to 18.4 months (Ardizzoni et al. 2022, Averbuch et al. 2023, Garon et al. 2019, 

Sandru et al. 2014, Sezer et al. 2021, Wolchok et al. 2022, Wolf et al. 2023). 

1.12. Biopanning phage display technique 

 
In this project, monoclonal single chain variable Fragment (scFv) part of antibodies will be 

generated to target VISTA and its homologue PD-L1 using the biopanning phage display 

technique. The Phage Display technique involves expressing several scFv antibodies on the 

surface of M13 phages. This is accomplished using modified M13 phages that can fuse 

short protein DNA sequences to the N-terminus of the minor coat protein PIII, allowing the 
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scFv to be expressed on the surface fused with the PIII protein. This fused protein can 

interact with the F-pilus of the bacteria that is infected by the phage (Ph.D. Phage Display 

Libraries n.d). The library of bacteriophages will be used to competitively bind to a target 

immobilized on a solid surface by the biopanning technique. The unbound phages will be 

washed off whereas the bound phages will be eluted. A schematic representation of 

biopanning phage display technique can be observed in figure 1.9. This cycle will be 

repeated four times for amplification so only the phages that contain proteins with a high 

affinity towards the target are selected. (Bazan et al 2012). 

 

 
Figure 1.9: Schematic representation of the biopanning phage display technique. Canine scFv 
antibodies will be extracted and expressed on the surface of M13 phages. These phages will 
compete to bind to the respective targets; VISTA and PD-L1. The bound phages will be eluted and 
amplified and used  for the subsequent round.  

 

1.13. Aims & objectives 
 

The main aims and objectives of this project will be to generate two monoclonal scFv 

antibody libraries that will respectively have a strong affinity towards VISTA and PD-L1. 

These will be generated from two polyclonal libraries that have undergone 4 rounds of 

biopanning phage display technique to produce phages which have a high affinity towards 
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their respective targets. Binding analysis of the phage pools following each round will be 

assessed using Enzyme-Linked Immunosorbent Assay (ELISA). In addition, 30 monoclines 

from each library will be picked at random to assess the affinity against their target protein 

and unrelated proteins using ELISA. Following this, the scFv amino acid sequence of each 

monoclone will also be analysed by Sanger sequencing. This will be done to determine 

which clones have the highest affinity towards VISTA and PD-L1 and are ultimately ideal as 

immune checkpoint targets. 
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Ethics approval 

 
• This research project was acknowledged by the Faculty of Health Science Research 

Ethics Committee (Frec) and has a unique application ID of FHS-2022-00428 

 

2.1.1. Biopanning phage display 

 
The research was carried out at the Centre for Molecular Medicine and Biobanking using a 

Class 2 laminar flow hood. The scFv phage library for biopanning was kindly provided by 

the International Centre for Cancer Vaccine Sciences (ICCVS). This library was made up of 

various combinations of antibody kappa or lambda light chains with heavy chains ligated 

with the pIII protein of phagemid vectors. These engineered phagemids transfected E.coli 

and with the aid of helper phages produced a pool of M13 phages, which can bind to a vast 

range of antigens with a high binding affinity (Bashir & Paeshuyse 2020, Liu et al. 2024). 

The procedure for biopanning was carried out following our in-house standard operating 

procedure based on Ph.D. Phage Display Biopanning Manual of New England Biolabs. 

Four rounds of biopanning were performed against PD-L1, VISTA and a non-protein control 

(NPC) to ensure that there was no non-specific binding. Successful biopanning against 

VISTA had previously been performed (Spiteri 2022) thus biopanning of VISTA during this 

project was done as a positive control. However, for this biopanning a different protein tag 

was utilised as the VISTA bait protein for Spiteri 2022 project was a chimera protein 

containing an FC region to bind with protein G paramagnetic beads. Protein G originate 

from streptococcal species, and although it has a strong affinity towards the Fc region of 

immunoglobulins, it has also been found to bind weakly with the Fragment antigen-binding 

(Fab) region of immunoglobulins. Certain strains may interact with serum albumin 
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(Boström et al. 2011). Thus, for this project, the proteins were fused with a poly-histidine 

tag (HT) which was specifically designed for protein purification to elute proteins by binding 

with transition metals present on the dynabeads (Malhotra A. 2009). The VISTA and PD-L1 

bait proteins with a stock concentration of 100µg/mL [Sino Biological, Bejing, China] 

contained a HT on the C-terminus. These have a high affinity towards nitrilotriacetic acid 

(NTA)-cobalt based ligands present on superparamagnetic beads (Co-NTA MagBeads) 

[Thermo Fisher Scientific Inc., Waltham, Massachusetts, U.S.A]. Superparamagnetic beads 

were used as Spiteri & Grima 2022 undergraduate projects showed that bead-bound 

immobilisation was found to generate higher affinity antibodies when compared to 

proteins immobilised on an ELISA plate. 

For biopanning phage display, VISTA and PD-L1 target proteins fused with a HT were 

diluted 1:10 to create a working concentration of 10μg/mL. These were respectively 

immobilised on Co-NTA Magbeads with a working concentration of 4mg/mL to act as baits. 

Immobilisation was achieved through the interaction between the polyhistidine residues 

of the HT and the cobalt ions chelated to the NTA on the Magbead surface. These bait 

proteins were incubated with Co-NTA MagBeads for 30 minutes with rotation. To block 

non-specific binding sites, the bead-protein complexes were incubated for 1 hour with 150 

μL of blocking buffer containing 3% Bovine Serum Albumin (BSA) [Sigma Aldrich, Missouri, 

USA] and 0.1% Tween 20 in PBS. For the first round, the scFv library, with a titre of 10¹² 

PFU/mL and a diversity of 1 × 10⁹ (Lisowska et al., 2025), was diluted 1:75 in blocking 

buffer. This dilution was calculated to represent approximately two copies of each clone, 

assuming equal representation. The diluted library was then incubated with the different 

bait proteins and the NPC for 1 hour with gentle rotation. The bound phages were captured 

using a magnetic separation rack that attracts the Co-NTA Magbeads. Elution of the bound 
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phages was performed by incubating with 150µl of 100mM triethylamine (TEA) solution 

with a pH of 11.3 for 10 minutes with rotation. The eluate was transferred to fresh low 

retention tubes and neutralised using 1M TRIS with a pH of 6.8 and these were stored at 

4oC. 

 

 
Figure 2.1: Schematic representation of biopanning phage display technique. Initially the PD- 
L1 protein was immobilised onto paramagnetic beads and the phages competed with each other to 
bind to PD-L1. The bound phages were eluted and amplified and used for the subsequent rounds. 

 

2.1.2. Mid-log phase of the liquid culture 

 
Amplification of phage eluates was performed by culturing mid-log phase E.coli ER2738 

which are Tetracycline (Tet) resistant. Mid-log phase E.coli were required as adsorption of 

the bacteriophage to the bacteria occurs through the F-pilus which is broken down during 

the stationary phase of E.coli. (Ready-To-Use Phage Display Library Manual n.d. & Nilsson 

et al. 2000). 

To culture mid-log phase E.coli, initially a primary plate was prepared by streaking E.coli 

ER2738 on Luria-Bertani Agar containing 100mg/mL Tetracycline (Tet LB agar) using the 
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Streak Plate Method illustrated in figure 2.2. The Streak Plate Method was achieved by 

spreading 10μL of the E.coli ER2738 to streak 1⁄4 of the plate using back and forth motion 

(Sanders 2012). The streaks produced on the 1st quadrant acted as the pool. The side of a 

new loop was used to spread the inoculum from the area that was streaked last to the 

adjacent quarter of the plate, streaking in the same motion as the pool. The same 

technique was used to streak the 3rd quarter; 4th quarter and the center of the plate 

(Sanders 2012). The streaked plate was incubated overnight at 37oC. 

 

 
Figure 2.2: The Streak Plate Method. A sterile loop was used to streak the culture plates in a back- 
and-forth motion to streak 1/4th of the plate. This inoculum was spread in the same motion on the 
adjacent quarter and this was repeated to streak all 4 quarters of the plate. This streaked plate was 
incubated at 37°C overnight and the following day single colonies were picked to inoculate the LB 
broth. 

 

A single colony grown on the primary plate was used as a source of fresh colony to 

inoculate 25mLs of LB broth containing 100mg/mL Tet (Tet LB broth). This was incubated 

for 16 hours at 220rpm (Ready-To-Use Phage Display Library Manual n.d.). Following this, 

250µL of the incubated liquid culture was transferred into 25mLs of fresh Tet LB broth and 

incubated at 37oC at 250rpm. After a 1.5-hour incubation, the Optical Density (OD) of the 

culture was checked using a spectrophotometer set with LD600 [Eppendorf, Hamburg, 

Germany] as mid-log phase culture produces an OD reading between 0.4-0.6 (Ready-To- 
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Use Phage Display Library Manual n.d.). Prior to testing OD reading of the culture, the 

blank was set up using Tet LB broth only. If the OD reading was lower than 0.4, the broth 

was re-incubated, and the OD reading was checked at 15-minute or 30-minute intervals. 

Once the liquid culture reached the required OD reading it was immediately chilled at 4oC. 

2.1.3. Amplification of phage eluates 

 
To amplify the phage eluate produced from biopanning explained in 2.1.1, 90µL of the 

neutralised eluate was added to 1mL of mid-log phase culture and incubated for 15 

minutes at 37oC. The M13 phages used during biopanning carry the ampicillin resistance 

gene. Thus, to ensure that only E.coli infected with M13 phages are amplified, the 

neutralised phage eluate with mid-log phase culture is diluted in LB broth containing 

100mg/mL of ampicillin (amp LB broth). These were incubated at 37oC for 1.5 hours while 

shaking at 250rpm. Helper phages M13KO7 which were made in-house with a stock 

titre of 6.9x1012 PFU/mL were then added to the culture and incubated further at 37oC for 

1.5 hours while shaking at 250rpm. 

Helper phages were required as the phages only insert phagemid vectors containing the 

scFv-G3P fusion protein and the phage origin of replication to synthesise single stranded 

DNA (ssDNA). This ssDNA can be assembled into phages in the presence of helper phages 

as they provide the complete M13 genome to synthesise coat proteins and enzymes 

required to produce phages incorporated with phagemid DNA (Hoy 2013, Ledsgaard et al. 

2018). The helper phages added also contain kanamycin (kan) resistance gene thus to 

select only the culture cells superinfected with helper phages, 50mg/mL of Kan was added, 

and the culture was incubated overnight at 30oC while shaking at 250rpm. 
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Figure 2.3: Assembly of Phages displaying the scFv protein. The eluted phages insert phagemid 
vectors which do not contain the whole M13 genome thus M13KO7 helper phages were added 
containing the whole M13 genome to synthesise structural and functional proteins required to 
convert the amplified phagemids into phages. 

 

 

2.1.4. Precipitation of phage eluates 

 
The following day, the mid-log phase culture with phage eluate and helper phages were 

centrifuged at 4000rpm for 10 minutes. The supernatant was transferred to clean falcon 

tubes and sterile 20% Polyethylene glycol with 2.5M Sodium chloride (PEG/NaCl) [Thermo 

Fisher Scientific Inc., Waltham, Massachusetts, U.S.A.] was added to the supernatant of 

the centrifuged sample. These were incubated on ice for 2 hours to precipitate the phages. 

PEG is an inert hygroscopic polymer that effectively precipitates phages following 

centrifugation (Fahie-Wilson & Halsall, Yamamoto & Alberts). Centrifugation was done 

twice at 4000rpm for 20 minutes at 4oC, removing the supernatant after each 

centrifugation. The phage pellet was resuspended in 200µL of sterile PBS and centrifuged 

at 4oC at 10,000rpm for 10 minutes. The supernatant of this centrifuged sample contained 

the purified phages, and these were transferred to low retention tubes and stored at 4oC. 

For long term storage, sterile glycerol [Thermo Fisher Scientific Inc., Waltham, 



34  

Massachusetts, U.S.A.] was added to produce 50% glycerol stocks which were stored at - 

20oC. 

2.1.5. Subsequent rounds 

 
This biopanning, amplification and precipitation procedure was repeated three times. 

However, for the subsequent rounds a 1:30 dilution of the enriched scFv elute from the 

previous round was used instead of the 1:75 dilution of the scFv library to further enrich 

the pool towards the bait proteins. 

2.1.6.  Phage titration 

 
To ensure there was no contamination, and a high phage titre was produced following each 

biopanning round, phage titration on the eluate was performed. Phage titration was 

initially done by preparing ten-fold serial dilutions of the enriched phages as can be 

observed in the table 2.1. below. 
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Table 2.1: Titres of the phage library stock solution. Dilution of the 102 was prepared by adding 2μl of the 
phage library in 198μl of LB broth. Serial dilutions of 109-1011 were done by transferring 20μl of the previous 
dilution into another microfuge tube containing 180μl LB broth. 

 

From 109- 1011 phage dilutions, 100μl were respectively transferred to a separate labelled 

microfuge tube. From the Tet LB broth containing the mid-log phase E.coli, 100μL were 

transferred into the respective tubes containing the 109-1011 phage library dilutions. These 

were incubated together for 5 minutes to allow enough time for a single bacteriophage to 

infect a single E.coli cell. After 5-minute incubation, the bacteriophages mixed with the 

E.coli were immediately spread by a ‘hockey stick’ on amp LB agar plates. The inoculum on 

the amp LB agar plates were allowed to dry with the lid slightly ajar and after drying they 

were incubated at 37oC overnight. The following day, the culture plates were observed and 

the phage dilution that had between 30-300 colonies was used to calculate the colony 

forming unit (CFU)/mL which was equivalent to titre of the phages (Ready-To-Use Phage 

Display Library Manual n.d.). The equation to measure the CFU/mL is expressed below; 

Colony forming units (CFU)/mL = (number of colonies X dilution factor)/ (0.5 X 0.1mL) 
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Figure 2.4: Schematic representation of phage titration. A ten-fold serial dilution was prepared 
of the enriched phages and E.coli were added to the 109 -1011 phage library dilutions. These were 
allowed to incubate for 5 minutes and following this they were evenly spread onto amp Lb agar 
plates and incubated overnight at 37oC. 

 

2.1.7. Sterility 

 
It was made sure that during culturing and titering, sterility was maintained to prevent 

contamination of the bacteria from environmental sources. This was done by wearing 

disposable gloves and frequently washing hands with soap and water or disinfecting them 

by using 70% ethanol. Sterile materials such as sterile loops, sterile conical flasks or sterile 

pipette tips were used to come in contact with the cultures (Coté 1998) which were either 

autoclaved or discarded in a biohazard bag after single-use. The work was conducted in a 

laminar flow cabinet and before use, the area was sprayed with 70% ethanol. A laminar- 

flow cabinet was used as it provides a physical barrier to prevent contamination of the 

culture used. The horizontal laminar flow of air in the cabinet directs air from the hood and 

expels it out into the room to prevent any aerosols that may contaminate the culture 

present (Coté 1998). Following its use of the laminar flow cabinet, Ultraviolet (UV) light was 
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switched on for 15-20 minutes to sterilise the area. When handling phages and E.coli, 

filtered pipette tips were used to prevent any aerosols and contamination of these in the 

pipette shaft. To ensure that sterility was maintained during culturing, a culture plate 

remained un-inoculated and incubated in the same conditions as the inoculated culture 

plates. The culture plate was checked after 24-hour incubation to ensure no growth was 

present. 

2.2.1. Screening of the enriched phage library using Enzyme- Linked 
Immunosorbent Assay (ELISA) 

 
The affinity of enriched phage eluates targeting VISTA and PD-L1 was assessed using ELISA. 

ELISA is a technique which detects the presence of antigens using a labeled primary 

antibody to measure the presence of biopanned phages. To enable this detection, bait 

proteins were first immobilized onto ELISA plates. Phages bound to immobilized bait 

proteins were detected with a phycoerythrin (PE)-conjugated anti-M13 antibody [Sino 

Biological, Bejing, China]. A no-library control in which bait proteins were incubated 

without phage, was included as a negative control to assess background signal. As a 

positive control, a previously validated VISTA-targeting phage library from the 2022 

undergraduate project by Spiteri was used. 

This was done by respectively adsorbing 250ng of VISTA-HT and PD-L1-HT protein in 

different wells to act as bait protein for the phages to bind. In one of the wells, VISTA-Fc 

was added for the positive control library. These were left to incubate overnight at 4oC. 

Prior to adding the phages, the plate was blocked with 1% BSA, 0.1% Tween 20 in wash 

buffer for 2hrs at 4oC to saturate any non-specific binding sites. Three serial dilutions of 

1:10, 1:100 and 1:1000 in PBS of round 1 to round 4 VISTA and PD-L1 enriched phage 

eluates were prepared. From these dilutions, 100µLof each was added to specifically bind 
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to their respective bait proteins. For the negative control, 100µLof PBS was added to both 

PD-L1- HT and VISTA-HT wells. For the positive control, 100µLof 1:100 dilution in PBS of 

round 4 VISTA library biopanned during Spiteri 2022 project was added to the well 

containing VISTA-Fc. These were incubated for 1 hour at room temperature and after this 

any non- specific binding phages were washed off. 

Following this, 70µL of anti-M13 fluorescently labelled to PE with a working concentration 

of 1.01μg/mL was added to all the wells to quantify the amount of phages bound to the 

bait protein. The anti-M13 was left to incubate for 1 hour at room temperature in the dark 

and the fluorescent intensity of each well was analysed by Tecan Spark®. 

 

Figure 2.5: ELISA technique to check the affinity of the phage eluates against PD-L1 target. 
PD-L1 bait proteins were first immobilised to their respective wells and any non-specific binding sites 
were blocked using BSA. M13 phages from each round and fluorescently labelled anti-M13 were 
added to detect those phages bound to PD-L1. 

 

The fluorescent intensity of the primary antibody detected is directly proportional with the 

quantity of phages present in the well. To minimize background fluorescence during the 

ELISA assay, black ELISA plates were employed. The Tecan Spark®  was utilized to measure 

the fluorescent intensity of the primary antibody bound to the phages, which aids in 

determining the binding affinity of phages to bait proteins. The fluorescence top module 

was the method used to analyse the sample. Fluorescence detection was done by guiding 
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the light from a Xenon-flash lamp through fibre bundles with the use of mirrors. The light 

was then filtered to allow a specific wavelength of 561nm ± 20nm to pass through to act 

as the excitation wavelength. This caused the release of emitted light to be guided through 

a filter and monochromator so that light with an emission wavelength of 606nm ±20nm 

was detected by a photomultiplier tube (PMT). 

2.3.1. Analysis of protein binding 

 
From the ELISA results, four rounds of biopanning phage display towards PD-L1 and VISTA 

proteins did not produce antibodies which have a strong affinity. Thus, troubleshooting 

had to be performed before a repeat biopanning was done. Since the method used was 

already optimised and in-house successful biopannings have already been achieved, one 

possible reason why biopanning was not successful might have been due to HT protein not 

being exposed for binding with the cobalt-based ligands found on the paramagnetic beads.  

Therefore, analysis on the binding of VISTA-HT with the Co-NTA Magbeads was performed 

by flow cytometry. This was done by assessing 6 different titres of VISTA-HT by diluting 

100μg/mL of stock concentration in binding buffer to produce 0, 0.0005, 0.005, 0.05, 0.5 

and 5μg/mL of VISTA-HT. These dilutions were prepared in duplicates so that one set acted 

as the negative control as no antibody was added to it. Additionally, the same 

concentrations were used to prepare trimer-HT [Sino Biological, Bejing, China]. This was 

done to act as a positive control for the Co-NTA Magbeads, as biopanning with this protein 

was successfully conducted in previous studies (unpublished). The trimeric spike protein 

(S), located on the surface of the SARS-COV-2 virus, consists of two subunits: S1 and S2. 

These subunits are critical for the virus, as they mediate receptor binding and fusion with 

the host cell (Juraszek et al., 2021; Xiong et al., 2021). This glycoprotein has been the target 

of other studies aimed at reducing SARS-COV-2 infectivity. 
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The VISTA-Fc with Dynabeads™ protein G beads [Thermo Fisher Scientific Inc., Waltham, 

Massachusetts U.S.A] were also used as a positive control to ensure that any negative 

results were not due to problems with anti-VISTA. The VISTA-HT and the trimer-HT were 

each immobilised on Co-NTA Magbeads with a working concentration of 4mg/mL whereas 

the VISTA-Fc was immobilised on protein G beads with a working concentration of 3mg/mL. 

These bait proteins with paramagnetic beads were incubated together with rotation for 

30 minutes. Non-specific binding sites were blocked using 3% BSA, 0.1% Tween 20 in PBS 

and were left incubating for 1 hour with rotation. In the case of trimer-HT, anti-trimer-PE 

was not available thus anti-trimer primary antibodies made in mouse and anti-mouse-PE 

were used instead. This was done by first incubating trimer-HT with 150µL of 28.2µg/mL of 

anti-trimer antibody made in mouse [Sino Biological, Bejing, China] for 1 hour with 

rotation. After 1 hour, PE conjugated anti-mouse [Biolegend, California, USA] with a 

working concentration of 1µg/mL was added to the different dilutions of trimer bait 

protein. Whereas 20µL of Anti-VISTA labelled with PE [Thermo Fisher Scientific Inc., 

Waltham, Massachusetts, U.S.A.] with a working concentration of 2µg/mL was respectively 

transferred to the dilutions of VISTA-Fc. To one set of dilutions of VISTA-HT anti-VISTA 

labelled with PE was not added to act as negative controls. The fluorescently labelled 

antibodies were left incubating for 1hr with rotation in the dark. Following these 

incubations the proteins were reconstituted in blocking buffers and transferred in flow 

cytometric tubes for flow cytometry 



41  

 
 

 
Figure 2.6: Schematic showing analysis of protein binding. The bait proteins were immobilised 
on their respective beads; VISTA and trimer-HT were immboilised on Co-NTA magnetic beads 
whereas VISTA-Fc chimera protein was immobilsed to protein G bead. Anti-VISTA-PE was added 
to bind with the immobilised VISTA. However, in the case of trimer protein, anti-trimer made in mouse 
was added to bind with trimer and anti-mouse-PE was added to bind with the primary antibody 

 

2.3.2. Flow cytometry 

 
The amount of anti-VISTA and anti-trimer present in the flow cytometry test tubes was 

determined by The Attune NxT Flow Cytometer [Thermo Fisher Scientific Inc., Waltham, 

Massachusetts, U.S.A.]. The flow cytometer moves the particles present in a sheath fluid 

by the process known as hydrodynamic focusing. Hydrodynamic focusing moves the 

sample from a wide diameter tube to a narrow diameter tube which causes an increase in 

pressure in the sample stream which becomes greater than the pressure in the sheath 

fluid. Due to this pressure difference, coaxial flow results which causes the cells to move 

in a single line (Wilkerson 2012). The particles then flow one by one into a laser beam to 

be uniformly illuminated by a laser to produce excited electrons which emit light. 

Depending on the deflection of the light emitted, the forward scatter (FSC) and the side 

scatter (SSC) can be generated (Wilkerson 2012). The FSC measures the amount of light 

released in the same axis as the laser beam which is proportional to the size of the 

paramagnetic beads. The SSC measures the amount of light detected perpendicular to the 
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laser beam which is proportional to the shape and optical homogeneity of the bead (Su et 

al. 2020). The flow cytometer also contains multiple parameters used for fluorescence 

detection which are made of an optical system consisting of an excitation laser and 

collection optics (McKinnon, K.M. 2018). The NxT Flow cytometer contains 4 excitation 

lasers which are the 405nm (violet), 488nm (blue), 561nm (yellow) and 637nm (red). The 

ideal excitation laser that is able to excite the fluorophore in the sample is chosen so the 

fluorophore can absorb the light of the laser to produce excited electrons (Fluorophores 

for Flow Cytometry n.d). Once the excited electrons fall back to the ground state, photons 

of light are emitted with a specific wavelength range known as the emission spectra 

(Ormerod 2009). The fluorescent light released from the fluorophore are reflected 

perpendicularly to the laser beam (Adan et al. 2016). With the use of optical lens, bandpass 

filters and detectors, only the emission spectra is detected and quantified to prevent the 

detection of background fluorescence with a different wavelength (Reggeti & Bienzle 

2010). All of the light signals released are detected by PMTs or photodiodes (PDs) that are 

able to convert the light signals into electrical signals. General overview on the principle of 

flow cytometer can be observed in figure 2.7. below. The electrical signal is then amplified 

by an amplifier to produce a voltage pulse which can be interpreted (Snow 2004). 

The fluorophore used in this study was PE. The excitation maximum (Ex-Max) and the 

emission maximum (Em-Max) of the PE are 496 and 578nm respectively therefore, the 

ideal excitation laser was the 561nm yellow laser. The yellow laser (YL)-1 parameter was 

used as it contains a bandpass filter of 585/16nm so that the Em-Max light of the PE was 

passed through the bandpass filter and detected. 

The daily maintenance of the NxT flow cytometer was done before sample analysis. Daily 

maintenance was performed by checking the wash solution, focusing fluid and the 
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shutdown fluid to ensure that enough volume was present and if necessary, the waste 

container was emptied. The software was then switched on and the start-up procedure 

was initialised which involved pumping and priming of the fluidics systems, temperature 

checks and daily performance tests. The daily performance tests involved performing 

analysis on a sample of beads conjugated to different fluorophores which are able to emit 

light in the different parameters of the flow cytometer. The fluorescence signal detected 

in all of the different parameters is compared to a set of reference ranges. If the signal 

produced was within the reference range, it indicated that the flow cytometer can be used 

for analysis of the samples. Between analysis of the different samples, a wash solution was 

used to clean the needle to prevent carryover from one sample to another. 

 
 
Figure 2.7: Fluorescence detection of anti-VISTA-PE by flow cytometry. The schematic shows 
1. VISTA-PE bound to VISTA-HT that was immobilised to beads. 2. The beads that pass through 
the nozzle one by one are targeted by a laser beam. The light emitted from the bead in the same 
axis as the laser measures the forward scatter (FSC) which shows the size of the magnetic beads. 
The light emitted perpendicularly from the beads shows the (SSC) identifies granularity whereas the 
fluorescent light emitted by the PE- fluorophore was measured perpendicularly using a PMT. 
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2.3.3. Troubleshooting biopanning 

 
Analysis of VISTA-HT binding showed that there was no binding to paramagnetic beads. 

This suggests that the tag protein may not have been exposed on the protein surface and 

the target was being washed off, causing biopanning to be unsuccessful. Thus, it was 

decided that prior to repeat biopanning of PD-L1, the bait protein binding should be 

assessed using the same method as 2.3.1 using 20µLof 2.78μg/mL of anti-PD-L1-PE [Sino 

Biological, Bejing, China] to ensure that the bait is binding to the beads. 

Repeat biopanning of PD-L1 was performed using two different baits which were; PD-L1- 

HT that binds with Co-NTA Magbeads and PD-L1-Fc chimera protein [Sino Biological, Bejing, 

China] which binds to Dynabeads™ Protein G. This was done to check whether different 

baits affect biopanning. Furthermore, instead of a VISTA positive control, biopanning 

against the trimer-HT protein was performed to act as a positive control as successful 

biopannings have been repeatedly done against this target. A NPC control was also 

included (which contained only PBS) on both Co-NTA Magbeads and protein G beads to 

make sure that there was no non-specific binding of the library to the beads. 

 

 
Figure 2.8: Differences between a PD-L1-HT and PD-L1-Fc. The schematic on the left shows the 
PD-L1 with a polyhistidine tag that binds to Co-NTA magnetic beads whereas the schematic on the 

right shows PDL-1 fused with an Fc region which binds to protein G present on magnetic beads. 

 

During each round, the target proteins were also assessed by flow cytometry to make sure 
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that they were bound to their respective beads while using the NPCs as blanks. This was 

achieved as during biopanning double the volume of PD-L1-HT, PD-L1-Fc, NPCs and 

respective beads were used and incubated using the same concentrations and incubation 

steps as 2.1. above. Double the volume of blocking buffer was added and following this 

incubation, half the volume of the PD-L1-Fc with protein G beads, PD-L1-HT with Co-NTA 

Magbeads, PBS with Co-NTA Magbeads and PBS with protein G beads were transferred 

into separate Eppendorf tubes. To each of these tubes 20µLof 2.78μg/mL anti-PD-L1-PE was 

added and incubated for 1hr in the dark with rotation. Following this, the proteins were 

reconstituted in 500µL of blocking buffer and transferred into flow cytometric tubes for 

flow cytometry. The NPC which contained only PBS with the two different bead-types 

acted as a baseline control for the target proteins. Flow cytometry revealed a fluorescence 

shift in samples containing PD-L1-HT and PD-L1-Fc relative to the NPCs, confirming 

successful immobilization of both target proteins. The biopanning procedure was then 

continued as outlined in Section 2.1. 

In the first round of biopanning, a 2:15 dilution of the scFv library in blocking buffer was 

used instead of the standard 1:75 dilution, to increase clone representation to 

approximately 20 copies per clone assuming equal representation. In subsequent rounds, 

a 1:15 dilution of the enriched scFv eluate from the previous round was used, replacing the 

1:30 dilution applied during the initial biopanning. Amplification was then performed using 

a lower stock titre of helper phages (6.9 × 1011 PFU/mL). This adjustment was necessary 

because higher titres of M13KO7 phages could potentially outcompete the amplification 

of the phagemid and instead lead to the predominant amplification of M13KO7 phages 

(Ledsgaard et al., 2018). To mitigate this, a lower titre of helper phages and a higher copy 

number of phagemids containing the scFv DNA were used to favour the amplification of 
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scFv-displaying phages. Precipitation and titration were performed for all four rounds 

following the procedure described in Section 2.1. 

2.3.4. Screening of the enriched phage library 

 
Screening of all 4 rounds of biopanning was performed using the same method as 2.2.1 

above using ELISA technique. The results of this ELISA showed that biopanning of both PD-

L1-HT and PD-L1-Fc were also unsuccessful however biopanning of the positive control 

(trimer-HT) was successful. 

To ensure that this result was not due to an ELISA error, for example PD-L1 was not binding 

to the ELISA plate, screening of all 4 rounds of biopanning against PD-L1-HT, PD-L1-Fc and 

trimer was also checked by flow cytometry. More controls were also included to perform 

flow cytometry. These include a NPC where no bait was added for all rounds of the 

different libraries to check non-specific binding, a no library control where no phages were 

added against all targets and a bait control to check whether the PD-L1-HT and PD-L1- Fc 

were binding to their respective beads. 

Flow cytometry was performed by first immobilising 0.5μg/mL of protein bait to their 

respective beads meaning 0.5μg/mL of trimer and PD-L1-HT were respectively immobilised 

on Co-NTA Magbeads with a working concentration of 4mg/mL. Whereas 0.5μg/mL of PD- 

L1-Fc were immobilised on protein G beads with a working concentration of 3mg/mL. For 

the NPCs, 100µLof binding buffer was respectively added to both Co-NTA Magbeads and 

protein G beads. These were allowed to incubate for 30 minutes with rotation. Blocking of 

any non-specific binding sites was performed by incubating with blocking buffer for 1 hour 

with rotation. Screening of the libraries was performed by preparing a 1:10 dilution of 

round 1- round 4 biopannings against PD-L1-HT and respectively adding each round to 
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100µL of the immobilised PD-L1-HT bait, 100µL trimer bait (bait control) and 100µLof 

binding buffer (NPC). This was repeated for R1-R4 libraries biopanned against trimer and 

PD-L1-Fc however for the libraries biopanned against PD-L1-Fc, a 1:10 dilution of each 

round was added to PD-L1-Fc bait instead of PD-L1-HT bait. In conjunction, PBS were 

respectively added to 100µL of immobilised PD-L1-HT, PD-L1-Fc and trimer bait proteins to 

act as the no library controls. These were incubated for 1hr with rotation. Following this 

incubation, 70µLof 1.01μg/mL of anti-M13 fluorescently labelled with PE was added to all 

wells and incubated for 1 hour in the dark. To check for the immobilisation of the bait 

proteins to the beads, 20µL of 2.78μg/mL of anti-PD-L1-PE were respectively added to 

100µLof immobilised PD-L1-HT and PD-L1-Fc and incubated for 1hr in the dark with 

rotation. Following these incubations, all tubes were reconstituted in 500µL of blocking 

buffer and transferred into flow cytometric test tubes for analysis by flow cytometry. 

2.4.1. Preparation of candidate phage clones 

 
Since biopanning against both PD-L1-Fc and PD-L1-HT were unsuccessful, candidate phage 

clones were isolated from the library that had been biopanned against VISTA-Fc. The 

candidate phage clones were prepared to randomly isolate 30 different strains of scFv 

antibodies from the round 4 enriched phage eluate. Each clone was then assessed for 

specificity towards target and control proteins by ELISA. This process aimed to select and 

amplify strains with high specificity and affinity for the target, while exhibiting low binding 

affinity to control proteins. These scFv antibodies offer an advantage over the enriched 

phage eluate, as isolating these strains ensures that the clone consistently binds to a single 

epitope and reduces non-specific binding. Additionally, the plasmid DNA of all clones were 

extracted by the plasmid miniprep to determine the DNA sequence of these proteins by 

Sanger sequencing (Castelli et al., 2019; Lipman et al., 2005). 
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For Candidate phage clones’ preparation, a fresh round 4 titration plate was prepared 

using the same method as 2.1.6. above to pick 30 well-isolated colonies. Each colony was 

incubated overnight at 37°C into separate tubes containing 400µL of 100μg/mL of 

Carbenicillin (Carb) in Lb broth to allow proliferation of E.coli containing phagemid vectors. 

Carbenicillin antibiotic was used instead of ampicillin as the same gene that confers 

resistance to ampicillin (the β-lactamase gene) also confers resistance to carbenicillin. 

Carbenicillin was preferred as it is more stable than ampicillin and can grow fewer 

microsatellite colonies (Oswald 2024). 

 

 
Figure 2.9: An illustration showing how to pick a well-isolated colony. A pipette tip was used 
to pick a single colony of E.coli infected with a specific M13 phage clone and transfer it to Lb broth 
with Carbenicillin. 

 

From the overnight cultures, 50µL of each clone was transferred into fresh respectively 

labelled 5mL Eppendorf tubes containing 100μg/mL of Carb in Lb broth and M13KO7 

helper phages with a stock titre of 6x1011 PFU/mL. These were left incubating at 37°C for 

1.5 hours with shaking at 250rpm. 

 
From the overnight cultures, another 50µL of each clone were transferred into respectively 

labelled round bottomed tubes containing 3mLs LB broth with 100μg/mL of Carb and 

incubated overnight at 37°C with shaking at 250rpm. The following day, these cultures 



49  

were centrifuged at 16,000xg for 1 minute to discard the supernatant. The pellet left was 

stored at -80°C to be used for Monarch®  Plasmid extraction 

To the remaining overnight culture, 15% glycerol stocks were prepared and stored at -80°C 

for indefinite long-term storage of the phage infected E.coli. Glycerol stabilizes the bacteria 

and prevents damage, allowing the phage-infected E.coli to remain viable for future 

experiments (Sprouffske et al. 2016). 

Following 1.5hours incubation with the M13KO7 helper phages, 5mg/mL of Kan in sterile 

deionized water was added to the broth so that only E.coli infected with phagemids and 

helper phages proliferate. These were incubated overnight with shaking at 250rpm at 37°C. 

The next day, the overnight cultures were centrifuged twice at 4,000×g for 10 minutes at 

25°C. After each spin, the supernatant containing the phages were transferred into 

appropriately labelled low-retention tubes using filter tips. Following the centrifugation, 

an equal volume of blocking buffer (1% BSA, 0.1% Tween 20 in PBS) was added to the 

supernatant and incubated on ice at 4°C for 10 minutes. Subsequently 160µL of sterile 20% 

PEG/NaCl was added to each tube and incubated overnight at 4°C. The following day, each 

tube was centrifuged at 10,000xg for 20 minutes at 4°C. The supernatant was discarded, 

and the pellet was resuspended in 100µL of sterile PBS to produce candidate phage clones. 

2.4.2. ELISA to assess the binding specificity of the candidate 
phage clones 

 

ELISA was performed on each candidate phage clone to assess the binding specificity of 

each monoclone with VISTA and IgG target proteins. A no library control was also added 

as a negative control, and round 4 polyclonal phages biopanned against VISTA-Fc was used 

as a known positive control. A 96-well black plate was first coated with 50µL of 1µg/mL of 
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VISTA or IgG according to the plate layout. VISTA-Fc bait was added into two extra wells to 

add the positive control which was the round 4 polyclonal library and the negative control. 

The plate was incubated at room temperature for 2 hours. 

Afterwards, all wells were blocked with 1% BSA in PBS with Tween 20 and incubated 

overnight at 4°C. The following day, 50µL of each candidate phage clone was added to the 

corresponding wells containing VISTA and IgG baits. For the positive control, a 1:100 

dilution of the round 4 polyclonal library was used, and for the negative control, 50µL of 

PBS was added. These were incubated for 2 hours at room temperature and after this 

incubation, 70µL of 1.01 µg/mL anti-M13 antibody, fluorescently labelled with PE, was 

added to all wells. The plate was incubated for 1 hour in the dark and the Fluorescence 

emitted was then assessed using the TECAN Spark®. 

Another ELISA was done to check the binding specificity of all monoclones against another 

control protein which in this case was the SARS-COV-2 envelope protein-HT [Sino 

Biological, Bejing, China]. The same procedure as described above was followed, but 

instead of IgG, the SARS-COV-2 envelope protein was used as the target. Additionally, not 

all 30 clones were tested simultaneously. ELISA was initially performed on clones 1–15, and 

after that, clones 16–30 were analysed. Although the same procedure was followed for 

clones 16–30, the positive control exhibited low relative fluorescence, necessitating a 

repeat of the experiment. Since the volume of the candidate phage clones used for ELISA 

had been depleted, the phage clones were retrieved from the stored 15% glycerol stocks 

of phagemid clones. 
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2.4.3. Retrieval of phage clones from the glycerol stocks 

 
The 15% glycerol stocks which were stored at -80oC, contained E.coli infected with a single 

phage clone. Retrieval of phage clones was performed on clones 16-30 and 9,10, which 

were used as controls to check the reproducibility of the clones when retrieved. Clone 9 

was a low-binding clone to both VISTA and SARS-COV-2, whereas clone 10 had a high 

binding affinity with VISTA whereas a low binding affinity to SARS-COV-2. To prevent 

repeated freeze-thaw cycles, the 15% glycerol stocks were retrieved a few at a time in an 

ice bucket (Sprouffske et al., 2016). These were spread on Carb LB agar plates using a 20µL 

loop and incubated overnight at 37°C (Ready-To-Use Phage Display Library Manual n.d). 

The following day, an isolated colony from each Carb LB agar plate was picked and 

transferred into appropriately labelled tubes containing 400µL of Crab LB broth and 

allowed to incubate overnight at 37oC for 16 hours at 250rpm. From the overnight cultures, 

50µL of each clone was transferred into fresh, labelled Eppendorf tubes containing 

100µg/mL Carb in LB broth and 1µL of M13KO7 helper phages with a stock titre of 6 × 10¹¹ 

PFU/mL. These were incubated at 37°C for 2 hours with shaking at 250rpm. 

Centrifugation was performed at 13,300 rpm for 6 minutes at 25°C to remove the 

supernatant. The cells were then resuspended in 500µL of 100µg/mL Carb LB broth with 

5mg/mL Kan, and incubated overnight at 37°C with shaking at 250rpm. The following day, 

the cultures were centrifuged again at 13,300rpm for 6 minutes at 25°C. The supernatant, 

containing phages, was transferred to freshly labelled low-retention tubes and an equal 

volume of 1% BSA, 0.1% Tween 20 blocking buffer was added and incubated on ice for 10 

minutes. Subsequently, 160µL of sterile 20% PEG/NaCl was added to each tube and 

incubated overnight in the refrigerator. 
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The next day, each tube was centrifuged at 10,000×g for 20 minutes at 4°C. The 

supernatant was discarded, and the pellet was resuspended in 100µL of sterile PBS to 

produce the candidate phage clones. However, the majority of clones did not form a visible 

pellet after this centrifugation. The ELISA used to assess the binding specificity of these 

clones against VISTA and SARS-COV-2 baits showed weak binding to both targets, indicating 

that retrieval from the glycerol stocks was unsuccessful. 

The experiment was repeated, but instead of 1.5mL Eppendorf tubes, 5mL Eppendorf 

tubes were used to allow more air for E.coli growth. Additionally, a higher titre of M13KO7 

helper phages (5 × 10⁸ PFU) was used to improve M13 proliferation. However, these 

adjustments did not improve the phage pellet or ELISA results. It was concluded that 

further optimization of phage clone retrieval from glycerol stocks was needed, but it was 

determined that this would be too time-consuming to include in this project. 

2.4.4. Preparation of additional candidate phage clones 

 
Since the retrieval of phage clones was unsuccessful, it was decided to select an additional 

30 monoclones, labelled 31–60, using the same method outlined in section 2.4.1. However, 

during this period, other researchers were conducting experiments to prepare candidate 

phage clones, which were yielding erroneous results. After troubleshooting this 

experiment, it was determined that the helper phages were not functioning optimally, 

likely due to suboptimal storage conditions as the aliquot used had exceeded its 

recommended shelf life. To avoid repeated freeze–thaw cycles, the working aliquot of 

helper phage had been stored at 4 °C, where stability is limited to approximately six 

months (Frei & Lai 2017). Therefore, for the preparation of the new candidate phage 

clones, all 30 clones were prepared using a fresh aliquot of helper phages with the same 
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phage titre as section 2.3.3. Additionally, 15 of these clones (31, 33, 35, 37, 39, 42, 44, 46, 

48, 50, 51, 53, 55, 57, and 59) were tested with this new type of helper phages, known as 

hyperphages [PROGEN Biotechnik, Heidelberg, Germany]. The key difference between 

helper phages and hyperphages is that helper phages can display only one scFv on the 

surface of a phage, whereas hyperphages can display up to five scFvs, resulting in higher 

avidity (PROGEN, n.d.). 

Following the preparation of the candidate phage clones, an ELISA was performed to assess 

binding to VISTA and SARS-COV-2 using the same procedure as described in section 2.4.2. 

However, 3% BSA with 0.1% Tween 20 blocking buffer was used instead of 1% BSA with 

0.1% Tween 20. A mistake was made in the procedure where, instead of adding 50µL of 

each clone, a 1:100 dilution of each clone was prepared, and 50µL of this dilution was 

added to the wells. Despite this error, the results showed that the clones prepared with 

hyperphages exhibited much higher binding to VISTA compared to those prepared with 

helper phages. 

For the subsequent ELISA, VISTA, SARS-COV-2, and PD-L1 were used as baits, and 50µL of 

the clones prepared with hyperphages were used for testing. 

2.5.1. Re-amplification of R4 VISTA library 

 
Re-amplification of the round 4 enriched phages from the library produced during Spiteri 

2022 project was necessary due to the depletion of the volume, as it was being used as a 

control for various experiments. Re-amplification was carried out by infecting 1mL of E.coli 

ER2738 in mid-log phase with 5µL of the round 4 enriched phages and incubating the 

mixture at 37°C for 15 minutes. The culture was then diluted in 20mL of LB Carb and 

incubated for 1.5 hours with shaking at 250rpm at 37°C. After this, 5µL of M13KO7 helper 
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phage was added to the culture. This mixture was incubated for 10 minutes at 37°C without 

shaking, followed by an additional 1.5 hours of incubation at 250 rpm at 37°C. 

 

Following this, 10µL of 50mg/mL kan was added to the culture, and the mixture was 

incubated overnight at 30°C with shaking at 250 rpm. The following day, the culture was 

centrifuged at 4,000rpm for 10 minutes, and the supernatant was transferred to a fresh 

falcon tube. To precipitate the phages, 3.5mL of PEG/NaCl was added, and the mixture was 

incubated overnight at 4°C. The next day, the phages were centrifuged at 4,000rpm for 20 

minutes at 4°C. The supernatant was discarded, and the centrifugation step was repeated. 

The remaining supernatant was carefully removed, and the phages were resuspended in 

200µL of sterile PBS. 

The phages were then centrifuged at 10,000rpm for 10 minutes at 4°C, and the 

supernatant was transferred to a low-retention tube. Glycerol stocks of the re-amplified 

Round 4 phages were prepared by adding sterile glycerol to achieve a final concentration 

of 50%. 

Finally, an ELISA was performed to assess the binding performance of these re-amplified 

phages in comparison to the original Round 4 enriched phages, using VISTA as the target 

and a no library control. 

2.6.1. Plasmid extraction and sequencing 

 
Plasmid extraction was done on all 60 monoclones of VISTA-Fc to assess each clone 

by Sanger sequencing. Sanger sequencing of all monoclones was conducted to compare 

the protein sequences between high-affinity and low-affinity clones towards our target 

protein. 
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Plasmid extraction was carried out using Monarch® Plasmid Miniprep Kit [New England 

Biolabs, Massachusetts, U.S.A.] on the phage-infected E.coli pellets that were stored at - 

80°C (prepared during section 2.4 above). For each clone, the pellet was resuspended in 

200µL of resuspension buffer and mixed thoroughly by vortexing. Lysis of the cells to 

release the plasmids was achieved by adding 200µL of lysis buffer and gently inverting the 

tube until the solution turned dark pink. Once the solution reached the dark pink colour, it 

was incubated for one minute. The lysis reaction was neutralized by adding 400µL of 

neutralizing buffer and gently inverting the tube until the solution turned homogeneous 

yellow and precipitate formed. The mixture was then incubated for 2 minutes. 

Following incubation, the suspension was centrifuged at 16,000xg for 5 minutes. The 

supernatant was carefully transferred to the appropriately labelled NEB columns, and the 

columns were centrifuged twice for 1 minute at 16,000xg. The flow-through was discarded 

after each centrifugation, and 200µL of plasmid wash buffer 1 was added to wash away 

any RNA and proteins. Centrifugation was repeated, but this time, 400 µL of plasmid wash 

buffer 2 was added. The columns were then transferred to appropriately labeled 

Eppendorf tubes and subjected to a 1-minute dry spin at 16,000xg. 

The columns were subsequently transferred to fresh Eppendorf tubes, and 30µL of elution 

buffer was added to the center of the matrix, without puncturing it. These were incubated 

with elution buffer at room temperature for 1 minute. Following this incubation, a final 1- 

minute centrifugation at 16,000xg was performed to collect the eluate. 
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Figure 2.10: Plasmid extraction using Monarch® Plasmid Miniprep Kit. An overview showing 

how E.coli infected with phage clones are first lysed to release a lysate containing plasmid DNA. 
The neutralised lysate was centrifuged and the supernatant containing the plasmid DNA was 
collected. This was washed and centrifuged twice to remove any impurities and finally purified 
plasmid was eluted. 

 

2.6.2. Checking the quality of DNA 

 
The NanoDrop Microvolume Spectrophotometer [Thermo Fisher Scientific Inc., Waltham, 

Massachusetts, U.S.A.] was used to assess the quality of DNA eluted from each clone. This 

was done by first wiping the pedestal between each use with a tissue and pipetting 2µL of 

each clone eluate on the pedestal. The spectrophotometer released a beam of light which 

diffracts so that only light in the ultraviolet-visible spectrum with a wavelength range of 

170-380nm is released. The nucleic acids absorb light at a wavelength of 260nm whereas 

any other contaminants absorb light at a peak of 230 and 280nm. Thus, a ratio of 260/280 

and 260/230 was done to assess the purity of the DNA eluted. To ensure that the DNA does 

not have many contaminants the ratio of 260/280 need to give a result close to 1.8 and for 
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the 260/230 ratio need to have a value between 2.0-2.2 ( Thermo Scientific n.d). The 

Nanodrop also quantified the nucleic acids present using the Beer-Lambert equation C= 

A/L, where C= molar concentration, A- UV absorbance, ε = wavelength-dependent molar 

coefficient and L= length of light path. 

2.6.3. Sanger sequencing 

 
From the eluted plasmids, 15µL of each clone were pipetted into two wells and sent abroad 

to LGC genomics in Germany for Sanger sequencing. A table was done to keep a record 

where each clone was pipetted. Sanger sequencing is a technique that incorporates DNA 

replication along with 2’, 3’-dideoxynucleotide phosphates (ddNTPs). These act as 

fluorescently labelled-chain terminators to produce different length fragments that can 

determine the nucleotide sequence. DNA replication works by primarily denaturing the 

DNA by heating at 96°C to expose the DNA template. The temperature was then lowered 

to 50°C to allow annealing of the primer that acts as the starting point for DNA synthesis. 

Duplicates of each clone were sent as forward and reverse primers were added to 

sequence both strands of the DNA. The temperature was raised to 60°C for DNA synthesis 

using DNA polymerase and deoxynucleotide Triphosphates (dNTPs) which include adenine 

triphosphate (dATP), cytosine triphosphate (dCTP), guanine triphosphate (dGTP) and 

thymine triphosphate (dTTP) which binds to their complementary nucleotide; adenine 

with thymine and cytosine with guanine for chain elongation. To a lesser extent there were 

also ddNTPs which contain different fluorochrome labels for each nucleotide. These 

ddNTPs lack a hydroxyl group on the 3’ end which was required to form a phosphodiester 

bond with a new nucleotide. Thus, once a ddNTP bound to the DNA strand, no new 

nucleotides were incorporated for chain elongation. This was repeated various times so 
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that chain termination by ddNTPs produced a pool of different length DNA fragments 

which were complementary to each nucleotide on the template strand. These different 

length DNA sequences underwent capillary gel electrophoresis which allowed for the 

separation of DNA strands by their size (Dey 2018). The capillary contained an electrical 

field so that the negatively charged DNA moved towards the positive electrode with a 

speed that depends on their molecular weight. The shortest fragment moved the fastest 

through the capillary and the longest fragment moved the slowest and thus the fragments 

which had one base difference were separated from each other. These fragments passed 

one after the other through a laser that excited the fluorescent label to emit light which 

was detected. The type of light emitted was interpreted and translated into a peak on a 

graph which corresponds to each nucleotide. The specific peak of each fluorophore was 

then used to plot a graph of signal intensity against time, known as a chromatogram which 

was used to interpret each nucleotide that were complementary to the template strand. 

 

 
 
Figure 2.11: Sanger sequencing. The illustrations shows 1. Primer annealing and chain extension 

using deoxynucleotide triphosphates and polymerases, 2. Binding of fluorescent labelled 2’, 3’- 

dideoxynucleotide phosphates (ddNTPs) which caused chain termination, 3. This was repeated 
multiple times so that chain termination by ddNTPs produced a pool of different length DNA 
fragments, 4. Detection of different length DNA fragments and fluorescent labels was done using 
capillary gel electrophoresis, 5. The result from capillary gel electrophoresis was used to produce a 
chromatogram to interpret the results. 



59  

2.7. Data analysis 

 
The data produced from ELISA was transferred onto GraphPad Prism, Version 10.4.1. 

(GraphPad Software, 1984) for data analysis. For all of ELISA analysis, 12 technical repeats 

were done. To compare the fluorescence results of rounds 1-4 of biopanning phage display, 

the Area Under the Curve (AUC) was done from the results of 1:10, 1:100 and 1:1000 of 

each round. The AUC was made using the trapezoid rule, where the mean was used as the 

height for the different dilutions. Since two adjacent points were connected by a straight 

line, the data produced had an approximate normal distribution (Gagnon & Peterson 

1998), and the difference in the statistical significance between the AUC was determined 

by Welch ANOVA with Brown-Forsythe correction were a p-value <0.05 was determined to 

be statistically significant. Any statistical significant result were shown with an ‘*’ to 

represent the data and the replicates produced were expressed as the mean with the 

standard error of the mean (SEM). 

Statistical analysis of the ELISA of monoclones was done by first performing the Shapiro- 

Wilk test for normality where a p-value ≥0.05 indicates that the data was normally 

distributed. Statistical analysis of those clones binding with different baits that were 

normally distributed were analysed by Multiple Unpaired T-test whereas the Multiple 

Mann-Whitney test was used for those monoclones that were not normally distributed. 

Statistically significant results were based on q-value instead of p-value since multiple 

comparisons were being performed there is an increased risk of false positive statistically 

significant results. Thus, the False Discovery Rate (FDR) (Q) is used instead to reduce the 

likelihood of a false positive result from all of the p-values performed. The desired FDR was 

set to 1% which means that 1% of the discoveries made were false positives. The FDR 
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calculated from the two-stage method of Benjamini, Krieger and Yekutieli. This method is 

adapted from Benjamini-Hochberg method and it determines the distribution of p-values 

and compares the p-values to the threshold set of the FDR level. The p-values that are 

lower than the set threshold are considered as a discovery (Benjamini & Yekutieli 2001, 

Benjamini et al. 2006) 

DNA sequence data obtained through Sanger sequencing were analysed using SnapGene® 

software version 8.0.1 (Dotmatics, 2012) to generate the protein sequence of each clone. 

This program also facilitated the alignment of protein sequences for each clone and 

enabled the annotation of Complementarity-Determining Regions (CDRs) and framework 

regions, which were previously defined by Lisowska et al. 2025 by comparing the sequence 

obtained to international ImMunoGeneTics information system®  (IMGT® ) database. 

The protein sequence of each clone was copied from SnapGene®  and used to compute 

their physicochemical properties including molecular weight, isoelectric point (pI), and 

instability index (II) using the ExPASy ProtParam tool (Gasteiger et al. 2005).  

 

Variations in the protein sequences of the CDR3 regions of both heavy and light chains 

were visualized using a custom dendrogram program developed locally by Ms. Francesca 

Chircop in 2025. The CDR3 protein sequences were extracted from SnapGene®  and 

compiled into a Comma-Separated Values (CSV) file. This file was then uploaded into the 

dendrogram software to perform hierarchical clustering, enabling visualization of the 

relationships among different clones. To create this dendrogram, the program first 

performed pairwise comparisons of every sequence against every other sequence in the 

CSV file using  National Center for Biotechnology Information (NCBI) Basic Local Alignment 

Tool®  (BLAST®) (Altschul et al. 1990) version 2.16.0 specifically the protein version; BLASTP 
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in short mode (Madden & Camacho 2008). This tool generates e‐values which was then 

used to calculate the distance matrix between clones using the equation below: 

d = −log10 (max(e-value, 10−300)). 

Clustering of data was then performed by using Ward’s linkage method (Chircop, F. 2025). 

This method groups  data to eventually form a single cluster containing all clones. At each 

step, the method merges the pair of clusters that results in the smallest increase in the 

sum of squared differences (sum of squares index), ensuring that similar data points are 

grouped together (Ward’s Method (Minimum variance method) n.d). 

Additionally, homology modelling was performed using the SWISS-MODEL tool 

(Waterhouse et al. 2018) to predict the 3D structures of the strongest and weakest binders, 

based on FASTA sequences exported from SnapGene®. The stereochemical quality of the 

predicted structures were assessed through Ramachandran plots generated by the same 

tool. 

All tools were used with their default settings and parameters. 
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3.1. Binding analysis of the different phage pools towards bait 
proteins 

 
Four rounds of biopanning phage display were conducted targeting PD-L1-HT whilst 

biopanning against VISTA-HT was done as a positive biopanning control since a successful 

enrichment against this target has been previously achieved. The binding affinity of the 

phage pools from each round was assessed through ELISA against their respective target 

proteins (see Figures 3.1A & 3.2A) where an increase in fluorescence with each round 

culminating in the highest intensity in round (R)4 was expected to show. 

The "no-library" control where no phages were added to bait proteins was included in all 

ELISAs which was shown as the ‘0’ on the x-axis, and anti-M13 was added to measure 

background fluorescence. Additionally, a dilution series (1:10, 1:100) of a positive control 

was incorporated from the R4 phage pools of successful biopanning against VISTA-Fc, 

which had previously demonstrated a high binding affinity for VISTA bait (Spiteri 2022). 

During ELISA, to assess non-specific binding, VISTA bait served as a negative control (Figure 

3.1B) for the phages biopanned against PD-L1, while PD-L1 bait was used as a negative 

control for phages biopanned against VISTA (Figure 3.2B). The R4 of the negative bait 

controls were also shown as a dotted line in the graphs of both R1-R4 phage dilutions with 

target protein. 

The phage pools from each round were diluted to 1:10, 1:100, and 1:1000 before binding 

to 250ng of the bait proteins. The Median Fluorescent Intensity (MFI) from PE-conjugated 

anti-M13 bound to each dilution series of phages was measured using absorbance value 

of 561nm. Twelve measurements were taken from various areas of the wells for repeated 

measurements and the median values obtained were plotted to determine binding affinity. 

Statistical analysis was performed by initially generating Area Under the Curve (AUC) of the 
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different dilutions of each round and the Welch ANOVA with Brown-Forsythe correction 

was done to compare AUCs across the rounds. 

Figure 3.1A shows that R1-R4 of phages biopanned against PD-L1 exhibited low MFIs with 

PD-L1-HT compared to the positive control, and the expected gradual increase in 

fluorescent intensity from R1 to R4 was not observed. From R2 to R3 there is a statistically 

significant higher result in the MFI which was promising, however, R4 had a statistically 

significant lower MFI than R3. Round 4 phage dilution against PD-L1 has the lowest MFI 

compared to R1-R3. This suggests that the phage pools did not have a high binding affinity 

for PD-L1 indicative of a failed biopanning. Even though the R4 phage pools with PD-L1 

bait had a very low MFI, these still displayed a statistically significant higher binding affinity 

towards PD-L1 than with the negative control bait; VISTA shown as a dotted line in figure 

3.1. 

ELISA analysis of all rounds of phages biopanned against PD-L1 with the VISTA bait (Figure 

3.1B) was done as a negative control. There is no statistically significant difference between 

the MFI R1-R4 and it was significantly lower than the positive control. This indicates that 

the phages biopanned against PD-L1 bait were not binding with VISTA proteins. 
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A) 

 
 

B)  
 

Figure 3.1: Binding Analysis of R1-R4 PD-L1 phage pools with their targets and control baits. 
The results of 1:10, 1:100, 1:1000 dilutions of phages from all four rounds of biopanning against PD- 
L1-HT in A) shows a significant increase in fluorescence between R2 and R3 (p = 0.0355), while R4 
showed a significantly lower MFI compared to R3 (p = 0.0001), indicating failed biopanning. Whereas 
the positive controls of R4 phage pools with high affinity for VISTA (shown in green) showed 
significant binding. A negative control of the R4 PD-L1 phage pool against VISTA-HT bait (shown in 
blue) showed lower fluorescence compared to R4 phage pool against PD-L1-HT. B) shows R1-R4 
PD-L1 phage pools with VISTA-HT negative control bait. The results of the dilutions of phages from 
all four rounds of biopanning showed no significant result between R1-R4. 
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Biopanning against the VISTA-HT bait was carried out concurrently as a positive control, as 

previous phage display biopanning against this bait had been successful in a previous 

project (Spiteri, 2022). However, as illustrated in Figure 3.2A, there was no statistically 

significant difference in the results from R1-R4 for phages biopanned against VISTA-HT, 

indicating a failure of this positive control biopanning. In contrast, the phages from R4 

demonstrated a statistically significant higher binding affinity for the negative control PD-

L1 bait when compared to VISTA bait. The MFI for R1-R4 was significantly lower than that of 

the positive control, which consisted of R4 VISTA phages from the successful biopanning 

against both VISTA-Fc and VISTA-HT baits. The positive control phages for ELISA were tested 

against both VISTA-Fc and VISTA-HT to assess if the phages exhibited any difference in 

binding due to different tags. It was observed that there was a significant increase in 

binding towards VISTA-Fc but nonetheless the R4 successful VISTA phages still had a high 

MFI with the VISTA-HT bait . 

ELISA analysis of all rounds of phages biopanned against VISTA with the PD-L1 bait shown in 

figure 3.2B was done as a negative control. There was only a statistically significant 

difference between the MFI of R3-R4 which was significantly lower than the positive 

control. 
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A) 

 
 
B) 

 

Figure 3.2: Binding Analysis of positive control biopanning. A) shows the results of different 
dilutions of phages from all four rounds of biopanning against VISTA-HT. There is no significant 
increase in fluorescence between all rounds indicating failed biopanning. Positive controls of R4 
VISTA phage pools with high affinity for VISTA-Fc from Spiteri 2022 research against both VISTA-
HT, VISTA-Fc bait showed significant binding. The negative control of the R4 VISTA phage pool 
against PD-L1 bait (shown in purple) had significantly higher fluorescence compared to the R4 phage 
pool against VISTA-HT (p-value 0.0131) which may indicate cross- reactivity. B) shows the results 
of 4 rounds of VISTA-HT phage pools with PD-L1 bait. There is a significant result between R3 & R4 
(p-value of 0.0079) however the binding in R4 was still significantly lower than the positive control. 
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3.2. Troubleshooting VISTA & PD-L1 biopanning 

 
Biopanning was performed using our optimized in-house protocol, adapted from the Ph.D. 

Phage Display Biopanning Manual by New England Biolabs (n.d). Since biopanning against 

VISTA was already done successfully, the initial successful biopanning was done using a 

different immobilisation technique as VISTA bait was fused with an Fc which immobilises 

to protein G beads. Thus an experiment was conducted to check whether VISTA in this 

biopanning was being efficiently immobilised. The VISTA bait protein in figure 3.3. was 

tagged with a HT to enable specific binding to NTA-cobalt-based magnetic beads. To 

confirm this binding, six different titres of VISTA-HT immobilized on Co-NTA Magbeads 

were assessed (0, 0.0005, 0.005, 0.05, 0.5, and 5μg/ml) and PE-labelled anti-VISTA was 

added to quantify the amount of VISTA-HT immobilized on beads. Flow cytometry was then 

employed to measure the fluorescence emitted from each bead, with a proportional 

increase in fluorescence expected as the bait titre increased. 

Control experiments included testing various titres of VISTA-Fc immobilized on protein G 

beads to ensure that negative results were not caused by issues with the PE-labelled anti- 

VISTA or the flow cytometry process. Additionally, different titres of trimer-HT immobilized 

on Co-NTA Magbeads were used as a positive control to confirm that lack of binding was 

not due to problems with the Co-NTA Magbeads. For detection of trimer-HT binding, a 

primary anti-trimer antibody derived in mouse was used, followed by a PE-labelled anti- 

mouse secondary antibody. This bait was used as a control as successful biopanning with 

the trimer-HT had been previously achieved. 

As can be observed from figure 3.3A, different titres of phages biopanned against VISTA- 

HT with and without VISTA-HT bait produced a negative signal with anti-VISTA-PE. This 
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shows that VISTA-HT was not immobilized on Co-NTA Magbeads. In contrast, the control 

experiments in Figures 3.3B and 3.3C demonstrate that increasing titres of both VISTA-Fc 

and trimer-HT led to higher fluorescence, indicating that these baits were being efficiently 

immobilised on beads. Since the controls both worked it indicates that lack of fluorescence 

detection with the VISTA-HT in figure 3.3A is unlikely to be due to issues with anti-VISTA- 

PE or with the Co-NTA Magbeads. Thus from this experiment it was concluded that one 

reason why VISTA-HT, used as a positive control during biopanning, yielded negative 

results was due to the lack of bait immobilisation to beads. 
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A) Different titres of VISTA-HT target (µg/mL) 

 

 

 

B) Different titres of VISTA-Fc target (µg/mL) 

 

 

 

 
C) Different titres of trimer-HT target (µg/mL) 

 

 

 

 
Figure 3.3: Quantification of different titres of bait proteins immobilized on beads by flow 
cytometry. A) shows histogram plots for various titres of VISTA-HT immobilized on Co-NTA 
Magbeads, which displayed low fluorescence detection with anti-VISTA-PE. In contrast, B) and C) 
respectively show histogram plots for varying titres of VISTA-Fc immobilized on protein G beads and 
trimer-HT immobilized on Co-NTA Magbeads. Both controls exhibited an increase in fluorescence 
corresponding to higher bait protein quantities, with the highest fluorescence observed at a 
concentration of 5µg/mL. This shows that VISTA-HT was not being efficiently immobilised to the 
beads. 
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Since analysis of protein binding showed that VISTA-HT was not being immobilized onto 

beads, during repeat biopaning of PD-L1 different immobilization techniques were tested; 

PD-L1-HT which was used during initial biopanning and PD-L1-Fc chimera protein that 

immobilizes to protein G beads. Prior to repeat biopanning, binding analysis of different 

titres of PD-L1-HT immobilized to Co-NTA Mag beads and PD-L1-Fc immobilzed to protein G 

beads were analysed in figures 3.4a and 3.4c respectively. Quantification of the 

immobilized proteins was done using anti-PD-L1-PE. Negative controls were used for this 

analysis which included different titres of both PD-L1-HT and PD-L1-Fc without PE-labelled 

anti-PD-L1 shown in figures 3.4b and 3.4d respectively to ensure that there was no 

background fluorescence. 

As can be observed, with PD-L1-HT (figure 3.4a) there is a proportional increase in 

fluorescence detection with the increase in quantity of PD-L1-HT. On the other hand, 

PD-L1-HT without adding the PE-labelled antibody control did not have an increase in 

fluorescence. Figure 3.4c shows a proportional increase in fluorescence detection with 

immobilized PD-L1-Fc however a constant fluorescent result was achieved after 0.05µg/ml 

of PD-L1-Fc indicating bead saturation. Figure 3.4d showed there was no increase in 

fluorescence detection without PE-labelled antibodies. This shows that both PD-L1-HT and 

PD-L1-Fc were efficiently binding to magnetic beads. 
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A) Different titres of PD-L1-HT target (µg/mL) 
 

 

 

B) Different titres of PD-L1-HT target (µg/mL) 
without anti-PD-L1-PE 

 

 

C)  Different titres of PD-L1-Fc target 
(µg/mL) 

 

 

D) Different titres of PD-L1-Fc target (µg/mL) 
without adding anti PD-L1-PE 

 

 

Figure 3.4: Quantification of different titres of immobilized PD-L1 by flow cytometry. A) shows 
histogram plots for various titres of PD-L1-HT immobilized on Co-NTA Magbeads, which displayed 
a proportional increase in fluorescence with anti-PD-L1-PE. In contrast, B) shows the control 
histogram of the same titres of PD-L1-HT without anti-PD-L1-PE which did not show any increase in 
fluorescence detection. C) contains the histogram plots of PD-L1-Fc immobilized to protein G beads 
which had an increase in fluorescence detection which remained constant at 0.05µg/ml indicating 
bead saturation. Whereas D) shows the different titres of PD-L1-Fc without anti- PD-L1-PE which 
gave the same result as B). This shows that both PD-L1-HT and PD-L1-Fc were immobilized to their 
respective beads. 

 
 
 
 
 
 
 
 
 
 
 
 



73  

3.3. Binding analysis of the repeat biopanning phage pools 

 
Since an issue with immobilisation was identified following the initial biopanning. For the 

repeat biopanning, prior to adding phages to the immobilised baits, efficient 

immobilisation was checked during R1-R3 to ensure that the bait was consistently binding. 

This was done by preparing double the volume of both baits and beads and following 

immobilisation, anti- PD-L1-PE was added to half of the volume to check binding by flow 

cytometry. To confirm there was an increase in fluorescence, the fluorescence emitted 

from the baits binding with the beads was compared to the fluorescence when no bait was 

added to their respective beads labelled as a NPC. As can be observed from figure 3.5, R1-

R3 of both PD-L1-Fc and PD-L1-HT had an increase in fluorescence compared to the NPC. 

This shift shows that efficient immobilisation was consistently achieved. Once binding was 

confirmed the rest of biopanning was continued with the remaining volume. 

 

 

A) 
 

 

 

B) 
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C) 
 

 

 
 

D) 

 

 

 

E) 
 

 

F) 
 

 

Figure 3.5: Binding analysis of PD-L1-HT and PD-L1-Fc during R1-R3. During biopanning of R1- 
R3, immobilisation of PD-L1-Fc to protein G beads and PD-L1-HT to Co-NTA beads was checked 
by adding anti-PD-L1-PE to baits immobilised on beads. The fluorescent result emitted was 
compared to the fluorescent result emitted with the NPC containing magnetic beads only. As can be 
observed during these rounds both PD-L1-Fc and PD-L1-HT had an increase in fluorescent result 
compared to the NPC in all rounds. 

 

 

During repeat biopanning, several modifications were also implemented to enhance the 

likelihood of successful selection. In addition to verifying the efficiency of immobilization 

during R1-R3, trimer-HT was used as a positive control, which had been successful in 

previous biopanning experiments. Furthermore, a new aliquot of phage library was used 

and the representation of scFv phages was increased in each round, and a lower stock titre 
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of helper phages was used. To ensure that a sufficient phage titre remained following 

elution of phages, a tenfold serial dilution of the enriched phages was performed to obtain 

phage dilutions ranging from 10⁹ to 10¹¹. These dilutions were then used to infect E.coli and 

the infected cultures were evenly spread on ampicillin LB agar plates and incubated 

overnight at 37°C. The next day, plates containing approximately 30–300 colonies were 

selected for counting. Using the colony count and corresponding dilution factor, the phage 

titre was calculated in CFU/mL. The resulting colony numbers and calculated titres are 

presented in Figure 6.1 and Table 6.1 of the appendices. Overall, phage titres ranged from 

6.20 × 10¹¹ to 6.20 × 10¹² CFU/mL, indicating that sufficient phage quantities were 

retained after each round to proceed to subsequent rounds of biopanning. 

Despite these adjustments, ELISA results assessing the binding affinity of the different 

biopanning rounds to the target proteins PD-L1-HT and PD-L1-Fc, shown in Figures 3.6A 

and 3.6C, showed a negative result. The mean fluorescence intensity (MFI) for all rounds 

against both PD-L1-Fc and PD-L1-HT was very low, and no statistically significant 

differences were observed between the rounds. The R4 library biopanned against PD-L1- 

Fc (in figure 3.6A) had a statistically significant lower result when compared with negative 

control bait (shown in a purple dotted line in figure 3.6A). The R4 library biopanned against 

PD-L1-HT produced a similar MFI result to the negative control bait (shown in an orange 

dotted line in figure 3.6C) as there was no statistical difference. 

The positive control for ELISA analysis was the same as the initial ELISA in figures 3.1 & 
 

3.2 although only a 1:100 dilution of R4 library biopanned against VISTA-Fc was used in 

this case which shows a high MFI result. These rounds were also tested against the trimer- 

HT negative control bait shown in figures 3.6B and 3.6D to check for cross-reactivity. The 

R1 PD-L1-Fc library in figure 3.6B produced a higher fluorescent result compared to the 
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other rounds however it was not statistically significant. On the other hand, phage pools 

biopanned against PD-L1-HT did not produce any significant result with trimer-HT bait. 

 

A) 
 

B) 
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C) 

 
D) 

 
Figure 3.6: Binding Analysis of R1-R4 PD-L1-Fc and PD-L1-HT phages with their target and 
control baits. Both R1-R4 PD-L1-Fc phage pools A) and PD-L1-HT phage pools C) did not have a 
significant increase in fluorescence from one round to the other showing that both biopannings failed. 
The 1:100 positive control library against VISTA-Fc shown in green produced a high fluorescent 
result indicating high binding affinity towards VISTA bait. The R4 PD-L1-Fc library with the negative 
control trimer bait (marked as a purple dotted line) was significantly higher than with the target bait. 
Analysis of different rounds of PD-L1-Fc with trimer bait in B) and R1-R4 PD-L1-HT phage pools with 
the control trimer bait D) also showed no significant results. 
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ELISA analysis of the positive control biopanning against trimer-HT (Figure 3.7A) revealed a 

statistically significant increase in fluorescent intensity between R2 and R3, as well as 

between R3 and R4. A clear, gradual increase in MFI from R1 to R4 was observed, with the 

1:10 dilution of R1 showing an MFI below 5,000 AU, compared to the 1:10 dilution of R4, 

which exhibited an MFI close to 15,000 AU. The high MFI observed for the 1:10 dilution of 

R4, was still notably lower than that of the 1:100 dilution of the R4 library biopanned 

against VISTA-Fc. This suggests that an additional round of biopanning may be necessary to 

generate antibodies with higher binding affinity. The R4 library with trimer-HT was 

statistically significantly higher than when the same round was tested with the negative 

control bait showing that these phages were not cross-reacting. 

For the negative control bait both PD-L1-Fc and PD-L1-HT baits were used to check binding 

with the enriched phages (figure 3.7B below). A statistically significant increase in MFI was 

observed between R3 and R4 when using the control bait but it was still significantly lower 

than R4 with the target bait. 
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A) 

 
B) 

 
 

Figure 3.7: Binding analysis of R1-R4 trimer phages with their target and control baits. The 
different dilutions of R1-R4 trimer phages with trimer bait A) show that there is a gradual increase in 
fluorescence from R1-R4 indicating that this biopanning was successful. R4 was also statistically 
significantly higher than the negative control which was R4 trimer phages with both PD-L1-Fc and 
PD-L1-HT baits. Even though biopanning was successful another round is recommended to produce 
higher binding phages as R4 was much lower than the positive control marked in green which was 
1:100 R4 VISTA phages with VISTA bait. The ELISA of all rounds with the control bait B) also shows 
a gradual increase between R3 and R4 however it was still markedly lower than R4 with the target 
bait. 
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3.4. Testing the binding analysis of different rounds by flow 
cytometry 

 
Since ELISA analysis of repeat biopanning towards both PD–L1-Fc and PD-L1-HT 

produced low fluorescent results, analysis of binding was attempted by flow cytometry. This 

was done as during ELISA, the baits were randomly oriented on the plate which may have 

been denatured or displaced during washing (Fegan et al. 2022 & Gibbs et al. n.d). Thus to 

ensure that any lack of binding with the baits was not due to a lack of exposure of the 

antigen of interest, binding of phages was assessed by immobilising the PD-L1-Fc, PD-L1- HT 

and trimer-HT on their respective beads similar to the biopanning procedure. This 

ensures that the baits are uniformly oriented and the area where biopanning binding 

occurred was exposed. Following immobilisation, R1-R4 of the different PD-L1 libraries and 

trimer library were added to their target and control baits. Anti-M13-PE was then added 

to check the fluorescence released from the bound phages. A no library control was 

included to detect the background fluorescence and to act as a baseline. To ensure that 

the PD-L1 baits were immobilised on the beads, a control was included where after 

immobilisation, anti-PD-L1-PE was added. All four rounds of the libraries were tested 

against their target, magnetic beads without bait and a negative control bait to check for 

non-specific binding. As can be observed from figure 3.8 A, B, C, the PD-L1-Fc phage pools 

did not show a shift in the fluorescent result from one round to other with either PD-L1-Fc, 

magnetic beads only or trimer-HT phages further confirming that high binding phages were 

not generated. 
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A) PD-L1-Fc bait with R1-R4 library biopanned 
against PD-L1-Fc 

 

 

C)  Trimer bait with R1-R4 library biopanned 
against PD-L1-Fc 

B) No target with R1-R4 library 
biopanned against PD-L1-Fc 

 

 

 
Figure 3.8: Binding analysis of R1-R4 PD-L1-Fc phage pools using flow cytometry. Binding 
analysis of the different rounds were tested against PD-L1-Fc bait, protein G beads (no target) and 
trimer bait shown respectively in A), B) and C). In A) other controls were also included such as no 
bait control with anti PD-L1-PE and a no library control with anti-M13-PE to check for background 
fluorescence; PD-L-Fc bait with anti-PD-L1-PE were also included to ensure proper immobilisation. 
As can be observed there is no shift in the fluorescent result with either target further confirming that 
biopanning failed 

 

 

On the other hand, the different rounds of PD-L1-HT library and trimer-HT library shown in 

figure 3.9 A and D have a shift in fluorescence detected in R3 and R4. This shift remains 

present also in R3 and R4 of both libraries with only the magnetic beads and with their 

control baits. This indicates that the phages biopanned were not targeting specifically the 

baits but these may have targeted the magnetic beads. 
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A) PD-L1-HT bait with R1-R4 library biopanned 
against PD-L1-HT 

 

 
C) Trimer bait with R1-R4 library 

biopanned against PD-L1-HT

No bait bait with R1-R4 library biopanned 
against PD-L1-HT 

 

 
D) Trimer bait with R1-R4 library 

biopanned    against Trimer-HT 
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E) No bait with R1-R4 library biopanned 
against Trimer-HT 

 

F) PD-L1-HT bait with R1-R4 library 
biopanned against Trimer-HT 

 

 
 

Figure 3.9: Binding analysis of R1-R4 PD-L1-HT & trimer-HT phage pools with flow cytometry. 
Binding analysis of the different rounds of PD-L1-HT was tested against PD-L1-HT bait, Co-NTA 
Magbeads and trimer bait shown respectively in A), B) and C). Whereas different rounds of trimer-
HT was tested against trimer-HT, Co-NTA Mag beads and PD-L1-HT baits shown respectively 
shown in D)-F). In A) and D), additional controls include no bait with anti-PD-L1-PE and no library 
with anti-M13-PE to assess background fluorescence. A) also includes PD-L1-HT bait with anti-PD-
L1-PE to confirm bait immobilization.  A shift was observed between R3 & R4 with all targets of both 
libraries indicating that the phages were binding non-specifically potentially against the Co-NTA Mag 
beads instead of their target bait 

 
 
 
 

3.5. ELISA analysis of monoclones 
 

Monoclonal analysis of 30 candidate phage clones were obtained from the R4 VISTA library 

biopanned during the Spiteri 2022 study. These clones were isolated and their binding 

affinity was initially assessed with ELISA against its target bait and negative control bait 

which was the Fc portion of IgG to ensure that the clones were not cross-reacting with the 

Fc part of the VISTA-Fc chimera bait protein. A no clone control where PBS was added 

instead of a clone to act as a negative control and R4 1:100 VISTA polyclonal population 

were assessed with both VISTA-Fc and the Fc-part of IgG baits to respectively act as positive 

and negative controls. 
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Statistical analysis of this ELISA result was done by initially checking the normal distribution 

of each clone using the Shapiro-Wilk test. The statistical significance of those clones which 

were normally distributed with the two baits were assessed with the multiple unpaired T- 

test using Welch’s correction to not assume that the clones with the different baits have 

the same standard deviation. Whereas statistical significance of those clones which were 

not normally distributed with either baits were assessed by the Multiple Mann-Whitney 

test. 

Statistical analysis was performed on those clones that had a higher binding affinity towards 

VISTA that is higher than the baseline. The baseline was determined by the clone which 

had the highest binding affinity towards the negative control bait. As can be observed from 

figure 3.10, clone 8 had the highest binding affinity towards the Fc bait thus the MFI of clone 

8 with Fc part of IgG acted as the baseline and marked with a dotted line. Clones 9 and 12 

were not included for statistical analysis as they had the weakest binding to VISTA, lower 

than the baseline. Statistical analysis of the ELISA result shown in figure 3.10 below shows 

that all clones had a statistically significant higher result with the VISTA-Fc when compared 

with Fc bait protein (p-value <0.000001) with clones 1, 15 and 22 having the highest 

fluorescent result towards VISTA bait. 
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Figure 3.10: Specificity analysis of monoclones with VISTA-Fc and Fc bait protein. ELISA 
analysis of 30 clones with VISTA and Fc bait proteins was done. A no-clone control with PBS served 
as a negative control and R4 1:100 VISTA polyclonal population was assessed with VISTA-Fc to act 
as a positive control and with the Fc-part of IgG baits to ensure that there is no cross-reaction with 
the polyclonal library. All clones exhibited low binding affinity to Fc, with clone 8 showing the highest 
binding. This value was used as a baseline, and clones with binding affinities to VISTA higher than 
this baseline were included in statistical analysis. All clones except for clone 9 & 12 strongly bound 
to VISTA compared to the Fc bait protein. Statistical analysis of clones was done by using the multiple 
unpaired T-test using Welch’s correction for those normally distributed and the Mann Whitney Test 
for non-normally distributed clones. These showed that all clones (excluding 9 & 12) were binding 
strongly in comparison to the Fc bait protein (p value <0.000001) 

 

 

Following analysis of the binding of 30 clones with VISTA-Fc bait and Fc bait proteins, 

additional testing was conducted using a different bait protein, SARS-COV-2, to further 

assess the specificity of the clones. Binding against VISTA-Fc bait was done again to check for 

reproducibility of clone binding and a no clone control, where instead of phage clones, PBS 

was included to check for background fluorescence and a positive control of R4 1:100 VISTA 

polyclonal population against target were included. Analysis of 30 clones at once was found 

to be laborious and has an increased risk of errors during the procedure thus it was decided 

to divide this experiment into two. Initially clones 1-15 were analysed and as can be 
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observed from figure 3.11, all clones were binding weakly to SARS-COV-2. Clone 15 had 

the strongest binding towards SARS-COV-2 thus the MFI of clone 15 with SARS-COV-2 acted 

as the baseline and marked with a dotted line and statistical analysis was 

performed on all clones which had a higher binding with VISTA bait, higher than this 

baseline. All clones except for clones 9 and 12 were binding strongly to VISTA similar to 

binding produced in figure 3.10 and this binding was statistically significantly higher than 

binding with SARS-COV-2. 

 
 

 

 
Figure 3.11: Specificity analysis of monoclones 1-15 with VISTA-Fc and SARS-COV-2-HT bait 
protein. ELISA testing of the first 15 clones with VISTA and SARS-COV-2 bait proteins was 
performed. A no-clone control with PBS served as a negative control and R4 1:100 VISTA polyclonal 
population was assessed with VISTA-Fc to act as a positive control. This ELISA revealed that all 
clones, except for clone 9 & 12 strongly bound stronger to VISTA compared to SARS-COV- 2 bait 
protein. All clones exhibited low binding affinity to SARS-COV-2, with clone 15 showing the highest 
binding. This value was used as a baseline, and clones with binding affinities to VISTA higher than 
this baseline were included in the statistical analysis. Statistical analysis of clones showed that all 
clones were binding strongly in comparison to the SARS-COV-2 bait protein with clones 1 and 15 
having the highest binding to VISTA. 
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When clones 16-30 shown in figure 3.12 were assessed, binding towards SARS-COV-2 of all 

clones was significantly higher than the binding produced with clones 1-15. The no clone 

control towards VISTA was low however with SARS-COV-2 was relatively high indicating 

the presence of background fluorescence with SARS-COV-2. The positive control was also 

low which further questions the reliability of the results. The results of the clones binding 

towards VISTA bait show similarity to figure 3.10 however clones 20, 21 23 and 24 were 

binding weaker towards VISTA. Since clone 27 had the strongest binding towards SARS- 

COV-2, it acted as the baseline and marked with a dotted line and statistical analysis was 

performed on all clones which had a higher binding with VISTA bait than this baseline. 

Statistical analysis was performed on only clones 17, 22, 25 and 26 and these were found 

to be statistically significantly higher binding with VISTA than SARS-COV-2 with clone 22 

having the highest binding towards VISTA. 
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Figure 3.12: Specificity analysis of monoclones 16-30 with VISTA-Fc and SARS-COV-2-HT 
bait proteins. ELISA testing of the remaining 15 clones with VISTA and SARS-COV-2 bait proteins 
showed that there is an increase in background fluorescence with SARS-COV-2 which was 
confirmed by the no clone control and on the contrary the positive control produced a low fluorescent 
result. Clone 27 showed the highest binding with SARS-COV-2 thus this value was used as a 
baseline, and clones with binding affinities to VISTA higher than this baseline were included in the 
statistical analysis. Statistical analysis of clones 17, 22, 25 and 26 showed that they were binding 
strongly to VISTA in comparison to the SARS-COV-2 bait proteins however these results are not 
reliable as the controls used  showed an increase in background fluorescence and the positive 
control did not work.   
 
 
 

Since the results produced with clones 16-30 with SARS-COV-2 were uncertain, a repeat of 

this experiment was required. However, the volume of phage clones used for these 

analyses was depleted and only 15% glycerol stocks of the phagemid clones were present. 

Retrieval of phage clones from these glycerol stocks was not previously done in-house, 

thus it was attempted following Ph.D. Phage Display Biopanning Manual of New England 

Biolabs n.d. Along with assessing binding of clones 16-30, binding of clone 9 which was a 

weak binder to VISTA and clone 10 which was a strong binder to VISTA were included as 
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controls to ensure that similar binding pattern would be present when re-assessing with 

VISTA and SARS-COV-2. However, as can be observed from figure 3.13, the results 

produced from the phage clones retrieved from phagemids showed that the method used 

did not work and there were also issues with the ELISA procedure as the no clone control 

against both VISTA and SARS-COV-2 baits was again high and the positive control was also 

low. The binding pattern of clones 9, 10 were different from figure 3.11 as they both 

produced weak binding towards VISTA and had a higher binding with SARS-COV-2. The 

binding pattern towards either clone with VISTA was completely different from figure 3.10 

and the majority of clones were shown to bind stronger with SARS-COV-2. It was concluded 

that erroneous results were produced and that retrieval of phage clones was not 

successful. 

 
 

Figure 3.13: Specificity analysis of monoclones of 9,10,16-30 with VISTA-Fc and SARS-COV- 
2-HT bait protein. ELISA testing of clones 9,10, 16-30 retrieved from glycerol stocks show that 
binding to VISTA bait was low and different from the previous figures 3.10-3.12. The clones were 
binding similarly or stronger to SARS-COV-2 in comparison to VISTA thus this shows that retrieval 
of phage clones was unsuccessful. The positive control which was the 1:100 VISTA polyclones with 
VISTA bait was too low and the no clone controls was detecting an increase in background 
fluorescence which also indicates problems in the ELISA procedure. 
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Since retrieval of phage clones was unsuccessful, assessment of the specificity of phage clones 

was not continued any further. Plasmid extraction of these clones was done, and these were 

sent for Sanger sequencing to determine the DNA sequence of each clone Since no further 

analysis of clone specificity could be done, a further 30 candidate phage clones were picked 

and assessed. During this period, other researchers were obtaining erroneous results when 

conducting the same experiment which was expected to be due to helper phages being used. 

Thus, while performing this experiment, all 30 clones were generated using a new aliquot 

of helper phages and 15 from these 30 clones were tested using both helper and hyperphages 

which display up to 5 scFvs on the surface of phages to have higher avidity. Binding of clones 

was initially assessed with ELISA against VISTA and SARS-COV-2. The no clone control was used 

as a negative control to test for background fluorescence which as can be observed from 

figure 3.14 background fluorescence still remained high especially with SARS-COV-2. On the 

other hand, the 1:100 VISTA polyclones which was a positive control showed a high fluorescent 

result with VISTA bait. During preparation of phage clones for ELISA, a 1:100 dilution of the 

monoclones was mistakenly done. Consequently, as can be observed from the ELISA of all 30 

clones with helper phages in figure 3.14, all clones had a weak fluorescent result with VISTA bait 

similar to the binding with SARS-COV-2. Statistical analysis was performed on all clones and 

only clones 36 and 60 had a significantly higher binding with VISTA than SARS-COV-2. Clones 

31, 37 and 54 produced a high fluorescent result with SARS-COV-2 which was significantly 

higher than VISTA whereas the remaining clones were found to not have a significant 

difference between binding with VISTA and SARS- COV-2. 
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Figure 3.14: Specificity analysis of 31-60 monoclones with VISTA-Fc and SARS-COV-2-HT bait 
protein. ELISA testing of clones 31-60 which were produced using helper phages was done against 
VISTA and SARS-COV-2 bait proteins. During preparation of clones for ELISA, a 1:100 dilution of these 
clones was mistakenly done and due to this, all clones were binding weakly to VISTA in comparison 
SARS-COV-2. Whereas, clones 31, 37 and 54 were binding significantly stronger with SARS-COV-2. 
The no-clone control with PBS which served as a negative control with both VISTA and SARS-COV-2 bait still 
produced a significantly higher background fluorescence with SARS-COV-2. However, the R4 1:100 VISTA 
polyclonal population assessed with VISTA-Fc which acted as a positive control produced a very high 
fluorescent result. 

 

 

When ELISA was performed on the 1:100 dilution of 15 clones that were produced using 

hyperphages shown in figure 3.15, it was found that most clones were binding stronger to 

VISTA bait compared to clones generated with helper phages. Statistical analysis was 

performed on all clones and as can be observed, clones 31, 37, 42, 44, 50, 51, 53, and 55 were 

binding strongly to VISTA bait in comparison to SARS-COV-2. Clones 33 and 39 also have a 

significantly higher binding to VISTA however it is not as strong as the other clones. Clones 35, 

46 and 57 had no statistically significant binding between SARS-COV-2 and VISTA whereas 

clones 48 and 59 were found to be binding stronger to SARS-COV-2 than VISTA. 
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Figure 3.15: Specificity analysis of monoclones prepared with hyperphages against VISTA-
Fc and SARS-COV-2-HT bait protein. ELISA testing on 15 clones produced using hyperphages 
was done against VISTA and SARS-COV-2 bait proteins. During preparation of these clones for 
ELISA, a 1:100 dilution of these clones was mistakenly done. Despite this, the majority of clones still 
showed significantly stronger binding with VISTA than SARS-COV-2 whereas clones 48 & 59 
displayed significantly stronger binding with SARS-COV-2. The no-clone control with PBS which 
served as a negative control with both VISTA and SARS-COV-2 bait still produced a significantly higher 
background fluorescence with SARS-COV-2. However, the R4 1:100 VISTA polyclonal population 
assessed with VISTA-Fc which acted as a positive control produced a very high fluorescent result. 
 
 

Since binding of monoclones towards VISTA was stronger with the clones generated using 

hyperphages in comparison to helper phages, further specificity analysis was done using 

only these 15 clones. Specificity analysis of monoclones against VISTA-Fc, SARS-COV-2- HT 

and PD-L1-Fc baits was done. PD-L1-Fc was used as a bait protein as significant sequence 

homology was shown to be present in the extracellular Ig domain with VISTA (Wang et al. 

2011). 

 
BLASTp analysis was conducted from the NCBI Blast® website between the human VISTA 

and PD-L1 protein sequences, both obtained from the UniProt: the Universal Protein 

Knowledgebase, to assess potential sequence homology. As shown in Table 3.1, only a 
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portion of the PD-L1 sequence aligned significantly with the VISTA sequence, with a query 

coverage of 42%. Among the aligned regions, only 24.81% of the residues were identical, 

indicating low sequence identity (Figure 3.16A). Despite this low identity, the E-value was 

low, suggesting that the observed alignment is statistically significant and unlikely to have 

occurred by chance. 

To further explore potential similarity, a second BLASTp analysis was performed focusing 

specifically on the extracellular domains (ECDs) of both VISTA and PD-L1, as this is the 

domain accessible for scFv binding during phage display biopanning. As illustrated in Figure 

3.16B, this analysis produced a higher query coverage of 72%, indicating that a larger 

portion of the VISTA ECD aligned with the PD-L1 ECD. However, the percentage identity 

remained low at 24.79%, again suggesting weak sequence homology between these 

domains. The pairwise alignments from both BLASTp analyses are presented in Figure 

3.16.A. 

A. 

Protein Organism Max 
Score 

Total 
Score 

Query 
Cover 

% 
Identity 

E- 
value 

Accession 
Length. 

Accession 
Number 

PD-L1 Homo 
sapiens 

43.1 43.1 42% 24.81% 2e-09 20013 Query_3919085 

 
B. 

Protein Organism Max 
Score 

Total 
Score 

Query 
Cover 

% 
Identity 

E- 
value 

Accession 
Length. 

Accession 
Number 

PD-L1 
ECD 

Homo 
sapiens 

40.8 40.8 72% 24.79% 2e-09 220 Query_3980013 

 
Table 3.1: BLASTp sequence alignment between VISTA and PD-L1. A presents the alignment 

of the full-length protein sequences, while B focuses on the alignment of their extracellular domains 

(ECDs). In the full-sequence alignment (Panel A), 42% of the VISTA sequence aligned with PD-L1, 

and the aligned region showed a high Max Score relative to the Total Score, indicating that the 

alignment was primarily composed of strong matches as the Total Score includes both strong and 

weak alignments, while the Max Score reflects the highest scoring aligned segment. Within the 

aligned region, 24.81% of the residues were identical. The low E-value suggests that this similarity 

is statistically significant and unlikely to have occurred by chance. When analysing only the ECDs 

(B), a similar pattern was observed; however, the query coverage increased to 72%, indicating that 

a larger portion of the VISTA ECD aligned with the PD-L1 ECD. 
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A. 

 

 

 

B. 

 
Figure 3.16: Pairwise sequence alignments of VISTA and PD-L1 obtained from BLASTp 
analysis. A shows the alignment of the full-length protein sequences of VISTA and PD-L1, while B 
presents the alignment of their extracellular domains (ECDs). In A, three distinct BLAST hits were 
identified from different regions of the PD-L1 sequence that show similarity to VISTA. In B, two 
BLAST hits were observed between the ECDs of PD-L1 and VISTA. For each alignment, the 
alignment score, E-value, and percentage identity are provided. These alignments were generated 
using the NCBI Blast® tool from the National Library of Medicine website. 

 
 
 

 

As can be observed in figure 3.17, 1:10 and 1:100 VISTA polyclonal population with VISTA 

bait were used as a positive control and a no library control was used to detect background 

fluorescence. During the previous ELISA analysis, there was a markedly high background 

fluorescence especially with SARS-COV-2 bait. Therefore, for this experiment blocking was 

performed using a higher percentage of BSA (3% BSA in 0.1% tween 20) which was found to 

be effective to markedly reduce background fluorescence. In this case, 1:10 dilution of 

VISTA polyclones had the strongest binding towards SARS-COV-2, therefore used as the 

baseline for comparison. Statistical analysis was performed only on clones that exhibited 

stronger binding to the VISTA bait than this baseline, resulting in the exclusion of clones 
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31, 33, 35, 39, and 46 from statistical analysis. Statistical analysis of the clones binding 

stronger to VISTA than the baseline showed that all clones analysed were all binding 

strongly with VISTA in comparison to SARS-COV-2 and PD-L1 with a p-value <0.000001. The 

strongest binders to VISTA were clones 53 and 42. 

With the remaining volume of clones 31-60, plasmid extraction was performed and sent 

abroad for Sanger sequencing. 

 

 
Figure 3.17: specificity analysis of monoclones prepared with hyperphages against VISTA, 
SARS-COV-2 and PD-L1. ELISA analysis on clones produced using hyperphages showed that most 
clones were binding strongly to VISTA except for clones 31, 33, 35, 39 & 46. The no-clone control 
with PBS which served as a negative control with both VISTA and SARS-COV-2 baits showed weak 
background fluorescence with both baits. A R4 1:10 and 1:100 VISTA polyclonal population were 
both assessed with VISTA-Fc to act as a positive controls. All clones exhibited low binding affinity 
to SARS-COV-2 however 1:10 dilution of polyclones showed the strongest binding towards SARS-
COV-2. This value was used as a baseline, and clones with binding affinities to VISTA higher than 
this baseline were included in the statistical analysis. with PD-L1 was very low and it was barely 
visible on this graph. Statistical analysis of clones assessed had a p value <0.000001. 
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3.6. Analysis of Sanger sequencing results 

 
Sanger sequencing was performed to determine the different scFv sequences of the strong 

binding and weak binding clones. This aids in determining the diversity of the sequencing 

following the final round. Prior to sending the DNA for Sanger sequencing, the concentration 

and purity of all clones was assessed by the Nanodrop spectrophotometer. The results are 

presented in Table 6.2 of the Appendix. DNA concentrations ranged from 101.3 to 273.2ng/

μL, which was sufficient for Sanger sequencing. The 260/280 absorbance ratios were close 

to the expected value of ~1.8, indicating acceptable protein contamination levels. 

However, approximately half of the clones exhibited 260/230 ratios slightly above 2.2, 

suggesting the possible presence of impurities such as residual salts or organic compounds. 

From the Sanger sequencing analysis, the amino acid sequence of each clone was obtained 

and these were aligned for comparison. From the  aligned sequences of clones 1–30, 

presented in figure 6.2 of the appendix, revealed that only clones 9 and 10 contained the 

full-length sequence. In most of these clones, only the variable heavy chain (VH) region was 

successfully sequenced. In contrast, sequencing of clones 31–60 successfully yielded full-

length sequences for all clones. Analysis of the full-length sequences revealed that the 

majority of clones shared an identical sequence. However, sequence variations were 

observed in clones 9, 10, 34, 37, 39, 40, 42, 49, 53, and 60. The fact that only 10 out of 32 

full-length sequence clones showed sequence variation suggests that R4 of VISTA 

biopanning led to the enrichment of a dominant clone during the selection process. 

Notably, clones 10 and 37 are highly similar to each other, differing by only two amino 

acids within the CDR3 region of the VL chain. However, both clones show distinct variations 

across all framework and CDR regions of both the VH and VL chains when compared to the 

sequence of the dominant clone. When compared to the dominant clone, clone 9 also 
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showed extensive variation across most framework and CDR regions of VH and VL. Clones 

40, 42, 53, and 60 shared an identical sequence variation, primarily within the framework 

and CDR regions of the VL. Clone 34 displayed variation in framework regions 3 and 4 of 

the VL, while clone 39 contained 2–3 amino acid substitutions in framework regions 1 and 

2 of the VH when compared to the dominant clone. Clone 49 differed by a single amino 

acid substitution in framework region 3 of the VL.  

To assess the similarity amongst clones, a dendrogram was generated using the 

Complementarity-Determining Region3 (CDR3) protein sequences from both the heavy 

and light chains, for all clones where sequencing data was available. A CSV file containing the 

CDR3 sequences was created and uploaded to a dendrogram program developed by Ms 

Francesca Chircop in 2025. As shown in figure 3.18, the dendrogram for the heavy chain 

CDR3 (CDR3-VH) includes the majority of clones, excluding clones 1, 3, 5, 6, 8, 12, 16–19, 

21, 22, 26, 28–30, and 39, for which sequencing data was unavailable. The variable light 

chain of CDR3 (CDR3-VL), dendrogram however, includes only clones 9, 10, 31–33, 35–38, 

and 40–60. 

Both dendrograms display clone identity along the x-axis and linkage distance on the y- 

axis, using a logarithmic scale to enhance resolution of smaller distances. This distance is 

relative to show relationships between clones. The dendrogram program arranged each 

clone on the x-axis and grouped those clones that have an identical sequence or similar 

sequences together. When the clones are connected together they become a cluster. The 

point on the y-axis where these clones are connected together indicates the similarity 

between one clone and the other. If the values on the y-axis are close to 0, this indicates 

that the clones are highly similar. In contrast, the further the linkage distance is from 0, the 
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more dissimilar the clones are (Landau & Ster 2010). Overall, both dendrograms show that 

most clones have an identical CDR3 sequence. 

In the CDR3-VH dendrogram, all clones except clones 2, 10 and 37 are clustered together 

with and orange line. This line is on the ‘0’ showing that these sequences of the CD3-VH 

are identical. Clone 2 clusters closely with clones 10 and 37, indicating high sequence 

similarity. This cluster is distinct from the remaining clones, merging with them at a much 

greater linkage distance, signifying low similarity to the rest of the clones. 

In contrast, the CDR3-VL dendrogram reveals a greater number of distinct clusters, 

reflecting increased variability in the light chain compared to the heavy chain. Nonetheless, 

all clones except 60,53,40,42,9,10,37 still share identical sequences as they are clustered 

with an orange line on the ‘0’. Clones 10 and 37 form a tightly clustered pair with a linkage 

distance of ~1, reflecting a high sequence similarity, followed by clone 9. These, in turn, 

are more distantly related to clones 60, 53, 40, and 42 which have an identical sequence 

to each other as they have a linkage distance of 0. This entire group (clones 10, 37, 9, 42, 

40, 53, and 60) is markedly dissimilar from the remaining clones as they cluster  together  

at  a  much  higher  linkage  distance  (~15). 
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A. Dendrogram of CDR3-VH 

 

B. Dendrogram of CDR3-VL 

 

Figure 3.18: Dendrograms illustrating the hierarchical clustering of CDR3 sequences from 
the heavy chain (CDR3-VH) in A and the light chain (CDR3-VL) in B across different clones.  
Both dendrograms show the clones on the x-axis and the distance which has Relative Arbitrary Units 
(RAU) on the y axis. In both dendrograms, the majority of clones have an identical sequence as they 
have a linkage distance of 0. However, in the CDR3-VH dendrogram, a distinct cluster comprising 
clones 2, 10, and 37 stands out due to their significant divergence from the other clones which have 
a distance of 8. In the CDR3-VL dendrogram, while most clones still share identical sequences, 
there is greater structural complexity, reflecting increased variability compared to the heavy chain. 
Clones 10 and 37 form a tight cluster with a linkage distance of ~1 indicating strong sequence 
similarity. This cluster further groups with clone 9, followed by a broader cluster including clones 42, 
40, 53, and 60, which have the same sequence as they cluster together at a linkage distance of 0. 
These clones are clearly distinct from the remaining group, merging at a higher linkage distance of 
~15, indicating lower sequence similarity with the remaining clones. 
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The physicochemical properties including molecular weight, isoelectric point (pI) and 

instability index of all full-length sequence clones were analysed using the Expasy 

ProtParam tool, with the results summarized in the Table 3.2. The isoelectric point 

represents the pH at which a protein carries no net charge. At pH values above the pI, the 

protein will possess a net negative charge, while below the pI it will have a net positive 

charge (Tokmakov et al. 2021). 

 
All clones, except clone 34, exhibit pI values between 4 and 5.05, indicating that at neutral 

pH, they would display a net negative charge. In contrast, clone 34, with a pI of 9, would 

carry a net positive charge under the same conditions. The instability index offers an 

estimate of a protein’s stability, based on a computational formula derived from a 

statistical analysis of stable and unstable proteins. Typically, unstable proteins have a 

higher frequency of methionine, glutamine, proline, glutamate, and serine, while stable 

proteins are richer in asparagine, lysine, and glycine. An instability index below 40 suggests 

that the protein is stable, whereas a value above 40 indicates instability (Guriprasad et al. 

1990). Accordingly, all proteins in this study, except for clone 34, are predicted to be stable. 

Clone MW pI Instability Index (II) 

V9 29834 4.78 31.8 

V10 26186.3 5.05 38.89 

V31 26857.4 4.68 30.49 

V32 29738.9 4.66 32.6 

V33 29738.9 4.66 32.6 

V34 29555.4 9.1 43.27 

V35 29738.9 4.66 32.6 
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V36 29625.8 4.66 32.68 

V37 28666.1 4.98 39.35 

V38 29738.9 4.66 32.6 

V40 29474.6 4.75 32.88 

V41 29738.9 4.66 32.6 

V42 29474.6 4.75 32.88 

V43 29738.9 4.66 32.6 

V44 29738.9 4.66 32.6 

V45 29738.9 4.66 32.6 

V46 29738.9 4.66 32.6 

V47 29738.9 4.66 32.6 

V48 29738.9 4.66 32.6 

V49 27286.2 4.72 31.23 

V50 28026.8 4.58 33.33 

V51 28411.5 4.85 30.57 

V52 29738.9 4.66 32.6 

V53 29474.6 4.75 32.88 

V54 29738.9 4.66 32.6 

V55 29738.9 4.66 32.6 

V56 29738.9 4.66 32.6 

V57 29738.9 4.66 32.6 

V58 29738.9 4.66 32.6 

V59 29738.9 4.66 32.6 

V60 29474.6 4.75 32.88 

 
Table 3.2: Physicochemical properties of clones 9-10 and 31-60 predicted by Expasy 

ProtParam computational tool. The protein sequence of these clones were entered to predict the 

Molecular weight, isoelectric point (pI) and instability index and from these parameters it was noted 

that pI ranges between 4.00 to 5.05 except for clone 34 which has a pI of 9.1. All our clones have 

an instability index <40 suggesting these clones are stable. Clone 34 has an instability index of 43.27 

showing that it is not a stable protein. 
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The sequence of the strongest binder; clone 53 and the weakest binder; clone 35 from the 

results identified in figure 3.17, were used to predict the 3D structure using SWISS-MODEL, 

shown in figure 3.19. 

The protein sequences of these clones, formatted in FASTA, were submitted to the SWISS-

MODEL server for analysis using the automated mode. This tool predicted the 3D model 

using homology modelling of proteins based on their amino acid sequence. SWISS-MODEL 

aligned the amino acid sequence provided with structurally characterized proteins in order 

to identify a suitable template for homology modelling. Template identification was carried 

out using sequence comparison tools such as BLAST and HHblits, which search for proteins 

with known 3D structures that share significant sequence similarity. Once an appropriate 

template was selected, the ProMod3 modelling engine was used to construct a 

comparative 3D model of the target protein, incorporating conserved structural features 

and optimizing variable regions. This automated pipeline enabled the generation of 

reliable structural models when no experimentally determined structure was available 

(SWISS-MODEL n.d). 

For clones 53 and 35, scFv55 protein was used as the template sequence to create the 3D 

structure. The ideal template was selected based on the sequence similarity, coverage and 

the predicted model quality was assessed using the global model quality estimate (GMQE) 

and QMEAN Distance Constraint Score (QMEANDisCo) (SWISS-MODEL n.d). This template 

exhibited 71.54% sequence identity with clone 53 and 69.39% with clone 35. 

The GMQE indicates the quality of both the template and its alignment with the clone 

sequences. This model quality measurement gives a value between 0 and 1 and values 

closer to 1 have a higher quality measurement. Both of our clones with the template 

sequence have a GMQE value of 0.71 which means both clones have a good predicted 
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model quality (SWISS-MODEL n.d). The QMEANDisCo measures the quality of the model 

generated using distance constraints and structural features where values greater than 

0.70 indicate a good quality model generated (Guillon et al. 2024, SWISS-MODEL n.d). 
 

Clone 53 generated a QMEANDisCo of 0.75± 0.05 whereas clone 35 generated a value of 

0.74± 0.05 which means that both models are of good quality. 

Furthermore, model validation was performed using the MolProbity score. This score is 

based on multiple factors including steric clashes, Ramachandran statistics (favoured 

regions and outliers), rotamer outliers, deviations in C-β geometry by more than 0.25Å, as 

well as bad bonds and angles (Chen et al. 2009; SWISS-MODEL n.d). Lower MolProbity 

scores correlate with higher model quality. Clones 53 and 35 attained scores of 1.02 and 

1.10, respectively, indicating a good model quality.      

 In the 3D model generated, the VH, VL, linker, and Myc tag regions were clearly annotated. 

Both the VH and VL domains adopt an immunoglobulin-like β-sheet structure, with the VH 

domain positioned near the N-terminal and the VL domain located towards the C-terminal. 

These domains are connected by a flexible linker which is rich in glycine and serine 

residues, which provides sufficient spatial separation to allow proper folding and 

orientation of the variable domains without introducing steric hindrance or interfering 

with their function. (Chen et al. 2014). 
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A. B. 
 

Figure 3.19: Predicted 3D protein structure of A. clone 53 and B clone 35. These models were 
generated based on homology modelling with scFv55 protein which had a sequence identity of 
71.54% with clone 53 and 69.39% with clone 35. These structures show the variable heavy and 
variable light chain linked together with a linker protein along with a Myc tag at the C-terminus. 

 

 

Ramachandran plots were generated with the 3D protein structure to visualize the feasibility 

of the torsion angles of the amino acid residues which can range from +180° to -180°. 

The Ramachandran plot is graph of the torsion angles of the amino nitrogen bonded with 

the α- carbon known as the phi (Φ) angle and the torsion angle of the α-carbon bonded 

with the carbonyl carbon known as the psi (ψ) angle. These torsion angles depend greatly 

on steric hindrance caused when a polypeptide chain repels another when they are in 

proximity of each other due to overlapping electron clouds which form energetically 

unfavourable conformations (Clayden et al. 2012, Kumar & Arya 2019). 

Figure 3.20 presents the Ramachandran plots for clones 53 and 35. In these plots, the dark 

green areas denote sterically favoured conformations, while the light green regions 

represent sterically allowed conformations where minimal steric interference is observed. 

The majority of amino acid residues in the predicted structures for both clones (indicated in 

red and blue) fall within these green zones, with residues outside considered as outliers as 

they have sterically disallowed conformations. Specifically, in clone 53, 90.98% of residues 

are located in the Ramachandran favoured regions, with only 0.82% classified as outliers. 



105  

Similarly, clone 35 shows 91.80% of its residues in the Ramachandran favored regions, with 

1.23% as outliers. This Ramachandran plot excludes glycine and proline residues as 

glycine residues lack a side chain thus it is less sterically hindered and can form favourable 

conformations outside the Ramachandran favoured regions. On the other hand, proline has 

a cyclic side chain which makes it more sterically hindered which restricts conformation. 

 
The plots feature different green regions corresponding to the characteristic torsion angle 

ranges of various secondary structures. For example, β-sheets generally adopt torsion 

angles around Φ ≈ –139° and ψ ≈ +135°, placing their allowed conformations in the 

upper left quadrant. Right-handed α-helices, with typical angles near Φ ≈ –57° and ψ ≈ –

47°, are primarily found in the lower left quadrant, whereas left-handed α-helices, with 

angles around Φ ≈ +57° and ψ ≈ +47°, appear in the upper right quadrant (Kumar & 

Arya 2019). 

 

A). 

 

B). 

 

Figure 3.20: Ramachandran plots of predicted 3D models of clone 53 in A and 35 in B 
generated by Swiss-Model. These plots display the Φ and ψ torsion angles of all amino acid 
residues except for glycine and proline residues. The favoured regions are shown in different shades 
of green and the residues in darkest green have the most favourable conformations. 



106  

 
 
 
 
 
 
 
 
 

Chapter 4: 

 

Discussion 
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In this project, a naïve canine scFv library was employed to target various epitopes on 

recombinant human PD-L1, which had been immobilized on magnetic beads. The use of a 

naïve library offers significant advantage over an immunized library, as it enables targeting 

of virtually any antigen without the need to construct a new library for each application. 

Moreover, it allows for targeting of antigens that are typically challenging to elicit an immune 

response against, such as self-antigens or antigens with low immunogenicity (Griffiths & 

Duncan, 1998). However, since the library was not pre-immunized against the target 

antigens, it must possess a high degree of diversity to ensure the presence of high-affinity 

binders. For this reason, a library with a diversity of 10⁹ variants was utilized in this study. 

The scFv is a small fragment of the antibody composed of a variable heavy chain (VH) and 

variable light chain (VL) domains which are joined together by a peptide linker which has a 

single binding site. Using only this fragment produces a stable active library which is easier 

to handle and more efficiently expressed in E.coli in comparison to fragment antigen 

binding (Fab) and full antibody libraries which are more complex as they require more 

protein folding and interaction between different polypeptides (Ahmad et al. 2012) 

The scFv library was produced by first extracting the mRNA from B cells of non-immunized 

canines and with PCR, amplifying only the VH and VL chain domains which are then fused 

together by a peptide linker to form scFv. With the help of restriction endonucleases, these 

were then ligated into vectors containing M13gIII gene and β-lactamase gene for ampicillin 

resistance. These recombinant vectors were transfected in E.coli containing M13KO7 

helper phages to amplify and generate the primary library containing phages expressing 

scFv fused with the pIII protein on their surface (Di Pietro, 2020; Dong et al. 2020). The 

diversity and enrichment of the antibodies was assessed by Next generation short-read 

DNA sequencing and long-read DNA sequencing was performed to determine the 
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Immunoglobulin Heavy chain Variable region (IGHV), immunoglobulin lambda variable 

(IGLV) and immunoglobulin kappa variable (IGKV) subfamily distribution of our library 

(Lisowska et al.2025). 

Even Though biopanning phage display has been shown to be a powerful and reproducible 

tool for mAb preparation (Alfaleh et al. 2020), in this project two attempts for biopanning 

phage display using the scFv antibodies did not yield antibodies with a high binding affinity 

against PD-L1. 

 
Following the groundbreaking discovery of phage display by George P. Smith in 1985, the 

biopanning phage display technique has significantly transformed the field of 

Immunotherapeutics. It has been very successful in the production of specific proteins, 

peptides and antibodies which have a variety of clinical applications. This method has been 

proven to be highly effective in generating specific proteins, peptides, and monoclonal 

Antibodies (mAbs), all of which have wide-ranging clinical applications. Numerous studies 

have demonstrated the high success rate of phage display in antibody generation (Kalim 

et al., 2019, Rabinal et al., 2015, Sulong et al., 2021), positioning it as a robust alternative 

to the traditional hybridoma technology that has long been used for mAb production. 

The use of these antibodies have also been FDA approved for clinical use. Currently, 14 

mAbs derived from phage display have been approved such as Adalimumab, a fully human 

mAb targeting tumour necrosis factor (TNF), used to treat immune-mediated disorders such 

as rheumatoid arthritis and psoriasis. Necitumumab, a human mAb targeting the Epidermal 

Growth Factor Receptor (EGFR), approved for the treatment of metastatic non-small cell 

lung carcinoma (NSCLC). Atezolizumab and Avelumab, both targeting PD-L1, used in the 

treatment of urothelial carcinoma and metastatic Merkel cell carcinoma, respectively 

(Alfaleh et al., 2020). 
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During the initial biopanning phage display against PD-L1-HT, biopanning against VISTA- HT 

was done consequently to act as a positive control. The results of the phage ELISA 

presented in Figure 3.2 indicate that no binding was observed to the positive control target 

protein. One key difference between this unsuccessful biopanning experiment and the 

previously successful biopanning against VISTA was the use of a different immobilisation 

technique. To investigate whether this variation affected target protein immobilization, an 

experiment was designed to assess immobilization efficiency. 

As shown in Figure 3.3, increased fluorescence was detected for both VISTA-Fc and trimer- 

HT proteins, confirming their effective immobilization and successful detection. In contrast, 

no significant difference in fluorescence was observed across varying titres of VISTA-HT, 

suggesting a failure in the immobilization of the VISTA-HT onto Co-NTA Magbeads. 

The polyhistidine tag is a relatively small, uncharged peptide that typically causes minimal 

interference with the structure and function of the fused protein, while exhibiting strong 

affinity for metal ions (Bornhorst & Falke, 2010, Spriestersbach et al., 2015). In this study, 

the HT was fused to the C-terminus of VISTA. However, the protein was not being efficiently 

immobilized, possibly due to the HT becoming buried within the folded VISTA structure, 

thereby preventing its interaction with Co-NTA magnetic beads (Bornhorst & Falke, 2010, 

Spriestersbach et al., 2015). To overcome this, denaturation of the protein was required 

but this approach was ultimately not pursued, as biopanning with denatured VISTA could 

lead to the selection of antibodies that recognize epitopes not exposed in the native, 

functional conformation. In addition, the binding efficiency of the HT to metal ions can be 

adversely affected by acidic pH, as protonation of the histidine residues under low pH 

conditions reduces their affinity for metal ions. The presence of reducing agents, chelating 
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agents, or imidazole, can also disrupt polyhistidine-metal interactions (Bornhorst & Falke 

2010) but contamination of these agents were unlikely present, since successful binding of 

the trimer-HT was still achieved under the same conditions. 

This experiment showed that lack of VISTA presentation contributed to the failure of 

positive biopanning control however as can be observed in figure 3.4, PD-L1-HT was being 

efficiently immobilised to their respective beads and failure of this biopanning was not due 

to the lack of HT exposure which may indicate that other issues with biopanning were 

present. Nonetheless for the repeat biopanning, both PD-L1-HT and PD-L1-Fc were used to 

check whether different immobilisation techniques affect biopanning results. 

During the initial biopanning, fresh in-house aliquots of helper-phages were prepared which 

had a working phage titre of 6.7x109 PFU/mL which is more than the concentration used 

by the New England Biolabs manual which has a final working concentration of 1x108 

PFU/mL (Use of M13KO7 Helper Phage for isolation of single-stranded phagemid DNA n.d). 

Helper phages have a defective replication site to have a low replicative ability to allow for 

the packaging of the phagemid DNA containing the chimeric pIII-scFv protein. The pIII 

protein is an essential surface protein that aids in F-pilus binding thus expression of wild 

type pIII is favoured during phage assembly (Broders et al. 2003). Since a higher titre of 

helper phages were used which express a wild type pIII protein, it was speculated that there 

were not enough phagemids present to displace the helper phages and replication favoured 

helper phages to produce phages containing wild type pIII protein (Aripov et al. 2024). Thus 

a low binding affinity from the fourth round could be due to the favoured amplification of 

the wild type pIII protein. For the the second attempt of biopanning phage display, the 

working phage titre used was of 6.7x108 PFU/mL to increase the likelihood of phages 

containing the pIII-scFv protein. Other than this, for the repeat biopanning an increased 
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concentration of phage library was added in each round to increase the volume of phages 

to bind to our target. A different positive biopanning control was used; trimer-HT protein 

as successful biopanning has been repeatedly achieved (Lisowska et al. 2025). 

During the second attempt of biopanning, only a significant result was achieved against 

trimer-HT bait whereas no significant binding was observed against either PD-L1-HT and 

PD-L1-Fc bait even though efficient antigen presentation was shown to be done during 

each round by flow cytometry. 

To examine the binding analysis of the phage pools with ELISA, the proteins were being 

coated directly on ELISA plates. This direct adsorption results in the proteins to randomly 

orient and may undergo conformational changes that could have been easily denatured 

during the various washing steps (Ledsgaard et al. 2018). Thus, binding analysis was 

checked using flow cytometry to use the same immobilisation technique as that of 

biopanning to ensure that lack of binding was not due to lack of antigen presentation during 

ELISA. As can be observed from figure 3.8, PD-L1-Fc did not show a difference in 

fluorescence result during the different rounds with either the target and control baits 

confirming the ELISA results obtained. On the other hand, as can be observed in figure 3.9, 

round 4 of both PD-L1-HT and trimer-HT phage libraries were showing a shift in the 

fluorescent signal with the target bait, control bait and no bait control. Since this shift is 

slightly evident in round 3 and becomes more pronounced during round 4 it is likely to be 

due to biopanning of phages against a non-specific target potentially against the Co-NTA 

Mag beads. This conclusion is supported by the observation that phages biopanned against 

the PD-L1-Fc bait did not exhibit a shift when tested with either PD-L1-Fc or trimer-HT bait 

proteins, suggesting a specific issue arises when HT bait proteins are used during 

biopanning. Despite this, the ELISA results for the PD-L1-HT and trimer-HT phage pools did 
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not show significant non-specific binding, likely because magnetic beads were not included 

during the ELISA, thereby eliminating bead-related interactions. These findings suggest 

that biopanning with HT proteins may yield ambiguous results, as phages might be selected 

based on binding to components other than the intended target producing selection-

related, target-unrelated phages. This non-specific binding could result from interactions 

between certain amino acids and the magnetic bead matrix or the Co2+ ions present on the 

Co-NTA beads. A study by Barbas et al. (1993) demonstrated that approximately nine 

common amino acids, including histidine, serine, and tyrosine, can bind to bivalent metal 

ions. Such interactions are biologically relevant, as bivalent metal ions contribute to 

protein stability, structural assembly, and catalytic activity. 

Based on these results, it was concluded that biopanning should ideally be performed using 

bait proteins fused with Fc tags. Additionally, incorporating a bead-only control during 

ELISA analysis is recommended to detect and account for any non-specific binding. Since 

the objective to generate antibodies with high binding affinity towards PD-L1 was not 

achieved, the aim of this project was shifted to retrieve monoclones from only the VISTA 

library. From this project 60 monoclones were successfully isolated and the scFv binding 

was assessed by ELISA. 

The initial 30 monoclones were screened against VISTA and the Fc region of human IgG to 

confirm that binding was specific to the VISTA target and not the Fc portion of the bait 

protein. As shown in Figure 3.10, all clones, except clones 9 and 12, demonstrated strong 

binding to VISTA bait and only weak binding to the Fc region, indicating good specificity. 

Additionally, binding to SARS-COV-2 antigens was assessed to exclude non-specific 

interactions. To perform this, the analysis was divided into two sets. The first set, 
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comprising clones 1–15, is shown in Figure 3.11. These clones exhibited weak binding to 

SARS-COV-2 and maintained a similar binding profile to VISTA as seen in Figure 3.10. 

However, clones 16–30 showed stronger binding to SARS-COV-2. Notably, the no-clone 

control in this set yielded higher than expected fluorescence, while the positive control 

showed relatively low signal, suggesting potential issues with the assay. Due to these 

ambiguous control results, it was deemed necessary to repeat the experiment. However, 

the volume of phage clones had been exhausted, and only 15% glycerol stocks of the 

corresponding phagemid clones remained. Attempts to rescue phages from these glycerol 

stocks were unsuccessful, as subsequent ELISA results were inconsistent and unreliable. 

Given these limitations and the time constraints of the project, it was ultimately decided 

not to proceed with further binding analysis of the 30 clones. 

Due to the unreliable results obtained previously, a new set of 30 clones (numbered 31– 

60) were selected for further binding analysis against VISTA-Fc, SARS-COV-2, and PD-L1- HT 

bait proteins. Both VISTA and PD-L1 contain an Immunoglobulin Variable (Ig-V) domain and 

a cytoplasmic domain. The Ig-V domain of VISTA has been shown to share a close 

evolutionary relationship with that of PD-L1 (Wang et al., 2011). To explore this relationship 

in more detail, a BLASTp sequence alignment was performed between the whole VISTA and 

PD-L1 proteins and another was performed on their ECDs. The analysis revealed that only 

42% of the VISTA sequence aligned significantly with PD-L1, and this region exhibited a low 

sequence identity of 24.81%. Analysis of their ECDs was done since, in vivo, this is part of 

the protein that is present outside of the cell and it contains binding sites to interact with 

other proteins to initiate signalling pathways (Chen & Wu 2018). Alignment of the two ECDs 

show that 72% of VISTA sequence was aligned with PD-L1 and this region exhibited 24.79% 

sequence identity. Even though they have a low percentage identity, PD-L1 was still 
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included in the binding analysis as a control to evaluate potential cross-reactivity. 

During this phase, both hyperphages and standard helper phages were used on 15 

randomly selected clones to assess whether hyperphages offered more efficient phage 

recovery. Hyperphages are a specialized type of helper phage capable of displaying 

multiple scFv antibodies; up to five on each phage particle, thereby enhancing the overall 

avidity of the phage for its target (Hyperphage n.d). Hyperphages only expresses the 

phenotype of pIII to be able to infect E.coli, however it lacks a functional pIII gene required 

during phage assembly so that only the scFv-pIII protein is available for assembly into 

phages. Due to these factors a research study conducted by Rondot et al. 2001 found that 

antigen binding activity increased by 400-fold compared to normal helper phages. Figures 

3.14 and 3.15 shows that the results obtained from this research study is concordant to 

literature as even though 1:100 dilution of clones was mistakenly done during analysis of 

monoclones against both VISTA and SARS-COV-2, majority of clones assembled by 

hyperphages produced a statistically significant stronger binding to VISTA than SARS-COV-

2. In comparison, only 2 clones out of 60 that were assembled using helper phages 

produced a significantly stronger binding to VISTA than SARS-COV-2. Due to this 

remarkable difference, further binding analysis was assessed using only those clones 

assembled by hyperphages. Analysis of undiluted monoclones against VISTA, SARS COV- 2 

and PD-L1 showed that these clones had a strong binding affinity towards VISTA and weak 

binding towards SARS-COV-2 and PD-L1 baits. Clones 31, 33, 35, 39 and 46 were excluded 

from statistical analysis as they had a very low binding result towards VISTA. 

Sanger sequencing was then done with the remaining volume of the 60 monoclones to 

assess the protein sequence, from which the frameworks and CDRs were labelled. The 

length range of frameworks and CDRs were previously determined by Lisowska et al. 2025 
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using next generation long-read DNA sequencing on an aliquot of the scFv library. The 

sequences obtained were compared to a reference sequence with defined framework and 

CDR regions from the international ImMunoGeneTics information system®  (IMGT®) 

database. 

Each light and heavy chain consists of four framework regions and three CDRs. The 

framework regions form the structural scaffold of the scFv and are therefore expected to 

exhibit minimal variation (Birshtein, 2016). These regions are primarily composed of β- 

sheets, which provide stability and support to the CDRs. The CDRs, which are hypervariable 

loop structures, form the antigen-binding site and are critical for antigen specificity and 

affinity (Birshtein 2016, Mak & Saunders 2006). The CDR regions of the light chain are 

randomly assembled by the V and J genes whereas the CDR regions of the heavy chain are 

randomly assembled by the V,D,J genes (Dondelinger et al. 2018). The CDR3 of the heavy 

chain is shown to be the most diverse region as other than random assembly there are also 

nucleotide additions and losses between different segments (D’Angelo et al. 2018). From 

our library, it was estimated that 3.3x108 unique FR3-CDR3 sequences were present in 

1x109heavy chain sequences (Lisowska et al. 2025) The CDR3 of the heavy chain can also 

exhibit conformational flexibility to be able to configure to bind with different targets (D’

Angelo et al. 2018) and most of this region has been shown to form part of the specificity-

determining residues which are the residues that make direct contact with the antigen 

(Padlan et al.1995). 

Sanger sequencing results for the initial 30 clones revealed that only the heavy chain region 

was successfully sequenced, with full-length sequence obtained in just one clone (clone 

10). Incomplete sequencing can arise from several factors, including the formation of 

secondary structures. Regions rich in G-C or A-T content can form stable hydrogen bonds, 
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resulting in hairpin structures that impede the sequencing process. Additionally, internal 

restriction enzyme sites may lead to partial digestion, yielding incomplete sequence reads. 

Repetitive sequences may also cause DNA polymerase slippage, further affecting 

sequencing accuracy (Sanger Sequencing Troubleshooting Guide, n.d.). 

In contrast, clones 31–60 yielded complete full-length sequences. Analysis of these 

sequences revealed that the majority of clones were identical, with sequence variation 

observed only in clones 9, 10, 37, 40, 42, 53, and 60, specifically within their 

complementarity-determining regions (CDRs). Notably, only clones 10 and 37 exhibited 

variation in the CDR3 of the heavy chain (CDR3-VH), suggesting that clonal 

overamplification occurred during biopanning. Dendrogram analysis further indicated 

greater sequence diversity in the CDR3 of the light chain (CDR3-VL) compared to the heavy 

chain, as additional variations were observed in clones 9, 34, 40, 42, 53, and 60. This finding 

contrasts literature findings where CDR3-VH typically exhibits higher diversity than CDR3-

VL. 

The overrepresentation of a single clone during phage display often results from a 

propagation advantage, whereby certain clones replicate more efficiently in E.coli due to 

higher infectivity and faster growth rates compared to others (Bakhshinejad et al., 2016). 

These clones do not necessarily exhibit high affinity or specificity for the target antigen. 

Instead, their abundance in the enriched phage pool arises from replication efficiency rather 

than selective binding, leading to an amplification-induced bias. As a consequence, slow- 

growing clones, including those with high affinity or unique epitope specificity, may be 

outcompeted and lost during amplification, ultimately reducing the diversity of the phage 

library (Matochko et al., 2013). This bias can occur due to the scFv sequence interfering 

with proper phage assembly, impairing replication (Thomas et al., 2011). In other instances, 
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mutations that enhance replication confer a biological advantage. For example, Brammer 

et al. (2008) identified a mutation in the M13 phage’s gIIp regulatory protein that 

increased replication efficiency and led to clone overamplification. Since the amplified 

phage pool from each round is used as the input for subsequent biopanning cycles, clones 

with superior propagation rates accumulate disproportionately over time. With each 

round of amplification, these fast-replicating but potentially non-specific clones can 

outcompete high-affinity binders, especially as the number of rounds increases. This 

underscores a critical limitation; although amplification is essential to the success of phage 

display, excessive rounds may ultimately favour the selection of target-unrelated phages 

and result in the loss of genuinely high-affinity clones (Bakhshinejad et al., 2016). 

Although, the majority of clones sequenced in this project were the same, as can be 

observed in figure 3.16, most clones tested had a strong binding affinity to VISTA and weak 

binding to other bait proteins showing that even though there was an amplification induced 

bias, the overamplified clone still had a strong binding affinity to the target. However, this 

ELISA result produced inconsistent results between binding of the same sequence clone 

with the target bait for example clones 31, 33, 35 and 48 which are considered to be weak 

binders have the same sequence as clones 44, 46, 50, 51, 55, 57 and 59 which are strong 

binders to VISTA. This inconsistent result can be attributed to various factors affecting 

ELISA. One of these factors includes antigen presentation on the plate which varies from 

one well to the other due to inconsistent coating, random orientation and conformational 

changes of the bait that may mask the epitope that binds to the clone (Alhajj et al. 2023). 

Another factor to consider was the concentration of the phage clone present following 

candidate phage clone preparation. The phage pellet produced following candidate phage 

clone preparation greatly varied from one clone to the other due to loss of phages during 
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centrifugation and transferring steps. Thus, the concentration of each candidate phage 

clone added to the ELISA with bait proteins greatly varied from one clone to another which 

would affect the fluorescent result produced. Since direct ELISA technique has a low 

sensitivity as there is no signal amplification of the bound phage, the antibody concentration 

of the weak binders may have been too low to be detected (Aydin et al. 2025, Mason 2021). 

The differences in the signal produced could also have been affected by bubbles in the 

wells, inconsistent pipetting, washing, or non homogenous reagents (Surmodics n.d). 

To prevent the library from becoming devoid of high affinity binders and binders to different 

epitopes, it would have been ideal to identify strong binders from round 3 phage pools. 

Using the SWISS-MODEL, a simulation of the 3D structure of the strongest and weakest 

binder was generated. This web-based program employs homology modelling by aligning 

the clone sequence with a template sequence that displays the highest sequence identity, 

as identified through BLAST and HHblits searches (Waterhouse et al. 2018). Predicting the 

3D structure of these proteins provides a deep understanding of their molecular function 

and how they can form protein complexes. Furthermore, the use of homology modelling 

web server is an inexpensive and rapid technique to predict the protein structure in 

comparison to experimentally identifying the 3D structure by X-ray crystallography or 

nuclear magnetic resonance. 

Limitation of the study 

 
During this project, several limitations were encountered, with non-specific binding of 

phages representing a significant challenge. As previously discussed, the use of poly- 

histidine tags led to suboptimal target immobilization and non-specific interactions 

between phages and the cobalt magnetic beads. In contrast, baits fused with an Fc domain 
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proved more effective, as these issues were not observed when using Fc-tagged 

constructs. Therefore, Fc fusion proteins are recommended for future experiments to 

enhance binding specificity and reliability. Another limitation was the absence of a bead-

only control during ELISA analysis of phage pool binding affinities. Including such control 

would have allowed for the identification of phages that bind non-specifically to the beads 

rather than the bait proteins. 

The lack of a negative selection step in the biopanning process further contributed to non- 

specific binding. Negative selection involves pre-incubating phages with blocked beads 

(without bait proteins) that have undergone the same blocking and washing conditions. This 

step removes phages that bind to components other than the bait, enriching for specific 

binders. The inclusion of negative selection helps minimize false positives and enhances 

the specificity of phage-bait interactions (Ph.D. Phage Display Libraries, n.d.; McLaughlin, 

2024). 

The use of triethylamine (TEA) at pH 11 as an elution buffer represents another limitation 

in this study. While TEA is an effective non-specific elution agent capable of releasing even 

strong binders from the target, its high alkalinity poses a risk. If phages are not promptly 

neutralized following TEA incubation, the elevated pH can denature both the phage 

particles and the scFv proteins, potentially compromising their structural integrity and 

binding affinity. Moreover, the high pH environment of TEA elution may preferentially elute 

binders with a net negative charge. This is supported by data in Table 3.2, which show that 

all but one of the isolated clones possess a low isoelectric point (pI ≈ 4.66). At pH 11, these 

scFv proteins would carry a net negative charge, favouring their elution. Conversely, 

positively charged binders may have been underrepresented due to inefficient elution 

under these conditions, which might have affected the overall diversity of the phage library 
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(Thota et al., 2024). Given these drawbacks, more selective elution strategies that do not 

rely on extreme pH shifts are gaining preference such as trypsin elution. For trypsin elution 

to be possible, a trypsin cleavage site is present between the scFv protein and the pIII 

protein of the phage. During trypsin elution, this site is cleaved, releasing only those phages 

whose scFv domains are actively bound to the target (Ledsgaard et al., 2018). A 

comparative study by Zadeh et al. (2019) evaluated three elution techniques: TEA at pH 10, 

glycine-HCl at pH 2.2, and trypsin. The findings revealed that performing trypsin elution 

twice per panning round increased phage titres by 50-fold, demonstrating its superior 

efficiency. 

During this project, the use of M13KO7 phages may have favoured the replication of wild 

type phages reducing amplification of scFv-pIII fused phages. The use of CM13K helper 

phages designed specifically for phage display offers further advantages over conventional 

M13KO7 phages. CM13K phages include a trypsin-sensitive linker between the wild-type 

pIII gene and the N2 domain. Upon trypsin treatment, this linker is cleaved, effectively 

removing phages displaying wild type pIII. This ensures that only phages presenting the 

scFv-pIII fusion survive and are amplified, enriching the pool for specific binders (CM13K 

Trypsin-Sensitive Helper Phage, n.d.). 

Due to time constraints and limited resources, it was difficult to successfully troubleshoot 

biopanning phage display against PD-L1. In this project there was not enough time to 

validate the procedure for retrieval of phage clones from the glycerol stocks thus there was 

limited volume of phage clones that could be used for binding analysis and to send for 

Sanger sequencing. 

The amplification bias is another limitation encountered in this project, as phage binding 

was not only dependent on target specificity but also by the replication efficiency of each 
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phage within E.coli. This results in overrepresentation of the same clone with reduced 

diversity, non-specific binders and strong binders may have been lost. There are various 

strategies to mitigate amplification bias such as performing stringent washing steps to 

ensure that any non-binders or weak binders are washed off prior to amplification. 

Reducing the number of amplification rounds to avoid the enrichment of phage clones 

which have a fast replication rate. The use of the T7 phage library instead of M13 library. 

The T7 library reduces amplification bias as this library has an efficient packaging system 

and following phage assembly, mature phages are released by cell lysis unlike M13 phages 

which require the displayed proteins to be secreted through the membrane of E.coli thus 

are constrained by the host secretory mechanism. The T7 library also has a fast replication 

rate where a plaque takes around 3 hours to form (Rosenberg et al. 1996 & Tan et al. 2016). 

Another promising approach is emulsion-based amplification, where individual phages 

are co-encapsulated with host cells in microdroplets. Each droplet acts as an isolated 

growth chamber, enabling uniform amplification and reducing competition among clones. 

However, the effectiveness of this technique depends heavily on achieving consistent 

droplet size. While highly effective, emulsion-based amplification is technically demanding 

and labour-intensive (Matochko et al., 2012). 

Since ELISA technique was used to determine the success of biopanning phage display, 

several limitations were present mainly due to the way the target was immobilised on the 

plate which may have been due to differences in antigen presentation, low sensitivity and 

its inability to identify functional binders which are those scFv that when bound to the target 

would affect its biological activity (Hoogenboom 2005). 

The use of Sanger sequencing to identify the clone sequences is very labour intensive and 
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has a very low throughput as only 60 clones were sequenced out of which only 31 clones 

had the full sequence. These 60 clones were picked from a phage pool that may potentially 

contain millions of clones thus stronger binding clones which are highly specific to our target 

that were present in low quantities were easily missed. Preferably next-generation 

sequencing (NGS) is utilized as it able to assess the full sequence of millions of diverse 

clones that bind to different epitopes of the target (Kohl et al. 2025) For example, the use 

of Illumina deep sequencing technology allows for 107 reads which would allow more 

sequence coverage of the enriched pool to identify diverse clones (Matochko et al. 2012). 

Further work 

Further validation of the scFv phage monoclones can be performed by assessing their 

binding towards antigens present on cells. Analysis by flow cytometry of purified clones 

binding to cell lines natively expressing VISTA can be done to determine if these phage 

clones can bind to antigens in their specific conformational state on the cell surface (Alfaleh 

et al. 2017). Affinity measurements can be done using biolayer interferometry (BLI) 

analysis to accurately measure the binding association and dissociation between the 

antigen and antibody (Dong et al. 2020). The phage clone with the ideal binding can be 

engineered to produce a full monoclonal antibody by introducing the scFv in a vector 

containing the constant region which can then transfect mammalian cell lines to produce 

full antibody proteins (Jones et al. 2010). These antibodies can also be humanized by using 

the constant region of a human antibody and incorporating CDR grafting where the CDRs 

of the scFv are grafted onto a human antibody framework however performing CDR 

grafting may affect the functionality and affinity of the antibody (Kerry 2024). 

Bioinformatic tools offer valuable insights into the predicted interaction between scFv 

clones and the bait protein. For instance, paratope prediction tools can be used to identify 



123  

the specific residues on the scFv that are likely to interact with the antigen. Additionally, 

computational methods for predicting binding affinity and dissociation constants allow for 

the estimation of how strongly the scFv binds to the bait based on their intermolecular 

interactions. To further investigate structural compatibility, docking simulations can be 

conducted using web-based platforms. These tools allow for the generation of 3D models 

of scFv-antigen complexes, using the most accurate homology models available for both 

the scFv binder and the VISTA protein. Docking can also provide epitope predictions and 

can help to identify the specific region on VISTA that the scFv is likely targeting (Chorpunkul 

et al., 2024). An attempt was made to model the interaction of the scFv clone with the 

highest affinity. The scFv structure was obtained from SWISS-MODEL, while the 

extracellular domain of VISTA was sourced from the AlphaFold Protein Structure Database. 

However, as shown in Figure 6.4 of the Appendix, the docking simulation using HADDOCK 

2.4 produced a positive HADDOCK score, indicating an unfavourable interaction between 

the two proteins (HADDOCK2.4 Scoring Function, n.d.). This result may be attributed to the 

lack of pre-processing of the PDB files prior to submission to HADDOCK. Specifically, extra 

structural data generated by SWISS-MODEL that can interfere with docking simulations 

was not removed, potentially skewing the results (Antibody-Antigen Modelling Tutorial 

Using a Local Version of HADDOCK3, n.d.). 

Computer modeling and artificial intelligence (AI) can be utilised to predict various aspects 

of antibody behaviour in the human body, including pharmacokinetics, potential adverse 

events, and overall clinical outcome. These technologies enable simulation of antibody 

distribution, metabolism, and interaction with biological targets, helping to inform early- 

stage decision-making in therapeutic development. In addition to in silico approaches, 

advanced in vitro human-derived systems such as organoids and organ-on-chip platforms 
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offer powerful tools for evaluating antibody safety and efficacy. These engineered systems 

replicate the architecture and function of native human tissues, allowing for the assessment 

of immune-mediated adverse effects, tissue-specific toxicity, and therapeutic response in 

a more physiologically relevant context. Compared to traditional animal models, these 

human-based systems provide a more accurate prediction of clinical outcome. Animal 

studies often fail to reliably predict human responses due to significant physiological 

differences between species. Thus, integrating these cutting-edge technologies into testing 

may enhance translational accuracy and reduce reliance on animal testing (Roadmap to 

Reducing Animal Testing in Preclinical Safety Studies, n.d.). 

 

 

Conclusion 

In conclusion, scFv antibodies targeting immune checkpoints hold significant promise for 

advancing cancer immunotherapy. While this study initially aimed to develop novel anti- 

PD-L1 scFv antibodies, various challenges encountered during the biopanning process 

prevented their successful isolation. As a result, the focus of the study was redirected 

toward the generation of 60 monoclonal scFvs targeting the VISTA immune checkpoint. 

Monoclonal antibodies against VISTA were successfully produced, with the majority 

demonstrating strong binding affinity to VISTA and minimal cross-reactivity with control 

proteins. Full sequencing was completed for approximately half of the clones. Among 

these, many were found to share identical sequences, indicating a degree of amplification 

bias during the biopanning process. Further investigations are necessary to validate the 

functional activity of the scFv binders both in vitro and in vivo. Additionally, improvements 

to the biopanning methodology are essential, to enhance target-specific library generation 

and minimize amplification bias. 
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6.1. Infecteion of E.coli with phage pools streaked on ampicillin plates 
 

Figure 6.1: Growth of E.coli infected with phage pools from biopanning rounds 2–4 against 

various baits: PD-L1-HT, PD-L1-Fc, Trimer, and No Protein Control (NPC). Phage pools from 
rounds 2–4 were diluted to 10⁹ and 10¹⁰ (with an additional 10¹¹ dilution in round 3) and incubated for 5 
minutes with mid-log phase E.coli to allow for single-phage infection events. Following incubation, the 
mixtures were evenly spread onto LB agar plates containing ampicillin and incubated overnight at 37 °C. The 
next day, plates with 30–300 colonies were counted to calculate colony-forming units per milliliter (CFU/mL). 
The round no, dilution and the bait used for biopanning of phage pools were written on top of or next to the 
plate image. 
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Round no. of phage pools 
biopanned against different baits 

Colony 
Count 

Dilution CFU/ml (phage dilution 
Colony Count) 0.5 

R2 phage pools biopanned against 
PD-L1-Fc 

51 1010 1.02 x 1012 

R2 phage pools biopanned against 
PD-L1-HT 

41 1010 8.20 x 1011 

R2 phage pools biopanned against 
trimer 

31 1010 6.20 x 1011 

R3 phage pools biopanned against 
PD-L1-Fc 

31 1011 6.20 x 1012 

R3 phage pools biopanned against 
PD-L1-HT 

31 1011 6.20 x 1012 

R3 phage pools biopanned against 
trimer 

139 1010 2.78 x 1012 

R4 phage pools biopanned against 
PD-L1-Fc 

301 1010 6.02 x 1012 

R4 phage pools biopanned against 
PD-L1-HT 

35 1010 7.00 x 1011 

R4 phage pools biopanned against 
trimer 

111 1010 2.22 x 1012 

 
Table 6.1: The measurement of the CFU/ml phage pools from biopanning rounds 2–4 against 

various baits: PD-L1-HT, PD-L1-Fc, trimer. The measurement of the CFU/ml was done on Rounds 

2-4 biopanned against different baits. The CFU/ml was calculated by multiplying the number of 

colonies by the phage dilution and dividing by the constant 0.5. This was done to ensure that the 

phage titre remained equivalent during different rounds. 
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6.2. Checking the quality of DNA using Nanodrop 
 

Clone no. Conc. ng/μl 260/280 260/230 

1 140.5 1.86 1.96 

2 139.7 1.86 2.24 

3 151.0 1.86 2.21 

4 101.3 1.85 2.15 

5 111.3 1.84 2.18 

6 135.7 1.86 2.13 

7 126.6 1.87 2.28 

8 129.5 1.86 2.10 

9 108.1 1.83 2.06 

10 129.5 1.88 2.23 

11 129.3 1.86 2.25 

12 110.8 1.84 2.09 

13 167.7 1.82 1.72 

14 128.3 1.85 2.19 

15 147.2 1.86 2.16 

16    

17 174.6 1.86 2.10 

18 150.1 1.83 2.23 

19    

20 180.9 1.85 2.19 

21 149.8 1.83 2.09 

22 135.3 1.82 2.11 

23 151.6 1.83 2.15 

24 181.9 1.81 1.97 

25 165.0 1.85 2.25 
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26 
   

27 201.1 1.95 2.34 

28 143.1 1.84 2.14 

29 172.4 1.84 2.18 

30 133.1 1.83 2.15 

 
 

 

Clone no. Conc. ng/μl 260/280 260/230 

31 192.2 1.86 2.27 

32 236.6 1.86 2.16 

33 245.3 1.87 2.24 

34 248.3 1.86 2.20 

35 235.4 1.86 2.12 

36 232.6 1.86 2.08 

37 273.2 1.87 2.13 

38 264.7 1.88 2.20 

39 267.4 1.87 2.15 

40 273.2 1.86 2.13 

41 223.7 1.86 2.12 

42 233.2 1.87 2.15 

43 169.9 1.85 2.15 

44 197.6 1.87 2.19 

45 195.2 1.87 2.24 

46 201.8 1.88 2.25 

47 203.8 1.88 2.26 

48 198.5 1.88 2.25 

49 224.1 1.87 2.25 
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50 225.4 1.87 2.21 

51 266.0 1.88 2.27 

52 159.6 1.88 2.28 

53 224.1 1.87 2.24 

54 200.6 1.87 2.28 

55 243.1 1.88 2.20 

56 239.7 1.88 2.25 

57 238.2 1.87 2.18 

58 226.7 1.87 2.15 

59 227.5 1.87 2.20 

60 231.3 1.87 2.25 

 
Table 6.2: Assessment of DNA concentration and purity of clones 1-60 using Nanodrop 

spectrophotometry. DNA purity was evaluated by measuring absorbance at 260/280 and 260/230 

nm ratios. DNA concentrations ranged from 101.3 to 273.2 ng/μL. The 260/280 ratios were close to 

the expected value of ~1.8 for pure DNA, with clone 27 showing the highest deviation at 1.95. 

Approximately half of the samples had 260/230 ratios within the ideal range of 2.0–2.2, suggesting 

that some clones may contain impurities. 
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6.3. Protein sequence of clones 1-60 
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Figure 6.2: Protein sequences of clones 1–60 obtained by Sanger sequencing. Sanger 
sequencing was used to determine the protein sequences of clones 1–60. For clones 1–30, only the 
heavy chain was sequenced, with complete sequence coverage achieved for clones 9 and 10. In 
contrast, full- length sequences were successfully obtained for all clones from 31–60. Annotated 
features indicate the framework regions (FRs) and complementarity-determining regions (CDRs) 
within each sequence. 
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6.4. SWISS-Model Report 

A. Clone 53 

 

 
B. Clone 35 

 

 
Figure 6.3: Modelling Report of clone 53 in A. and 35 in B. generated by SWISS Model. 

Detailed summary of a protein structure prediction of clone 53 in A. and 35 in B. It includes all the 
essential information needed to evaluate the quality and reliability of the 3D structure that was 
built based on a known template. 



180  

6.5. HADDOCK 

 

 

Figure 6.4: Protein Docking using HADDOCK 2.4. An attempt to perform protein docking was 
done to predict the protein interaction between clone 53 with the extracellular domain of VISTA. 
However the HADDOCK Score generated shows that there is an unfavourable interaction between 
clone 53 and VISTA. This high HADDOCK score may likely be due to the lack of pre-processing of 
the PDB files prior to analysis by HADDOCK 2.4 


