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Abstract 

Immune checkpoint inhibition (ICI) therapy uses antibodies to block checkpoint proteins from binding 

with their partner proteins to help overcome dysfunctional T cells and promote the recognition and 

elimination of tumour cells. The exploration of novel immune checkpoint targets, like T cell 

immunoglobulin mucin 3 and 4 (TIM-3 and TIM-4), stems from trying to improve the efficacy of ICI 

therapies (e.g. against cytotoxic T-lymphocyte antigen 4 (CTLA-4) and/or programmed cell death 

protein 1 (PD-1)) which are currently being used to treat certain cancers like breast, colon and lung 

cancer either as sole agents or in combination with other immune checkpoint inhibitors or alternative 

treatments. Targeting TIM-3 and TIM-4 may reverse immune tolerance and suppress tumour cell 

growth and migration but no effective TIM-4 inhibitors have been developed yet. In this study, 

monoclonal single chain variable fragment (scFv) antibodies against TIM-3-Fc and TIM-4 were 

identified using phage display biopanning which isolated antibodies from large immunoglobulin gene 

repertoires displayed on the surface of bacteriophages. Thirty monoclones from each of the polyclonal 

pools of anti-TIM-3-Fc and anti-TIM-4 scFv antibodies displayed on phages were picked for validation. 

Enzyme-linked immunosorbent assay was used to determine the specificity of the phage clones to the 

target proteins TIM-3-Fc and TIM-4 respectively versus non-target proteins severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) spike S1 and SARS-CoV-2 receptor-binding domain proteins 

respectively. This revealed 21 anti-TIM-3-Fc scFv antibody phage monoclones with affinity and 

specificity to TIM-3-Fc and 8 anti-TIM-4 scFv antibody phage monoclones binding with affinity and 

specificity to TIM-4. Finally, sanger sequencing was used to determine the DNA sequence of the anti-

TIM-3-Fc and anti-TIM-4 scFv antibodies and to compare the resulting amino acid sequences to 

confirm that different scFv antibodies were identified for TIM-3-Fc versus TIM-4.  
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Chapter 1: Introduction 

1.1 Tumour Microenvironment 

The environment surrounding a tumour is known as the tumour microenvironment (TME) and is 

composed of a diverse matrix of various cell types and molecules (Labani-Motlagh, Ashja-Mahdavi et 

al. 2020). It is generated and dominated by tumour-induced intercellular interactions (Whiteside, T. L. 

2008) involving complex and dynamic systems of cytokines, chemokines, growth factors, inflammatory 

and matrix remodelling enzymes with disruptions to the physical and chemical properties of the tissue 

(Grivennikov, Greten et al. 2010, Hanahan, Weinberg 2011, Martinez, Sica et al. 2008). The cell and 

tissue types which can be found in TME include: proliferating tumour cells and stroma, blood vessels, 

lymphatics, fibroblasts and pericytes (Joyce, Pollard 2009).  

One of the functions of TME is immune surveillance which utilises both innate and adaptive immunity 

(Swann, Smyth 2007) and explains the recruitment of immune cells to the TME as in Figure 1.1. 

Immune infiltrated tumours show an active immune response as immune cells are homogenously 

distributed throughout the tumour. Contrarily, in immune excluded tumours, immune cells are found 

around the periphery of the tumour and not infiltrated into the TME. Yet other tumours are known as 

immune silent tumours and completely lack immune cell infiltration (Anderson, Simon 2020).  
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Figure 1.1: Immune cells in the TME. A multitude of immune cells are recruited to the 

TME; namely T cells, dendritic cells, B cells and to a lesser extent also macrophages, 

natural killer cells and neutrophils. 

During the elimination phase of cancer immunoediting, each immune cell performs an important 

function. For example, dendritic cells coordinate the immune reactions and macrophages eliminate 

tumour cells by releasing lytic enzymes, tumour necrosis factor-alpha (TNF-α), oxygen and nitrogen 

intermediates and by promoting antibody-dependent cell-mediated cytotoxicity (ADCC) (Gul, Babes 

et al. 2014, Martin, Edwards 1993, Urban, Shepard et al. 1986). Furthermore, infiltration of TME with 

cytotoxic T cells is regulated by basophils through release of chemokine ligand 3 (CCL3) and CCL4 

among others (Sektioglu, Carretero et al. 2017) and T cell activation is mediated by eosinophils which 

are recruited to the TME by molecules released by the tumour. The anti-tumour response provided by 

eosinophils also includes degranulation and secretion of granzyme A and TNF-α through binding of 

natural killer group 2-member D (NKG2D) to NKG2D ligands on tumour cells (Kataoka, Konishi et 

al. 2004, Legrand, Driss et al. 2010). Additionally, neutrophils can activate anti-tumour T cell immunity 

and tumour death by TNF-related apoptosis-inducing ligand (TRAIL) as well as through release of 

reactive oxygen species (ROS) and ADCC. T helper 1 (Th1) cells are pro-inflammatory and assist 

cytotoxic T cells by secreting IL-2 and interferon (IFN)-γ (Anderson, Simon 2020).  

In healthy individuals, cluster of differentiation (CD)8+ cytotoxic T cells recognise abnormal proteins 

synthesised by pathological cells and provide anti-tumour immunity (Dhatchinamoorthy, Colbert et al. 

2021) whereas in cancer progression there is evasion of recognition and elimination of tumour cells by 
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CD8+ T cells. Avoidance of the elimination phase results in tumour formation and as the tumour and 

its environment advance during the equilibrium phase, suppression of anti-tumour immunity is 

achieved. This is known as the escape phase and is brought about by multiple mechanisms including 

the release of immunosuppressive extravascular vesicles and molecules such as IL-10. Additionally, 

tumour cells achieve immune evasion by down-regulating major histocompatibility class I (MHC I) 

which results in less immune control over the cancer and prevents immunotherapies from functioning 

properly (Dhatchinamoorthy, Colbert et al. 2021). Furthermore, tumours successfully evade cytotoxic 

T cells by undergoing variations which decrease antigen processing capabilities and upregulating anti-

apoptotic molecules or dysregulating death receptor expression. In addition, T cells self-regulate by 

expressing increased numbers of checkpoint inhibitors such as cytotoxic T lymphocyte-associated 

antigen-4 (CTLA-4) and T cell immunoglobulin (Ig) and mucin domain-containing protein 3 (TIM-3) 

which induces T cell exhaustion and anergy (De Sousa Linhares, Leitner et al. 2018).  

Regulatory T cells (Tregs) control autoimmunity by suppressing inflammatory responses and producing 

an immunosuppressive environment. In tumours this results in elimination of anti-tumour immunity 

which then favours tumorigenesis (Takeuchi, Nishikawa 2016, Shimizu, Yamazaki et al. 1999, Shitara, 

Nishikawa 2018). The secretion of growth factors by Tregs and interaction with stromal cells results in 

enhanced Treg generation (Lindau, Gielen et al. 2013). Furthermore, endothelial cells enhance Treg 

migration and induce Treg generation under inflammatory conditions (Brinkman, Iwami et al. 2016, 

Fu, Kishore et al. 2014, Taflin, Favier et al. 2011).  

Forkhead box P3 (FoxP3) plays an important role in management of regulatory T cell differentiation 

and development and is a lineage specification factor of Treg cells (Fontenot, Rasmussen et al. 2005, 

Hori, Nomura et al. 2003, Khattri, Cox et al. 2003, Takeuchi, Nishikawa 2016). The main role of FoxP3+ 

Treg cells is immunologic self-tolerance through suppression of excessive immune responses toward 

self-antigens and pathogens (Sakaguchi, Yamaguchi et al. 2008, Josefowicz, Lu et al. 2012). There is 

apoptosis and inhibition of activation and proliferation of effector T cells, natural killer cells, 

monocytes, macrophages and antigen presenting cells (APC) using a multitude of mechanisms (Saleh, 

Elkord 2019). Additionally, there is increased utilisation of interleukin (IL)-2 (Thornton, Lu et al. 2019, 
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Chinen, Kannan et al. 2016), increased release of IL-10, IL-35, transforming growth factor-beta (TGF-

β) (Collison, Workman et al. 2007, Taylor, Verhagen et al. 2006), granzyme B and perforin (Cao, Cai 

2007) and upregulated levels of inhibitory immune checkpoints such as CTLA-4, Programmed cell 

death-1 (PD-1), lymphocyte activation gene-3 (LAG-3), T-cell immunoreceptor with Ig and 

immunoreceptor tyrosine based inhibitory motif (ITIM) domains (TIGIT) and TIM-3 (Sasidharan Nair, 

Elkord 2018).  

The levels of tumour-infiltrating lymphocytes (TILs) are one of the most important prognostic factors 

for patients with solid tumours as it reveals the strength of the anti-tumour immune response and 

therefore predicts the clinical response to therapy (Galon, Cotes et al. 2006, Leffers, Gooden et al. 2009, 

Sato, Olson 2005). In cancer patients the levels of circulating regulatory CD4+ helper T cells are 

significantly elevated in comparison to healthy individuals (Sakaguchi, Miyara 2010, Takeuchi, 

Nishikawa 2016). Elevated levels of Th1 cells in TME is associated with positive prognosis (Anderson, 

Simon 2020). Additionally, higher levels of CD8+ T cells surrounding tumour is associated with better 

clinical outcomes following therapy (Chiba, Ohtani et al. 2004, Kawai, Ishii et al. 2008) whereas 

elevated ratios of FoxP3+ Tregs:CD8+ T cells in TME is a major contributor to tumour progression and 

immunosuppression (DeLeeuw, Kost et al. 2012, Peng, Zhuang et al. 2012, Yoon, Orrock et al. 2012). 

Studies show that high levels of Treg cells are associated with poor prognosis and low survival rate in 

patients with lung, ovarian, gastric, pancreatic cancers, head and neck squamous cell carcinoma and 

melanoma (Chaudhary, Elkord 2016, Sasidharan Nair, Elkord 2018, Shang, Liu et al. 2015). FoxP3+ 

Tregs also help develop tumour resistance to immunotherapies (Facciabene, Motz et al. 2012, Maj, 

Wang et al. 2017, Petersen, Campa et al. 2006, Saleh, Elkord 2019, Simpson, Li et al. 2013, Yu, Lee 

2005) meaning that immunotherapies such as immune checkpoint inhibition (ICI) therapy should be 

given in combination with targeting of Tregs.  

1.2 T Cell Activation and Deactivation 

Immature dendritic cells in TME engulf and process tumour antigens and transport this antigenic 

information to the cell surface where it is displayed to be recognised by immune cells 
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(Dhatchinamoorthy, Colbert et al. 2021). Dendritic cell maturation and activation is evoked by damage-

associated molecular patterns (DAMPs) and results in decreased antigen capture and processing and 

increased antigen presentation to lymphocytes. Mature dendritic cells then migrate to lymph nodes 

where there is activation of cytotoxic and helper T cells through antigen presentation on MHC class I 

and II respectively (Mueller, Jenkins et al. 1989).  

With only the first signal, T cells can become anergic to successive stimulation by the same antigen or 

there can be T cell apoptosis (Mueller, Jenkins et al. 1989). Therefore, apart from the signal between 

the MHC on the cell surface of APCs and the T cell receptor (TCR), the second signal needed is through 

antigen-independent co-stimulatory molecules such as CD28 with CD80/86 (Sharpe 2009) as in Figure 

1.2. There is elevated costimulatory ligand expression including from the B7 and TNF families and 

increased cytokine release (Curtsinger, Schmidt et al. 1999, Hernandez, Aung et al. 2002, Schmidt, 

Mescher 1999, Schmidt, Mescher 2002). For example, dendritic cells release the cytokine IL-12 which 

is essential for strong proliferation, development of cytolytic function and establishment of long-lived 

memory cells (Schmidt, Mescher 1999, Schmidt, Mescher 2002).  

 

Figure 1.2: T cell activation. T cells are fully activated if both the MHC/TCR interaction 

and the co-stimulatory receptor are present. Tumour cells are then apoptosed by perforins 

and granzymes released by the effector T cells. 

A study by Curtsinger et al. (2003) reveals that with high antigen levels and co-stimulation of naïve T 

cells there is strong in vitro proliferation and clonal expansion in vivo, however, without IL-12 as a 

third signal, the T cells do not perform their effector functions. Apart from this, T cells that expand 
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without the presence of a third signal become tolerant and fail to perform their effector functions even 

upon re-stimulation that is usually sufficient for full activation of naïve T cells. 

T cells infiltrate the TME to perform their functions via signalling molecules such as chemokines and 

their receptors (Schmidt, Mescher 1999, Schmidt, Mescher 2002). Apoptosis of cancer cells is mediated 

by death receptor ligation, Fas ligand, TRAIL, perforin and granzyme B secretions (refer to Figure 1.2) 

(Dhatchinamoorthy, Colbert et al. 2021). Cytotoxic T cells also secrete IFN-γ which suppresses 

angiogenesis (Anderson, Simon 2020).  

The cross-presentation of antigens by dendritic cells to T cells can result in full T cell activation and 

effector functions as above or it can result in tolerance depending on the co-signalling molecules being 

expressed as per Figure 1.3 (Heath, Carbone 2001a, Heath, Carbone 2001b). Co-signalling molecules 

are transmembrane proteins known as immune checkpoints which cause an intracellular signalling 

cascade through their cytoplasmic tail, modifying the T-cell-receptor-mediated signal (Mueller, Jenkins 

et al. 1989).  

 

Figure 1.3: Co-stimulation and co-inhibition of T cells. Co-regulatory molecules 

determine the fate of the T cell and it either becomes activated or anergic. 

These can be co-stimulatory resulting in full T cell activation or co-inhibitory immune checkpoints 

which prevent autoimmunity by suppressing potentially autoreactive naïve T cells in lymph nodes, or 

in peripheral tissue when T cells are further along in development (Franzin, Netti et al. 2020).  

CD28 is a co-stimulatory molecule found on all helper T cells and most cytotoxic T cells. Its known 

ligands are B7-1 and B7-2 which can be expressed on activated T cells (Taylor, Lees et al. 2004) and 
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on subpopulations of APCs (Hathcock, Laszlo et al. 1994). B7-1 and B7-2 are rapidly upregulated upon 

activation of APCs. If there is chronic stimulation, this leads to downregulation of CD28 expression 

which shows a negative feedback mechanism to prevent devastating immune responses (Posnett, 

Edinger et al. 1999).   

CD28 is the most significant pathway of co-stimulation for initial naïve T cell activation. There is 

ligation of CD3 and CD28 which stimulates production of IL-4 and IL-5 and seems to be unique in its 

ability to induce high levels of IL-2 production. This increases proliferation in an autocrine manner, 

provides resistance to apoptosis and results in long-term expansion of T cells (Harding, McArthur et al. 

1992, Jenkins, Taylor et al. 1991, Rulifson, Sperling et al. 1997). 

Apart from co-stimulatory molecules, co-inhibitory molecules such as CTLA-4 can be expressed on the 

same cells either simultaneously or consecutively making this intrinsic process more complex (Beier, 

Hutloff et al. 2000).  

CTLA-4 is transported from inside the cell to be expressed on the surface of T cells after activation to 

inhibit further T cell activation (Brunet, Denizot et al. 1987, Walunas, Lenschow et al. 1994). CTLA-4 

also binds to B7-1 and B7-2 but with a higher affinity than CD28 since it produces a lattice structure 

upon binding with these ligands. This prevents CD28 from binding and results in T-cell deactivation. 

Furthermore, CTLA-4 restricts autocrine production of IL-2 and inhibits progression of the cell cycle 

(Schwartz, Zhang et al. 2002). 

PD-1 is another co-inhibitory molecule but is not limited to expression on T cells as it is also found on 

B cells and myeloid cells after activation. PD-1 binds to PD-L1 (Dong, Zhu et al. 1999) and PD-L2 

(Freeman, Latchman et al. 2001, Tseng, Otsuji et al. 2001) which have different functions at differing 

parts of immune responses. PD-L1 is known to be expressed on T cells, B cells, macrophages and 

dendritic cells in thymus and nonlymphoid tissues including the heart, kidney and liver. PD-L2 is 

expressed solely on activated macrophages and dendritic cells (Yamazaki, Akiba et al. 2002). PD-1 

binding to its ligands results in downregulation of T cell response and arrests the cell cycle (Agata, 

Kawasaki 1996) as in Figure 1.3. However, co-stimulation by CD28 or exogenous IL-2 can overcome 
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the inhibition of proliferation and cytokine production caused by PD-1. Therefore, PD-1 suppression is 

important in cases where there is limited IL-2 production such as when there is inducible T cell co-

stimulator (ICOS) co-stimulation (Bennett, Luxenberg et al. 2003). 

Co-signalling molecules have significant potential as targets for therapeutic treatments since they are 

vital for regulating T cells especially in T-cell-regulated or T-cell-mediated immune disorders (Beier, 

Hutloff et al. 2000).  

1.3 Immune Checkpoint Inhibition 

The complexity of anti-tumour immunity provides a significant challenge for production of effective 

therapies for cancer patients. Oncogenesis is strongly attributed to dysfunction of the immune system 

and evasion of anti-tumour immunity which hampers the traditional treatment strategy of many cancers 

(Vinay, Ryan et al. 2015). One of the main difficulties is exhaustion of T cells. In this cellular state 

there is compromised proinflammatory cytokine production and development of cytotoxicity due to 

continuous antigen exposure (Hashimoto, Kamphorst et al. 2018). Traditionally, chemotherapy and 

radiotherapy target the tumour directly whereas novel immunotherapies target the TME as well as 

effector immune cells, killing tumour cells indirectly (Labani-Motlagh, Ashja-Mahdavi et al. 2020). 

ICI immunotherapy is an antibody-based therapy that relies on stimulation of immune cells to promote 

their function by increasing recognition and elimination of tumour cells (Yang 2015). The antibodies 

block inhibitory molecules and allow immune cells to function properly as in Figure 1.4. In recent 

years immunotherapy has been used to treat a multitude of cancers which includes renal cell carcinoma, 

bladder carcinoma, melanoma, non-small cell lung cancer (NSCLC), Hodgkin lymphoma (Das, 

Johnson 2019), rectal cancer (Karagkounis 2022), head and neck cancer, gastric cancers, triple-negative 

breast cancer among others (Witkowska, Smolewski 2018). 
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Figure 1.4: Anti-PD-1 antibodies permit activation of T cells. The binding of antibodies 

to co-inhibitory molecules prevents ligands from binding and results in T cell activation 

leading to tumour cell death. 

Ipilimumab which is an anti-CTLA-4 antibody is the first immune checkpoint inhibitor approved for 

therapy and shows significant responses when used to treat metastatic melanoma (Spagnuolo, Gridelli 

2018). Nivolumab or anti-PD-1 is approved for treatment of classic Hodgkin lymphoma since 2016 for 

patients who relapse after autologous hematopoietic stem cell transplant (Vaddepally, Kharel et al. 

2020). Pembrolizumab which is another anti-PD-1 antibody treatment approved since 2017, is used to 

treat relapsed or refractory classic Hodgkin lymphoma after multiple lines of therapy and since 2020 it 

is approved to treat patients even after one line of therapy (Vaddepally, Kharel et al. 2020).  

A study by Ansell et al. enrols 23 patients with heavily pre-treated relapsed or refractory classic 

Hodgkin lymphoma. These patients are treated with nivolumab and show an 87% overall response rate 

which includes a 17% complete response and 70% partial response.  Their rate of progression-free 

survival at 24 weeks is 86% (Ansell, Lesokhin et al. 2015).  

For many cancer patients, ICI therapy has greatly improved their prognosis, however, it has also been 

associated with ill-defined adverse events due to the resulting uncontrolled activation of immune cells. 

This is because the physiological breaks provided by the immune checkpoints are inhibited. Such an 

adverse event is known as an immune-related adverse event and clinically resembles auto-immune 

disorders (Benfaremo, Manfredi et al. 2018, Jenkins, Barbie et al. 2018). Immune checkpoint inhibitors 

are also associated with kidney toxicity (Perazella, Shirali 2020) and this issue is further complicated 
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because renal toxicities caused by anticancer agents are frequently reported as an increase in creatine 

levels without further understanding of the pathogenic effects on the patient (Franzin, Netti et al. 2020).  

Furthermore, several patients fail to respond to therapy. Primary and acquired resistance commonly 

occur and this emphasises the importance of identifying new biomarkers to determine patients who 

would reap the most benefit from particular checkpoint inhibitors (Darvin, Toor et al. 2018, Havel, 

Chowell et al. 2019, Sharma, Hu-Lieskovan et al. 2017) and to identify and develop various antibodies 

against different targets (Pineda, Castaneda Hernandez et al. 2016, Carter, Lazar 2018). Research is 

also important to develop new therapeutic strategies and to better understand tumorigenesis, especially 

how TME contributes to tumour growth. 

Notwithstanding, ICI therapy is a more well-tolerated therapy for patients especially when used as 

monotherapy in comparison to other immunotherapies such as chimeric antigen receptor (CAR)T-cell 

therapy and bispecific T-cell engager antibodies (BiTEs) (Hatic, Sampat et al. 2021). In CAR T-cell 

therapy, the patient’s T cells are used to attack tumour cells using a CAR molecule. This therapy is 

approved for use in diffuse large B-cell lymphoma and mantle cell lymphoma which allows for ICI to 

potentially be used in patients with CAR-T progression since their immune system will be modified to 

favour ICI therapy use (Hatic, Sampat et al. 2021). BiTEs target an antigen on lymphoma cells and 

another antigen on T cells forming a bridge and resulting in cell-mediated cytotoxicity. Combination 

therapy with ICI can be performed with chemotherapy or CAR-T cell therapy to mediate antigen 

presentation by APCs (Zitvogel, Galluzzi et al. 2013). Otherwise, two immune checkpoint inhibitors 

can be used to potentially overcome defective antigen presentation by enhanced T-cell activation 

depending on the response of individual patients (Hatic, Sampat et al. 2021). 

1.4 TIM-3 and its Ligands 

TIM-3 is an immunoregulatory protein and has an amino-terminal immunoglobulin variable (IgV) 

domain with five noncanonical cysteines, a mucin stalk, a transmembrane domain and a cytoplasmic 

tail as in Figure 1.5 but lacks any known inhibitory signalling motifs (McIntire 2001, Meyers, Sabatos 

et al. 2005). It is part of the TIM family which are encoded by HAVCR1, HAVCR2 and T cell 
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immunoglobulin and mucin domain containing 4 (TIMD4) genes in humans found on chromosome 

bands 5q33.2 and 11B1.1. This region in the genome is towards the end of IL4, IL5 and IL13 gene loci 

associated with allergy and asthma (McIntire 2001, Meyers, Sabatos et al. 2005).  

 

Figure 1.5: TIM-3 and its ligands. The structure of TIM-3 consists of an IgV domain, 

mucin stalk, transmembrane domain and cytoplasmic tail. Its known ligands include 

carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), galectin 9 and 

high mobility group box 1 (HMGB-1). 

TIM-3 is linked with regulation of the immune response in autoimmunity and cancer. It is expressed by 

IFN-γ-producing CD4+ helper and CD8+ cytotoxic T cells (Kuchroo, Monney et al. 2002), regulatory 

T cells (Gao, Zhu et al. 2012), myeloid cells (Anderson, Anderson et al. 2007), natural killer cells 

(Ndhlovu, Lopez-Verges et al. 2012) and mast cells (Phong, Avery 2015).  

Upon T cell activation, TIM-3 is recruited to the immunological synapse where human leukocyte 

antigen (HLA)-B associated transcript 3 (BAT3) binds to its cytoplasmic tail and there is recruitment 

of the active and catalytic form of lymphocyte-specific protein tyrosine kinase (LCK) (Clayton, 

Haaland et al. 2014). In this state TIM-3 can activate the T cell. However, upon binding of TIM-3 to its 

ligands such as soluble lectin galectin 9 and adhesion molecule carcinoembryonic antigen-related cell 

adhesion molecule 1 (CEACAM1), there is phosphorylation of Try256 and Try263 by IL-2 inducible 

T-cell kinase (ITK) (Van De Weyer, Muehlfeit et al. 2006, Huang, Zhu et al. 2015). BAT3 is then 

released and TIM-3 exerts its inhibitory functions (Rangachari, Zhu et al. 2012).  
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Tyrosine-protein kinase Fyn (FYN) may also result in TIM-3 mediated inhibitory signalling since it 

can bind to the same region as BAT3 resulting in competition for binding. FYN induces T cell anergy 

through activation of phosphoprotein associated with glycosphingolipid-enriched microdomains 1 

(PAG). There is recruitment of c-terminal Src tyrosine kinase which phosphorylates LCK on an 

inhibitory residue and therefore suppresses TCR signalling (Davidson, Schraven et al. 2007). 

Additionally, TIM-3 binding to CD45 and CD148 disrupts the immunological synapse which also 

results in T cell inhibition (Clayton, Haaland et al. 2014).  

Galectin 9 is one of the known ligands of TIM-3 and is a C-type lectin broadly expressed and secreted 

by multiple haematopoietic cells. It has two carbohydrate recognition domains and can form a molecular 

bridge between TIM-3 complexed with other ligands and phosphatases CD45 and CD148 at the 

immunological synapse (Clayton, Haaland et al. 2014). It binds to the carbohydrate motifs on the IgV 

domain of TIM-3 and can generate intracellular calcium influx and cell death (Kuchroo, Zhu, 2005). 

Upon binding there is oligomerization of TIM-3 on the cell surface which induces the release of BAT3 

from the intracellular tail of TIM-3. Consequently, there is T cell inhibition and eventually cell death 

(Rangachari, Zhu et al. 2012). 

It is hypothesised that galectin 9 binding may promote binding of TIM-3 to other ligands by inducing 

an allosteric change to make the cleft framed by phenylalanine glycine (FG) and coiled-coil (CC’) 

loops, making it more accessible to other ligands (Wolf, Anderson et al. 2019). 

By secreting TIM-3 and galectin 9, cancer cells can evade immune surveillance (Goncalves, Yasinska 

et al. 2017). Expression of galectin 9 may be caused by TIM-3 as an inhibitory feedback mechanism. 

For example, in acute myeloid leukemia patients, an autocrine TIM-3-galectin-9 loop results in self-

renewal of acute myeloid leukemia stem cells through activation of nuclear factor-кB and β-catenin 

pathways (Kikushige, Miyamoto et al. 2015).  

Galectin 9 can also work independently of TIM-3 through O-linked glycosylation of an unknown 

glycoprotein and IL-2 (Oomizu, Arikawa et al. 2012). In vitro experiments show that galectin 9 can 

enhance production of cytokines by Th1 and Th2 cells (Su, Bi et al. 2011) and supress Th17 cell 
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differentiation. Galectin 9 can also bind to cell-surface glycoprotein CD44 in Tregs via binding of N-

linked sugars of defined configuration and this regulates their function (Wu, Thalhamer et al. 2014). 

Phosphatidylserine is another ligand which binds to TIM-3 and other members of the TIM family 

(Kobayashi, Karisola et al. 2007, DeKruyff, Bu et al. 2010). It is a phospholipid which acts as a surface 

marker for apoptotic cells (Freeman, Casasnovas et al. 2010). It binds to the FG and CC’ loop pocket 

in the TIM-3 IgV domain (DeKruyff, Bu et al. 2010) with coordinated calcium binding (Cao, Cai 2007) 

involving amino acids Asn119 and Asp120 (Gandhi, Kim et al. 2018). This binding site is on the 

opposite side of the IgV domain to the site predicted to bind with galectin 9 (Freeman, Casasnovas et 

al. 2010). In comparison to other TIM family members, TIM-3 binds with much lower affinity to 

phosphatidylserine and does not lead to engulfment and phagocytosis of apoptotic material by T cells. 

However, it is presumed to be important for antigen cross-presentation by TIM-3+ dendritic cells 

(Nakayama, Akiba 2009).  

High mobility group box 1 (HMGB1) is another known ligand of TIM-3 found specifically on dendritic 

cells and thought to bind through the CC’ and FG loops of TIM-3 (Chiba, Baghdadi et al. 2012, 

Nakayama, Akiba et al. 2009, Sabatos-Peyton, Nevin et al. 2018, Tang, Lotze 2012). HMGB1 can also 

be secreted by tumour cells (Curtin, Liu et al. 2009). It binds to deoxyribonucleic acid (DNA) released 

by dying cells and aids nucleic acid sensing by toll-like receptors (TLRs). It is possible that TIM-3+ 

myeloid cells act as a molecular sink for HMGB1, interfering with its function in innate immune 

activation. Furthermore, it is suggested that TIM-3 interaction with HMGB1 is independent of other 

TIM-3 ligands (Sabatos-Peyton, Nevin et al. 2018, Tesniere, Schlemmer et al. 2010). Testing whether 

TIM-3 blockade increases the efficacy of other chemotherapeutic drugs that result in HMGB1 release 

would be interesting (Wolf, Anderson et al. 2019).  

CEACAM1 also binds to TIM-3 and is known to aid in regulation of antiviral responses (Khairnar, 

Duhan et al. 2018). In vitro studies with CEACAM1 showed that it is co-expressed with TIM-3 on 

ovalbumin peptide-stimulated and Staphylococcus aureus endotoxin B-stimulated T cells after repeated 
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exposure to these antigens. Therefore, it likely contributes to establishing T cell tolerance (Huang, Zhu 

et al. 2015).  

CEACAM1 is thought to bind to the CC’ and FG loops of TIM-3 (Huang, Zhu et al. 2015) and has been 

found to bind intracellularly which appears important for TIM-3 maturation (Huang, Zhu et al. 2015). 

The binding of CEACAM1 can release BAT3 from TIM-3, mediating TIM-3 inhibition of TCR 

signalling (Huang, Zhu et al. 2015). Additionally, CEACAM1 is also expressed on dendritic cells 

(Kammerer, Stober et al. 2001), monocytes (Horst, Bickert et al. 2009) and macrophages (Coutelier, 

Godfraind et al. 1994). This suggests that TIM-3-CEACAM1 binding can inhibit immune responses in 

cis or in trans in T cells and myeloid cells. Interaction through cis improves the stability of mature TIM-

3 on the cell surface while both cis and trans interactions mediate the inhibitory function of TIM-3 

(Wolf, Anderson et al. 2019). Contrarily, while Linhares et al. (2020) confirm CEACAM1-mediated-

inhibition, they argue that TIM-3 and CEACAM1 do not functionally interact in cis and in trans. The 

results of this study suggest that TIM-3 functions independently of CEACAM1. TIM-3 interaction with 

CEACAM1 in TME is highly complex and needs to be further molecularly dissected to determine 

regulatory mechanisms. 

Nevertheless, TIM-3-CEACAM1 binding is potentially a very important target for immunotherapy. All 

antibodies directed against mouse TIM-3 have shown functional efficacy in vivo in mouse cancer 

models and these interfere with phosphatidylserine and CEACAM1 binding (Sabatos-Peyton, Nevin et 

al. 2018). CEACAM1 is also highly expressed by tumour cells such as melanoma cells where it is 

thought to dampen T cell responses (Weiner, Kohalmi et al. 2007). However, CEACAM1 may have 

tumour-suppressor functions under certain circumstances as mice lacking CEACAM1 developed higher 

tumour burden in a chemically induced model of colorectal cancer (Leung, Turbide et al. 2006).  

It is important to note that polymorphisms in coding and non-coding regions of HAVCR2 have been 

linked to autoimmune conditions and allergies (Lee, Phong et al. 2011). The main polymorphisms are 

-1516G/T (rs10053538) and -574G/T (rs10515746) in the promotor region and +4259T/G (rs1036199) 

in the coding region. Some conditions associated with these polymorphisms are rhinitis (Chae, Park et 
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al. 2004), gastrointestinal tract cancer (Gao, Yang et al. 2016), NSCLC (Bai, Li et al. 2013), pancreatic 

cancer (Tong, Zhou et al. 2012) and renal cell carcinoma (Cai, Wang et al. 2012). 

Glycosylation is vital for proper folding of protein (Shentel-Bechor, Levy 2008) and stability (Sola, 

Griebenow 2009). The afore mentioned variations occur close to the predicted glycosylation sites of 

TIM-3 and therefore likely result in TIM-3 misfolding. Tyr82Cys and Thr101Ile presumably hinder 

glycosylation of the N-linked or O-linked glycosylation sites and are in a pocket suspected to bind to 

galectin 9. Therefore, this possibly results in interference with galectin 9 binding and prevention of cell-

surface expression. These variations may also impact TIM-3 interaction with CEACAM-1 which aids 

TIM-3 glycosylation, maturation and transport to the cell surface (Huang, Zhu et al. 2015). Future 

research using animal models with these point mutations and modelling of the crystal structure of the 

misfolded protein will give a better understanding of how these variations result in different TIM-3 

biology (Wolf, Anderson et al. 2019). 

The link between germline HAVCR2 mutations and human disease solidifies the role of TIM-3 as co-

inhibitory (Dixon, Das et al. 2018, Gayden, Sepulveda et al. 2018, Polprasert, Takeuchi et al. 2019). 

Variation c.245A>G (Tyr82Cys) in the IgV domain of TIM-3 results in misfolding of TIM-3 and loss 

of expression on the cell surface of T cells and myeloid cells. This results in TIM-3 aggregation 

intracellularly and patients have severe autoinflammatory and autoimmune phenotype with excessive 

production of proinflammatory molecules such as soluble CD25 and IL-18. There is hyperactivation of 

macrophages which results in excessive IL-1 and TNF levels in serum. Furthermore, in patients with 

HAVCR2 variations there is earlier onset of subcutaneous panniculitis-like T cell lymphoma and the 

disease is more severe when compared to patients without such variations (Wolf, Anderson et al. 2019). 

Data by Sabatos-Peyton, Nevin et al. 2018 suggests that antibodies targeting TIM-3 can interfere with 

phosphatidylserine and CEACAM1 binding but not with galectin 9 binding which brings into question 

the role of galectin 9 in TIM-3 signalling in tumours. It is not known what the affinity of TIM-3 to its 

ligands is but there is speculation that the concentration of each ligand in certain tissues may be different 

and determines the signalling through TIM-3. For example, gastrointestinal tract tissue is known to 
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express high levels of CEACAM1 whilst liver is known to highly express galectin 9 (Golden-Mason, 

Rosen 2017, Yan, Zhang et al. 2013).  

It is worth noting that since TIM-3 expression is restricted to intratumoral regulatory T cells, blockade 

of TIM-3 may prevent some of the toxic effects caused by blockade of for example CTLA-4 which is 

expressed by all regulatory T cells. TIM-3 expression is also limited to terminally differentiated IFNγ-

producing T cells whereas CTLA-4 is expressed on all T cells upon activation (Wolf, Anderson et al. 

2019).  

TIM-3 can also be found in soluble form without the mucin and transmembrane domains because of 

metalloproteinase-dependent cleavage which facilitates its shedding from the cell surface (Moller-

Hackbarth, Dewitz et al. 2013). In the plasma of patients with graft-versus-host disease (Hansen, 

Hanash et al. 2013) and osteosarcoma patients (Ge, Li et al. 2017), there are elevated plasma levels of 

TIM-3 (Xu, Yuan et al. 2015). Therefore, TIM-3 can be used as a biomarker for these diseases. The 

function of soluble TIM-3 is not yet known but it is hypothesised that it may act as a ‘molecular sink’ 

for ligands of TIM-3 and this interferes with its inhibitory functions. Contrary to this, in vitro 

experiments suggest that soluble TIM-3 can reduce IL-2 production by T cells (Goncalves, Yasinska et 

al. 2017).  

Tcf7 encodes for T cell factor-1 (TCF1) which is a transcription factor that maintains stemness and 

restrains effector differentiation. It has been shown that TIM-3 expression is a marker for T cells which 

have lost the expression of TCF1 (Im, Hashimoto et al. 2016). This negative correlation between TIM-

3 and TCF1 expression can be used to mark terminally differentiated effector cells which are exhausted 

and cannot be reinvigorated by checkpoint blockade and stem-like cells respectively (Brummelman, 

Mazza et al. 2018, Im, Hashimoto et al. 2016, Kurtulus, Madi et al. 2019, Miller, Sen et al. 2019, 

Siddiqui, Schaeuble et al. 2019, Wu, Ji et al. 2016). Expression of TCF1 in PD1- or PD1+ T cells 

determines response to checkpoint blockade (Kurtulus, Madi et al. 2019, Siddiqui, Schaeuble et al. 

2019). It is unknown whether a regulatory mechanism between TIM-3 and TCF1 exists and whether 

this exists transcriptionally or post-transcriptionally (Wolf, Anderson et al. 2019). 
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Additionally, TIM-3 can be used as a prognostic marker for solid tumours such as colon, gastric, 

NSCLC, clear cell renal carcinoma and cervical cancer. Higher levels of TIM-3 expression are 

correlated to lower survival rates and low TIM-3 expression is correlated to higher survival rates 

(Zhang, Cai et al. 2017). The same is observed for elevated TIM-3 levels in patients with HBV-

associated hepatocellular carcinoma where TIM-3+ T cells are correlated with lower chances of survival 

(Li, Wu et al. 2012). Interestingly, in patients with HBV-negative hepatocellular carcinoma, TIM-3 

expression on helper and cytotoxic T cells is low (Li, Wu et al. 2012).  

TIM-3+ Tregs have improved suppressor function when compared to TIM-3- Tregs, therefore, blocking 

the TIM-3-galectin 9 pathway reduces their suppressive capacity (Ju, Shang et al. 2014). Furthermore, 

malignant haematopoietic cells show TIM-3 expression, especially in acute myeloid leukemia 

(Kikushige, Miyamoto 2013). In these tumours, TIM-3 expression is high in leukemic stem cells but 

not in normal haematopoietic stem cells (Kikushige, Miyamoto et al. 2015, Jan, Chao et al. 2011, 

Haubner, Perna et al. 2019). The role of TIM-3 on these cells is not known but in a xenograft model of 

acute myeloid leukemia, blockade of TIM-3 resulted in improved prognosis. Therefore, TIM-3 can be 

used as biomarker as well as a clinical target (Kikushige, Shima et al. 2010). 

1.5 TIM-4 and its Ligands 

The SMUCKLER gene encodes for type I transmembrane protein TIM-4 (Liu, Xu et al. 2020). TIM-4 

consists of an extracellular IgV domain, mucin-like domain, transmembrane domain and an intracellular 

cytoplasmic tail as can be seen in Figure 1.6. Unlike TIM-3 it has a conserved arginine-glycine-aspartic 

acid (RGD) motif in the IgV domain that binds integrin proteins (Zhang, Wang et al. 2015). TIM-4 has 

the longest mucin-like domain of the TIM family and it is rich in threonine, serine and proline residues. 

The intracellular region of TIM-4 is the most highly conserved region of mouse and human homologs 

and contains 42-77 amino acids (Liu, Xu et al. 2020).  
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Figure 1.6: Structure of TIM-4. The structure of TIM-4 includes an IgV domain with an 

RGD motif, mucin-like domain, transmembrane domain and an intracellular cytoplasmic 

tail. 

TIM-4 has roles in allergy, asthma, pathogen infection, chronic metabolic disease and tumours (Liu, 

Xu et al. 2020) and research has confirmed the selective presence of TIM-4 on macrophages, mature 

dendritic cells, peritoneal B1 cells and invariant natural killer T cells (Cao, Ryan et al. 2011, Wang, 

Chen et al. 2023, Wong, Valdez et al. 2010, Zhang, Gu et al. 2016). However, it is mainly expressed 

on antigen-presenting cells instead of T cells unlike other TIM molecules which tend to be mainly 

expressed on T cells (Kuchroo, Meyers et al. 2005). TIM-4 is also a key marker of resident macrophages 

in different tissues, whereas, recruited macrophages don’t express TIM-4 (Liu, Xu et al. 2020). 

Peripheral lymphoid tissues such as thymus, spleen, lymph nodes, tonsils and Peyer’s nodule are noted 

to have high expression of TIM-4. Contrarily, it is expressed at low levels in lung, liver and kidney 

tissues (Kobayashi, Karisola et al. 2007, Kuchroo, Meyers et al. 2005, Wong, Valdez et al. 2010). TIM-

4 has also been found expressed ectopically on tumour cells. Namely in lung cancer (Zhang, Wang et 

al. 2015), colorectal cancer (Tan, Zhang et al. 2018) and parapharyngeal liposarcoma (Dorfman, 

Hornick et al. 2010). 

The expression of TIM-4 is regulated by different stimulators such as lipopolysaccharide, cholera 

toxins, cytokines, DAMPs among others (Baghdadi, Yoneda et al. 2013, Feng, Chen et al. 2008, Kim, 

Kim et al. 2010, Xu, Qi et al. 2010, Xu, Qi et al. 2015). Its expression is greatly increased in the presence 
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of IL-6 or TGF-β in the TME (Fisher, Appenheimer et al. 2014, Seoane, Gomis 2017, Zhang, Wang et 

al. 2015). 

Interestingly, probiotics are reported to decrease TIM-4 expression on dendritic cells through inhibition 

of its transcription factor signal transducer and activator of transcription 6 (STAT6) (Yang, Luo et al. 

2018). Additionally, vitamin D may repress TIM-4 gene transcription and expression through vitamin 

D receptor (Liu, Li et al. 2017). Conversely, exposure to cigarette smoke extract results in upregulation 

of TIM-4 expression in immature dendritic cells from murine bone marrow. This upregulation is 

inhibited by extracellular-signal-regulated kinase inhibitor (ERK) but not by p38 or c-Jun N-terminal 

kinase inhibitor (Jiang, Jiang et al. 2019). The mechanisms surrounding TIM-4 expression are still 

mostly unknown and studies need to be carried out to determine the drivers of transcriptional and 

translational regulation of TIM-4. 

It is speculated that TIM-4 may have an inhibitory role in activation of macrophages (Liu, Xu et al. 

2020). TIM-4 is known to inhibit CD80, CD86 and MHC-II expression in macrophages and production 

of TNF-α in lipopolysaccharide-treated macrophages (Xu, Qi et al. 2010). It also suppresses nitric oxide 

(NO) production in lipopolysaccharide or IFN-γ-activated macrophages (Liu, Xu et al. 2020).  

Kobayashi, Karisola et al. (2007) and Uchiyama, Koike et al. (2007) recognise TIM-4 as a receptor for 

engulfment of apoptotic cells. Phagocytosis of apoptotic thymocytes is lower upon pre-treatment with 

TIM-4 blocking antibody. A study by Santiago et al. found that TIM-4 has a metal-ion-dependent ligand 

binding site (MILIBS) for binding of phosphatidylserine and any amino acid deficiency or variation in 

this region results in impaired phagocytosis (Santiago, Ballesteros et al. 2007). 

A different study revealed that glioma-derived macrophages expressing high levels of TIM-4 contribute 

to tolerance of tumours by phagocytosis of T cells after exposure to phosphatidylserine (Xu, Xiao et al. 

2011). Furthermore, overexpression of TIM-4 on APC’s in transgenic mice results in decreased 

secondary T cell responses and antigen-specific T cell numbers (Albacker, Karisola et al. 2010), 

therefore, TIM-4 plays a negative role in anti-tumour immunity through induction of tumour immune 
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tolerance. Consequently, there is potential for blockade of TIM-4 to enhance anti-tumour immunity and 

improve cancer chemotherapy.  

Baghdadi et al. reports high expression of TIM-4 on tumour related macrophages and dendritic cells 

stimulated by DAMPs such as HMGB1, heat shock protein 90 (HSP90), monosodium urate crystals, 

S100A8 and adenosine triphosphate (ATP) secreted from dying or stressed tumour cells induced by 

chemotherapy. After ingesting apoptotic B16-F10 tumour cells, there is activation of autophagy in 

macrophages through TIM-4-adenosine monophosphate activating kinase-α1 (AMPKα1) interaction. 

This results in degradation of ingested tumour cells, decreased antigen presentation and impaired 

cytotoxic T cell responses. Therefore, blocking the TIM-4-AMPKα1-autophagy pathway causes 

increased tumour-specific cytotoxic T cell responses and thus increases the anti-tumour effect of 

chemotherapeutics. Targeting this pathway may be a useful strategy for increasing anti-tumour 

immunity and improving cancer chemotherapy (Baghdadi, Yoneda et al. 2013). 

Research performed by Rodriguez-Manzanet et al. (2008) finds that proliferation of T cells incubated 

with TIM-4+ Chinese hamster ovary (CHO) cells is significantly higher than that of control cells. Using 

anti-TIM-4 results in partial inhibition of T cell proliferation induced by TIM-4+ CHO cells which 

suggests that TIM-4 is involved in promoting T cell activation. CHO cells also express endogenous co-

stimulatory molecules which together with TIM-4 potentially have a synergistic role in activation of T 

cells (Rodriguez-Manzanet, Meyers et al. 2008). When a higher dose of anti-TIM-4 antibody is used 

there is more T cell proliferation and amplification in vitro and in vivo and when lower concentrations 

are used there is inhibition of T cell proliferation via anti-CD3 and anti-CD28 antibodies (Kuchroo, 

Meyers et al. 2005). This suggests that TIM-4 can have different functions depending on the activation 

status of T cells.  

A study reveals that TIM-4-Ig binds with CHO cells transfected with TIM-1 and not with those 

transfected with TIM-3 or TIM-4. This suggests that TIM-4 and TIM-1 interact (Kuchroo, Meyers et 

al. 2005). Upon addition of anti-TIM-1 antibodies, this binding is blocked confirming that TIM-4 is a 

natural ligand of TIM-1 (Kuchroo, Meyers et al. 2005). Both proteins bind to phosphatidylserine on the 
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surface of apoptotic cells or exosomes which means that TIM-1 interaction with TIM-4 occurs 

indirectly through a phosphatidylserine bridge (Uchiyama, Koike et al. 2007). 

TIM-4 has been reported to bind to naïve CD4+TIM-1- T cells resulting in inhibition of proliferation of 

naïve CD4+TIM-1- T cells but not of pre-activated T cells (Mizui, Shikina et al. 2008). Contrastingly, 

in a study by Cao et al., TIM-4 Fc is found to inhibit both naïve and pre-activated T cell activation, 

proliferation and cytokine production through a TIM-1 independent pathway (Cao, Ryan et al. 2011). 

This could be due to differing experiment conditions.  

T cell proliferation and differentiation requires the mitogen-activated protein kinase (MAPK) pathway 

(Nakahara, Moroi et al. 2006, Dong, Davis et al. 2002, Yamashita, Shinnakasu et al. 2005). Anti-TIM-

4 antibody could result in Akt phosphorylation and an increase in B-Cell Leukemia/Lymphoma 2 (Bcl-

2) expression which protects T cells from apoptosis but does not increase B-cell lymphoma-extra large 

(Bcl-xL) protein expression (Rodriguez-Manzanet, Meyers et al. 2008). This suggests that TIM-4 may 

promote proliferation of T cells by inducing anti-apoptotic signals and cell division. Nevertheless, TIM-

4 Fc inhibits ERK phosphorylation of T cells stimulated with coated anti-CD3 and anti-CD28 (Mizui, 

Shikina et al. 2008). This indicates that TIM-4 Fc could inhibit the MAPK pathway even in pre-

activated TIM-1+ T cells.  

Cao et al. (2011) confirm that TIM-4 Fc could inhibit the MAPK pathway in T cells, prevent 

differentiation of Th17 cells and block IL-17 production in Th17-polarized cultures. Also, IgV and 

mucin domains are necessary for TIM-4 mediated inhibition of T cell activation and Th17 

differentiation through the MAPK pathway (Cao, Ryan et al. 2011). 

Ge, Zeng et al. (2016) suggest that TIM-4 could bind to TIM-3 on the surface of polarized Th1 cells 

increasing phosphorylation and levels of Fas ligand in these cells and resulting in apoptosis. The 

conclusion from this research is that TIM-4 can regulate T cell activation via cross-linkage of different 

receptors. TIM-4 is also suggested as a ligand for leukocyte mono-Ig–like receptor 5 (LMIR5) which 

does not bind to phosphatidylserine and has no effect on TIM-4 mediated phagocytosis of apoptotic 

cells (Yamanishi, Kitaura et al. 2010).  
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Additionally, TIM-4 can be sheared into soluble TIM-4 by A disintegrin and metalloprotease (ADAM) 

10 and ADAM 17 without impacting phosphatidylserine binding (Schweigert, Dewitz et al. 2014). It is 

speculated that soluble TIM-4 acts as an antagonist of membrane surface TIM-4 but this role is not 

confirmed in vivo (Liu, Xu et al. 2020). Soluble TIM-4 can be detected in serum or bodily fluids and 

changes in its levels can indicate pathological conditions. For example, in ankylosing spondylitis 

patients, the soluble TIM-4 levels in serum are significantly elevated which is positively correlated to 

TNF-α levels and Bath ankylosing spondylitis disease activity index (Chen, He et al. 2015).  

A study by Caronni et al. (2021) found that TIM-4 may be used as a biomarker for stratification of 

human lung tumours. Levels of TIM-4 expression are found to be significantly higher in non-small-cell 

lung cancer tissues and have adverse prognosis. TIM-4 is identified as a lung type 1 conventional 

dendritic cell phagocytic receptor implicated in immune surveillance of early murine tumours that is 

targeted at a later stage of tumour progression and impairs antitumor responses. In a study by Zhang, 

Wang et al. (2015), TIM-4 expression in NSCLC tissues is negatively correlated with the prognosis of 

lung cancer patients. The expression of TIM-4 promoted the growth, proliferation and cell cycle 

progression of lung cancer cells via RGD motif. 

TIM-4 expression is also found to be significantly elevated in glioma tissues and here it promotes 

growth, suppresses apoptosis and enhances clonogenicity (Li, Li et al. 2016). In colorectal cancer, 

higher expression of TIM-4 results in activation of angiogenesis and recruitment of tumour-associated 

macrophages through certain signalling pathways (Tan, Zhang et al. 2018). Therefore, targeting TIM-

4 may reverse immune tolerance and suppress tumour cell growth and migration which provides a 

promising tool for tumour therapy. To date, no effective TIM-4 inhibitors have been developed and 

more research must be performed to determine the anti-tumorigenic actions (DuPage, Cheung et al. 

2011, DuPage, Mazumdar et al. 2012, Liu, Xu et al. 2020). 

1.6 Combination Therapy 

Studies find that most cytotoxic T cells co-express TIM-3 and PD-1 in many solid tumours and TIM-3 

marks the most dysfunctional subset of tumour-infiltrating CD8+PD1+ T cells by account of there being 
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less expression of effector cytokines compared to TIM-3- cells (Jin, Anderson et al. 2010, Fourcade, 

Zhaojun et al. 2014, Sakuishi, Apetoh et al. 2010). Additionally, the upregulation of TIM-3 and co-

expression of PD-1 on melanoma specimens shows unfavourable immune responses (Fourcade, Sun et 

al. 2010). Combination blockade is suggested since both co-inhibitors are markers of T cell exhaustion 

and blocking both may result in restoration of T cell proliferation and cytokine production which 

generates an immune response (Friedlander, Addeo et al. 2019). There is also research being performed 

on the use of a bispecific antibody targeted at TIM-3 and PD-1 (Klein, Schaefer et al. 2019). 

In a study using mouse models genetically engineered with adenocarcinoma of the lung, treatment with 

anti-PD-1 antibody exhibits progression of tumour and upregulation of other immune checkpoints. This 

is noted mostly with upregulation of TIM-3 especially on T cells bound to therapeutic antibody. 

Therefore, TIM-3 overexpression can be used as a marker of resistance to treatment. Treatment of these 

mice with TIM-3 blockade determines whether it is still efficacious at the point of resistance and in 

fact, a clinical benefit is observed. To check this applicability in patients treated with PD-1 blockade, 

specimens from two patients who show an initial response to the PD-1 blockade and eventually develop 

progressive disease are analysed. Both cases show upregulation of TIM-3 on therapeutic antibody-

bound TILs. Therefore, targeting other immune checkpoints which are upregulated when using 

blockade therapy can expand the clinical benefit in responsive tumours (Koyama, Akbay et al. 2016). 

Moreover, treatment of CT26 tumour-bearing mice with only anti-PD-L1 tends to delay tumour growth 

but shows a lot of variation between experiments and does not give a statistical significance. 

Meanwhile, using anti-TIM-3 antibodies independently results in little to no difference in tumour 

burden and treatment. However, when these antibodies are used in combination, there is a substantial 

decrease in tumour growth and half the mice show complete tumour regression (Sakuishi, Apetoh et al. 

2010).  

Consequently, most clinical trials using anti-TIM-3 antibodies also make use of anti-PD-1 treatment, 

provided that dose escalation and safety criteria are met for single agent treatment using anti-TIM-3 

antibodies. For example, Tesaro developed a humanized anti-TIM-3 IgG4 antibody (TSR-022) and the 
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first trial data reported shows that administration of TSR-022 results in stable disease in 31 patients and 

a partial response in a patient with leiomyosarcoma with no dose-limiting toxicity (Murtaza, Laken et 

al. 2016). Therefore, combination treatment is trialled with TSR-042 which is an anti-PD-1 antibody. 

The dose of TSR-022 is increased whilst that of TSR-042 is maintained. This therapy is used in 202 

patients with anti-PD1 or anti-PDL-1-antibody-refractory NSCLC and is well-tolerated with no dose-

limiting toxicity observed (Chen, Song et al. 2019). 

Sabatomimab and spartalizumab are humanized monoclonal antibodies which block the binding of 

TIM-3 to phosphatidylserine and PD-1 to PD-L1/2 respectively (Tian, Li 2021). The safety and efficacy 

of sabatomimab with or without spartalizumab in patients with advanced solid tumours is studied in a 

phase I/II study (Curigliano, Gelderblom et al. 2021). Around half the patients are treated with 

sabatolimab and the rest with both sabatomimab and spartalizumab. When sabatolimab is used there is 

no response. However, when combination treatment is used, 6% of patients have partial responses in 

colorectal cancer, NSCLC, malignant perianal melanoma and small cell lung cancer lasting 12 to 27 

months. Some of these patients have elevated expression of immune markers in baseline biopsies and 

some have positive TIM-3 staining including an NSCLC patient with preceding PD-1 therapy 

(Curigliano, Gelderblom et al. 2021).  

Another phase Ia/b study determines the safety, tolerability, dose, immunogenicity, pharmacodynamics 

and efficacy of a novel TIM-3 monoclonal antibody LY3321367 when used by itself and when used in 

combination with anti-PD-L1 antibody LY300054 (Harding, Moreno et al. 2021). The dose escalation 

study shows no dose limiting toxicity by itself or when used in combination therapy. For NSCLC 

patients, prior exposure to blockade of PD-1 impacts the clinical outcomes. Patients who are resistant 

to anti-PD-1/L1 have an objective response rate of 0% and a disease control rate of 35% with a median 

progression-free survival of 1.9 months. For anti-PD-1/L1 responders, the objective response rate is 7% 

and the disease control rate is 50% with a median progression-free survival of 7.3 months. When 

combination therapy is used, objective response rate is 4% and disease control rate is 42% (Harding, 

Moreno et al. 2021).  
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LY3415244 which is a bispecific antibody that targets TIM-3 and PD-L1 is studied for its safety and 

efficacy in advanced solid tumours during a phase I trial (Hellmann, Bivi et al. 2021). Of 12 patients, 2 

develop clinically significant anaphylactic infusion related reactions and all patients develop anti-drug 

antibodies. High levels of the anti-drug antibodies have a negative impact on soluble TIM-3 target 

engagement. Notably, the anti-drug antibodies have epitope specificity for both the TIM-3 and PD-1 

arms (Hellmann, Bivi et al. 2021). This study shows the importance of proper analysis for potentially 

pre-existing anti-drug antibodies which should be part of immunogenicity risk assessment of novel 

antibodies (Tian, Li 2021). 

Combination therapy can also be used with anti-TIM-3 and anti-TIM-4 antibodies. Models of tumour 

prove that combined treatment with anti-TIM-3 and anti-TIM-4 antibodies increases the efficacy of 

cancer vaccines (Cheng, Ruan 2015) compared to TIM-3 and TIM-4 blockade individually. For 

example, when combinatorial blockade of TIM-3 and TIM-4 is used to treat B16 melanoma, there is a 

significant increase in vaccine-induced anti-tumour responses by increasing the numbers and effector 

functions of natural killer cells and cytotoxic T cells (Baghdadi, Nagao et al. 2013).  

1.7 Phage Display Biopanning for the Development of Monoclonal Antibodies 

Over 100 monoclonal antibodies have been approved for use clinically and a large number are in pre-

clinical and clinical development (Manis 2023). In the past century, 4 Nobel prizes have been awarded 

for technologies related to antibody development. Most recently in 2018, George P. Smith and Sir 

Gregory P. Winter were awarded the Nobel prize in chemistry for the development of the phage display 

technique for peptides and antibodies (McCafferty, Griffiths et al. 1990, Smith 1985, Winter, Milstein 

1991). Also, in 2018, James P. Allison and Tasuku Honjo were awarded the Nobel Prize in Physiology 

and Medicine for discovering cancer immunotherapy using antibody blockade of T-cell inhibitory 

receptors to improve anti-tumour immune responses (Leach, Krummel et al. 1996, Ledford, Else et al. 

2018). 

Hybridoma technology was the first technique used to generate monoclonal antibodies in mice and 

when it was first developed, it was ground-breaking. It is still being used today, however, murine-
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derived monoclonal antibodies have limited therapeutic efficacy as many patients develop human anti-

mouse antibodies (HAMA). In these patients there is quicker clearance of the monoclonal antibody and 

there can also be an undesirable allergic reaction upon repeated administration (Legouffe, Liautard et 

al. 1994, Berger, Shankar et al. 2002).  

This HAMA response is combatted by engineering chimeric or humanized antibodies with murine 

variable regions or complementarity-determining regions (CDR) but with human constant regions to 

maintain specificity whilst reducing the HAMA response (Jones, Dear et al. 1986, Morrison, Oi 1989, 

Studnicka, Soares et al. 1994). Nowadays, fully human antibodies are generated using hybridoma 

technology in transgenic mice models such as HuMabMouse and XenoMouse where the mouse 

immunoglobulin gene loci are replaced with human loci in the transgenic mouse genome (Lonberg 

2005, Lonberg, Taylor et al. 1994, Mendez, Green et al. 1997). However, not all antigens are suitable 

for development using hybridoma. These include conserved, toxic and unstable antigens or proteins 

with allosteric conformational changes as well as transmembrane proteins (Frenzel, Schirrmann et al. 

2016). 

Monoclonal antibodies can also be developed through phage display biopanning which involves 

isolation of fully human-derived monoclonal antibodies from large immunoglobulin gene repertoires 

displayed on the surface of bacteriophages (Winter, Milstein 1991). The bacteriophage usually used is 

the filamentous phage M13 which has restricted infection range and does not display temperate or lytic 

behaviour found in other phages. M13 phages cause a chronic infection in the host by triggering 

continuous synthesis and release of new particles without compromising the integrity of its host. This 

is essential for performing multiple biopanning rounds. M13 phage contains a circular single-stranded 

DNA genome with nine genes that encode for assembly and replication proteins as well as coat proteins 

pIII, pVIII, pVI, pVII and pIX (Specthrie, Bullitt et al. 1992, van Wezenbeek, Hulsebos et al. 1980). 

M13 phages infect only Escherichia coli with F pilus expression which has a tubular structure and plays 

a key role in bacteria conjugation (Huang, Bishop-Hurley et al. 2012, Sokullu, Soleymani Abyaneh et 

al. 2019) through interaction with filamentous bacteriophage coat protein pIII (O’Callaghan, Bradley 

et al. 1973) as in Figure 1.7. Additionally, pIII protein has structural flexibility and can display large 
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proteins without loss of function (Kehoe, Kay 2005, Rakonjac, Bennett et al. 2011, Sheehan, Marasco 

2015, Sidhu, Weiss et al. 2000).  In a mature M13 phage virion, protein pIII is found as 5 copies grouped 

at one end of the virion (Rodi Makowski 1999, Russel Linderoth et al. 1997). 

 

 

Figure 1.7: Infection of E. coli by M13 phages. E. coli are infected through interaction 

of the pIII protein of the M13 bacteriophage with the F pilus of mid-log phase ER2738. 

The success of biopanning depends greatly on the quality and diversity of the antibody repertoire which 

in turn is dependent on the quality and source of antibody information. Generally, RNA is isolated from 

B cells or peripheral blood mononuclear cells and is transcribed into cDNA to serve as a template for 

amplification using a defined set of primers targeting the entire diversity of the host. The library can be 

constructed to include different antibody isotypes and formats. Single-chain variable fragment (scFv) 

is the most popular format for phage display as it contains heavy and light chains of the variable region 

joined by a flexible linker (Alfaleh, Alsaab et al. 2020, Funfrock 2020) as can be seen in Figure 1.8.  
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Figure 1.8: Structure of scFv. VH and VL domains connected by a short flexible linker. 

The advancement of antibody phage display technology is partly due to the discovery of smaller 

recombinant antibody formats such as variable domain, single-chain variable domain, fragment antigen 

binding, diabodies, heavy-domain camelid and shark antibody fragments (Barbas, Kang et al. 1991, 

Bates, Power et al. 2019, Breitling, Dubel et al. 1991, Clackson, Hoogenboom et al. 1991, Kwon, Kim 

et al. 2019, Vincke, Muyldermans 2012). These smaller fragments can be expressed more easily on 

bacteria than full antibodies which require assembly of four polypeptide chains and extensive 

disulphide bond formation (Alfaleh, Alsaab et al. 2020).  

The creation of combinatorial scFv library on M13 phage surfaces is achieved using a mix of variable 

heavy (VH) and variable light (VL)-domains joined by a flexible, protease resistance glycine-serine 

linker into a single DNA sequence (McCafferty, Griffiths et al. 1990). These sequences are then inserted 

and cloned as a gene fusion with the bacteriophage pIII gene which is reliant on a weak promoter in a 

phagemid vector - a plasmid carrying an antibiotic resistance gene as well as bacterial and phage origins 

of replication (Lowman, Bass et al. 1991, Bass, Greene et al. 1990, Sidhu 2001, Smith, Petrenko 1997). 

Purified antigens can be presented to a phage antibody library by immobilisation on solid surfaces 

which can be nitrocellulose membranes, polystyrene tubes or plates, magnetic beads (as in Figure 1.9) 

or column matrices (Kang, Barbas et al. 1991, Marks, Hoogenboom et al. 1991, Schirrman, Meyer at 

al. 2011). Any sites which remain unbound to antigen are blocked using a blocking agent such as bovine 

serum albumin (BSA) to avoid non-specific binding (Menendez, Scott 2005, Shen, Li et al. 2012). After 

binding of phages to their target, any unbound phages are washed away as these are non-specific 

binders. The washing step can be regulated depending on what the outcome needed is. With every round 
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of biopanning, the washing steps are increased gradually so that the higher affinity phage clones are 

isolated (Smith, Petrenko 1997, Smith, Scott 1993). These high affinity phages are then eluted using 

different conditions such as change in pH, proteolytic cleavage or competition with free antigens 

(Haque, Tonks 2012, Kang, Barbas et al. 1991, Marks, Hoogenboom et al. 1991). To prevent 

degradation of phages and maintain their infectivity, it is essential to neutralise the pH of eluted phage 

antibodies to be around 8 (Kristensen, Winter 1998, Ward, Clark et al. 1996). 

 

Figure 1.9: Phage Display Biopanning Technique. This technique involves incubating a 

library of phage displayed antibodies on beads coated with target, washing away unbound 

phage, eluting and amplifying the bound phage. 

After multiple biopanning rounds, the phage pool from each round is tested, generally by enzyme-

linked immunosorbent assay (ELISA) to determine whether there is enrichment of phage binders to the 

target in the polyclonal pool. The ELISA involves immobilisation of antigen to microtiter plates and 

addition of multiple phage pool dilutions from each round followed by a detection antibody against 

M13 phage. Individual clones from the final biopanning round showing the highest level of enrichment 

are then screened by ELISA to determine the individual phage clones isolated with highest specificity 

to the antigen of interest. Positive clones are analysed by restriction fragment length polymorphism to 
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determine the number of unique clones or by sequencing to determine the CDRs for heavy and light 

chains (Pande, Szewczyk et al. 2010).  

The most important advantage of phage display when compared to in vivo methods of antibody 

generation is the possibility of using toxic and/or non-immunogenic antigens to develop antibodies. 

Furthermore, phage display is revolutionary in antibody discovery because of the simplicity of phage 

structure and the fast replication and turnover of bacterial systems. The technology allows for rapid 

screening of substantial repertoires from naïve or immune hosts obtained through amplification of 

antibody genes expressed by peripheral blood cells (Funfrock 2020). 

Additionally, phage display can be used for known or unknown antigens and for antigens that are 

unavailable in their pure form (Dantas, Narbosa, de Macedo Brigido et al. 2012, Krag, Shukla et al. 

2006, Rader, Barbas 1997, Siva, Kirkland et al. 2008). It can also be used to obtain binders to a unique 

conformational state of cell surface receptor (Eisenhardt, Schwarz et al. 2007a, Eisenhardt, Schwarz et 

al. 2007b, Paduch, Koide et al. 2013, Shwarz, Maede et al. 2006, Schwarz, Rottgen et al. 2004) and to 

identify new biomarkers expressed exclusively on rare cells in heterogenous solution (Kristensen, 

Sorensen 2011, Sorensen, Agerholm et al. 2010). 

This versatile in vitro selection technology is successful if the therapeutic antibodies obtained are highly 

specific and have a high affinity to target. The solubility, viscosity, expression yield and thermal and 

long-term stability which are dependent on the amino acid sequence of the antibody are essential for 

success in clinical trials (Chennamsetty, Voynov et al. 2010, Jain, Sun et al. 2017, Lecerf, Kanyavuz et 

al. 2019). Additionally, low solubility that affects the biomanufacturing of antibodies (Bye, Platts et al. 

2014, Garidel, Kuhn et al. 2017, Trevino, Scholtz et al. 2008) will impact the potency, bioavailability 

and immunogenicity of that antibody (Gibson, McCarty et al. 2011, Sormanni, Amery et al. 2017). 

Inadequate developability of antibodies can be due to high immunogenicity, physicochemical 

instability, self-association, high viscosity, poly-specificity, short half-life and poor expression 

(Lavoisier, Schaaeppi 2015, Dobson, Devine et al. 2016).  
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Important challenges in in vitro antibody display include the lack of natural affinity maturation and loss 

of natural pairing information. In naïve antibody repertoires there can be weaker affinity to specific 

antigens in comparison to hybridoma-derived antibodies. And in naïve and immune libraries, heavy 

and light chains are randomly paired which can result in less stability when compared to hybridoma-

derived antibodies. One way of tackling these issues is by improving library quality through significant 

increase in diversity and improving library construction methods such as in silico evaluation of potential 

binders (Funfrock 2020).  

Other limitations of biopanning can include poor availability of purified protein and potentially altered 

conformation when attached to solid surfaces. Methods which have been used to resolve this include 

in-solution biopanning followed by affinity capture of antigens tagged with biotin (Fellouse, Esaki et 

al. 2007) or calmodulin binding peptide (Mukherjee, Ure et al. 2015). Another limitation is that some 

membrane proteins (Santos, Ursu et al. 2016) are poorly soluble in aqueous media and because of this 

they don’t form well during recombinant expression (Sarkar, Dodevski et al. 2008). For example, they 

can form aggregates and lose their tertiary structures when they are coated on immunotubes (Butler, 

Navarro et al. 1997, Butler, Ni et al. 1992, White, Wimley 1999) which results in antibody binders to 

epitopes that are not naturally exposed (Lipes, Chen et al. 2008, Nagy, Friedlander et al. 2005). This is 

combatted using cell-based biopanning which maintains the membrane proteins’ native conformation 

(Alfaleh, Arora et al. 2019, Alfaleh, Jones et al. 2017, Jones, Alfaleh et al. 2016, McGuire, Li et al. 

2009).  

There are 14 FDA approved phage-display derived antibodies and antibody fragments with many others 

in clinical trials (Alfaleh, Alsaab et al. 2020). Research institutes, start-ups and industrial laboratories 

are continually developing methods for design, construction and screening of developable antibody-

phage libraries to make the process more time-efficient and less expensive (Funfrock 2020). For 

example, beads have been found to be more effective and efficient for immobilisation of the target 

protein than plates (Grima 2022, Spiteri 2022). Apart from this, the high-throughput screening of 

antibody discovery has been greatly improved by the more recent advancements in next-generation 

sequencing technologies, bioinformatics and nanotechnology (Yoo, Lee et al. 2020, DeKosky, Ippolito 
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et al. 2013, Sormanni, Aprile et al. 2018, Noh, Kim et al. 2019). All this significantly reduces the time 

and amount of labour needed to discover antibodies and will make development of therapeutic 

monoclonal antibodies much quicker (Kelley 2020). 
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Principal Aim and Objectives 

The main aim of this project was to identify scFv antibodies against TIM-3 and TIM-4. This was 

achieved by using:  

• Phage display biopanning to isolate highest affinity scFv antibodies against TIM-3 and TIM-4 

proteins, 

• ELISA to determine the specificity of the phage pools and phage clones to the target protein, 

• Sanger sequencing to determine the DNA sequence of the anti-TIM-3 and anti-TIM-4 scFv 

antibodies identified, 

• Amino acid sequence alignment to determine how similar the complementarity-determining 

regions of the scFvs identified were. 

  



34 

 

Chapter 2: Methodology 

2.1 Maintenance of Escherichia coli ER2738  

The Escherichia coli ER2738 strain were provided by the International Centre for Cancer Vaccine 

Science (ICCVS). This strain was used because it was notably suited for propagation of M13 phages 

(Ph.D. phage display peptide library instruction manual, New England BioLabs). M13 phages are male-

specific coliphages which infect through the fertility (F) pili of Enterobacteriaceae (Bari, Yeasmin 

2014) as in Figure 1.7. ER2738 F-factor has a mini-transposon which gives them tetracycline resistance 

(Ph.D. phage display peptide library instruction manual, New England BioLabs). Therefore, 

tetracycline containing media was used as selective media. All cultures for M13 propagation were 

inoculated from bacterial colonies grown on tetracycline containing media, rather than from a glycerol 

culture (Ph.D. phage display peptide library instruction manual, New England BioLabs).  

2.1.1 Media Preparation  

Media was prepared in class 2 laminar flow cabinets [Faster S.R.L., Ferrara, Italy] in the Centre for 

Molecular Medicine and Biobanking (CMMB). These class 2 laminar flow cabinets were also used for 

the inoculation of E. coli onto Luria-Bertani (LB) agar [HiMedia Laboratories GmbH, Einhausen, 

Germany] and into LB broth [HiMedia Laboratories GmbH, Einhausen, Germany]. LB broth cultures 

were incubated in an Eppendorf New Brunswick™ Innova 42 Incubator Shaker [Massachusetts, United 

States] and LB agar cultures were incubated in a Binder BD53 Natural Convection incubator 

[Apeldoorn, The Netherlands].  

A tetracycline stock was prepared by making a 70% ethanol solution in a conical tube using 100% 

ethanol and deionised water. A concentration of 10 mg/ml of tetracycline hydrochloride [Gibco, New 

York, United States, Catalogue# A39246, Lot# Q26H011A] was then added to this ethanol solution. 

An ampicillin stock was prepared by dissolving 100 mg/ml of ampicillin sodium salt [Gibco, New York, 

United States, Catalogue# 11593027, Lot# A0330966] in deionised water and a kanamycin stock was 

prepared by dissolving 50 mg/ml of kanamycin sulphate [Gibco, New York, United States, Catalogue# 
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11593-027, Lot# 2240842] in deionised water. The antibiotics were filter sterilised and aliquoted under 

a class 2 laminar flow cabinet into labelled and autoclaved microcentrifuge tubes for storage in a -20°C 

freezer. When needed, only one of the tubes was thawed, preventing multiple unnecessary freeze thaw 

cycles to avoid disrupting the structure of the antibiotic.  

LB agar was prepared using a concentration of 35 g/L LB agar powder in deionised water. Half the 

deionised water was added to the powder until it dissolved. Then the remaining volume of deionised 

water was added. The LB agar was autoclaved at 121°C for 15 minutes and allowed to cool to about 

55°C. Once cool, 10 μg/ml of tetracycline stock were added. Plates were prepared by pouring 25 ml of 

tetracycline LB agar into petri dishes. These were left to solidify. The lids were left ajar to allow 

ventilation and prevent condensation during the cooling process. They were then stored in a fridge at 

4°C and used for primary streak plates. Similarly, ampicillin plates were made by adding 100 μg/ml of 

ampicillin to the agar instead of tetracycline. These plates were used for determination of phage titre.  

LB broth was made to a concentration of 25 g/L LB broth powder in deionised water. It was autoclaved 

at 121°C for 15 minutes and allowed to cool completely. When it was needed for overnight cultures, 

mid-log phase bacteria and phage titering, 10 μg/ml of tetracycline or 100 μg/ml of ampicillin and/or 

50 μg/ml of kanamycin was added depending on the procedure being carried out. 

2.1.2 Glycerol Stock Culture  

A class 2 laminar flow cabinet was used to prepare the glycerol stock culture. Tetracycline LB broth 

was inoculated with E. coli in a conical flask and incubated at 37 °C and 250 revolutions per minute 

(rpm) in an Eppendorf New Brunswick™ Innova 42 Incubator Shaker overnight. The mouth of the 

conical flask was covered with aluminium foil to prevent leaks and avoid contamination. A 50% 

glycerol solution was prepared in a sterile conical tube using deionised water and glycerol. The tube 

was placed on a rotator for a few minutes to allow the glycerol and water to homogenise. The 50% 

glycerol solution was filter sterilised and syringed into another sterile conical tube. A volume of 500 μl 

50% glycerol solution were aliquoted into several labelled screw top tubes together with 500 μl 

overnight culture and gently mixed to ensure a uniform solution without layers. These glycerol stock 
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cultures were stored in a -80°C freezer until needed. To recover frozen cells, a small portion of the 

frozen glycerol stock was streaked onto LB agar using a 1 μl loop without allowing the stock to thaw 

and the inoculated plate was incubated at 37°C overnight in a Binder BD53 Natural Convection 

incubator.  

2.1.3 Primary Streak Plate  

To prepare primary streak plates, tetracycline LB agar plates were streaked using frozen glycerol stock 

of E. coli ER2738 strain. In a class 2 laminar flow cabinet, 10 μl frozen glycerol stock was pipetted 

onto one side of the plate. A 1 μl loop was used to make the pool. This loop was turned over to streak 

that side of the plate with the unused loop surface. A new loop was used to inoculate the rest of the 

plate as per Figure 2.1. One tetracycline LB agar plate was left uninoculated to act as a sterility check. 

The inoculated and sterility plates were incubated at 37 °C overnight in a Binder BD53 Natural 

Convection incubator. The next day, they were removed from the incubator, sealed with parafilm tape 

and stored in a fridge at 4°C. Unless contamination was visible, a new working stock plate needed only 

be prepared from the glycerol stock or from another primary streak plate every 2 weeks. 

 
Figure 2.1: Inoculating LB agar plates. A pool was made by pipetting 10 μl of ER2738 

glycerol stock onto a plate and a 1μl loop was used to spread out the pool. The loop was 

turned over to make streaks towards the side of the plate and a new loop was used for the 

following streaks, repeating the same technique.  

2.1.4 Mid-log phase Liquid Culture  

Grima's (2022) optimization of the mid-log phase of bacterial growth identified the specific timing 

when E. coli exhibited the F pilus. The expression of this F pilus played a crucial role in infecting 

ER2738, as the infection process relied on its interaction with the pIII protein of the M13 bacteriophage 
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(Huang, Bishop-Hurley et al. 2012, O’Callaghan, Bradley et al. 1973, Sokullu, Soleymani Abyaneh et 

al. 2019). It was concluded that mid-log phase was reached after 1.5 hours. The F pilus was required 

for infection by M13 phages in phage titering as in Sections 2.2.1, 2.2.2 and 2.3. The F factor of 

ER2738 provides resistance to tetracycline (Ph.D. phage display peptide library instruction manual, 

New England BioLabs) which makes tetracycline LB broth specific to F factor-containing ER2738 and 

prevents contamination by other bacteria.  

To obtain mid-log phase bacteria, 10 μg/ml tetracycline stock were pipetted into LB broth in a sterile 

falcon tube in a laminar flow cabinet and the tube was inverted to obtain a homogenous solution. A 

single colony was picked from a primary streak plate with a pipette tip and the tip was dropped into the 

broth to inoculate it. The falcon tube was incubated at 37°C and 220 rpm for 16 hours in an Eppendorf 

New Brunswick™ Innova 42 incubator shaker. After the overnight incubation, the broth was moved 

from the incubator to the fridge and kept at 4°C until needed.  

To make the mid-log phase ER2738, a concentration of 10 μg/ml tetracycline was added to a falcon 

tube containing fresh LB broth and mixed gently by inversion. A volume of 250 µl of the overnight 

growth was inoculated in the LB/tetracycline broth and incubated at 37°C and 250 rpm. The Eppendorf 

BioPhotometer spectrophotometer [Eppendorf Corporate, Hamburg, Germany] was blanked using 100 

μl fresh LB/tetracycline broth in a cuvette and measurements of the ER2738 were then taken after 1.5 

hours of incubation by transferring 100 μl from the corresponding tube into cuvettes and measuring 

their spectrophotometric readings. This was performed until the OD600 reached 0.4-0.6. 

2.2 Applications of the phage library  

2.2.1 Phage Display Biopanning 

Phage display allowed expression of exogenous scFv antibodies on the surface of bacteriophages in 

fusion with phage coat protein, linking the phage phenotype with its encapsulated genotype (Rodi, 

Makowski 1999, Saw, Song 2019, Smith 1985, Ss 2000).  
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In this project a naïve canine scFv phage library was used. The phage library was provided through 

collaboration with Prof. Ted Hupp (University of Edinburgh) and Dr Lisowska (ICCVS, University of 

Gdansk). The scFv antibodies were composed of VH and VL domains connected by a short flexible 

linker as in Figure 1.8 and were displayed as N-terminal fusions to minor coat proteins pIII of phages. 

Each phage displayed a single antibody species (Winter Griffiths et al. 1994, Ahmad Yeap et al. 2012).  

In vitro biopanning was used also in Grima (2022) to obtain the highest affinity phages towards target 

protein TIM-3 using affinity selection. The phage library was incubated with beads and plates which 

acted as a support by immobilizing the bait protein. As concluded by Grima (2022), beads were more 

efficient for immobilisation of the target molecule. His-tag beads were used instead of magnetic protein 

G beads since clumping was observed in Grima (2022) when using magnetic protein G beads. The use 

of cobalt beads that bind to histidine-tagged target proteins (Dynabeads™ His-Tag Isolation & 

Pulldown package insert), effectively circumvented the problem.  

In this experiment the target proteins used were: SARS-CoV-2 Spike S1+S2 (D614G) trimer Protein 

(ECD, His tag) [Sino Biological Inc., Beijing, China, Catalogue# 40589-V08H8, Lot# LC15DE0803] 

as a positive control (since antibodies were successfully isolated before in our lab using the same 

procedure but by a different scientist) and human TIM4/TIMD4 Protein (His Tag) [Sino Biological 

Inc., Beijing, China, Catalogue# 12161-H08H, Lot# LC12DE1307].  

The selection process of phage display biopanning was initiated with a large phage library of 

approximately 1x1013 phage particles expressing a wide diversity of antibodies. This library was used 

to select subpopulations of specific phage that bind the desired target. The phages which remained 

unbound and other non-specific phages were removed through repetitive washing steps. The target-

bound phages were eluted by incubating in a high pH buffer (a low pH buffer could also be used) to 

disrupt the interaction between phage-displayed proteins and their targets and to disturb protein folding. 

The eluted phages were amplified by infecting them into bacteria. Then the amplified elute was 

collected through a series of centrifugation steps. Further binding and amplification cycles were 

performed to refine the pool to obtain the phages with the highest affinity for the target (refer to Figure 
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1.9). ELISA and DNA sequencing were then performed to determine the increasing titre of phage with 

affinity towards the target protein throughout the rounds and to determine the sequence of the antibodies 

identified respectively (Saw, Song 2019). 

For this experiment, the following preparations were made. The preparation of 100mM Triethylamine 

(TEA) was made by adding 700 µl of TEA into 50ml of deionised water. The pH of the solution was 

checked using a well-calibrated pH meter and was found to be 11.5. TEA was then stored at 8°C. To 

prepare sterile 20%PEG 8000/2.5M NaCl, 50g of PEG 8000 were added to 36.5g of NaCl in distilled 

water up to a final volume of 250ml. This was heated up to 50°C to dissolve while stirring and then 

autoclaved. To prevent phase separation the magnetic stirrer was left inside the bottle. The solution was 

stirred while allowed to cool after autoclaving. This solution was also used in Section 2.2.4. 

In all procedures, every step involving phages was performed using filter tips to prevent contamination 

of the pipettes. 

SARS-CoV-2 Spike S1+S2 trimer protein and human TIM4/TIMD4 Protein were reconstituted in 

sterile PBS to a concentration of 100 µg/ml. Three labelled low retention 1.5 ml tubes were prepared: 

1. Tube 1 labelled as R1 NPC (no protein control) 

2. Tube 2 labelled as R1 TIM-4 

3. Tube 3 labelled as R1 Trimer 

In each tube except the control, 10µl of reconstituted protein in 90µl of binding buffer (PBS + 0.01% 

Tween-20) were diluted accordingly to have a final volume of 100 µl. For the control, 100 µl of binding 

buffer were used.  

Dynabeads™ His-Tag Isolation & Pulldown contained 40 mg beads/ml in 20% ethanol and had a 

capacity of isolating 40 μg of a 28 kDa histidine tagged protein/mg (25 μl) beads (Dynabeads™ His-

Tag Isolation & Pulldown package insert, 2023). The following calculation was used to determine the 

volume of beads required per tube for 2.5ug of protein (optimisation experiments were carried out to 

determine the optimal concentration of protein for correct saturation of His-tag beads). 
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Dynabeads concentration= 40mg/ml 

Binding capacity= 40µg of protein/25µl of beads 

Therefore, 2.5 µg of protein requires 1.5625 µl of beads 

Prepared as follows: 2µl of beads/tube to counteract the loss of beads during washing steps. 

Using a DynamagTM-2 magnet [Invitrogen, Massachusetts, United States, Catalogue# 12321D, Lot# 

0714], 6 µl of DynabeadsTM His-Tag Isolation and Pulldown [Invitrogen, Massachusetts, United States, 

Catalogue# 10103D, Lot# 1162748] were washed once with 500 µl of binding buffer and reconstituted 

in 70 µl of binding buffer. In each tube, 20µl of beads (120 µl final volume) were pipetted and incubated 

at room temperature for 30 minutes on a rotator. The beads were washed twice with 500 µl of wash 

buffer (PBS + 0.05% Tween-20) and blocked with 150 µl of blocking buffer (3% BSA in PBS+0.1% 

Tween-20) for 1 hour on a rotator. The blocking buffer was then removed. 

The original scFv dog library (titre 5x1012PFU/ml) was diluted in blocking Buffer (final volume was 

150 µl/tube). For the first panning round, 2 µl of the original library was used for each tube. For 

subsequent rounds, 5 µl of enriched library from the previous panning round was used for each tube. If 

the previous round was stored in glycerol, 10 ul was used. To each tube, 150 µl of diluted library was 

added and incubated for 1 hour at room temperature on a rotator. A volume of 500 µl of wash buffer 

was used to wash the beads with phages 10 times. The microcentrifuge tubes were then spun down 

before using the magnet to remove the final wash to ensure maximum elution in the following step. The 

phages were then eluted with 150 µl of 100 mM TEA solution (pH=11.3) for 10 minutes on rotator. 

The eluate was transferred to fresh labelled low retention tube containing 35 µl of 1M TRIS (pH 6.8) 

and stored at 4°C. 

The method in Section 2.1.4 was carried out to obtain mid-log phase ER2738. To 1 ml ER2738 culture 

in 5 ml tubes for aeriation, 90 µl of neutralized phage eluate was transferred and incubated for 15 

minutes at 37°C on a thermoblock. The culture with phage was diluted in 20ml of LB broth with 20µl 

ampicillin (working concentration of ampicillin was 100 µg/ml and stock concentration was 100 mg/ml) 

and incubated at 37°C for 1.5 hours while shaking at 250 rpm. This allowed phage to infect bacteria 
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and created ampicillin resistance. A volume of 20 µl of helper phage M13KO7 (stock titre was 6.9x1011 

PFU/ml) was added and incubated for 10 minutes static, then for 1.5 hours with shaking at 250 rpm at 

37°C. The helper phage provided the bacteria with the Kanamycin resistance gene. A volume of 10µl 

of Kanamycin (kanamycin working concentration was 50 μg/ml and stock concentration was 50 mg/ml) 

was added and incubated overnight (16 hours) at 30°C with shaking at 250rpm.  

The next day, the samples were centrifuged at 4000 rpm for 10 minutes and approximately 20 ml of the 

supernatant was transferred to a clean Falcon tube using a pipette gun without disturbing the pellet. A 

volume of 3.5 ml of PEG/NaCl was added to the supernatant to precipitate the phage and mixed by 

inversion several times followed by incubation on ice for 2 hours. The tubes were then centrifuged at 

4000 rpm for 20 minutes at 4°C and the supernatant was discarded using a pipette gun. The 

centrifugation was repeated, and the supernatant was carefully removed with a pipette. The phage was 

resuspended in 200µl of sterile PBS, transferred to labelled microcentrifuge tubes and centrifuged at 

10000 rpm at 4°C for 10 minutes. The supernatant was transferred to labelled low retention tubes and 

stored at 4°C. This was referred to as the enriched (purified) phage library. The enriched library could 

be stored at 4°C for about a month. For long-term storage, sterile glycerol was added to have 50% final 

glycerol concentration and it was stored at -20°C. The enriched library was taken through another 3 

rounds to further enrich the pool in favour of binding phage. The enriched phage library after each 

round of biopanning was then titrated. 

2.2.2 Phage Library Titration 

Phage titering was performed to calculate colony forming units (CFU) and determine whether the phage 

titre remained constant after each biopanning round for each target protein and control. This would 

ensure that the amplification steps were successful. The ELISA would then ensure that the phage library 

grew more specific to the target protein throughout the rounds. The CFUs were calculated by infecting 

ER2738 with phages and counting the number of colonies which grew. For bacterial infection, the pIII 

proteins of phages bind to the F pilus of bacteria as in Figure 1.7 (Ph.D. phage display peptide library 

instruction manual, New England BioLabs).  
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For phage titering to be carried out, the ER2738 needed to be in the mid-log phase so the procedure in 

Section 2.1.4 was carried out first. Once the required OD reading was obtained, the bacteria were 

chilled immediately to prevent them from reaching the stationary phase at which point the F pilus tends 

to be lost (Sambrook 1989, Ready-To-Use Phage Display Library Manual Spring Bioscience). Different 

phage dilutions were used to infect E. coli and obtain a plate with 30-300 countable colonies from which 

the CFU was calculated. Ampicillin was used because after infection with phage, ER2738 obtained the 

phagemid vector conferring ampicillin resistance. 

A volume of 198 μl LB broth was pipetted into one microcentrifuge tube and 180 μl LB broth were 

pipetted into another 8 microcentrifuge tubes. A volume of 2 μl phage library was pipetted into tube 2. 

A new pipette tip was used to homogenise the solution in tube 2 by pipetting up and down 10 times. A 

volume of 20 μl were pipetted from tube 2 to tube 3 and the pipette tip was discarded. The same was 

performed from tube 3 to tube 9 as per Table 2.1. 

Table 2.1: Dilutions used for phage titering. Dilutions 10-2-10-10 were made using LB broth and 

phage library.  

Tube Dilution LB broth Phage library 

1 10-2 198µl 2 µl from the stock 

2 10-3 180 µl 20µl from tube 1 

3 10-4 180 µl 20µl from tube 2 

4 10-5 180 µl 20µl from tube 3 

5 10-6 180 µl 20µl from tube 4 

6 10-7 180 µl 20µl from tube 5 

7 10-8 180 µl 20µl from tube 6 

8 10-9 180 µl 20µl from tube 7 

9 10-10 180 µl 20µl from tube 8 
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From previous experiments it was observed that 10-9 and 10-10 were the best dilutions to test for the 

canine scFv library so a volume of 100 µl of pre-chilled mid-log phase bacterial culture was transferred 

to fresh, prelabelled tubes and 100 µl of the 10-8, 10-9 and 10-10 dilutions of the phage library were added 

respectively. The microcentrifuge tubes were gently mixed and incubated at room temperature for 5 

minutes to allow infection. 

The 200 µl of infected cells was dispensed onto LB/ampicillin plates (working concentration of 

ampicillin is 100 µg/ml) for inoculation. Using a sterile bent inoculating stick, these were spread evenly 

on the surface. Sterility plates were made before and after inoculating the 10-8, 10-9 and 10-10 dilutions. 

The sterility plates were inoculated with un-infected mid-log phase ER2738 before and after the titration 

to ensure there was no contamination during the procedure. Any excess liquid on the inoculated plates 

was left to dry under a laminar flow cabinet. The ampicillin plates were incubated upside-down 

overnight (16 hours) at 37°C in a Binder BD53 Natural Convection incubator. The next day, the sterility 

plates were checked to ensure there was no growth and if so, the colonies were counted. The CFU was 

then calculated from the plate containing a colony count of between 30 and 300. Plating the infected 

cells on ampicillin-containing medium ensured that only cells harbouring the phagemid will grow and 

the low multiplicity of infection ensured that a host cell will be infected by only one phage. Thus, the 

titre (CFU/ml) of infected cells correlated to the titre (PFU/ml) of the library. The titre (CFU/ml) of the 

infected cells and hence of the phage was calculated as follows: 

CFU/ml=PFU/ml= Number of colonies on the plate x Total dilution factor 

                         Volume of culture plated in ml 

2.2.3 ELISA Screening of the Enriched Phage Library from Biopanning 

The enriched library was screened by ELISA using the same immobilized bait used for panning to 

confirm target binding. Additionally, the increasing specificity of the phages to the target protein after 

rounds 2, 3 and 4 of biopanning were compared. In this procedure a microtiter plate was coated with 
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the target protein and the enriched library from Rounds 2, 3 and 4 was applied to the plate at various 

dilutions. Bound phage was then detected with an anti-M13-PE antibody as in Figure 2.2. A no library 

control was used to determine background signal. 

 

Figure 2.2: Schematic diagram showing binding of fluorescently labelled anti-M13 

antibody, M13 phages and target protein. The target protein was bound to the ELISA 

plate and M13 phages displaying scFv antibodies bound to the target protein. Anti-M13-

PE labelled antibody then bound to the M13 phage. 

A 96-well, black (for fluorescence), flat bottom, non-treated, polystyrene COSTAR assay plate 

[Corning Inc., New York, United States, Catalogue# 3915, Lot# 36310018] was coated with 250ng of 

protein/well as per Figure 2.3. Proteins used here: human TIM4/TIMD4 Protein (His Tag), SARS-

CoV-2 (2019-nCoV) Spike S1-His Recombinant Protein (HPLC-verified) [Sino Biological Inc., 

Beijing, China, Catalogue# 40591-V08H, Lot# LC1GMA2610], Recombinant Human IgG-Fc Protein, 

CF [R&D Systems, Minnesota, United States, Catalogue# 110-HG-100], Recombinant Human TIM-3 

Fc Chimera Protein, CF [R&D Systems, Minnesota, United States, Catalogue# 2365-TM-050] and 

SARS-CoV-2 (2019-nCoV) Spike receptor binding domain (RBD) (L452R, T478K) Protein (His Tag) 

[Sino Biological Inc., Beijing, China, Catalogue# 40592-V08H90, Lot# LC16MA022] as was 



45 

 

necessary. The target protein and a no protein control were used for each enriched library tested. The 

experiment was conducted in duplicate, with a total of 24 technical replicates taken for the fluorescent 

measurements (12 replicates per duplicate). 

 

Figure 2.3: ELISA plate layout for testing of phage polyclonal pools. The target protein 

(TIM-4 in this case) was bound to the ELISA plate and M13 phage pools displaying scFv 

antibodies against TIM-4 bound to the target protein. Anti-M13-PE labelled antibody then 

bound to the target-protein-specific M13 phages and fluorescent intensity was measured 

on a spectrophotometer. 

A volume of 50 µl of protein diluted in PBS per well was added and incubated for 2 hours at room 

temperature. The wells were washed 3 times with 100 µl of wash buffer (PBS+0.1% Tween-20)/well 

and incubated with 200 µl/well of blocking buffer (1%BSA in wash buffer) overnight at 4°C. 

The next day, enriched library dilutions were prepared from round 2, 3 and 4 at 1/10, 1/100 and 1/1000 

in PBS. A volume of 100 µl/well was added according to the plate layout after removing the blocking 
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buffer and incubated for 1 hour at room temperature. In 2 wells labelled ‘No library’, 100 µl/well of 

PBS with no phage library was added. The wells were then washed 5 times with 100µl of wash 

buffer/well and incubated with 70µl Anti-M13 Antibody (PE), Mouse Monoclonal [Sino Biological 

Inc., Beijing, China, Catalogue# 11973-MM05T-P, Lot# HR15SE2906] for 1 hour at room temperature 

in the dark. The antibody was used at 1µg/ml diluted in blocking Buffer. The wells were washed 5 times 

with 100 µl of wash buffer/well and once with 100 µl of PBS/well. A volume of 100 µl of PBS/well 

was added and the fluorescence was read on TECAN Spark using the following settings: 

Mode: Fluorescence Top Reading 

Excitation: Monochromator 

Excitation wavelength: 561 nm 

Excitation Bandwidth: 20 nm 

Emission: Monochromator 

Emission wavelength: 606 nm 

Emission Bandwidth: 20 nm 

Gain:  Optimal 

Mirror: AUTOMATIC 

Number of flashes: 10 

Integration Time: 40 µs 

Lag time: 0 µs 

Settle time: 0 ms 

Z-Position: 20000 µm 

Z-Position mode: Manual 

Multiple Reads per Well (Circle (filled)): 4 x 4 

Multiple Reads per Well (Border): 450 µm 

2.2.4 Preparation of Candidate Phage Clones 

To identify single positive clones from the enriched library, individual clones from round 4 enriched 

library were amplified, purified and then screened by ELISA.  

Sterile 1.5ml tubes were prepared and labelled with round number, clone number and phage culture 1 

(PC1). A volume of 400 µl of LB/ampicillin (working concentration of ampicillin was 100 µg/ml and 

stock concentration was 100 mg/ml) was added to all tubes. Using a sterile 10µl filter pipette tip, 30 

well-isolated, single colonies from the LB/Ampicillin agar plate of the round 4 titration were picked 

and each was used to separately inoculate the medium in the microcentrifuge tubes. Each colony picked 

was labelled. The tubes were incubated at 37°C overnight (around 16 hours) with shaking at 250 rpm. 

These were the master stocks of individual phagemid clones in ER2738.  
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The following day, fresh 1.5 ml tubes were prepared and labelled with round and clone number and 

PC2. A volume of 400 µl of LB/ampicillin medium containing 5x108 CFU of M13KO7 helper phage 

carrying the kanamycin resistance gene was added to each labelled PC2 tube. In this experiment the 

stock helper phage titre was 6.9x1011 PFU/ml. To calculate the volume of helper phage corresponding 

to 5x108 CFU, the following formula was used: 

6.9x1011 CFU: 1ml= 5x108 CFU: X ml 

X= (5x108 CFU x 1 ml)/ 6.9x1011 CFU= 0.72µl. 

So, 0.72 µl of helper phage stock/tube which was rounded up to 1 µl/tube. 

A volume of 50 µl of each overnight PC1 culture was transferred to the corresponding PC2 tube and 

incubated at 37°C for 2 hours with shaking at 250 rpm. To the remaining PC1 culture, sterile glycerol 

was added to prepare glycerol stocks with a final concentration of 15% and stored at -80°C. PC1 

cultures could be stored in the fridge and glycerol stocks could be prepared within few days. The PC2 

samples were centrifuged at 13300 rpm for 6 minutes at 25°C. The supernatant containing the phage 

was discarded and the cells pellet containing the permanent plasmid was resuspended in 500 µl of 

LB/amp/kan (ampicillin working concentration was 100 µg/ml and stock concentration was 100 mg/ml 

and kanamycin working concentration was 50 µg/ml and stock concentration was 50 mg/ml). The 

helper phage provided the bacteria with the Kanamycin resistance gene. The tubes were incubated at 

37°C overnight (around 16 hours) with shaking at 250 rpm. 

The following day, fresh low retention tubes were prepared and labelled with round number, clone 

number and PC3. The PC2 tubes were centrifuged at 13300 rpm for 6 minutes at 25°C. A volume of 

400 µl of supernatant containing the phage was transferred to fresh PC3 tubes. When working with 

phage, aerosol resistant pipette tips with filters were used and one tube was opened at a time. A volume 

of 400 µl of blocking buffer (1% BSA in wash buffer) was added to help the PEG precipitate the phage. 

The tubes were incubated at 4°C on ice for 10 minutes. A volume of 160 µl of sterile 20% PEG/2.5M 

NaCl solution was added to each tube and incubated at 4°C on ice for 1 hour. The tubes were centrifuged 

at 10000 g for 20 minutes at 4°C. The supernatant was discarded, and the phage pellet was resuspended 
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in 100 µl of sterile PBS 1X. These were the individual purified phage clones. They could be stored in 

the fridge at 4°C for about a month.  

2.2.5 Monoclonal ELISA 

The monoclones were tested for target binding using ELISA. The target protein was bound to the ELISA 

wells and each individual monoclone was added to a separate well. Bound phage was then detected 

with an anti-M13-PE antibody. To eliminate clones that did not specifically interact with the target, 

each clone was tested against the target protein and a control protein with the same fusion-tag of the 

target (His-tag in this case). A positive control using target protein and the round 4 polyclonal pool was 

used to obtain high fluorescence and a no library control was used to determine background signal. 

A 96-well flat bottom, non-treated, black polystyrene assay plate was coated with 50 ng of protein/well 

as per Figure 2.4. A volume of 50 µl of protein/well was added and incubated for 2 hours at room 

temperature. The proteins were diluted in PBS and the target protein and a control protein were used 

for each sample tested. Black plates were used for fluorescence-based assay and the fluorescent 

measurements were taken in 12 technical replicates.  
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Figure 2.4: ELISA plate layout for testing of phage monoclones. The target protein (was 

bound to the ELISA plate and M13 phage monoclones displaying scFv antibodies against 

target protein were added and allowed to bind. Anti-M13-PE labelled antibody then bound 

to the M13 phage clones binding to the target protein of interest and fluorescent intensity 

was measured on a spectrophotometer. 

The proteins used for this ELISA included; human TIM4/TIMD4 Protein (His Tag), SARS-CoV-2 

(2019-nCoV) Spike S1-His Recombinant Protein (HPLC-verified), TIM-3 Protein, Human, 

Recombinant (ECD, hFc Tag) and SARS-CoV-2 (2019-nCoV) Spike RBD (V483I)-His Recombinant 

Protein as was required.  

The wells were washed 3 times with 100 µl of wash buffer (PBS+0.1% Tween-20)/well and incubated 

with blocking buffer (200 µl/well) overnight at 4°C. A volume of 70µl of PBS was added to each PC3 

Plate layout 1 2 3 4 5 6 7 8

A 

Clone 1 on 

target 

protein

Clone 9 on 

target 

protein

Clone 17 on 

target 

protein

Clone 25 on 

target 

protein

Clone 1 on 

non target 

protein

Clone 9 on 

non target 

protein

Clone 17 on 

non target 

protein

Clone 25 on 

non target 

protein

B

Clone 2 on 

target 

protein

Clone 10 on 

target 

protein

Clone 18 on 

target 

protein

Clone 26 on 

target 

protein

Clone 2 on 

non target 

protein

Clone 10 on 

non target 

protein

Clone 18 on 

non target 

protein

Clone 26 on 

non target 

protein

C

Clone 3 on 

target 

protein

Clone 11 on 

target 

protein

Clone 19 on 

target 

protein

Clone 27 on 

target 

protein

Clone 3 on 

non target 

protein

Clone 11 on 

non target 

protein

Clone 19 on 

non target 

protein

Clone 27 on 

non target 

protein

D

Clone 4 on 

target 

protein

Clone 12 on 

target 

protein

Clone 20 on 

target 

protein

Clone 28 on 

target 

protein

Clone 4 on 

non target 

protein

Clone 12 on 

non target 

protein

Clone 20 on 

non target 

protein

Clone 28 on 

non target 

protein

E 

Clone 5 on 

target 

protein

Clone 13 on 

target 

protein

Clone 21 on 

target 

protein

Clone 29 on 

target 

protein

Clone 5 on 

non target 

protein

Clone 13 on 

non target 

protein

Clone 21 on 

non target 

protein

Clone 29 on 

non target 

protein

F 

Clone 6 on 

target 

protein

Clone 14 on 

target 

protein

Clone 22 on 

target 

protein

Clone 30 on 

target 

protein

Clone 6 on 

non target 

protein

Clone 14 on 

non target 

protein

Clone 22 on 

non target 

protein

Clone 30 on 

non target 

protein

G 

Clone 7 on 

target 

protein

Clone 15 on 

target 

protein

Clone 23 on 

target 

protein

 TIM-4 pool 

library on 

target 

protein

Clone 7 on 

non target 

protein

Clone 15 on 

non target 

protein

Clone 23 on 

non target 

protein

 TIM-4 pool 

library on 

non target 

protein

H

Clone 8 on 

target 

protein

Clone 16 on 

target 

protein

Clone 24 on 

target 

protein

No library 

target on 

target 

protein

Clone 8 on 

non target 

protein

Clone 16 on 

non target 

protein

Clone 24 on 

non target 

protein

No library 

non target 

on non 

target 

protein



50 

 

preparation to have 170 µl of final volume. The enriched library from where the individual phage clones 

were purified was prepared at 1/100 dilution in PBS. A volume of 50 µl/well was applied according to 

plate layout and incubated for 2 hours at room temperature. In 2 wells labelled ‘No library’, 50 µl/well 

of PBS without phage library was added. The wells were washed 5 times with 100 µl of wash 

buffer/well and incubated with 70 µl/well anti-M13-PE monoclonal antibody diluted in blocking buffer 

to be used at 0.5 µg/ml for 1 hour at room temperature in the dark. The wells were washed 5 times with 

100 µl of wash buffer/well and washed once with 100 µl of PBS/well. A volume of 100 µl of PBS/well 

was added and the fluorescence was read on TECAN Spark using the same settings as in Section 2.2.3. 
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2.3 Plasmid extraction from phage precipitate from PEG-precipitated 

individual clones 

For rapid and reliable purification of high-quality plasmid DNA, the Monarch® Plasmid Miniprep Kit 

[New England BioLabs Inc., Massachusetts, United States, Catalogue# T1010L, Lot# 10132561] was 

used. This required the use of standard cell resuspension, alkaline lysis and neutralisation steps. The 

lysate was clarified by centrifugation and the DNA bound to the silica matrix under high salt conditions. 

The use of unique wash buffers ensured that salts, proteins, RNA and any other cellular component was 

removed to allow low-volume elution of concentrated and high-purity DNA which was used for DNA 

sequencing. This procedure was carried out for the monoclones of TIM-3, TIM-4, NPC, original phage 

library and IgG (Monarch® Plasmid Miniprep Kit Instruction Manual, 2021). 

The procedure from Section 2.1.4 was carried out. Once the required OD reading was obtained, 500 µl 

of mid-log phase ER2738 bacteria were infected with 1 µl of PEG-precipitated individual phage clones 

in 5 ml microcentrifuge tubes for aeration and incubated for 30 minutes at 37°C, at 220 rpm. A volume 

of 50 µl of the infected ER2738 bacteria were transferred into 3 ml of LB/Ampicillin (stock 

concentration of ampicillin was 100 mg/ml, working concentration 100 µg/ml) in culture tubes and 

incubated overnight (12-16 hours) at 37°C at 220rpm. For the control tubes, 3 ml of LB/ampicillin 

without bacteria and 3 ml of LB/ampicillin with uninfected bacteria were incubated. 

The following day, the bacteria were transferred to microcentrifuge tubes (2 x 1.5 ml for each sample) 

and were centrifuged at 16000 g for 1 minute at room temperature. The Monarch® Plasmid DNA 

Miniprep Kit Protocol was used for the following steps. The supernatant was removed carefully using 

a pipette and the pellet was resuspended in 200 µl of pink resuspension buffer. The pellet was 

resuspended completely to achieve complete lysis of the bacteria in the next step. The tubes were 

vortexed for 10 seconds and were not incubated. A volume of 200 µl of blue Lysis Buffer was added 

immediately and mixed by inverting the tube gently 6 times, until the colour changed to dark pink.  The 

tubes were incubated for no longer than 1 minute. A volume of 400 µl of yellow neutralization buffer 

stored at 4°C was added. The tubes were inverted until they were uniformly yellow, and a precipitate 
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formed. The tubes were incubated for 2 minutes. The samples were centrifuged for 5 minutes and New 

England Biolabs columns were prepared and labelled. To bind the DNA to column, the supernatant was 

carefully transferred to the columns and centrifuged for 1 minute. The flow through was discarded. The 

columns were reinserted to the collection tubes and 200 µl of Plasmid Wash buffer 1 was added. The 

tubes were centrifuged for 1 minute and the flow through was discarded again. A volume of 400 µl of 

Plasmid Wash Buffer 2 was added and the tubes were centrifuged for 1 minute. The flow through was 

discarded and another 400 µl of Plasmid Wash Buffer 2 were added. The tubes were centrifuged for 1 

minute and the flow through was discarded. The columns were transferred to fresh tubes and a 1-minute 

dry spin was performed. The columns were transferred to a final labelled tube and 30 µl of Elution 

buffer were added in the centre of the matrix without puncturing it. The tubes were incubated for 1 full 

minute and spun for 1 minute. The flow through was collected and the eluate was stored at 4°C. 

The NanoDrop™ 2000 Spectrophotometer [ThermoScientific, Massachusetts, United States, 

Catalogue# ND-2000] was used to quantify the DNA concentration of each monoclonal plasmid DNA 

extracted to ensure adequacy of the sample. The Nanodrop software was selected and the ‘Nucleic 

Acid’ application was chosen. The arm of the Nanodrop was lifted and after cleaning the pedestal, 2 µl 

of elution buffer was pipetted to act as a blank. The arm was closed, and the blank was measured. The 

procedure was repeated for plasmid DNA of each monoclone respectively. 

Samples were then sent abroad to LGC Genomics in Berlin for sanger sequencing. The primer used for 

sequencing was M13-29R with a “CAGGAAACAGCTATGAC” sequence. Once the sequences were 

obtained, Snap Gene [GSL Biotech LLC, California, United States] was used to determine the protein 

sequences and compare clones together. 

2.4 Data Analysis  

2.4.1 GraphPad Prism analysis for monoclones  

Fluorescence data obtained from ELISAs on the Tecan Spark® Multimode Microplate Reader was used 

to calculate the area under the curve for each biopanning round. A centralisation step of the data using 
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the trapezoidal rule was used to ensure that the data was normally distributed. The trapezoidal rule 

allowed for construction of a new data distribution based on normal distribution (Boonta, Boonthiem 

2019). Welch’s t-test was then used to compare the AUCs of the different rounds together. Estimation 

plots were used to compare certain AUCs together directly (Ho, Tumkaya, Aryal, Choi et al. 2019, 

Michel, Murphy, Motulsky 2020). These tests were performed using GraphPad Prism 10 software 

[GraphPad Software, San Diego, California, US] and the data was given as the mean ± the SEM. A p-

value of less than 0.05 was considered statistically significant (Urban, Moosmeier et al. 2017). This 

was performed for all biopanning rounds and for the amplification of round 4 of TIM-3 as per Appendix 

Section B. 

For the monoclonal ELISA data, the Shapiro-Wilk normality test was used since the sample size was 

smaller than 50 (Mishra, Pandey et al. 2019). The number of technical replicates used was 12. Data 

which was normally distributed was tested using the multiple unpaired t-test and data which was not 

normally distributed was tested using the Mann Whitney test. GraphPad Prism 10 was used for these 

tests and the data was given as the mean ± SEM. A p-value of less than 0.05 was considered statistically 

significant (Urban, Moosmeier et al. 2017). These tests were used to determine if there was a 

statistically significant difference between clones binding to target protein versus (vs) controls. 

Statistical analysis data was represented in the results section as per Table 2.2. 
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Table 2.2: Legend of symbols for statistical significance and their meaning. Legend of symbols 

and the respective p-value meaning.  

Symbol Meaning 

**** p ≤ 0.0001 

*** p ≤ 0.001 

** p ≤ 0.01 

* p ≤ 0.05 

Not Significant (ns) p > 0.05 

2.4.2 BLAST search 

Homology analysis was performed for proteins TIM-3 and TIM-4 to compare sequence similarity. High 

sequence similarity between TIM-3 and TIM-4 indicated that some clones could potentially bind to 

both proteins. This emphasised the importance of comparing the different clones obtained for TIM-3 

with those obtained for TIM-4 (specifically the CDRs) using BLAST to check for the level of sequence 

similarity. BLAST analysis was also performed to compare TIM-3 monoclones with IgG monoclones 

and TIM-4 monoclones with NPC monoclones.  

The National Library of Medicine [National Center for Biotechnology Information, Maryland, United 

States] was used to search for the gene that encoded for the target proteins. The FASTA amino acid 

sequences were obtained, downloaded and inserted into the BLAST (Basic Local Alignment Search) 

tool [National Center for Biotechnology Information, Maryland, United States]. In this case protein 

BLAST was used. For TIM-3, the HAVCR2 gene (HUMAN Homo sapiens Q8TDQ0) was used and 

for TIM-4, the TIMD4 gene (HUMAN Homo sapiens Q96H15) was used. For the monoclones, the 

amino acid sequence obtained from sanger sequencing was inserted into BLAST to compare them to 

each other.  

The expect value (E-value) gave an indication of the statistical significance of a given pairwise 

alignment and reflected the size of the database and the scoring system used. The lower the E-value, 

the more significant the hit (The BLAST Sequence Analysis Tool, The NCBI Handbook). If E > 10, 
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the sequences under consideration were either unrelated or related by extremely distant relationships 

that fall below the limit of detection with the current method. Because the E-value was proportionally 

affected by the database size, an obvious problem was that as the database grew, the E-value for a given 

sequence match also increased (Alcock, Huynh et al. 2023). 

The bit score gave an indication of the quality of the alignment. Bit scores were normalized based on 

the raw pairwise alignment score, which meant that the bit scores from different alignments could be 

compared, even if different scoring matrices were used. Sequence similarity was measured independent 

of query sequence length and database size (Alcock, Huynh et al. 2023, The BLAST Sequence Analysis 

Tool, The NCBI Handbook). Bit scores of more than 50 were considered significant. For a bit score of 

40 or less, homology was only considered significant if an E-value of less than 0.001 was obtained for 

searches of protein databases with less than 7000 entries (Pearson 2013). 
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Chapter 3: Results 

3.1 Homology analysis between TIM-3 and TIM-4 

Computational homology analysis was used to determine the structural similarity of the extracellular 

domains (ECD) of proteins TIM-3 and TIM-4 by comparing protein to protein sequences using blastp 

- a reliable and widely used algorithm program. Only the ECDs of the proteins were compared as the 

target proteins used in biopanning consisted of only the ECDs. The TIM-3 ECD used was Fc tagged 

and the TIM-4 ECD used was His-tagged. Accurate statistical estimates were produced by the program 

to ensure that protein sequences which were highly similar were also structurally similar (Altschul, 

Madden et al. 1997, Pearson, 2013). The analysis aimed to determine whether anti-TIM-3-Fc ECD scFv 

antibodies could bind to TIM-4 ECD and vice versa, based on the similarity of the structures of TIM-

3-Fc ECD and TIM-4 ECD. This is crucial for understanding the cross-reactivity potential of the 

antibodies, which could have implications for therapeutic and research purposes.  

SWISS-MODEL [BIOZENTRUM, The Centre for Molecular Life Sciences, University of Basel, Basel, 

Switzerland] which is a structural bioinformatics web-server dedicated to homology modelling of 3D 

protein structures was used to produce 3D structures of TIM-3 and TIM-4 as in Figure 3.1. It was also 

used to produce the ECD structures of both proteins to visualise the differences in structure. Refer to 

Appendix Section D.2 for the Ramachandran plots of these structures, which were used to identify the 

permissible backbone conformations of the proteins and to assess the quality of the structures. These 

plots were essential for understanding the energetically favorable and unfavorable regions of protein 

folding, thus playing a fundamental role in the analysis of protein structure and function (Hollingsworth, 

Karplus 2010). 
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A)                             TIM-3                          vs                     TIM-3 ECD 

 

                  B)                          TIM-4                            vs                       TIM-4 ECD 

 

Figure 3.1: Structures of TIM-3 and TIM-4. A) Structure of TIM-3 versus the ECD of 

TIM-3 and B) structure of TIM-4 versus the ECD of TIM-4. 
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The blastp analysis was carried out using TIM-3 ECD as the subject sequence and TIM-4 ECD as the 

query sequence. The extracellular domain of TIM-4 consisted of 290 amino acids and that of TIM-3 

consisted of 181 amino acids. A pairwise sequence alignment was performed. A higher bit score 

indicated better alignment and bit scores of more than 50 were considered significant (Pearson, 2013). 

The bit score obtained was of 93.6. Sequentially, a lower E-value implied more significant hits. E-

values of less than 0.001 were considered significant. With an E-value of 4x10-28, the hits were 

statistically significant meaning that there was a very high chance that the result was due to a 

homologous relationship (Pearson, 2013). Analysis of the results as per Figure 3.2 indicated that TIM-

3 and TIM-4 proteins have highly similar ECD structures. Therefore, any antibodies produced through 

biopanning against TIM-3 could potentially bind to TIM-4 and vice versa.  

TIM-3 ECD subject sequence vs TIM-4 ECD query sequence 

 

 
Figure 3.2: Alignment from the homology analysis of extracellular domains of TIM-3 

and TIM-4. Pairwise sequence alignment of the ECD of TIM-3 as the subject sequence 

and extracellular domain of TIM-4 as the query sequence. Analysis resulted in high bit 

score and low E-value indicating homology.  
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3.2 Biopanning 

3.2.1 TIM-4 failed biopanning rounds 

Five rounds of biopanning were used to identify polyclonal populations of scFv anti-TIM-4 antibodies. 

ELISA was then used to ensure that the phage library grew more specific to the target protein throughout 

the rounds. The ELISA was constructed as follows: 

- The enriched anti-TIM-4 scFv antibody displaying phage library from rounds 3-5 of biopanning 

was serially diluted and bound to the target protein in separate wells to compare the affinity of 

the phages towards the target TIM-4 throughout the panning rounds. 

- The enriched no protein control (NPC) phage library from rounds 3-5 of biopanning which was 

biopanned against the His-tag beads in the absence of the target protein TIM-4 was also serially 

diluted and bound to the target protein in separate wells to compare the affinity of the phages 

towards the target TIM-4 throughout the panning rounds. This served as a negative control for 

biopanning as it was expected to have lower fluorescent values throughout the rounds when 

compared to the enriched anti-TIM-4 scFv antibody displaying phage library. Additionally, 

round 5 of NPC was expected to have the same or similar fluorescence to round 3 and round 4 

of NPC since it was expected that there was no isolation of high affinity antibodies to TIM-4 

throughout the rounds. 

- A no library control which consisted of ELISA wells coated with target protein but no phage 

library which served as a blank for the ELISA. 

- The enriched round 4 phages against TIM-3 protein from Grima (2022), which were 

successfully isolated through biopanning, against TIM-3 target on ELISA served as a positive 

control for the ELISA. 

ELISA measured the fluorescence of anti-M13-PE detection antibody which bound to the phages in the 

ELISA wells and the measurements obtained were used to plot graphs of phage dilutions against anti-

M13-PE antibody (arbitrary unit).  
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As can be observed from Figure 3.3 A, round 3 had the lowest values of fluorescence as expected. Very 

few phages in this round displayed antibodies specific to the target protein TIM-4. By round 4 and 5, 

the number of phages that were highly specific to TIM-4 remained low in comparison to the positive 

control. As anticipated, the no protein control (Figure 3.3 B) remained at low fluorescence throughout 

the rounds indicating that no scFv antibody-displaying phages were isolated. This outcome was 

expected since the beads were not coated with target protein for the NPC. Furthermore, the no library 

had the lowest fluorescence as was expected. 
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A)                                                                        B) 

 
                                        C) 

 
Figure 3.3: Graphs of failed TIM-4 biopanning and no protein control. Graphs of phage 

dilutions for rounds 3-5 against anti-M13-PE antibody (a.u.) of A) TIM-4 and B) the no 

protein control. Each dilution was analyzed with 24 technical replicates and the error bars 

show the 95% confidence interval (CI). Round 5 of TIM-4 in comparison to the positive 

control shows a statistically significant difference confirming that biopanning was not 

successful and any binding was likely due to non-specific binding to the beads rather than 

to the target. This non-specific binding was confirmed by the NPC since the fluorescence 

of the detection antibody for rounds 3-5 were like those of TIM-4. C) The estimation plot 

compared the difference in the AUC of round 5 of the no protein control and round 5 of 

TIM-4 and confirmed further that biopanning was unsuccessful because there was no 

statistically significant difference between the AUCs of round 5 of the NPC versus round 

5 of TIM-4.  

 

Statistical analysis was carried out to confirm these findings. The AUC was calculated for each round 

of TIM-4 and of the NPC to compare the rounds together. The difference between AUCs of round 3 

and 4 for TIM-4 were statistically significant whereas the AUC of round 4 in comparison to that of 

round 5, was not statistically significant. Additionally, the AUC of round 5 of biopanning in comparison 
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to the positive control was statistically significant. This indicated that identification of monoclonal 

antibodies displayed on phages against TIM-4 was not successful by round 5 of biopanning. 

Similarly, the difference between AUCs of round 3 and 4 of the NPC were statistically significant. 

However, when the AUC of round 4 was compared with that of round 5, there was not a significant 

difference. Furthermore, the AUC of round 5 in comparison to the positive control was also statistically 

significant.  

This data indicated that there likely was non-specific binding during the biopanning rounds and no scFv 

antibodies highly specific to TIM-4 were identified. 

Furthermore, statistical analysis was carried out to determine if there was a statistically significant 

difference between round 5 of TIM-4 and round 5 of the NPC. This was done because if a statistically 

significant difference was found, it would have indicated that biopanning may have been successful. 

The AUC values were used to make estimation plots to compare the two rounds as in Figure 3.3 C. 

There was no statistical significance between the AUCs of round 5 of TIM-4 and round 5 of the NPC 

confirming further that biopanning was unsuccessful. 

It was concluded that the most probable reason for biopanning being unsuccessful was due to incorrect 

storage of the library at -20°C instead of -80°C. Furthermore, multiple freeze-thaw cycles over the 

course of a year may have led to proteolytic cleavage of scFvs from the surface of the phage particles 

(Andre, Moutinho et al. 2022, Baek, Suk 2002). 

  



63 

 

 

3.2.2 TIM-4 successful biopanning rounds 

Following the outcome of the previous biopanning attempt, our collaborators at the University of 

Gdansk reconstituted the naïve canine scFv antibody phage library and sent us fresh aliquots. The 

aliquots were stored properly at -80°C. Biopanning was repeated to identify polyclonal populations of 

scFv anti-TIM-4 antibodies using this new original phage library and using SARS-CoV-2 trimer as a 

second positive control since it was previously successfully biopanned in our lab. Additionally, during 

the centrifugation steps a swingout bucket was used instead of a fixed bucket as it allowed for a more 

visible phage pellet to form which suggested better recovery of phage. If biopanning against trimer 

protein and other proteins failed, it would have indicated some other error in the procedure. If trimer 

biopanning had proved successful, while efforts against TIM-4 had remained unsuccessful, it would 

have indicated that phage display biopanning might not have been a viable method for identifying 

antibodies against TIM-4. The underlying reasons for this outcome would have required further 

investigation. 

After 4 rounds of biopanning, ELISA was used to establish phage affinity throughout the rounds and 

was constructed as follows: 

- Rounds 2, 3 and 4 of TIM-4 

- Rounds 2, 3 and 4 of TIM-3 from Grima (2022) as positive control for ELISA 

- Rounds 2, 3 and 4 of SARS-CoV-2 trimer as a positive control for biopanning 

- Rounds 2, 3, and 4 of the NPC as a negative control for biopanning to facilitate the elimination 

of background fluorescence caused by non-specific binders 

- No library control as a blank for the ELISA consisting of ELISA wells coated with target 

protein but no phage library. 

The enriched libraries of each round were serially diluted and bound to the respective target protein and 

anti-M13-PE antibody was used as the detection antibody. The data obtained was used to plot graphs 

of phage dilutions against anti-M13-PE antibody (arbitrary unit) measured as fluorescence.  
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Figure 3.4 A shows the successful biopanning of TIM-4 protein. As expected, round 2 had the lowest 

values of fluorescence as few phages in this round displayed antibodies specific to the target protein 

TIM-4. By round 3, the number of phages specific to TIM-4 increased slightly and by round 4 there 

was a notable increase in fluorescence. This expected result was confirmed by the positive control as 

in Figure 3.4 C and the NPC as per Figure 3.4 D.  

A)                                                                                 B) 

           
               C)                                                                                    D) 

            
Figure 3.4: Graphs of phage dilutions for rounds 2-4 of biopanning of TIM-4, TIM-3, 

trimer and no protein control phages against anti-M13-PE antibody (a.u.). Graphs of 

phage dilutions for rounds 2-4 against anti-M13-PE antibody (a.u.) of A) TIM-4, B) TIM-

3, C) trimer and D) no protein control. Each dilution was analyzed with 24 technical 

replicates. The error bars show the 95% CI. Biopanning was successful for both TIM-4 

and Trimer as round 2 gave the lowest fluorescence whilst round 4 gave the highest 

fluorescence. Despite round 4 of TIM-3 showing a lower fluorescence than round 3, the 

biopanning was successful in Grima (2022). The low fluorescence for round 2-4 of the 

NPC indicated non-specific binding to the His-tag beads, while the no library control 

showed the fluorescence measured in the absence of phages bound to the ELISA wells.  
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When comparing the AUC of round 2 of TIM-4 with round 3 of TIM-4, a statistically significant 

difference in AUC was observed. Comparison of rounds 3 and 4 of TIM-4 also showed a statistically 

significant difference between AUCs. This statistical analysis confirmed that the biopanning was 

successful against the protein TIM-4 and a polyclonal pool of scFv antibodies with high affinity towards 

this protein was obtained. 

TIM-3 biopanning was successful in Grima (2022) and was reanalysed in this study using ELISA. The 

statistical significance between round 2 and 3 remained as in the previous study. However, as per 

Figure 3.4 B, round 3 had a higher fluorescent value than round 4 of TIM-3 (refer to Appendix Section 

B for the amplification of round 4 of TIM-3 that was performed) and when comparing the AUC of 

round 3 to that of round 4, a statistical significance was obtained which was unlike the previous result 

in Grima (2022). Previously, round 4 of TIM-3 had a higher fluorescence than round 3 and there was 

no statistically significant difference between the AUCs. Since round 3 had the highest fluorescence, in 

Figures 3.4 A, C and D, round 3 of TIM-3 was used as the positive control. The enriched polyclonal 

pool of anti-TIM-3-Fc round 4 phages were used as a positive control for multiple experiments up to 

this point indicating that due to the multiple freeze-thaw cycles there may have been proteolytic 

cleavage of scFvs from the surface of the phages, hence the lower fluorescence compared to round 3 of 

TIM-3 (Andre, Moutinho et al. 2022, Baek, Suk 2002).  

The biopanning rounds of SARS-CoV-2 trimer in Figure 3.4 C showed an increase in phages 

successfully binding to the target through the rounds as was expected. Rounds 2 and 3 had very low 

fluorescence whilst round 4 showed a remarkable increase in fluorescence. The difference between 

AUCs of round 2 and 3 for SARS-CoV-2 trimer were not statistically significant. However, when the 

AUC of round 3 was compared with that of round 4, there was a statistically significant difference. This 

indicated that development of scFv antibodies displayed on phages against trimer was successful and 

high affinity to the target protein was achieved by round 4 of biopanning. 

The statistical analysis of the NPC strengthened the above results because between round 2 and 3 and 

between round 3 and 4 no statistically significant difference was obtained when comparing AUCs. 
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These results indicate that there was no significant difference in the binding of phages to the His-tag 

beads between the specified rounds and there was no isolation of scFv antibody-displaying phages 

against target protein TIM-4. Additionally, the no library control had the lowest fluorescence as per 

Figure 3.4 A, B, C and D as was expected. 

Further statistical analysis was carried out to determine if there was a statistically significant difference 

between round 4 of TIM-4 and round 4 of the NPC to verify that biopanning was successful. This was 

confirmed using an estimation plot (refer to Figure 3.5).  

 
Figure 3.5: Estimation plot for comparison of round 4 of TIM-4 and round 4 of NPC. 

The estimation plot compared the difference in the AUC of round 4 of TIM-4 with round 4 

of the NPC. The error bars show the 95% CI. A statistical significance was observed 

between the AUCs of round 4 of TIM-4 and round 4 of NPC confirming that biopanning 

was successful.  

  

R
ound 4

 T
IM

-4

R
ound 4

 N
P
C

R
ound 4

 N
P
C

-

R
ound 4

 T
IM

-4

-1000

0

1000

2000

3000

4000

-4000

-3000

-2000

-1000

0

T
o

ta
l 
A

re
a
 U

n
d

e
r 

T
h

e
 C

u
rv

e

Round 4 TIM-4

Round 4 NPC

Round 4 NPC
-
Round 4 TIM-4

Estimation Plot Showing the Difference in AUC between
Round 4 of TIM-4 and Round 4 of NPC



67 

 

3.3 Analysis of Monoclones 

3.3.1 Anti-TIM-3-Fc and anti-IgG-Fc phage clones 

Phage titering was performed to determine whether the phage count was maintained after each round 

of biopanning for each target protein and control. This ensured that the amplification steps worked well. 

As per Appendix Section A, phage titre was maintained at around 1012 throughout.  

To identify single positive clones from the enriched library after biopanning, 30 well-isolated, single 

colonies from the LB/Ampicillin agar plate of the round 4 titration were picked, labelled, amplified and 

purified.  

ELISA was then performed as follows: 

- Each individual monoclone was tested by coating separate ELISA wells with the target proteins 

TIM-3-Fc and IgG-Fc respectively and adding each monoclone to its own well.  

- For the positive control, an ELISA well was coated with target protein and the enriched round 

4 polyclonal pool was added.  

- A no library negative control was used to determine background signal. This consisted of target 

coated ELISA wells without the addition of phages. 

The fluorescence of anti-M13-PE antibody was measured for the 30 phages displaying anti-TIM-3-Fc 

and anti-IgG-Fc scFv antibody-displaying monoclones, the polyclonal anti-TIM-3-Fc and anti-IgG-Fc 

phage library pool and a negative control. Anti-TIM-3-Fc and anti-IgG-Fc scFv antibody-displaying 

monoclone phages after round 4 of biopanning were compared with the polyclonal pool and the no 

library negative control. The negative control with no phages was expected to give the lowest 

fluorescence and the polyclonal pool was expected to give the highest fluorescence. The variation in 

the measured fluorescence of anti-M13-PE detection antibody between monoclones was used to assess 

and compare binding affinity.  

As can be seen from Figure 3.6 A, clones 8, 22 and 25 of TIM-3 had a lower fluorescence than the no 

library control. The polyclonal pool had the highest fluorescence and the clones with strongest binding 
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to target protein TIM-3 were clones 2, 11 and 23. Figure 3.6 B showed that all anti-IgG-Fc clones 

bound to the target protein IgG-Fc and the no library control had the lowest fluorescence. Unexpectedly, 

the polyclonal pool of anti-IgG-Fc scFv antibody-displaying phages did not have the highest 

fluorescence. 
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A)      

                 
B) 

              
Figure 3.6: Graph of anti-TIM-3-Fc and anti-IgG-Fc scFv antibody-displaying 

monoclones vs anti-M13-PE antibody (a.u.). Graphs of A) anti-TIM-3-Fc monoclones 

and B) anti-IgG-Fc monoclones vs anti-M13-PE antibody fluorescence. Each clone was 

analyzed with 12 technical replicates. The binding to target proteins TIM-3-Fc and IgG-

Fc respectively was determined by comparing the fluorescence of the negative control as 

demonstrated by the black line with the fluorescence of the monoclones. For A) all clones 

except 8, 18, 22 and 25 showed significant binding to TIM-3. For B) all clones showed 

binding to the target protein IgG.  

Statistical analysis was carried out to compare each clone to the no library negative control to confirm 

positive binding to the respective target protein. All anti-TIM-3-Fc clones except clone 18 were found 
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to have a statistically significant difference in fluorescence when compared to the no library control. 

Since clones 8, 22 and 25 of TIM-3 had a lower fluorescence than the no library control, the statistically 

significant difference in fluorescence emphasised that there was no binding to the target protein for 

these clones. For the anti-IgG-Fc scFv antibody-displaying monoclones, all clones had a difference in 

fluorescence to the negative control which was statistically significant, indicating that all clones were 

binding to the target protein.  
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3.3.2 TIM-3-Fc versus SARS-CoV-2 Spike S1 bait ELISA 

ELISA was performed again on the anti-TIM-3-Fc scFv antibody-displaying monoclones to compare 

the binding of the clones to the target protein TIM-3 versus non-target SARS-CoV-2 Spike S1 protein 

as a negative control. The control protein SARS-CoV-2 Spike S1 with the same fusion-tag of the target 

(His-tag in this case) was used to eliminate clones that did not specifically bind with the target protein 

TIM-3-Fc. Anti-TIM-3-Fc scFv antibody-displaying monoclones which showed equal binding to TIM-

3-Fc and SARS-CoV-2 Spike S1 were not specific enough to the target protein and therefore would not 

be used in the future to develop anti-TIM-3-Fc monoclonal antibodies.  

The ELISA wells were set up as follows: 

- TIM-3-Fc target protein was added to separate wells and the 30 monoclones were added 

individually to each well.  

- SARS-CoV-2 Spike S1 non-target protein was added to separate wells and the 30 monoclones 

were added individually to each well. This served as a negative control. 

- A no library negative control consisted of TIM-3 bound to wells and no phage library as a 

blank.  

- The polyclonal pool of anti-TIM-3-Fc scFv antibody displaying phages bound to TIM-3 as the 

positive control. 

Yet another negative control using SARS-CoV-2 Spike S1 as bait protein for the polyclonal pool of 

anti-TIM-3-Fc should have been performed, however, this was determined whilst analysing the results. 

Therefore, this control was then included for Section 3.3.3.  

Fluorescence of anti-M13-PE antibody was measured for each clone and control. The data obtained for 

the monoclones was compared with that obtained for the polyclonal pool of anti-TIM-3-Fc scFv 

antibodies and with the no library negative control. As expected, the no library negative control gave 

the lowest fluorescence and the polyclonal pool gave the highest fluorescence. Figure 3.7 showed that 
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clones 4-7, 11-16, 20, 21, 23, 24 and 26-30 had the highest binding affinities. Clone 22 was also a 

binder but with less statistical significance. The strongest target binder was clone 23.  
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Figure 3.7: Graph of anti-TIM-3-Fc scFv antibody-displaying monoclones bound to TIM-3-Fc and SARS-CoV-2 Spike S1 baits respectively vs 

anti-M13-PE antibody (a.u.). Graph of anti-TIM-3-Fc monoclones bound to TIM-3-Fc and SARS-CoV-2 Spike S1 bait proteins vs anti-M13-PE 

mAb used to determine the specificity of TIM-3 scFv antibodies to target protein TIM-3. Each clone was analyzed with 12 technical replicates. The 

binding of the clones towards target protein was confirmed by comparing the fluorescence of the negative control as demonstrated by the black 

line with the fluorescence of the clones. All anti-TIM-3-Fc scFv antibody displaying phage clones had significantly different fluorescence to the 

negative control suggesting that all clones bound to the target protein. Furthermore, the specificity of the monoclones was confirmed by comparing 

the fluorescence of the clones towards target protein TIM-3-Fc vs non-target protein SARS-CoV-2 Spike S1. It was concluded that the most specific 

binders were clones 4-8, 11-16, 20-24 and 26-30.
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Statistical tests were performed to compare fluorescence of anti-M13-PE antibody for anti-TIM-3-Fc 

scFv antibody-displaying clones with anti-SARS-CoV-2 Spike S1 scFv antibody-displaying clones and 

for anti-TIM-3-Fc scFv antibody-displaying monoclones versus the no library control. Comparison of 

anti-TIM-3-Fc clones versus anti-SARS-CoV-2 Spike S1 clones binding to TIM-3-Fc protein revealed 

that there was a statistically significant difference in fluorescence for clones 3-8, 11-16 and 20-30. 

Unexpectedly, clones 3, 10, 17, 18 and 25 were binding to target protein less than to non-target protein. 

Further comparison of anti-TIM-3-Fc clones to the negative no library control revealed that all clones 

had significantly different fluorescence to the negative control. This data was used to confirm which 

clones had binding affinities to the target protein without also binding to SARS-CoV-2 Spike S1 and it 

was concluded that the clones with binding affinity specific to TIM-3 were 4-8, 11-16, 20-24 and 26-

30. 
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3.3.3 TIM-4 versus SARS-CoV-2 RBD bait ELISA 

After successfully biopanning against TIM-4 protein, each individual anti-TIM-4 scFv antibody-

displaying monoclone was tested for binding to its target (TIM-4) versus to a non-target protein (SARS-

CoV-2 RBD) using ELISA. The ELISA was set up in the following way: 

- The wells were coated with TIM-4 and each monoclone was added to a separate well to 

compare binding affinity between clones.  

- Separate wells were coated with SARS-CoV-2 RBD and the individual anti-TIM-4 scFv 

antibody-displaying monoclones were added. This was performed to compare binding of 

monoclones to a non-target protein. 

- One of the positive controls consisted of the polyclonal anti-TIM-4 scFv antibody-displaying 

phage pool binding to TIM-4 protein and another consisted of the polyclonal anti-TIM-3-Fc 

scFv antibody-displaying phage pool binding to TIM-3-Fc protein.  

- A no library blank was used consisting of TIM-4 coated wells without addition of phages.  

- A negative control was used which consisted of the anti-TIM-4 scFv antibody-displaying phage 

pool but SARS-CoV-2 RBD as bait protein. This negative control with SARS-CoV-2 RBD bait 

protein was used to confirm that the polyclonal pool of antibodies was not binding to other 

proteins as well. This control was not included in Section 3.3.2.  

The fluorescence of anti-M13-PE antibody was measured for 30 phage anti-TIM-4 scFv antibody-

displaying monoclones and the controls. The positive controls were expected to show the highest 

fluorescence whilst the negative controls were expected to show the lowest fluorescence.  

Figure 3.8 showed that the anti-TIM-4 scFv antibody-displaying monoclones had very high 

fluorescence whilst the negative controls had very low fluorescence. Statistical tests were used to 

determine if there was a statistically significant difference between the fluorescence of TIM-4 

monoclones and the negative controls. Each clone was compared to the no library control to determine 

binding to target protein TIM-4. Clones 2, 7-9, 12, 19, 21 and 27 were binding to TIM-4. These clones 

were found to exhibit high specificity to TIM-4, as evidenced by a significant difference in fluorescence 
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when comparing binding to the target protein TIM-4 versus the non-target protein SARS-CoV-2 

RBD. Clone 20 showed a significantly lower binding to target protein than to non-target protein, 

however, the other results were as expected. 
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Figure 3.8: Graph of anti-TIM-4 scFv antibody-displaying monoclones vs anti-M13-PE antibody. Graph of TIM-4 monoclones bound to TIM-4 

bait protein vs SARS-CoV-2 RBD bait protein vs anti-M13-PE antibody. Each clone was analyzed with 12 technical replicates. The binding to 

target protein TIM-4 was determined by comparing the fluorescence of the negative control as demonstrated by the black line with the fluorescence 

of the clones. Clones 2, 7-9, 12, 19, 21 and 27 had significantly different fluorescence to the negative control indicating that these clones were 

binding to the target protein. The specificity of the monoclones was confirmed by comparing the fluorescence of the clones to the target protein 

TIM-4 vs non-target protein SARS-CoV-2 RBD. Once again, clones 2, 7-9, 12, 19, 21 and 27 had affinity to the target protein but not to the non-

target protein. The no library control and the anti-TIM-4 scFv antibody-displaying polyclonal pool with SARS-CoV-2 RBD bait showed no binding 

whereas both anti-TIM-3-Fc and anti-TIM-4 scFv antibody-displaying polyclonal pools showed strong binding to their respective targets.
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3.4 Sanger sequencing 

3.4.1 TIM-3 

After performing the method in Section 2.3 and confirming sample adequacy using the Nanodrop (refer 

to Appendix Section C), the samples were sent to LGC Genomics GmbH in Berlin for sanger 

sequencing. The sequencing data obtained was used to determine the amino acid sequence of the scFv 

displayed by each clone against target protein TIM-3-Fc. This was done using SnapGene [SnapGene 

By Dotmatics, GSL Biotech LLC, Boston, Massachusetts, US]. In total 30 clones were sent for 

sequencing, of which 12 were fully sequenced. Sequencing data was poor for some clones because a 

reverse primer was used, and sequencing tended to be less efficient at the beginning of an amino acid 

sequence read. The results obtained showed that several clones appeared to be identical. As can be seen 

in Figure 3.9, anti-TIM-3-Fc clones 1, 3, 4, 5, 9, 15, 16, 17, 20, 23, 24, 27 and 30 were identical. Clones 

7, 8, 10, 13, 14, 21, 22, 25 and 29 were also identical. Additionally, clone 18 was identical to clone 26. 

Meanwhile, clones 2, 6, 11, 12, 19 and 28 were unique. Clone 2 showed a stop codon in the CDR1 of 

the VL chain and clones 18, 26 and 28 showed stop codons in CDR3-VL. This revealed that out of the 

30 clones there were 9 differing amino acid sequences.  
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Figure 3.9: Alignments of anti-TIM-3-Fc scFv antibody-displaying monoclones grouped by sequence similarity. The alignments of anti-TIM-3-Fc 

scFv antibody-displaying monoclones were categorized based on sequence similarity. A consensus approach utilizing a threshold exceeding 50% was 

employed to compare the sequence alignment. The designations 'CDR' and 'FR' in relation to clone 1 indicate the specific segments of the sequence 

corresponding to the Complementarity Determining Regions (CDR) and Framework Regions (FR). Stop codons in clones 2, 18, 26, and 28 were 

denoted by '*', while '-' signifies placeholders in cases where sequences for a region were shorter or not fully sequenced via Sanger sequencing. A 

total of nine distinct amino acid sequences were identified.
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SWISS-MODEL was used to produce a 3D structure of the scFv displayed by anti-TIM-3-Fc phage clone 

11 as can be seen in Figure 3.10 using the amino acid sequence from sanger sequencing. This was done to 

visualise the structure (refer to Appendix Section D.2 for the Ramachandran plot). 

 

Figure 3.10: Structure of scFv displayed by anti-TIM-3-Fc scFv antibody-displaying phage 

clone 11. The VH and VL domains are connected by a short flexible linker. 

3.4.2 IgG 

The IgG monoclones were sequenced to determine if the scFv antibodies identified for IgG-Fc were similar 

in sequence to those identified for TIM-3-Fc. This was because both IgG and TIM-3 proteins used during 

biopanning had an Fc region (Recombinant Human TIM‑3 Fc Chimera and Recombinant Human IgG1 Fc 

R&D Systems package inserts). A total of 30 clones were sent for sequencing and 3 clones were fully 

sequenced. Anti-IgG-Fc clone 28 was also sequenced but had numerous stop codons throughout the amino 

acid sequence (as in Appendix Section D.1). From the sequencing data obtained, several clones appeared 

to be identical. As can be seen in Figure 3.11, clones 3, 4, 5, 8, 9, 12, 16, 18, 20, 21, 22, 24, 25 and 27 were 

identical. Apart from this, clones 6, 11, 15, 17 and 30 were also identical. Clones 1, 2, 7, 10, 14, 23, 26 and 

29 were all unique. Ten different amino acid sequences were identified.  

Linker 

VL

 

VH

 



81 

 

 
Figure 3.11: Alignments of anti-IgG-Fc scFv antibody-displaying monoclones grouped by sequence similarity. The alignments of anti-IgG-Fc scFv 

antibody-displaying monoclones were categorized based on sequence similarity. A consensus approach utilizing a threshold exceeding 50% was 

employed to compare the sequence alignment. The designations 'CDR' and 'FR' in relation to clone 3 indicate the specific segments of the sequence 

corresponding to the CDRs and FRs. The '-' signifies placeholders in cases where sequences for a region were shorter or not fully sequenced via 

Sanger sequencing. Ten different amino acid sequences were identified. 
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SWISS-MODEL was used to produce a 3D structure of the scFv displayed by anti-IgG-Fc phage clone 6 

as can be seen in Figure 3.12 using the amino acid sequence from sanger sequencing to visualise the 

structure (refer to Appendix Section D.2 for the Ramachandran plot). 

 

Figure 3.12: Structure of scFv displayed by anti-IgG-Fc scFv antibody-displaying phage 

clone 6. The VH and VL domains are connected by a short flexible linker. 

3.4.3 TIM-4 

Sixteen clones from biopanning against TIM-4 were sent to LGC Genomics GmbH in Berlin for sanger 

sequencing after plasmid extraction (refer to Appendix Section C for Nanodrop measurements). This was 

done to determine the amino acid sequence of the scFv displayed by each clone against target protein TIM-

4 using SnapGene. Of the 16 clones sent, 1 was fully sequenced. The clones 2, 7, 8, 9, 12, 19, 21, and 27 

were sequenced due to their binding to the target protein TIM-4, while clones 1, 4, 5, 6, 10, 11, and 13 were 

sequenced because they did not bind to the target protein TIM-4. This sequencing was conducted to 

elucidate any differences in the amino acid sequence alignment that might account for the observed binding 

or non-binding to the target protein TIM-4. From the sanger sequencing data obtained, it was elucidated 

that clones 1, 4, 6, 10, 11 and 13 contained a multitude of stop codons in their sequences (attached in 

Appendix Section D.1). Additionally, as can be seen in Figure 3.13, clones 2, 9 and 12 appeared to be 

identical. Clones 7, 21 and 27 were also seemingly identical. Meanwhile, clones 5, 8 and 19 had a 

completely unique sequence without stop codons. The number of different amino acid sequences identified 

without a multitude of stop codons was 5. 

VL
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Figure 3.13: Alignments of TIM-4 monoclones grouped by sequence similarity. The alignments of anti-TIM-4 scFv antibody-displaying monoclones 

were categorized based on sequence similarity. A consensus approach utilizing a threshold exceeding 50% was employed to compare the sequence 

alignment. The designations 'CDR' and 'FR' in relation to clone 9 indicate the specific segments of the sequence corresponding to the CDRs and FRs. 

The '-' signifies placeholders in cases where sequences were not fully sequenced via Sanger sequencing. Five different amino acid sequences were 

identified.  
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SWISS-MODEL was used to produce a 3D structure of the scFv displayed by anti-TIM-4 phage clone 9 as 

in Figure 3.14 using the amino acid sequence from sanger sequencing (refer to Appendix Section D.2 for 

the Ramachandran plot). 

 

Figure 3.14: Structure of scFv displayed by anti-TIM-4 scFv antibody-displaying phage 

clone 9. The VH and VL domains are connected by a short flexible linker. 

3.4.4 No protein control 

The NPC which consisted of phage clones binding to the His-Tag beads and not specifically to any protein 

were sequenced to determine whether these were comparable to sequences of phage clones binding to the 

target protein TIM-4. In total 10 clones were sent for sequencing, of which 4 were fully sequenced. Two 

clones had nonsense sequences full of stop codons as in Appendix Section D.1. The results of the 2 fully 

sequenced clones in Figure 3.15 showed that both fully sequenced clones were unique.  
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Figure 3.15: Alignments of NPC monoclones. The alignments of no protein controls were 

categorized based on sequence similarity. A consensus approach utilizing a threshold 

exceeding 50% was employed to compare the sequence alignment. The designations 'CDR' 

and 'FR' indicate the specific segments of the sequence corresponding to the CDRs and FRs. 

The '-' signifies placeholders in cases where sequences for a region were shorter. The symbol 

'+' denotes regions where, despite variations in amino acid composition between sequences, 

there exists similarity in amino acid characteristics. Two different amino acid sequences were 

identified.  

 

SWISS-MODEL was used to produce a 3D structure of the scFv displayed by NPC phage clone 5 as in 

Figure 3.16 using the amino acid sequence from sanger sequencing (refer to Appendix Section D.2 for the 

Ramachandran plot). 

 

Figure 3.16: Structure of scFv displayed by NPC phage clone 5. The VH and VL domains 

are connected by a short flexible linker. 

3.4.5 Comparison of all Fully Sequenced Monoclones 

The fully sequenced clones were aligned using SnapGene to compare the amino acid sequences, aiming to 

establish whether clones binding to distinct target proteins exhibited identical or similar sequences. As per 

Figure 3.17, none of the anti-TIM-3-Fc scFv antibody-displaying clones were identical to the fully 
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 VL
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sequenced anti-TIM-4 scFv antibody-displaying phage clone. Clones 1, 9, 17, 27 and 30 displaying anti-

TIM-3-Fc scFv antibody were identical. Anti-TIM-3-Fc clones 7, 8, 11, 15 and 29 were unique while anti-

TIM-3-Fc clones 13 and 21 were identical. Anti-TIM-4 clone 9 was the only fully sequenced clone against 

target protein TIM-4 and was unique in comparison to other clones targeting different proteins. The no 

protein control clones were also unique. The anti-IgG-Fc scFv antibody-displaying clones 3 and 27 were 

identical whilst clone 6 was unique. Since both NPC clones were unique, this indicated that none of the 

other clones were nonspecific binders. Additionally, all anti-TIM-3-Fc, anti-IgG-Fc and anti-TIM-4 scFv 

antibody-displaying clones were different when compared to each other indicating that all clones binding 

to different target proteins were unique.
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Figure 3.17: Alignments of fully sequenced monoclones grouped by sequence similarity. A consensus with a threshold of >50% was used for 

comparison of the alignment. The complementarity-determining region demonstrated the largest variations in the amino acid sequences as was 

expected.  
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BLAST analysis was carried out to compare the VH and VL chains of clones and the results can be found 

in Appendix Section D.3. Each CDR region was compared individually. Anti-TIM-3-Fc clones were 

compared to anti-IgG-Fc clones to confirm that the amino acid sequences were different. Anti-IgG-Fc clone 

3 was not included in the analysis since its sequence was identical to anti-IgG-Fc clone 27. Anti-TIM-4 

clones were compared to the no protein controls to check for similarities in the scFv amino acid sequences 

and anti-TIM-3-Fc and anti-TIM-4 clones were also compared to each other to check for similarities. If 

multiple similarities were found it would indicate that anti-TIM-3-Fc antibodies may bind to TIM-4 and 

vice versa. To check for similarities among the controls, anti-IgG-Fc clones 6 and 27 were compared to 

each other as were NPC clones 5 and 6. 

Heatmaps were produced using GraphPad software using bit score values obtained in Blastp sequence 

similarity alignment to visualise the similarity of CDR regions as in Figures 3.18 and 3.19. In the context 

of smaller sequence alignments, the bit score was more important than the E-value because bit score 

measures sequence similarity independent of query sequence length and database size and was normalized 

based on the raw pairwise alignment score. On the other hand, the E-value was a statistical value that 

estimated the likelihood of finding a specific number of alignments with a bit score equal to or greater than 

the observed score when comparing query sequences to the target database meaning that the E-value 

depended on the bit score, query sequence length, and the size of the target database (Pearson 2013).  

Taking note of the bit scores showed that most of the sequence similarities were insignificant which was 

the ideal result and expected. The lack of similarity in the sequences indicated that each comparison 

contained a unique clone and biopanning identified multiple different sequences which bind to the same 

and different targets. In comparing clones that bind to the target protein with those that bind to IgG-Fc or 

NPC, the lack of similarity between CDRs indicates that non-specific binders to target proteins were 

effectively removed during the washing process. In comparisons between TIM-3-Fc binders versus anti-

TIM-4 clone 9, the lack of similarity indicated that scFv antibodies against TIM-3 were unlikely to bind to 

TIM-4 and vice versa. When comparing different clones binding to the same target protein, lack of sequence 

similarity indicated that a diverse set of clones was identified towards the same target protein. This 
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suggested that the diversity of clones from the original library was maintained throughout the rounds, and 

there was no over-amplification or biased identification of only one or a few clones.  

Differences in the framework (FR) regions, especially from a polar amino acid to a non-polar amino acid 

or from an acidic to a basic amino acid may have impacted the structure of the scFv and potentially affected 

target binding. However, only CDR sequences were compared in blastp because these are responsible for 

the antigen-binding specificity of the scFv antibodies (Ahmad, Yeap et al. 2012). The CDRs were the most 

variable regions of the antibody, and they formed the antigen-binding site. The framework regions, on the 

other hand, provided the structural scaffold for the CDRs and were more conserved. While the framework 

regions contributed to the stability and folding of the antibody, they did not directly interact with the 

antigen. Therefore, differences in the framework regions were less likely to affect the antigen-binding 

specificity of the antibody than differences in the CDRs (Baran, Pszolla et al. 2017, Chan, Chan et al. 2011, 

Chiu, Goulet et al. 2019). Furthermore, each CDR made a distinct contribution to the binding of the antigen.  

For example, CDR3 and especially the heavy chain made a much bigger contribution to binding specificity 

than CDR2-VL (Asaadi, Jouneghani et al. 2021). 

The anti-TIM-3-Fc scFv antibody-displaying clones chosen for sequence alignments were clone 30 as a 

representative for clones 1, 9, 17 and 27 since the sequences were identical. Clones 7, 8 and 29 since these 

were unique and clone 13 as a representative of clone 21 since these were identical. The CDR regions of 

clones 11 and 15 were the same as those of clone 30 and therefore were not included in the analysis.  

Anti-TIM-3-Fc clone 8 which was not a binder in Section 3.3.1 and was a weak binder in Section 3.3.2 

was compared to anti-TIM-3-Fc clone 13 which was a binder in both sections to check for similarities in 

the sequences. Anti-TIM-3-Fc clone 13 was chosen for comparison with clone 8 because the sequences 

were identical except regions CDR2-VL and CDR3-VL. This difference in the regions indicated that even 

small changes in these areas could significantly affect the binding of the clone to the target protein. For this 

comparison, there was also a single amino acid difference in FR2-VL of isoleucine instead of 

phenylalanine. However, both these amino acids were neutral and non-polar meaning that it was unlikely 

that this resulted in a significant change in protein structure. Comparison was also done between two clones 
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that were binding to the target protein TIM-3-Fc. Clones 7 and 30 were chosen because clone 30 had the 

most similar CDRs among all the clones and clone 7 was unique.  

Most CDR comparisons between all clones showed no sequence similarity as was expected. Interestingly, 

anti-TIM-3 Fc clones 8 and 13 had more similar CDR sequences despite clone 8 being a very weak binder. 

However, only CDR2-VH was significantly similar for this comparison. More importantly, CDR3-VH was 

unique in all the clones. This CDR made the most vital contact with the antigens and tended to have the 

most variety in its conformation (Deiss, Vadnais et al. 2019, Asaadi, Jouneghani et al. 2021). 

The CDR2-VH region was found to be similar in all comparisons except when NPC clones 5 and 6 were 

compared. This anomaly can be explained because NPC binding clones were non-specific meaning they 

were not binding to a target protein but rather randomly binding to the beads. Binding to His-tag beads may 

not have occurred through the scFv displayed by the phage but in some other orientation with a different 

part of the phage particle.  
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A) 

 

B) 

 

Figure 3.18: Heatmaps of CDR region comparisons between clones binding to different 

targets. A) Comparisons of sequence similarities of anti-TIM-3-Fc clones to anti-IgG-Fc 

clones and NPC control clones and B) comparisons of sequence similarities of anti-TIM-4 

clone 9 to anti-TIM-3-Fc clones. CDR2-VH was observed to have the most similarities 

throughout all comparisons. However, none of the sequence comparisons showed significant 

similarity. 

 

 



92 

 

A)                                                                                 B) 

 

Figure 3.19: Heatmaps of CDR regions of clones binding to the same targets. A) Comparison 

of CDR regions of TIM-3-binding clones and B) comparison of NPC and anti-IgG-Fc control 

clones. The highest sequence similarity observed in clones was between anti-TIM-3-Fc clones 

8 and 13, especially CDR2-VH at a bit score of 50.3. This was only a slightly significant 

sequence similarity. The least sequence similarity was observed between NPC clones 5 and 6. 
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Chapter 4: Discussion 

This research studied the hypothesis that phage display biopanning identifies high affinity single chain 

variable fragment monoclonal antibodies specific to T cell co-inhibitory proteins TIM-3 and TIM-4. This 

objective was successfully achieved using phage display biopanning after 4 rounds. Considering the 

information at hand, it appears that this was the first reported anti-TIM-4 antibody successfully identified 

using phage display. The specificity of the phage pools and clones identified was determined using ELISA 

by comparing the binding of phages to target proteins TIM-3-Fc and TIM-4 versus to non-target proteins 

SARS-CoV-2 spike S1 and SARS-CoV-2 RBD proteins respectively as in Figure 4.1. A total of 21 anti-

TIM-3-Fc scFv antibody phage monoclones with affinity and specificity to TIM-3-Fc and 8 anti-TIM-4 

scFv antibody phage monoclones binding with affinity and specificity to TIM-4 were identified. BLAST 

was used to establish how structurally similar the target proteins TIM-3 and TIM-4 ECDs used during 

biopanning were. These were found to be highly homologous and the question arose whether antibodies 

identified against TIM-3-Fc might also bind to TIM-4 due to this homology. Analysis using Sanger 

sequencing data and SnapGene indicated that the monoclonal antibodies isolated were constructed of a 

variable heavy chain linked to a variable light chain and that the complementarity-determining regions 

differed for each monoclone. This indicated that the anti-TIM-3-Fc scFv antibodies likely did not bind to 

TIM-4 and vice versa.  
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Figure 4.1: Binding specificity of scFv antibodies identified. The antibody identified against 

TIM-3-Fc does not bind to SARS-CoV-2 spike S1 and should not bind to TIM-4. Additionally, 

the antibody identified against TIM-4 does not bind to SARS-CoV-2 RBD and should not bind 

to TIM-3 Fc. 

The use of checkpoint inhibitors in oncology has shown remarkable success with long lasting clinical 

benefit in a multitude of tumours (Brahmer, Tykodi et al. 2012, Patel, Bock et al. 2017, Peggs, Quezda et 

al. 2009). However, this efficacy has been restricted to 20-30% of the population and might not be as 

effective in more prevailing cancers such as breast and colorectal cancer (Buqué, Bloy et al. 2015, Lee, 

Cragg et al. 2013, Pardoll 2012). The phage display technology has aided the discovery of new antibodies, 

antigens and epitopes associated with tumours and has been vital in advancing anti-cancer strategies. Phage 

display also allowed for modified affinity, decreased immunogenicity and investigating biophysical 

properties that increase the drug-ability of therapeutic molecules (Lu, Hwang et al. 2020). Applications of 

this technique include research, clinical diagnosis and pharmaceuticals for therapeutic use (Christ, Lee et 

al. 2007). 
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Phage display relies on genetically engineered bacteriophages, multiple rounds of antigen-guided selection 

and amplification of phage (Barbas III, Burton et al. 2001) to select high affinity and specificity monoclonal 

antibodies towards target protein. The physical connection between the antibody fragment displayed on the 

coat protein and the genotype encoding this protein within the phage permits the study of genetic 

information and function of antigen-specific monoclonal antibodies (Hammers, Stanley 2014). 

The immobilisation of target proteins during biopanning in this study was performed on beads rather than 

plates as it was found to be significantly more effective at isolating phage in previous studies (Grima 2022, 

Spiteri 2022, McConnell, Dinh et al. 1999). Furthermore, since using protein G beads for immobilisation 

of TIM-3-Fc resulted in clumping (Grima 2022, Spiteri 2022), His-tag beads were used instead for TIM-4 

to test whether clumping still occurred. The clumping may have been partially caused by the binding of the 

detection antibody to the areas on the protein G beads that were not completely saturated with the target 

protein TIM-3-Fc. This was possible because protein G beads bound to the Fc portion of Fc tagged target 

proteins and/or to the Fc region of the detection antibody used (Dynabeads™ Protein G package insert, 

2016). When His-tag beads were used, no clumping was observed. 

The immobilisation of target protein TIM-3-Fc to the protein G beads achieved through binding of the Fc 

region to the protein G on the beads ensured that the target protein was binding in the correct orientation to 

the immobilisation surface (Liu, Yu 2015). Human TIMD4 extracellular domain was fused with a 

polyhistidine tag at the C-terminus (Human TIM4 / TIMD4 Protein (His Tag) Package Insert) and this 

bound to the cobalt beads through interaction between varying divalent metal ions. Co2+ was used in this 

case but Ni2+ could also have been used. Both interact with the basic imidazole ring of histidine in neutral 

or slightly basic pH of around 7.5-8 (The His-Tag: Fundamentals and Principles n.d., Liu, Yu 2015). During 

the washing steps of biopanning, loss of beads was noted (as in Grima 2022) especially for the no protein 

controls. This was compensated for by using a larger volume of beads as solid phase.  

The first biopanning rounds carried out failed because any binding which took place was to the His-tag 

beads or other non-specific targets rather than to the TIM-4 target protein. This was confirmed by the no 

protein control. There were multiple possible causes for this. Most importantly, the original phage library 
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used for the first biopanning was stored incorrectly at -20°C and multiple freeze-thaw cycles over a year 

may have led to proteolytic cleavage of scFv from the surface of the phage particles (Andre, Moutinho et 

al. 2022, Baek, Suk 2002). Also, during the first biopanning attempt, a fixed centrifuge bucket was used 

which resulted in E. coli residue with the phage pellet observed as a yellowish plaque rather than a white 

pellet. Biopanning was successfully repeated using the swingout bucket to produce a more visible phage 

pellet for better recovery of phage and using a new original phage library properly stored at -80°C.  

After each round of biopanning, the CFU/ml was calculated to ensure that phage titre remained the same 

throughout the rounds. The low multiplicity of infection meant that a host cell was infected by only one 

phage. Phage tire remained the same throughout the rounds for each target protein, confirming that any 

increase in phages binding to target throughout the rounds was not due to increased phage titres after round 

4 but rather that with each round, phages specific to target were being identified and amplified while non-

binding phages were being washed away. Satellite colonies were observed when performing titrations and 

counting the colonies. This could have been due to longer incubation times of around 16 hours. Other causes 

of satellite colony growth could have been old antibiotic stock, incorrect antibiotic concentration, addition 

of antibiotic to hot media and/or not enough mixing for antibiotic to be evenly distributed in the media 

before pouring into plates (Kroemer n.d.). For this reason, carbenicillin would be used instead of ampicillin 

in any future experiments due to its increased stability and its higher tolerance to heat and acidity (Patrick 

2014).  

ELISA was used to confirm the successful biopanning against TIM-3-Fc and TIM-4 and that monoclonal 

antibodies against said proteins were binding specifically to their target proteins. For TIM-3-Fc, the 

fluorescence of round 4 was lower than that of round 3. This could have occurred for multiple reasons such 

as oversaturation of the beads or ELISA wells. However, in this case since the library had been produced 

over a year previously and was being used frequently for multiple experiments, the titre of round 4 anti-

TIM-3-Fc phages may have been reduced. That vial of round 4 polyclonal anti-TIM-3-Fc scFv antibody-

displaying phage pool had also undergone more freeze thawing than the other rounds of TIM-3-Fc possibly 

contributing to proteolytic cleavage of some scFvs from the surface of M13 phages (Andre, Moutinho et 
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al. 2022, Baek, Suk 2002). Amplification of round 4 of TIM-3 was performed because of this and an 

increase in the number of phages binding to TIM-3 was observed as per Appendix Section B. 

Importantly, during phage amplification it was very likely that the more abundant clone sequences out-

amplified the rarer ones. Additionally, clones which amplified faster potentially out-competed other binding 

clones that amplified slower (Derda, Tang et al. 2011). Picking 30 clones from a library of more than 1 x 

1011 PFU/ml meant that many clones were underrepresented, and the more prevalent ones were 

overrepresented. Furthermore, during the biopanning process, the diversity of the phage sample was 

reduced, while the proportion of phage displaying an scFv that bound to the target of interest increased. 

Therefore, some of the binders would have been lost or extremely diminished over the rounds and the 

chances of picking them up after titration would have become increasingly smaller (McGuire, Li et al. 

2009). For this reason, less rounds were preferred. Since amplification of libraries decreases diversity and 

limits the number of binding clones that can be identified by screening, there can be greatly restricted 

identification of useful ligands for targets (Derda, Tang et al. 2011).  

Several studies have been performed where the amplification step was completely avoided. However, this 

could have resulted in the ratio of binders to non-binders being lower. For example, Derda, Musah et al. 

(2010) performed an amplification-free experiment to isolate a population of approximately 105 clones that 

bound to the surface of pluripotent cells. This resulted in 6 binding clones from a total of 500 tested 

sequences after using ELISA for validation (Derda, Musah et al. 2010, Derda, Tang et al. 2011, Orner, 

Derda et al. 2004). This Masters research project on the other hand found through ELISAs that many of the 

antibodies identified were binding strongly and specifically to the target protein. For instance, 21 of the 30 

anti-TIM-3-Fc clones tested were binding to TIM-3-Fc, 30 out of 30 anti-IgG-Fc clones picked were 

binding to IgG-Fc and 8 out of 30 anti-TIM-4 clones chosen were binding to TIM-4. Additionally, the scFv 

amino acid sequences against each target protein varied, with 9 different amino acid sequences identified 

for anti-TIM-3-Fc scFv antibodies, 10 different amino acid sequences identified for anti-IgG-Fc scFv 

antibodies, and 5 different scFv antibody sequences obtained for TIM-4. Therefore, comparing the 

outcomes of this study to that performed by Derda et al. (2010), it appears to be more efficient to perform 
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amplification as the benefit of finding more binders to the target protein of interest seems to outweigh the 

risk of picking identical clones. 

The scFv sequence in the plasmid of the phage was situated between a pelB leader sequence and a myc tag 

sequence. pelB is a leader sequence of amino acids used to direct the protein of interest to the periplasm of 

the bacterial host where there is a favourable environment for proper protein folding and disulphide bond 

formation (Wlliams, Distel 2010). The myc tag is a polypeptide protein tag which is fused to the protein of 

interest to either the C- or N-terminus through recombinant DNA technology to allow detection and 

purification of the displayed protein (Duesberg, Vogt 1979, Evan, Lewis et al. 1985, Sheiness, Bishop 

1979). The smallest unit of immunoglobulin with antigen-binding activity is the fragment variable region 

consisting of VH and VL connected with a disulphide bond. The scFvs used in this study were engineered 

so that instead of a disulphide bond there was a flexible linker connecting VH and VL. The length and 

amino acid composition of the linker has a key role in the folding of the protein, oligomeric state, expression 

level, affinity, specificity and stability (Ahmad, Yeap et al. 2012, Arslan, Karadag et al. 2022). It usually 

consists of 10-25 amino acids long with “EK” regions for better solubility and “GS” regions for flexibility 

in the final protein (Alfthan, Takkinen et al. 1995, Whitlow, Bell et al. 1993). Glycine-serine repeats are 

the most common linker sequence in scFv design, as glycines and serines are small and polar amino acids 

used in linkers due to their flexible nature and good solubility. Furthermore, the flexibility of glycine-serine 

linkers can be tuned to allow rational design of multidomain proteins such as scFvs (Van Rosmalen, Krom 

et al. 2017). 

Linkers can also be improved to reduce aggregation (Arslan, Karadag et al. 2022). scFv fragments can 

dimerise or form higher-order oligomers and this is dependent on linker length, antibody sequence and 

external conditions which can affect the degrees of freedom of the scFv. For example, linkers longer than 

12 amino acid residues are more likely to exist in a monomeric state, rather than forming dimers or higher-

order oligomers (Arndt, Muller et al. 1998, Ludel, Bufe et al. 2019). To improve antigen-antibody binding 

and stability, scFv dimers can be constructed by shortening the linkers to 3-5 amino acid residues in the 

same orientation (Bie, Yang et al. 2010). Optimisation of the length and sequence content of linkers was 
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essential to improve it for the function it was intended to be used for. In this study the linker used was 15 

amino acids long and the sequence was “EGKSSGASGESKVDD”.  

In each of the VH and VL regions there are 3 hyper variable CDRs linked together by framework regions. 

CDRs are responsible for antigen binding and have a variable structure depending on the target epitope. 

The framework regions which are also variable acted as a scaffold and have much more limited variability 

compared to CDRs (Asaadi, Jouneghani et al. 2021).  

Each CDR makes a distinct contribution to the binding of the antigen. For instance, the CDR3 in the heavy 

chain has a critical role by 29% contribution in binding specificity, while the involvement of CDR2-VL is 

just 4% (Asaadi, Jouneghani et al. 2021). These varying contributions of CDRs likely led to differences in 

binding affinity and specificity for the same target protein. Furthermore, the scFvs identified likely bound 

to different epitopes on the target protein, which could have led to the differences in CDRs for clones 

binding to the same target protein. For example, some scFvs may have bound to linear epitopes, while 

others may have bound to grooves and clefts (Asaadi, Jouneghani et al. 2021).  

CDRs 1 and 2 are encoded by germline V genes whereas CDR3 are a product of gene recombination. The 

CDR3 region of the variable heavy chain in scFvs is considered the most important CDR region due to its 

significant role in antigen binding specificity and affinity. The CDR3, especially the heavy chain region is 

not only highly variable and diverse but also exhibited varied length and biochemical properties, 

contributing to its ability to recognize and bind diverse epitopes through enhanced sequence diversity 

(D'Angelo, Ferrara et al. 2018).  

A study by Xu and Davis (2000) used mice which were constrained to use a single VH gene but full CDR3 

diversity to generate their B cell repertoire against a variety of hapten and protein antigens. The 

development of primary and memory immune responses was monitored. They found that differences in 

CDR3-VH were enough to allow otherwise identical IgM molecules to differentiate between various hapten 

and protein antigens. 

In this study, Sanger sequencing revealed that many clones for each target protein had similar framework 

sequences. As shown in this study, there were clones binding to the same target protein having identical 
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CDRs but varying frameworks. These differences in the frameworks were generally of only a few amino 

acids and the identification of clones with slightly different frameworks but the same CDRs suggested that 

these changes did not significantly impact the overall structure of the scFv since there was still binding to 

target protein.  

In cases where the difference in amino acid framework sequence was of one polar amino acid instead of 

another polar amino acid, the protein structure likely would not have varied significantly. However, 

differences in framework resulting from a basic amino acid in one clone versus an acidic amino acid in 

another clone may have resulted in a change in protein structure. Perhaps the most important change in 

structure would be in clones that differed in amino acid sequence due to the presence of proline. Proline is 

highly anomalous and therefore has particular roles in protein structure. The nitrogen atom of proline is 

covalently locked in a ring as in Figure 4.1 making it the only proteinogenic amino acid with a constrained 

phi angle. This can influence the conformation of the antibody’s polypeptide chain especially if it occurs 

in the CDRs. Additionally, it can form cis or trans configurations depending on subtle influences such as 

changes in local charge distribution. This can also influence the conformation of the variable regions of 

antibodies and possibly influence the binding affinity and specificity of the antibody to its target antigen. 

Proline has a single hydrogen atom attached to its nitrogen and therefore it can’t donate protons and serves 

rather as a proton acceptor. It can disrupt protein secondary structure by inhibiting the backbone from 

conforming to an alpha-helix or beta-sheet conformation. The impact of this on the secondary structure of 

the variable regions can affect the overall conformation of the antibody and therefore its antigen-binding 

properties. Nevertheless, it is commonly found as the first residue of an alpha helix and in the edge strands 

of beta sheets. In an alternate interpretation, proline imposes its own secondary structure with a confined 

phi angle that overrode other forms of secondary structures. This imposition may directly impact the 

conformation of the antibody, particularly in regions where proline is present, potentially influencing the 

overall structure and stability of the antibody (Cloutier, Sudrik et al. 2020, Guttman, Padte et al. 2020, 

Maseiro, Nelly et al. 2020, Morgan, Rubenstein 2013, Patriarca, Cermola et al. 2021, Vakilian 2022).  
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Figure 4.2: Structure of proline. Proline is a unique amino acid that has a distinctive cyclic 

structure in its side chain, which gives it exceptional conformational rigidity compared to 

other amino acids. 

When comparing anti-IgG-Fc clones 6 and 27 it was noted that clone 6 had a proline (neutral-nonpolar) 

and clone 27 had a serine (neutral-polar) in FR1-VH. This also occurred in the CDR3-VH where some anti-

TIM-3-Fc clones had proline instead of aspartic acid (acidic) and FR4-VH where some anti-TIM-3-Fc 

clones had proline instead of glutamine (neutral-polar). Modelling these clones in the future to observe any 

difference in structure due to the presence of proline would be interesting particularly in the context of 

different binding affinities. For instance, Figure 3.6 B indicated that anti-IgG-Fc clone 27 bound more 

strongly to the target protein IgG-Fc when compared to anti-IgG-Fc clone 6. Therefore, determining 

whether the increased affinity of anti-IgG-Fc clone 27 to target protein was partly due to the absence of 

proline would be interesting.  

It was important to note that when comparing the CDR sequences of fully sequenced clones together, only 

CDR2-VH sequences of anti-TIM-3-Fc clones 8 and 13 were found to be statistically similar and only by 

a very small margin. The similarity in CDR2-VH among the clones was because it tends to have a more 

conserved nature. CDR2-VH was evolutionarily conserved in the germline so amino acid sequences in this 

region were highly conserved across different species and antibodies (Asaadi, Jouneghani et al. 2021). This 

conservation suggests that the CDR2 region plays a crucial role in maintaining the structural integrity and 

function of the antibody by forming a hydrogen bond network with the framework regions (Chiu, Goulet 

et al. 2019).   

Very minor changes in the amino acid sequences of CDRs can result in different binding affinity because 

there can be structural changes, altered binding geometry which can influence the affinity of the interaction, 
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changes in hydrogen bonding, disulphide bond formation and electrostatic interactions between the scFv 

and the antigen and/or conformational changes (Ahmad, Yeap et al. 2012, Barderas, Desmet et al. 2008, 

Sarker, Rathore et al. 2022, Zahnd, Spinelli et al. 2004). This shows the importance of careful optimisation 

of CDRs during scFv antibody development for therapeutic applications (Sarker, Rathore et al. 2022 

Teixeira, D’Angelo et al. 2022). This can be achieved through affinity maturation which involves the 

introduction of mutations into CDRs through in vitro evolution, genetic algorithms or machine learning 

techniques (Barderas, Desmet et al. 2008, Li, Gupta et al. 2023). For example, the introduction of charged 

residues into the framework region can improve the affinity of scFvs. scFvs can also be altered to introduce 

electrostatic interactions by introducing mutations that change the charge distribution of the scFv 

(Fukunaga, Tsumoto 2013). Small structural changes especially to CDR3-VH and CDR3-VL can result in 

significant improvements in affinity (Barderas, Desmet et al. 2008).   

For multiple clones the reading of the sequences was incomplete, and this meant that not all the clones 

picked from the titrations could be properly analysed. Using forward primers would have solved the issues 

with incomplete sequencing since sanger sequencing tended to be less efficient at the beginning of an amino 

acid sequence read. Additionally, a primer for the middle of the sequence targeting the linker sequence can 

also be used. Several clones also had frameshifts, but these could still be analysed in SnapGene. Regardless 

of the issues encountered, the fully sequenced clones provided satisfactory information because it allowed 

for determination of how similar or different each clone was. The main aim was to determine whether 

clones binding to TIM-3-Fc had different sequences to clones binding to TIM-4 and the results confirmed 

that the sequences for these clones were different. The most commonly similar CDR throughout the 

comparisons was CDR2-VH. To determine whether the similarity can result in cross-binding to non-target 

molecules, ELISAs can be carried out between clones with highly similar CDRs to target versus to non-

target protein.  

Interestingly, there were 6 clones of anti-TIM-4, 2 clones of the NPC and 1 anti-IgG-Fc clone which had a 

plethora of stop codons in the sequence and may not have been displaying scFvs on their surface proteins 

(refer to Appendix D.1). The identification of such clones can be explained because even M13 

bacteriophages displaying scFvs can bind non-specifically through other binding sites, specifically, through 
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the presence of multiple copies of the pIII, pVI, pVII, and pVIII proteins on their surface (Wang, Li et al. 

2023). This multi-valency allows for multiple interactions with the target, which can lead to nonspecific 

binding. Additionally, even in cases where scFvs are displayed, because scFvs lack a constant region, there 

can be a less structured CDR, which may also result in nonspecific binding (Arimori, Kitago et al. 2017). 

This was important to know for the failed biopanning rounds and for no protein controls used during all 

biopanning. Any increase in phages binding to His-tag beads throughout the rounds could have been due 

to the above reasons. 

The presence of stop codons in phage display libraries was also observed in commercial phage display 

libraries in a study by Sloth (2022). Next generation sequencing also identified many wild-type clones in 

the naïve library which could be attributed to the random nature of the library construction process and the 

natural diversity of the initial library. Some clones may have contained stop codons due to the diversity 

generating processes. Furthermore, the high abundance of wild-type clones in the naïve library could be 

due to the natural composition of the initial library which contained a large proportion of unaltered, wild-

type sequences (Jaroszewicz, Morcinek-Oorlowska et al. 2022, Sloth, Bakhshinejad et al. 2022). 

SWISS-Model was used to predict the structures of the protein targets used in biopanning and of the scFvs 

identified which were fully sequenced to visualise the structure. The Ramachandran plots indicated that the 

structures modelled were of good quality. However, these models predicted by SWISS-MODEL would 

need to be verified using methods such as X-ray crystallography, hydrogen deuterium exchange mass 

spectrometry, nuclear magnetic resonance spectroscopy or cryo-electron microscopy to ensure an accurate 

representation of the protein and scFv structures.  

Information on a study by Lisowska, Worrall et al. was obtained through personal communication with 

Professor David Saliba and Ms Giuseppina Monda. A highly diverse naïve canine scFv antibody phage 

library (same library used for this study) was constructed by taking mRNA from canine B cells and 

amplifying these using 5’ Rapid amplification of cDNA ends-polymerase chain reaction to capture naïve 

expressed variable domain repertoire. A set of degenerate primers targeting the heavy and light chains from 

canine splenic tissue were designed and used to amplify and clone the heavy and light chain genes to hold 
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the plasmid libraries. These were fused to produce a bioactive scFv M13 phage library. Annotation of the 

heavy and light chain genes including CDR and FR length range and diversity was performed using long-

read HiFi DNA sequencing which provided high accuracy. Additionally, validation of the functionality of 

the library was performed by performing six rounds of biopanning against recombinant enhanced green 

fluorescent protein (EGFP) and mCHERRY proteins which had very different amino acid sequences but 

similar structure using immunotubes for immobilisation. ELISA was used to determine specificity of each 

fluorescent protein. As with this study, binding to targets was observed after 4 rounds of biopanning. 

Individual clones were isolated and a representative anti-mCHERRY and anti-EGFP scFv antibody were 

assayed for binding using a dot blot. Binding was detected with HRP-conjugated protein-A followed by 

electrochemiluminescence. Comparing the amino acid sequences obtained against mCHERRY and EGFP 

with the sequences obtained in this study (anti-TIM-3-Fc and anti-TIM-4 scFv antibodies) also revealed 

some similarities. For example, the CDR1-VH region in their original phage library consisted of the 

sequence “FYGMS” and in this study, anti-TIM-3-Fc clones 1, 9, 11, 15, 17, 27 and 30 had a CDR1-VH 

sequence of “GYGMN”. These same anti-TIM-3-Fc clones had a CDR2-VH sequence of 

“GINSGGTTGYADAVKG” and the sequence in Lisowska’s study was “GISSDGSSTYYADAVK”. 

CDR3-VH seemed to be the most variable when comparing the original phage library to the clones 

identified in this study. CDR1-VL, CDR2-VL and CDR3-VL also shared some sequence similarities 

between the original phage library and the clones identified against TIM-3 and TIM-4.  

In Monda’s research, sanger sequencing of clones biopanned against ZIKV envelope protein revealed 

clones with the presence of full VL regions but with a very short VH fragment. Only a single clone targeting 

the ZIKV envelope protein displayed the full scFv with both the VH and VL regions. These anti-ZIKV 

envelope protein clones showed 4 different amino acid sequences out of the 17 clones sequenced. From 

clones identified from bio panning against SARS-CoV-2 Spike trimer, all 30 clones sequenced were 

identical. Of the 28 clones identified from bio panning against SARS-CoV-2 S1 which were sequenced, all 

had the same sequence. 

In a study by Mishima, Nakajima et al. (2021) there was successful development of a novel bispecific 

antibody against human TIM-3 to simultaneously block the galectin-9 binding site and the 
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phosphatidylserine binding site on the extracellular domain. Importantly, most anti-TIM-3 antibodies 

developed so far inhibited phosphatidylserine from binding to the TIM-3 IgV domain which did not prevent 

galectin-9 from binding to the carbohydrate motifs on the opposite side of the IgV domain. This binding of 

galectin-9 resulted in cell death of T cells expressing TIM-3 (Kuchroo, Zhu, 2005, Mishima, Nakajima et 

al. 2021). This antibody was developed through immunisation of mice with purified recombinant human 

TIM-3 protein and TIM-3 expressing mammalian cell line. Phage display libraries were constructed using 

complementary (c) DNAs of splenocytes and lymph node cells from the immunized mice. After this, 

biopanning was performed against recombinant TIM-3 proteins and the highly specific and high affinity 

scFvs identified were classified by epitope bin and inhibitory effects on TIM-3 binding to multiple ligands. 

A minimum of 5 classes of antibodies against TIM-3 were generated and each class was grouped into a 

different epitope bin and had unique inhibitory profiles for multiple TIM-3 ligands. The bispecific 

antibodies were generated by converting the scFvs to scFv-Fc. TIM-3 binding, inhibition of ligand binding 

and immune activation were tested, and the bispecific antibodies showed higher affinity and specificity 

when compared to monospecific antibodies. The galectin-9 and phosphatidylserine blocking antibody 

revealed significant potency on T cell activation, protection from exhaustion and apoptotic cell death of T 

cells and even resulted in increased anti-tumour efficacy. This antibody increased the number of IFNγ 

producing CD8+ T cells by antigen stimulation and promoted TNFα and IFNγ cytokine production 

(Mishima, Nakajima et al. 2021).  

The Sanger sequencing data obtained for the anti-TIM-3-Fc clones isolated in this study provides an 

opportunity to investigate the potential of the identified scFvs to inhibit the binding of phosphatidylserine 

to TIM-3, or alternatively, to inhibit the binding of galectin-9. This investigation could be conducted 

through computational methods, such as antibody-antigen docking software, or through experimental 

approaches such as competitive ELISAs between the anti-TIM-3-Fc scfv-displaying clones and galectin-9 

and phosphatidylserine. It would also be interesting to determine the exact binding site of the anti-TIM-4 

phage clone that was sequenced to understand which ligand it would inhibit from binding to the target 

protein TIM-4.  
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Furthermore, as previously mentioned, methods such as hydrogen deuterium exchange mass spectrometry 

could be used to map and compare the binding sites of the identified antibodies. Antibody stability analysis 

to assess the conformational, colloidal, and chemical stability of the antibodies identified could also be 

done. Techniques which could be used include nano differential scanning calorimetry, excitation-energy-

dependent fluorescence edge-shift analysis, forced degradation studies and real-time stability testing 

(Knight, Woolley et al. 2020).  

Additionally, antibody-antigen docking software would allow for studying of the paratopes of the 

antibodies identified. This could be used to empirically test the relationship between bit score and statistical 

significance by comparing the paratope structures of different scFv antibodies identified to the bit score 

values obtained (Davila, Xu et al. 2022, Desta, Kotelnikov et al. 2023a, Desta, Kotelnikov et al. 2023b, 

Reis, Barletta et al. 2022). 

Another technique which can be used to study the antibody-antigen binding is amplified luminescent 

proximity homogenous (AlphaLISA) assay which is a bead-based, no-wash luminescent technology used 

to study biomolecular interactions in a microplate. This assay utilises Alpha Donor and Acceptor beads 

which are brought together through binding to target. Once the beads are near, there is a cascade of chemical 

reactions which results in a luminescent signal that can be detected and quantified. AlphaLISA have vast 

sample compatibility and require only a small sample size. These also offer wide detectable range and 

scalability (Hunt, Vogeli et al. 2023, Staerz, Lisabth et al. 2023, Waller, Chatterji et al. 2010).  

Additional ELISAs which can be performed to build on this study include; polyclonal anti-TIM-4 phage 

library versus TIM-3-Fc bait and vice versa and monoclonal anti-TIM-4 phage clones versus TIM-3-Fc bait 

and vice versa. Furthermore, repetition of sanger sequencing using a forward primer or middle primer 

targeting the linker sequence can be performed to obtain more full sequences for the clones which were not 

fully sequenced. This would allow for more comparisons of clones and would allow more investigations 

into computational antibody-antigen docking.  

Furthermore, the scFv antibody-displaying phages isolated through biopanning can be utilized for 

extraction of the scFvs, enabling their engineering into full length antibodies or other desired antibody 
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formats. For example, developing scFv-Fc as in the study by Mishima (2021) would retain desirable 

characteristics of IgG such as bivalency and a longer half-life while offering Fc-mediated effector functions. 

The scFv-Fc format allows for quick characterization of candidate scFvs before conversion to full-length 

IgG. The scFv-Fc format can be produced by fusing scFv molecules of the same or different specificity to 

the N- or C- terminus of the Fc region which enables the engineering of scFvs into full-length antibodies 

or other desired formats (Bujak, Matasci et al. 2014). IgG1 would be the most suitable choice of IgG isotype 

to develop the scFvs into since it is the most abundant in human serum and is also well-characterized. It is 

a common and versatile choice for therapeutic antibody development. Furthermore, IgG1 antibodies are 

known to produce strong effector functions including ADCC and complement-dependent cytotoxicity. This 

can be advantageous in therapeutic applications (Vidarsson, Dekkers et al. 2014).  

In conclusion, this study successfully identified anti-TIM-3-Fc and anti-TIM-4 monoclonal antibodies 

which bound specifically towards the target proteins TIM-3 and TIM-4 respectively. Furthermore, the 

sequencing data indicated that the anti-TIM-3-Fc antibodies developed would not bind to TIM-4 and vice 

versa. Future research on the antibodies identified can lead to the development of new diagnostic tools or 

antibodies for therapeutic use in detection and treatment of TIM-3 and TIM-4 overexpressing cancers as 

monotherapy or combination therapy. 
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Appendix 

Appendix A: CFU measurements 

A.1 CFU of previously biopanned proteins after fresh titering 

Table A.1: CFU of previously biopanned proteins after fresh titering. Phage count was sufficient 

at 1012. 

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 4 TIM-3 1010 46 9.2 x 1012 

Round 4 IgG 109 124 2.5 x 1012 

 

A.2 CFU counts for TIM-4 in failed TIM-4 biopanning 

Table A.2: CFU counts for TIM-4 in failed TIM-4 biopanning. Phage count for TIM-4 after 5 

rounds of biopanning was maintained at 1012. 

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 1 TIM-4 1010 68 1.4 x 1013 

Round 2 TIM-4 109 118 2.4 x 1012 

Round 3 TIM-4 109 57 1.1 x 1012 

Round 4 TIM-4 109 102 2.0 x 1012 

Round 5 TIM-4 109 >300 > 6.0 x 1012  

 

A.3 CFU counts for NPC in failed TIM-4 biopanning 

Table A.3: CFU counts for NPC in failed TIM-4 biopanning. Phage count for the NPC was 

maintained at 1011-12 throughout the 5 rounds of biopanning. 

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 1 NPC 1010 20 4.0 x 1012 

Round 2 NPC 109 85 1.7 x 1012 

Round 3 NPC 108 205 4.1 x 1011 

Round 4 NPC 109 82 1.6 x 1012 

Round 5 NPC 109 >300 > 6.0 x 1012  
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A.4 CFU counts for TIM-4 in successful TIM-4 biopanning 

Table A.4: CFU counts for TIM-4 in successful TIM-4 biopanning. Phage count for TIM-4 was 

maintained at 1012-13 throughout the 4 rounds of biopanning.  

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 1 TIM-4 1010 177 3.5 x 1013 

Round 2 TIM-4 1010 63 1.3 x 1013 

Round 3 TIM-4 1010 61 1.2 x 1013 

Round 4 TIM-4 1010 31 6.2 x 1012 

 

A.5 CFU counts for NPM in successful TIM-4 biopanning 

Table A.5: CFU counts for NPM in successful TIM-4 biopanning. Phage count for NPC was 

maintained at 1012-13 throughout the 4 rounds of biopanning. 

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 1 NPC 1010 114 2.3 x 1013 

Round 2 NPC 1010 40 8.0 x 1012 

Round 3 NPC 1010 47 9.4 x 1012 

Round 4 NPC 109 93 1.9 x 1012 

 

A.6 CFU counts for trimer in successful TIM-4 biopanning 

Table A.6: CFU counts for trimer in successful TIM-4 biopanning. Phage titre for trimer was 

maintained at 1012 throughout the rounds. 

Protein & Round Dilution Factor Number of Colonies Colony Forming Unit 

(CFU/ml) 

Round 1 Trimer 1010 >300 > 6.0 x 1012  

Round 2 Trimer 1010 >300 > 6.0 x 1012  

Round 3 Trimer 109 240 4.8 x 1012  

Round 4 Trimer 1010 >300 > 6.0 x 1012  

 

Appendix B: Amplification of Round 4 of TIM-3 

From the experiments performed on the TIM-3 rounds as per Section 3.2.2 it was determined that the round 

4 of TIM-3 needed to be amplified. The amplification steps from Section 2.2.1 were performed on round 4 

of TIM-3 and ELISA was used to confirm that the amplification was successful. The ELISA wells were 



155 

 

coated with TIM-3 and 1/10, 1/100 and 1/100 serial dilutions were made of the old round 4 of TIM-3 and 

the new amplified round 4 of TIM-3 and added to the wells. The negative control used was a no library 

control. For this control no phage library was added to the TIM-3-bound ELISA wells. The fluorescence of 

anti-M13-PE detection antibody was used to create a graph of phage dilutions against anti-M13-PE 

antibody. 

As expected, Figure B.1 showed that amplification was successful since the fluorescence of the new 

amplified round 4 of TIM-3 was higher than that of the old round 4 of TIM-3. The negative no library 

control had the lowest fluorescence as was expected. 

The AUC of the old and new TIM-3 round 4 was calculated and Welch’s t test was used to compare the 

AUCs and determine if there was a statistically significant difference between the old and new TIM-3 round 

4 libraries. Statistical analysis showed no statistically significant difference between the AUCs of the old 

and amplified libraries. 

 
Figure B.1: Graph of phage dilutions against anti-M13-PE antibody. The amplification of 

TIM-3 round 4 resulted in a higher fluorescence. However, statistical analysis showed that 

this increase in fluorescence was not significant.  
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Appendix C: Nanodrop measurements 

C.1 Nanodrop measurements for TIM-3 

Table C.1: Nanodrop measurements for TIM-3. Measurements taken on the nanodrop were 

considered sufficient for the samples to be sent for sanger sequencing. 

Anti-TIM-3-Fc 

phage clones 

Concentration 

(Ng/ul) 

260/280 260/230 

Clone 1 81.5 1.87 2.18 

Clone 2 116.4 1.86 2.04 

Clone 3 113.6 1.92 2.37 

Clone 4 77.6 1.84 1.55 

Clone 5 69.3 1.86 1.77 

Clone 6 63.2 1.88 1.87 

Clone 7 92.4 1.91 2.2 

Clone 8 87.5 1.91 2.19 

Clone 9 93.5 1.91 2.18 

Clone 10 94 1.92 2.26 

Clone 11 65 1.91 1.87 

Clone 12 116.9 1.85 2.31 

Clone 13 93.1 1.87 1.81 

Clone 14 107.3 1.76 1.48 

Clone 15 86.4 1.91 2.2 

Clone 16 117.6 1.87 2.15 

Clone 17 105 1.90 2.03 

Clone 18 128.4 1.92 2.27 

Clone 19 116.9 1.90 2.03 

Clone 20 116.2 1.88 2.26 

Clone 21 107.2 1.93 2.12 

Clone 22 122.1 1.92 2.11 

Clone 23 106.1 1.89 2.34 

Clone 24 111 1.88 2.23 

Clone 25 103.4 1.91 2.09 

Clone 26 74.9 1.92 2.14 

Clone 27 106.4 1.88 2.02 

Clone 28 80.2 1.87 1.91 

Clone 29 58.6 1.83 1.69 

Clone 30 65.4 1.88 2.19 
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C.2 Nanodrop measurements for IgG 

Table C.2: Nanodrop measurements for IgG. Measurements taken on the nanodrop were 

considered sufficient for the samples to be sent for sanger sequencing. 

Anti-IgG-Fc phage 

clones 

Concentration 

(Ng/ul) 

260/280 260/230 

Clone 1 49.7 1.92 2.11 

Clone 2 117.3 1.89 2.17 

Clone 3 106.4 1.95 2.46 

Clone 4 125.8 1.92 2.19 

Clone 5 112.5 1.89 2.19 

Clone 6 110.9 1.91 2.25 

Clone 7 122.3 1.89 2.11 

Clone 8 113.1 1.89 1.94 

Clone 9 130.8 1.91 2.16 

Clone 10 122.3 1.88 1.86 

Clone 11 127 1.92 2.22 

Clone 12 133.2 1.90 2.19 

Clone 13 111 1.90 2.23 

Clone 14 113.9 1.89 2.18 

Clone 15 125 1.90 2.3 

Clone 16 102.8 1.88 2.14 

Clone 17 108.7 1.91 2.13 

Clone 18 94.2 1.90 2.17 

Clone 19 51.4 1.97 2.1 

Clone 20 136.9 1.91 2.18 

Clone 21 131.8 1.92 2.09 

Clone 22 130.8 1.91 2.15 

Clone 23 146.2 1.92 2.08 

Clone 24 127.7 1.92 2.12 

Clone 25 124 1.92 2.09 

Clone 26 145.3 1.89 1.91 

Clone 27 100.7 1.94 2.16 

Clone 28 131.1 1.93 2.11 

Clone 29 135.6 1.90 2.06 

Clone 30 155.9 1.91 2.13 
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C.3 Nanodrop measurements for TIM-4 

Table C.3: Nanodrop measurements for TIM-4. Measurements taken on the nanodrop were 

considered sufficient for the samples to be sent for sanger sequencing. 

Anti-TIM-4 phage 

clones 

Concentration 

(Ng/ul) 

260/280 260/230 

Clone 1 63.7 1.96 2.07 

Clone 2 114.3 1.90 2.11 

Clone 3 33.4 1.99 1.62 

Clone 4 58 1.89 1.6 

Clone 5 99.6 1.92 2.07 

Clone 6 55.5 1.96 1.98 

Clone 7 109.4 1.89 2.06 

Clone 8 99.8 1.91 2.02 

Clone 9 105.1 1.90 2.16 

Clone 10 44.7 1.93 1.75 

Clone 11 44 1.93 1.67 

Clone 12 111.8 1.92 2.1 

Clone 13 59.9 1.98 1.94 

Clone 19 103 1.94 2.15 

Clone 21 108.5 1.90 2.03 

Clone 27 110.9 1.93 2.11 

C.4 Nanodrop measurements for original library 

Table C.4: Nanodrop measurements for original library. Measurements taken on the nanodrop 

were considered sufficient for the samples to be sent for sanger sequencing. 

Original Library Concentration 

(Ng/ul) 

260/280 260/230 

Clone 1 61.5 1.80 1.85 

Clone 2 69.7 1.75 1.62 

Clone 3 59.3 1.77 1.68 

Clone 4 57.4 1.85 2.08 

Clone 5 75.9 1.83 2.12 

Clone 6 51.0 1.81 1.96 

Clone 7 42.5 1.81 2.02 

Clone 8 88.8 1.86 2.22 

Clone 9 73.8 1.81 1.95 

Clone 10 53.6 1.85 2.14 

Clone 11 48.3 1.82 2.00 

Clone 12 54.4 1.83 1.82 

Clone 13 65.0 1.83 2.02 

Clone 14 44.4 1.82 2.13 

Clone 15 48.8 1.78 1.85 
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C.5 Nanodrop measurements for no protein control 

Table C.5: Nanodrop measurements for no protein control. Measurements taken on the nanodrop 

were considered sufficient for the samples to be sent for sanger sequencing. 

Original Library Concentration 

(Ng/ul) 

260/280 260/230 

Clone 1 88.8 1.82 2.03 

Clone 2 61.3 1.80 2.04 

Clone 3 136 1.80 2.10 

Clone 4 81.7 1.99 2.03 

Clone 5 121 1.89 2.06 

Clone 6 116 1.90 1.89 

Clone 7 111.4 1.92 2.01 

Clone 8 105.5 1.86 2.17 

Clone 9 96 1.77 1.97 

Clone 10 121 1.95 2.21 

 

Appendix D: Sanger Sequencing Data 

Appendix D.1 of Original Phage Library and Nonsense Clones 

The original phage library was sequenced to try and determine the most common scFv sequences in the 

phages prior to biopanning. A consensus with a threshold of >50% was used for comparison of the 

alignment. All the original phage library clones that were successfully sequenced had a nonsense amino 

acid sequence full of stop codons. This was also observed for some anti-TIM-4 clones, an anti-IgG-Fc clone 

and some of the no protein control (refer to Figure D.1). The binding of these clones to the target proteins, 

His-tag beads and containers could be explained by the fact that smaller proteins or peptides are known to 

be stickier (Lowe 2022). It would be interesting to determine why the only sequenced clones of the original 

phage library were those with a nonsense amino acid sequence full of stop codons. As per Figure D.1, anti-

TIM-4 clones 1, 4, 6, 10 and 13 show the same nonsense amino acid sequences as the no protein control 

clones 8 and 9. Anti-TIM-4 clone 11 is unique and so are all the clones of the original phage library. Anti-

IgG-Fc clone 28 is also unique.  
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Figure D.1: Alignments of high quality sequenced monoclones grouped by sequence similarity. The sequences were very similar and contained a 

multitude of stop codons. 
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Appendix D.2 Swiss-Model Ramachandran Plots and Superposition of Structures 

The proteins and clones visualized using SWISS-MODEL were analyzed using Ramachandran plots as in 

Figures D.2 to D.6 which are graphical representations of dihedral angles of amino acid residues in protein 

structures. The ψ values were plotted in the x-axis and the φ values were plotted in the y-axis to predict the 

potential conformation of the proteins and clones. The plot also assessed the sterically allowed and 

disallowed conformations in the proteins’ backbone and aided in the assessment of the quality of protein 

structures produced. It was also used to understand the energetically favorable regions of protein folding 

(Hollingsworth, Karplus 2010).  

        A) Ramachandran plot for TIM-3                           B) Ramachandran plot for TIM-3 ECD 

                          

       C) Ramachandran plot for TIM-4                           D) Ramachandran plot for TIM-4 ECD 

                                    

Figure D.2: Ramachandran plots for TIM-3 and TIM-4. Ramachandran plot for A) TIM-3 

protein, B) TIM-3 ECD, C) TIM-4 protein and D) TIM-4 ECD. 
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        A) TIM-3 clone 11 closed structure                      B) TIM-3 clone 11 open structure 

 

C) TIM-3 structures superposed 

 

Figure D.3: Ramachandran plots for TIM-3 clone 11. SWISS-MODEL predicted two 

different structures for TIM-3 clone 11. A) Ramachandran plot for the closed structure of the 

scFv and C) Ramachandran plot for the more open scFv structure predicted. C) Superposition 

of the two predicted models. 
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Ramachandran plot for IgG Clone 6 

 

Figure D.4: Ramachandran plots for IgG Clone 6. The model predicted one potential 3D 

structure for IgG clone 6. Despite SWISS-MODEL only predicting the closed scFv structure, 

there may still be a possibility of an open structure which would be determined through 

methods such as X-ray crystallography or hydrogen deuterium exchange mass spectrometry. 
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         A) TIM-4 clone 9 closed structure                               B) TIM-4 clone 9 open structure 

 

C) Superposition of open and closed structures of TIM-4 clone 9 

 

Figure D.5: Ramachandran plots for TIM-4 clone 9. SWISS-MODEL predicted two different 

structures for TIM-4 clone 9. A) Ramachandran plot for the closed structure of the scFv and 

C) Ramachandran plot for the more open scFv structure predicted. C) Superposition of the 

two predicted models. 

 

 

 

VH 

VL 
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         A) NPC clone 5 closed structure                                B) NPC clone 5 open structure 

 

C) NPC clone 5 structures superposed 

 

Figure D.6: Ramachandran plots for NPC clone 5. SWISS-MODEL predicted two different 

structures for NPC clone 5. A) Ramachandran plot for the closed structure of the scFv and C) 

Ramachandran plot for the more open scFv structure predicted. C) Superposition of the two 

predicted models. 

VH 

VL Linker 
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Appendix D.3 BLAST Results for Comparisons Between Clones 

Table D.1: Schematic showing similarities in CDR regions of fully sequenced clones. The green represented sequence comparisons that showed no 

similarity and red represented sequence comparisons that showed some level of similarity. The labels “A), B), C) etc.” refer to the BLAST alignments in 

Figure D.7. 

Sequence Comparison CDR1-VH Bit Score CDR2-VH Bit Score CDR3-VH Bit Score CDR1-VL Bit Score CDR2-VL Bit Score CDR3-VL Bit Score 

Anti-TIM-3 Fc clone 7 vs Anti-IgG-Fc clone 6 0 A) 36.7 0 B) 34.6 0 0 

Anti-TIM-3 Fc clone 7 vs Anti-IgG-Fc clone 27 0 C) 29.9 0 0 0 0 

Anti-TIM-3 Fc clone 30 vs Anti-IgG-Fc clone 6 0 D) 34.6 0 0 0 E) 12.1 

Anti-TIM-3 Fc clone 30 vs Anti-IgG-Fc clone 27 0 F) 24.4 0 0 0 G) 26.5 

Anti-TIM-3 Fc clone 8 vs Anti-IgG-Fc clone 6 0 H) 36.7 0 0 I) 15.1 0 

Anti-TIM-3 Fc clone 8 vs Anti-IgG-Fc clone 27 0 J) 29.9 0 K) 35.4 0 L) 32.9 

Anti-TIM-3 Fc clone 29 vs Anti-IgG-Fc clone 6 0 M) 36.7 0 N) 34.6 0 0 

Anti-TIM-3 Fc clone 29 vs Anti-IgG-Fc clone 27 0 O) 29.9 0 0 0 0 

Anti-TIM-3 Fc clone 13 vs Anti-IgG-Fc clone 6 0 P) 36.7 0 0 0 0 

Anti-TIM-3 Fc clone 13 vs Anti-IgG-Fc clone 27 0 Q) 29.9 0 R) 35.4 S) 16.3 T) 21.4 

Anti-TIM-3 Fc clone 8 vs Anti-TIM-4 clone 9 0 U) 27.4 0 0 0 0 

Anti-TIM-3 Fc clone 29 vs Anti-TIM-4 clone 9 0 V) 27.4 0 W) 15.1 0 0 

Anti-TIM-3 Fc clone 13 vs Anti-TIM-4 clone 9 0 X) 27.4 0 0 0 0 

Anti-TIM-4 clone 9 vs Anti-TIM-3 Fc clone 7 0 Y) 27.4 0 Z) 15.1 0 0 

Anti-TIM-4 clone 9 vs Anti-TIM-3 Fc clone 30 0 AA) 22.3 0 0 0 0 

Anti-TIM-4 clone 9 vs NPC Clone 5 0 AB) 23.1 0 0 0 0 

Anti-TIM-4 clone 9 vs NPC Clone 6 0 AC) 19.7 0 0 0 0 
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Table D.2: Schematic showing similarities in CDR regions of fully sequenced clones. The green represented sequence comparisons that showed no 

similarity and red represented sequence comparisons that showed some level of similarity. The labels “A), B), C) etc.” refer to the BLAST alignments in 

Figure D.8. 

Comparison 
CDR1-VH Bit 

Score 

CDR2-VH Bit 

Score 

CDR3-VH Bit 

Score 

CDR1-VL Bit 

Score 

CDR2-VL Bit 

Score 

CDR3-VL Bit 

Score 

NPC Clone 5 vs NPC Clone 6 0 0 0 A) 12.1 0 0 

Anti-IgG-Fc clone 6 vs Anti-IgG-Fc 

clone 27 
0 B) 29.1 0 0 C) 15.1 0 

Anti-TIM-3 Fc clone 8 vs Anti-TIM-3 Fc 

clone 13 
D) 25.2 E) 50.3 F) 15.1 G) 35.4 H) 16.3 I) 21.4 

Anti-TIM-3 Fc clone 7 vs Anti-TIM-3 Fc 

clone 30 
0 J) 27.4 0 0 0 0 

 

 

A) Anti-TIM-3 Fc clone 7 vs Anti-IgG-Fc clone 6 CDR2-VH                     B) Anti-TIM-3 Fc clone 7 vs Anti-IgG-Fc clone 6 CDR1-VL                                                                           

 
 C) Anti-TIM-3 Fc clone 7 vs Anti-IgG-Fc clone 27 CDR2-VH                  D) Anti-TIM-3 Fc clone 30 vs Anti-IgG-Fc clone 6 CDR2-VH 
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E) Anti-TIM-3 Fc clone 30 vs Anti-IgG-Fc clone 6 CDR3-VL                    F) Anti-TIM-3-Fc clone 30 vs Anti-IgG-Fc clone 6 CDR2-VH 

 
G) Anti-TIM-3-Fc clone 30 vs Anti-IgG-Fc clone 27 CDR3-VL                  H) Anti-TIM-3-Fc clone 8 vs Anti-IgG-Fc clone 6 CDR2-VH                             

  
 

I) Anti-TIM-3-Fc clone 8 vs Anti-IgG-Fc clone 6 CDR2-VL                       J) Anti-TIM-3-Fc clone 8 vs Anti-IgG-Fc clone 27 CDR2-VH                                                              
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K) Anti-TIM-3-Fc clone 8 vs Anti-IgG-Fc clone 27 CDR1-VL                    L) Anti-TIM-3-Fc clone 8 vs Anti-IgG-Fc clone 27 CDR3-VL                                                              

 

 

M) Anti-TIM-3-Fc clone 29 vs Anti-IgG-Fc clone 6 CDR2-VH                   N) Anti-TIM-3-Fc clone 29 vs Anti-IgG-Fc clone 6 CDR1-VL 

 

O) Anti-TIM-3-Fc clone 29 vs Anti-IgG-Fc clone 27 CDR2-VH                P) Anti-TIM-3-Fc clone 13 vs Anti-IgG-Fc clone 6 CDR2-VH 
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Q) Anti-TIM-3-Fc clone 13 vs Anti-IgG-Fc clone 27 CDR2-VH                R) Anti-TIM-3-Fc clone 13 vs Anti-IgG-Fc clone 27 CDR1-VL 

 

S) Anti-TIM-3-Fc clone 13 vs Anti-IgG-Fc clone 27 CDR2-VL                T) Anti-TIM-3-Fc clone 13 vs Anti-IgG-Fc clone 27 CDR3-VL 

 

 

U) Anti-TIM-3-Fc clone 8 vs Anti-TIM-4 clone 9 CDR2-VH                   V) Anti-TIM-3-Fc clone 29 vs Anti-TIM-4 clone 9 CDR2-VH 
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W) Anti-TIM-3-Fc clone 29 vs Anti-TIM-4 clone 9 CDR1-VL                 X) Anti-TIM-3-Fc clone 13 vs Anti-TIM-4 clone 9 CDR2-VH 

 

Y) Anti-TIM-4 clone 9 vs Anti-TIM-3-Fc clone 7 CDR2-VH                    Z) Anti-TIM-4 clone 9 vs Anti-TIM-3-Fc clone 7 CDR1-VL                                                          

 
 AA) Anti-TIM-4 clone 9 vs Anti-TIM-3-Fc clone 30 CDR2-VH              AB) Anti-TIM-4 clone 9 vs NPC Clone 5 CDR2-VH 

 
                                                         

                                                                         AC) Anti-TIM-4 clone 9 vs NPC Clone 6 CDR2-VH 

 
 

Figure D.7: Comparison of CDR regions of controls vs clones binding to target proteins in high quality and fully sequenced clones. Each CDR 

region was compared individually. Anti-TIM-3-Fc clones were compared to Anti-IgG-Fc clones and Anti-TIM-4 clones were compared to NPC clones 

and Anti-TIM-3-Fc clones.  
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A) NPC Clone 5 vs NPC Clone 6 CDR1-VL                                              B) Anti-IgG-Fc clone 6 vs Anti-IgG-Fc clone 27 CDR2-VH                                                    

 

C) Anti-IgG-Fc clone 6 vs Anti-IgG-Fc clone 27 CDR2-VL                     D) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR1-VH                                            

 

E) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR2-VH           F) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR3-VH                                            

 

G) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR1-VL            H) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR2-VL                                           
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I) Anti-TIM-3-Fc clone 8 vs Anti-TIM-3-Fc clone 13 CDR3-VL              J) Anti-TIM-3-Fc clone 7 vs Anti-TIM-3-Fc clone 30 CDR2-VH 

 

Figure D.8: Comparison of CDR regions for controls and binders to target proteins against themselves in high quality and fully sequenced clones. 

Comparison of NPC and IgG controls together and comparison of the non-binding clone anti-TIM-3-Fc clone 8 with binding clone anti-TIM-3-Fc 

clone 13 and comparison of two binding clones anti-TIM-3-Fc clone 7 and anti-TIM-3-Fc clone 30. 


