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Abstract 
 

Biomarkers are molecules present in the patients’ samples. They are used to detect the presence 

of a disease or an infection. An array of laboratory tools is used to monitor changes in the 

biomarker levels for diagnostic and prognostic purposes. Affimers are relatively new tools, which 

can be used in similar ways to commonly used antibodies with many advantages over the later. 

The work described in this PhD thesis has focused on a number of methodologies for the 

generation of Affimers against purified proteins and cell-surface molecules, with the intention of 

using these to detect biomarkers in cancer.  

To ensure the development of functional Affimer reagents against different membrane target 

molecules, EGFR, HER2, and HER3 were used as models to optimise the process of Affimers 

isolation and selection using phage display technology. In vitro production of Affimers using 

bacterial cells was assessed and optimised. Following optimisation, a range of Affimers that 

bound to EGFR, HER2, and HER3 were generated and partially characterised by different 

molecular applications, including immunofluorescence, immunohistochemistry, and pull-down 

assay. Upon characterisation, the developed reagents were not only able to identify their targets 

on cells and to precipitate them down from cell lysates, but also exhibited a complete inhibition 

of the downstream signalling activation of both EGFR and HER3.  

In addition, this thesis provides clear evidence of the potential of Affimers in biomarker discovery 

studies. After multiple rounds on non-tumourigenic (HB2) and cancerous (MDA-MB-453) 

breast-cell lines, eight novel anti-breast-cancer Affimers were successfully isolated and 

characterised. Following pull-down assay and mass spectrometry analysis, the target proteins to 

which these Affimers were found to bind was identified as CK18 and 19. Upon identification, the 

specificity of Affimers was further validated on a panel of breast cells, tissues, and on multiple 

breast-tissue microarrays (TMAs).  

There is a need to develop the knowledge to utilise this new Affimers-based technology to 

encourage adoption of this useful tool. With the aid of such technology, several novel detection 

reagents were generated, partially validated and proved to be promising tools for biomarker 

detection in different conventional assays.  
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CHAPTER 1  

Introduction 
 

1.1 Cancer  

Cancer is a major health problem worldwide. Every year, the European union experiences 

about 9.6 million deaths and 18.1 million  newly diagnosed cases of cancer (WHO, 2018). 

The World Health Organisation report the prevalence of cancer to be about 2.7%, which 

means that almost 14 million people in the EU are currently suffering from cancer. It was 

estimated that approximately two million of the people currently residing in UK were 

previously diagnosed with cancer (Maddams et al., 2012). In descending order, people 

are commonly diagnosed with breast, prostate, lung, colon, skin and other lymphatic 

cancers (WHO, 2013;Maddams et al., 2012). 

Despite its low prevalence compared to other infections and heart diseases, cancer has a 

crucial impact on the healthcare system and economic interests (Ferlay et al., 2010). High 

healthcare cost is not the complete reason why governments, researchers and 

pharmaceutical companies are making efforts to develop better treatment and diagnostic 

procedures, but it certainly acts as the trigger. The motivation of cancer research comes 

from the desire to alleviate the effect cancer has on people’s lives.  

 

1.1.1 Cancer development  

In order to define cancer, it is important to know that cancer is not a single disease but a 

complex system of mechanisms resulting in a group of diseases subject to research 

studies. The human genome comprises about 6 billion base pairs (Lander et al., 2001) that 

are replicated within 10 hours (Rew and Wilson, 2000). With this speed of replication, 

mistakes can occur at a rate of 1 in 100,000 base pairs (Popanda et al., 2000). Therefore, 

for every single division of a healthy cell, approximately 60,000 single mutations 

accumulate. However, this number of accumulated mutations drops to 0.5 mutations after 

DNA proofreading (Bebenek and Ziuzia-Graczyk, 2018;Roberts and Kunkel, 1988). 

Despite the low number of mutations, their accumulation increases throughout lifetime, 

causing what is known as somatic mutations (Martincorena and Campbell, 2015). In 

addition to the somatic mutations, other factors can contribute towards increasing the risk 
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of developing additional abnormalities, such as radiation (Gilbert and Marks, 

1979;Graves et al., 2017), cellular stress (Chircop and Speidel, 2014) and various other 

factors (Badr et al., 2018).  

Many of the mutations occur in different parts of a genome that either does not encode 

for a protein or does not affect its function; contrarily, in other parts of genome, the 

produced proteins can be functionally or structurally affected. The problem really starts 

when the accumulated genomic instability or mutations in a cell affect its cellular 

functions, causing an uncontrolled cell growth and suppressing normal cells’ own control 

mechanisms (figure 1.1). Currently, about 609 human genes (almost 3%) have been 

identified as key players in cancer developments (Futreal et al., 2004), such as the well-

known BRCA1 and 2 genes involved in breast and ovarian cancer (Neff et al., 2017;Smith 

and Isaacs, 2011). Alteration in these genes with other accumulated mutations result in 

the formation of tumorous cells that can grow to form new cell masses. These masses live 

without being detected by the immune system and thus keep growing, consequently 

leading to cancer, with an ability to spread from their primary site to other organs of the 

body (figure1.1).  

Each cancer is categorised based on the type of cells from which the tumour has originally 

been derived and can further be sub-classified into subtypes (Seemayer and Cavenee, 

1989;Hanahan and Weinberg, 2000). However, there are some common functional 

changes in cancer, known as the hallmarks of cancer (Hanahan and Weinberg, 2000) 

(figure 1.2). These hallmarks are: (1) reduced dependence on exogenous growth signals; 

(2) capability to avoid apoptotic cell death; (3) insensitivity to anti-proliferative signals; 

(4) unlimited cell replication; (5) persistent angiogenesis; and (6) invasiveness towards 

adjacent tissues to start metastasis. Later, in 2011, the authors added two emerging 

hallmarks to their previous model of multistep process of cancer development, including 

genomic instability and inflammation (Hanahan and Weinberg, 2011) (figure 1.2). This 

molecular understanding has already been applied to clinical practice through  the 

development of targeted therapies that interfere with various proteins within each 

hallmark (Jungic et al., 2012).  

 

1.1.2 Proteins and cancer progression 

Every cell in our body is functioning with the help of proteins. These proteins serve a 

remarkable range of different purposes, including maintaining cell’s structure, molecules 
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transportation, cell signalling, gene regulation and catalysis processes (Stevenson et al., 

2012;Reggi and Diviani, 2017). In the human genome, there are about 20,000 protein -

encoding genes carrying the inheritable information coding for the structure and function 

of each protein (Consortium, 2012). As each protein provides a normal level of cell  

 

 

 

 

functionality through its own specific structure and function, this functional normality 

can be altered when the protein is being mutated, misfolded, truncated, dysregulated and 

expressed in abundance or not being expressed at all in cells. This change in cell functions 

due to altered protein has led to the development of the hallmarks of cancer.  

In recent years, these cancer hallmarks have represented a challenging opportunity for 

biomarker research in order to further explore and gain insight into the healthy and 

diseased functioning of cells.  

A biomarker is defined as a biological molecule found in blood, tissues or other body 

fluids and can be measured and evaluated to differentiate normal and abnormal biological 

Figure 1.1 Schematic overview showing the development 

of cancerous mass and its metastasis to different regions 

in the body. 
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processes (Henry and Hayes, 2012;Goossens et al., 2015). However, over the past decade, 

World Health Organization (WHO) came up with a broad definition of a biomarker as 

any substance, structure, or process that can be measured in the body or its products and 

impact or predict the frequency of ab outcome or disease (WHO, 2001;Lassere, 2008).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cancer biomarkers can be classified into four categories: predictive, prognostic, 

diagnostic and screening. Predictive biomarkers aid in predicting the response to specific 

treatment interventions such as the overexpression or amplification of the human 

epidermal growth factor 2 (HER2) that predicts the response to trastuzumab in breast 

cancer (Perez et al., 2014b;Romond et al., 2005), and the KRAS mutations that predict 

the resistance to EGFR targeting using cetuximab in colorectal cancer (Kim et al., 

2017;Reynolds and Wagstaff, 2004). On other hand, prognostic markers inform about the 

risk of clinical outcomes, including cancer recurrence or disease progression in future. 

Currently used prognostic biomarkers are the prostate-specific antigen (PSA) in prostate 

cancers (Heidenreich and Nitschmann, 2010;Olsen and Michalski, 2013), calcitonin for 

thyroid tumours (Calmettes et al., 1979;Ramos-Vara et al., 2016), and cancer antigen-125 

(CA-125) in ovarian cancer (Al-Ogaidi et al., 2014;Bast, 2010). Most of the prognostic 

Figure 1.2 Hallmarks of cancer. Figure 1.2 Hallmarks of cancer. 
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and predictive biomarkers act as diagnostic and screening biomarkers as well because 

they can also contribute in identifying people with a specific condition or may be at the 

risk of developing it.  

 

1.1.3 Cancer screening and diagnosis 

Looking at the history of cancer, it seems to accompany the evolutionary life of a human. 

A fossil of an early human ancestor dating back to over 1.7 million years discovered in 

South Africa has been recently found to have osteosarcoma, which is a lethal bone cancer 

(Odes et al., 2016). The awareness of the existence of a disease threatening human life 

has led to the first progress in cancer diagnosis in the nineteenth century, where the post-

mortem pathological examination were seem to be correlated to the pre-mortem 

symptoms (Silver, 1987). Today, various techniques for cancer diagnosis and screening 

has been developed and are often used in combination (figure 1.3) (Smith et al., 2018).  

The approach of diagnostic screening involved testing healthy individuals who did not 

show symptoms of cancer using multiple techniques including serum antigen testing, 

sonograms, and endoscopies. When a positive result is suspected during cancer screening, 

a final diagnosis is reached with further tests involving biopsies examination, x-ray 

imaging, sigmoidoscopies, and magnetic resonance imaging (Croswell et al., 2009).  

Currently, a combined use of sonograms and biopsies is the most commonly adapted 

approach for reaching a conclusive diagnosis of cancer. The visual histological evaluation 

of biopsy samples is often supplemented with biomarker testing, such as the HerceptTest 

for the assessment of HER2 expression in breast cancer and EGFR-PharmDX kit for 

evaluating the expression level of EGFR (Jacobs et al., 1999;Ensinger and Sterlacci, 

2008). Several new strategies providing faster and precise diagnosis that have recently 

evolved include genome sequencing, cancer transcriptomics and the identification of 

circulating tumour cells (Stahl et al., 2016;Alix-Panabieres and Pantel, 2014).  

 

1.1.3.1 Analytical assays for the detection of protein-based biomarkers 

in cancer 
 

Whereas different cancer screens utilise molecular analysis to detect and characterise the 

disease, protein examination is needed for greater accuracy since transcription at the gene 

level does not necessarily correspond to expression at the protein level (Hudelist et al., 
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2004). For instance, in cervical cancer screening, molecular testing of human papilloma 

virus (HPV) can detect its presence, but protein applications are required to determine 

whether the virus is active or latent (Gutierrez-Xicotencatl et al., 2009).  

 

 

 

 

Proteins are vital biomolecules in living organisms and their role ranges from storage, 

metabolism of energy to regulation of cellular functions (Berezovsky and Bastolla, 2017).   

Abnormal expression of some proteins often associates with certain diseases and cancer. 

Thus, protein analysis offers further opportunities for disease diagnosis, stratifying and 

progression (Ingvarsson et al., 2008). However, protein-based assays must fulfil certain 

requirements in order to be clinically useful. First, the assay must be sensitive and specific 

enough to detect the protein of interest. In ovarian cancer, which occurs in 40 out of 

100,000 individuals, an assay requires 99.6% specificity (Visintin et al., 2008). In 

addition to specificity, some cancer biomarkers found at very low concentration (pg/ml) 

and to be detected, highly sensitive diagnostic assay is needed (Darmanis et al., 2010).  

Upon providing high sensitivity and specificity for protein detection, both false positive 

and false negative results, which may significantly affect patients’ physical and emotional 

health, can be prevented. Second, assays must function with a minimal size of samples 

Figure 1.3 Currently used diagnostics approaches in cancer. MRI: 

Magnetic resonance imaging, PET: Positron emission tomography. 
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being obtained from patients. Finally, protein-applications should be cost-effective and 

robust enough to result in comparable results between different laboratories and different 

personnel (Yaziji et al., 2008).  

Many protein-based analytical cancer diagnostic and prognostic assays have been 

developed and widely utilised in clinical settings and research (Powers and Palecek, 

2012). This research provides an overview of the most commonly used techniques 

including immunohistochemistry (IHC), immunofluorescence (IF), enzyme-linked 

immunosorbent assay (ELISA), and western blotting (WB) applications that were 

discussed in more details in chapter 2. Other emerging analytical applications, such as 

mass-spectrometry analysis, proximity assays, miniaturised techniques, and functional 

activity assays are reviewed elsewhere (Badawi, 2017;Nimse et al., 2016).   

 

1.1.4 Cancer therapy 

Once the diagnosis of cancer is confirmed, a treatment regimen, from the different 

available palliative and curative approaches, can be assigned (figure 1.4).  The oldest 

approach for cancer treatment is surgery, which was discovered in 3,000 BCE by the 

ancient Egyptians (Atta, 1999).  Despite being successful approach for treating solid 

tumours, surgery is not the optimal solution for treating small tumours, blood cancers, 

and other metastasised lesions (Kubota, 2011). Other treatment approaches, such as 

chemotherapy and radiation, can be used alone or in combination with the surgery. 

However, all the current curative methods are not specific to cancer cells. A combined 

treatment strategy involving both surgery and radiation can cause a removal of healthy 

tissues surrounding the cancerous mass, while chemotherapeutic agents are killing cells 

by halting their cell division, thus impacting the growth of not only the cancerous cells 

but also other normal cells, including the skin, hair follicles and intestinal epithelium 

(Kohn et al., 1994).  

In the past 30 years, more targeted therapies termed as immunotherapy and targeted 

therapy have been emerged (Nissim and Chernajovsky, 2008;Weiner, 2015;Weiner, 

2007).  Some examples of these specific therapeutic approaches are the monoclonal 

antibodies (Weiner, 2015;Weiner, 2007), immune checkpoint inhibitors (Dine et al., 

2017), tyrosine kinase inhibitors (Arora and Scholar, 2005), cancer vaccines (Guo et al., 

2013) and chimeric T cells (Curran et al., 2012).  Among them, monoclonal antibodies 

(mAb) were the oldest and most commonly used in targeting membrane receptors to elicit 
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an inhibitory effect by blocking he function of the biomarker and thus triggering immune 

response. The effect of such directed mAb is determined by the abundance of the of the 

biomarker on cancerous cells (Weiner, 2015). Recently, there are 22 FDA-approved 

monoclonal antibodies for treating cancer with another 20 being in the late stage of 

clinical trials (Reichert, 2017). Among the FDA-approved mAbs are the ones used for 

targeting HER2 and EGFR proteins, both of which are biomarkers of interest in this 

research. 

 

 

 

 

 

1.2 The HER family of receptors and cancer   

Among the established protein biomarkers involved in cancer targeting is the family of 

human epidermal growth factor receptors (HER). This family consists of four closely 

related type I transmembrane tyrosine kinase receptors; EGFR (also known as HER1 or 

ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). They were given the gene 

symbol Ebb as they are homologous to Erythroblast leukaemia viral oncogene (Roskoski, 

2014). These four receptors regulate vital functional activities, include cell growth, 

differentiation, migration, adhesion and apoptosis. Structurally, the HER family of 

Figure 1.4 Current therapeutic strategies for cancer treatment. 

These methods are often used in combination. 
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receptors consists of an extracellular region (ECD), a transmembrane, a juxta-membrane 

and intracellular region (ICD) (figure1.5). The extracellular region is divided into four 

subdomains; I and III subdomains have leucine rich repeats and assist ligand binding, 

while subdomain II and IV are cysteine rich and their interaction prevents subdomains I 

and III from binding to ligand through disrupting the ligand binding pocket (Linggi and 

Carpenter, 2006;Lafky et al., 2008). Signalling carried out by these receptors is initiated 

by binding of ligand to the extracellular domain I and III.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1 HERs activation, dimerization, and cell signalling  

Around 11 ligands have been identified of which some are specific to one receptor while 

others are more promiscuous (Yarden, 2001;Yarden and Sliwkowski, 2001). Ligands can 

be categorised into three groups based on their receptor-binding specificities. The first 

group consists of epidermal growth factor (EGF), transforming growth factor alpha 

(TGF), epigen (EPN) and amphiregulin (AR), which bind selectively to EGFR (Cohen 

et al., 1981). The second group comprises betacellulin (BTC), heparin-binding EGF (HB-

Figure 1.5 A schematic presentation of the structural 

arrangement of HER2. The extracellular part of the receptor is 

comprised of four domains: I and III are ligand binding domain (dark 

blue); II and IV are cysteine-rich domains (light blue). The 

dimerization arm (purple) is contained in the second domain. The 

receptor consists of extracellular region, a single transmembrane 

domain (yellow), a juxta-membrane region (green), the tyrosine 

kinase (red) and the C-terminal tail that consists of numerous tyrosine, 

which are phosphorylated upon activation (dotted line). 
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EGF) and epiregulin (EPR), which also bind to EGFR (Riese and Stern, 1998) but can 

also bind to HER4 (Koutras et al., 2010). The third group, the neuregulins (NRGs), show 

different binding specificities towards HER3 and HER4 but not to EGFR (Falls, 2003). 

NRGs are further categorised into two subgroups: NGR-1 and NRG-2 bind to HER3 and 

HER4, while NRG-3 and NRG-4 bind exclusively to HER4 (Koutras et al., 2010). Among 

all four receptors, HER2 is the only one that does not bind directly to any ligand (Rubin 

and Yarden, 2001).  

 

Receptor Ligands 

EGFR EGF, TGF-, Amphiregulin, HB-EGF, Betacellulin, 

Epigen, Epiregulin 

HER2 No ligands identified 

HER3 Neuregulin 1 and 2, Neureg1yc-C 

HER4 Betacellulin, Epigen, Epiregulin, Neuregulin 1, 2, 3 

and 4, Tomoregulin 

 

Table 1.1 HER ligand-binding specificity. This table is adopted from (Wieduwilt and 

Moasser, 2008).  

 

EGFR binding ligands are synthesised as transmembrane protein precursors with a single 

membrane spanning segment (Singh et al., 2016). The mature peptide is cleaved from the 

extracellular domain of the precursor by the action of proteases, resulting in the release 

of a soluble growth factor. Different enzymes have been shown to be involved in the 

cleavage processes of different ligand precursors. For example, in the case of TGF, the 

converting enzymes (TACE) known as metalloprotease and the tumour necrosis factor 

alpha (TNF) are known to be responsible for such cleavage processes (Browne, 

1991;Singh et al., 2016). The mature, soluble, EGF-like growth factors are distinguished 

by the presence of six conserved cysteine residues in the consensus (CX7, CX4-5, CX10-

13, and CXCX8 C). These residues form three disulphide bonds significant for function: 

Cys1 forms a bond with Cys3, Cys2 with Cys4 and Cys5 with Cys6 (Browne, 1991). The 

disulphide-bonded regions in the growth factors are known as the EGF-like motifs. 

Among all EGF-like factors, the TGF and heparin-binding EGF are the ligands most 

involved in cancer pathogenesis (Hobor et al., 2014;Schrevel et al., 2017).  
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Neuregulins represent the most complex family of growth factors. NRG-1 is the only 

well-characterised factor (Falls, 2003;Yarden and Pines, 2012). NRG-1 is encoded by a 

1.4-megabase gene that produces more than 15 distinct protein products by alternative 

splicing in addition to the use of more than one promoter (Falls, 2003). Structurally, 

NRGs are classified into two groups based on the presence of an immunoglobulin-like 

domain in addition to the EGF-like domain (Ig-NRG), or the presence of an additional 

cysteine–rich domain (CRD-NRGs) (Bao et al., 2003). 

Ligand binding leads to structural rearrangement of the ECD of the receptor from inactive 

closed conformation to an open form where the dimerization arm on domain II is exposed 

to facilitate the interaction with another receptor nearby to form a homo or heterodimer 

(Ogiso et al., 2002;Ferguson et al., 2003). Dimerization results in the activation of the 

intracellular tyrosine kinase domain in an asymmetric manner, where one receptor 

provokes a structural change of its binding partner’s catalytic domain, activating it by 

phosphorylation of tyrosine in the C-terminal tail (Zhang et al., 2006). The 

phosphorylation provides docking sites for adaptor proteins stimulating signalling 

cascades, such as the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-

3 kinase (PI-3K) pathway that promote phenotypic changes such as proliferation, 

survival, and migration (Lu et al., 2017;Yarden and Sliwkowski, 2001) (figure 1.6).  

 

Mitogen-activated protein kinase (MAPK) 

There are at least four different MAPK cascades; the extracellular signal-regulated 

kinases (ERK) 1 and 2, Jun amino-terminal kinases (Jnk) 1/2/3, p38-MAPK and Erk5 

(Marmor et al., 2004). The MAPK signalling pathway is three levels signalling route in 

which one kinase phosphorylates the other (MAPKKK-MAPKK-MAPK). The Erk1/2 

MAPK pathway begins with the recruitment of the Grb-2 to the phosphorylated receptor, 

leading to a linear kinase cascade that finally results in the phosphorylation of ERK1 and 

2 (figure 1.6). Consequently, the activated ERK 1 and 2 phosphorylates various 

cytoplasmic proteins and also translocated to the nucleus for further activation of 

transcription factors involved in cell cycle progression (Zhang and Liu, 2002). One key 

upstream regulator of the ERK1/2 MAPK pathway is the Ras protein, and approximately 

30% of human tumours that harbour mutations in the Ras protein show constitutively 

activated MAPK pathway (Roberts and Der, 2007).  
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Phosphatidylinositol 3-kinase (PI3-K)/Akt 

PI3K activation occurs via binding of the regulatory p85 subunit to a  phosphorylated 

tyrosine on the receptor (figure 1.6) (Downward, 2004). As a result of binding, several 

signalling effectors are recruited to the plasma membrane such as the serine/threonine 

protein kinase (Akt; also, known as protein kinase B). When Akt is activated, it will 

translocate to the cell nucleus targeting proteins involved in regulating apoptosis and cell 

survival, such as Bad and caspase 9 (Downward, 2004).  The PI3K pathway can also be 

activated by Ras (Franke et al., 1997). The Akt pathway is negatively regulated by 

phosphatase and tensin homologue deleted on chromosome ten (PTEN), and several 

mutations reported in this molecule have led to a constitutively active Akt signalling 

contributing to the observed resistance of the EGFR-targeted therapy (Li and Ross, 

2007;Kruser and Wheeler, 2010).  

 

Phospholipase C-gamma (PLCγ) 

Activated EGFR and HER2 recruit PLCγ to the cell membrane (Marmor et al., 

2004;Kassis et al., 1999), to hydrolyses lipids promoting the release of secondary 

messengers such as calcium, which in turn activate the calcium/calmodulin-dependant kinases 

(figure 1.3) (Wells and Grandis, 2003). In cancer, PLCγ is responsible for promoting 

tumour invasion and cell motility.  Furthermore, PLCγ also contributes to the reported 

resistance of both radiation and chemotherapy treatments (Yang et al., 2001).  

 

1.2.2 The role of HER proteins in cancer development 

Due to the growth and survival stimulatory signalling by the EGFR receptors, abnormal 

signal transduction of this family is contributed to cancer progression, particularly, EGFR 

and HER2 that have been extensively studied in this context. Overexpression, gene 

amplification, activating point mutations, autocrine signalling, or partial gene deletions 

of any member of this EGFR family were reported as the driving force behind the 

aggressiveness of many cancer types (Hynes and MacDonald, 2009). 
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EGFR/HER1  

HER1 was the first identified receptor and the most studied member within the family.  

Furthermore, it was often acted as a model to reveal how the EGFR family of receptors 

functions. In 1980, Stanley Cohen and his co-workers discovered HER1 as a receptor for 

epidermal growth factor (EGF) (Cohen et al., 1981). HER1 can bind to different ligands, 

including the EGF, transforming growth factor-α (TGF-α), betacellulin (BTC), heparin-binding 

EGF-like growth factor (HB-EGFR), epiregulin (EPR), epigen (EPN), and ampiregulin 

(AR), but not to any neuregulins (NRGs) (Riese and Stern, 1998).   

Deregulation of the HER1 has been associated with poor prognosis in different cancers, 

such as head and neck, colorectal, breast, and ovarian cancers (Nicholson et al., 2001). 

The best-known example of EGFR overexpression is found in colorectal tumours 

(Cunningham et al., 2005). In addition to its overexpression, EGFR can mediate cancer 

initiation and progression through oncogenic mutations, such as the EGFRvIII, or by the 

autocrine signalling of the ligands, resulting in a constitutively active receptor (Kuan et 

al., 2000).  

Figure 1.6 The role of HER proteins in cell signalling.  Upon activation of 

HERs they dimerise causing activation of three signalling pathways: 

MAPK/ERK1/2, PLCγ and PI-3K/Akt1/2. Promoting these pathways lead to 

increase in cell proliferation, metastasis and survival. See list of Abbreviations 

for more details about the mentioned proteins.  
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HER2  

HER2, which is also known as p185ErbB2/neu, ErbB2, or neu, is considered as an oncogene 

because it can lead to cell transformation even in the absence of a ligand (Di Fiore, 1987). 

In cancer, HER2 was first discovered as an amplified gene, and as a product of the neu 

oncogene in rat neuroblastomas (King et al., 1985). HER2 has been of the most studied 

cancer related biomarker for drug discovery. HER2 overexpression due to gene 

amplification or transcriptional deregulation was seen in 20-30% of breast cancer 

(Slamon et al., 1987;Baselga and Swain, 2009), as well as other cancer types, such as 

ovarian (Koopman et al., 2018), colorectal (Kavanagh et al., 2009), and gastric cancers 

(Gravalos and Jimeno, 2008), and is associated with poor prognosis, and increased risk 

of disease metastasis and recurrence (Zahnow, 2006). Furthermore, in a subset of lung 

cancer, a mutated version of the receptor has been found (Falchook et al., 2013;Pillai et 

al., 2017).  

 

HER3  

HER3 has an inactive intracellular tyrosine kinase domain and requires another receptor 

to mediate signalling (Citri et al., 2003;Sierke et al., 1997). In fact, the heterodimer 

formed by HER2 and HER3 has been shown to be the most potent signalling pair within 

the HER family of receptors (Pinkas-Kramarski et al., 1996). In comparison with both 

EGFR and HER2, HER3 has six binding sites for PI3K which making it a potent activator 

of the PI3K/Akt pathway affecting the overall survival of cancer cells (Soltoff et al., 

1994). The receptor has two known ligands that have several splicing variants (Riese and 

Stern, 1998). These ligands are neuregulin 1 (NRG-1), also known as heregulin (HRG) 

and neuregulating factor (NDF), and neuregulin 2 (NRG-2). When co-expressed in 

tumours that overexpress HER2, HER3 plays a crucial role in increasing cell growth and 

acting as an escape route for cancer cells to resist the HER2-targeted tyrosine kinase 

inhibitors (TKIs) (Holbro et al., 2003;Lee-Hoeflich et al., 2008). Therefore, HER3 is an 

interesting target when considering combinatorial therapies for targeting tumours with 

HER2 overexpression.  
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HER4  

HER4 is the least studied member within the HER family. It has many different activator 

molecules, including HB-EGF, BTC, EPR (shared by the EGFR), NRG1 and NRG2 

(shared by the HER3), NRG3 and others that are exclusive for HER4 (Koutras et al., 

2010). Furthermore, HER4 has four dissimilar isoforms (4ICD) produced by alternative 

splicing of the mRNA (Rudloff and Samuels, 2010;Jones, 2008). In cancer, the HER4 

role is still ambiguous and numerous studies suggest that this receptor may have bifacial, 

conveying both pro- and anti-tumour effects depending on the cancer subtype and the 

HER4 isoform being expressed (Guo et al., 2018;Machleidt et al., 2013). 

 

1.2.3 Targeting HERs: mechanism of action and resistance 

1.2.3.1 Currently used therapeutic agents and their inhibitory 

mechanism  
 

Many therapeutic agents, including monoclonal antibodies and tyrosine kinase inhibitors 

(TKIs), have been used to target both EGFR and HER2. Currently, two mAbs targeting 

EGFR are approved for clinical use, cetuximab and panitumumab (Adams and Weiner, 

2005). Both antibodies bind to domain III in the extracellular region of the receptor 

preventing ligand binding (Duffy et al., 2011). Cetuximab seems to sensitize head and 

neck patients to irradiation (Bonner et al., 2010), while no effect of both antibodies have 

been reported on patients with mutations in the ras gene (Guo et al., 2016;Guren et al., 

2017).  The major drawback of such EGFR-targeted drugs is the skin toxicity (Potthoff 

et al., 2011).  

With regards to targeting HER2, both trastuzumab and pertuzumab are effective 

treatments of cancer. Trastuzumab binds to the extracellular domain IV to block the 

downstream PI3K/Akt signalling by mediating downregulation of HER2 as well as 

activating the human complement cascade (Albanell et al., 2003;Baselga et al., 2001). 

Trastuzumab increases the survival rate of the HER2 positive metastatic breast cancer 

patients, particularly, when given as a combination with chemotherapy (von Minckwitz 

et al., 2017;Baselga et al., 2012). In addition to trastuzumab, another antibody known as 

pertuzumab has been developed and proved its capability to bind to domain II in the ECD 

of HER2 inhibiting the formation of receptor dimers (Franklin et al., 2004). However, 

this antibody is still under clinical trials.  



16 
 

Tyrosine kinase inhibitors (TKIs) are small molecule inhibitors that bind to the 

intracellular region of the receptors blocking the transduction of signals. EGFR has been 

targeted by two TKIs, such as gefitinib and erlotinib that have been approved for clinical 

use (Gazdar et al., 2004). Patients that have mutated EGFR kinase were the only ones 

who responded to the gefitinib treatment (Gazdar et al., 2004). Another molecule that is 

known as lapatinib was used to target the tyrosine kinase domain of both EGFR and HER2 

proteins causing an inhibition of the ATP-binding site (Untch and Luck, 2010). It was 

proposed that lapatinib TKI inhibitor may be used to overcome the resistance shown with 

the trastuzumab treatment (Untch and Luck, 2010).  

 

1.3 The need for cancer biomarkers  

Biomarkers are classified into seven groups based on their applicability (Currid and 

Gallagher, 2008;Jungic et al., 2012;Kraus, 2018;Weigel and Dowsett, 2010). In clinics, 

biomarkers are used as predictors, and as diagnostic, prognostic, mechanistic, 

pharmacodynamic, surrogate end-point, and safety markers (Table 1.2). Biomarkers can 

take the form of human genes, RNA measurements, genetic variations, proteins and 

metabolites (Currid and Gallagher, 2008;Kulasingam and Diamandis, 2007). Therefore, 

many methodologies for the discovery of new biomarkers are constantly emerging and 

existing technologies are continuously evolving (Ahram and Petricoin, 2008;Sandow et 

al., 2018;Theodorescu et al., 2006). Omics methodologies including genomics, 

proteomics and metabolomics, in addition to other imaging techniques, hold promise for 

discovery of biomarkers.  

 

1.3.1 Challenges and limitations in biomarker discovery and 

validation  
 

Despite progress in biomarker discovery, the number of currently used biomarkers that 

are known to be clinically useful is pitifully small (McDermott et al., 2013;Ileana 

Dumbrava et al., 2018). This is mainly due to a lack of consistency between initial study 

reports that show great potential of certain molecules as biomarkers, and subsequent 

studies that often fail to repeat the findings or that even show contrasting results. It is 

imperative that researchers attempt to understand the reasons for such lack of consistency 

between studies on the same biomarkers. Multiple problems, including general  
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Type of biomarker Description Example 

Predictor 

Disease-associated biomarkers 

that indicate whether there is a 

threat of disease and measure 

patient responsiveness to treatment 

Serum level of VEGF and fibronectin 

can predict clinical response to 

interleukin-2 therapy in metastatic 

melanoma and renal carcinoma (Singh 

and Rose, 2009;Sabatino et al., 2009) 

Diagnostic 
Biomarkers that aid in diagnosis of 

an existing disease and staging it 

ER, PR and HER2 expression level in 

breast cancer (BC) used to stratify BC 

to subtypes and determine the 

therapeutic regimen (Onitilo et al., 

2009;Wesseling et al., 2016) 

Prognostic 

Biomarkers that predict the future 

outcome in an individual, as well 

as to predict the overall survival 

rate and clinical benefit offered by 

a therapeutic intervention 

The presence of correlated with 

improved prognosis in advanced 

ovarian carcinoma (Zhang et al., 

2003) 

 

Overexpression of EGFR in colorectal 

carcinoma indicates poor prognosis 

(Pabla et al., 2015) 

Mechanistic 

Biomarkers that inform and 

validate the mechanism of action 

of a particular treatment 

Acute immune response developed 

after the tissue injection of a drug 

agent (Salamanca et al., 2014) 

Pharmacodynamic 

Biomarkers that are signatures of a 

certain pharmacological response 

to an active compound. They are 

used to monitor the clinical 

response 

Haemoglobin A1C for treatment of 

diabetes is used to optimise doses and 

in drug development (Lyons and 

Basu, 2012) 

Surrogate 

end-point 

Biomarkers that yield information 

regarding the clinical 

benefit/survival rates at early 

stages 

HIV viral load as a measure of 

probable clinical benefit with later 

confirmation of mortality benefit 

(Mermin et al., 2011) 

Safety 

Biomarkers that predict the 

potential toxicity of a specific 

treatment 

Albumin, total protein, B2-

microglobulin, cystatin C have been 

selected as biomarkers of drug-

induced kidney injuries (van Meer et 

al., 2014) 

 

Table 1.2 Types of biomarkers and their applications. EGFR: Epidermal growth 

factor; HER2: Human epidermal growth factor receptor 2; ER: oestrogen receptor; PR: 

progesterone receptor. This table is adopted from (Seyhan, 2010). 
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differences in methodology, non-standardised assays, lack of reproducibility of 

conditions, poor study designs and misleading statistical analyses that are often based on 

Small sample sizes, have been cited as reasons for such discrepancies (McDermott et al., 

2013;Ileana Dumbrava et al., 2018;Erler and Linding, 2010).  

Successful delivery of fit-for-purpose biomarkers relies on the solution of these 

experimental problems, as well as the understanding of the advantages and limitations of 

the different multi-omics platforms, and ways in which these technologies can be utilised 

(Erler and Linding, 2010). For example, a DNA microarray technology has led to 

significant advances in the study of gene profiling. However, its use can be limited due 

to the physiological mechanism of mRNA splicing, which results in the presence of 

different splice variants in individual cell populations (Bayele et al., 2010). Furthermore, 

not all mRNAs are translated into proteins, despite their active state. 

In line with DNA microarray and mRNA quantitative analysis, proteomic approaches 

suffer from certain limitations including the low analytical sensitivity of some techniques 

and the scarcity of high-quality detection reagents (Sallam, 2015;Chan et al., 2016).  

 

1.3.2 Biomarkers currently used in breast cancer 

Certain characteristics of biomarkers are required for their clinical use. Biomarkers must 

be robust, measurable and accessible, and their results must be reproducible (Holland, 

2016). Furthermore, a biomarker should be specific and sensitive to distinguish true 

positives from false negatives (Holland, 2016). Examples of clinically valuable 

biomarkers are those for which routine tests are applied to tissue biopsy samples of breast 

cancer patients (Hanna et al., 2007;Ahn et al., 2018).  

Based on the molecular expression of four biomarkers: oestrogen receptor (ER), 

progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and the 

antigen Ki-67, tumours of the breast are classified into the luminal A, luminal B, basal 

and HER2 subtypes. The expression of these biomarkers results in the production of 

tumours that display different phenotypic signatures (Table 1.3) (Holliday and Speirs, 

2011;Ahn et al., 2018). Breast-cancer classification is often used as a key reference to 

estimate the disease prognosis and to choose the appropriate therapeutic approach, as each 

subtype differs from the others in its disease progression, pattern of metastatic spread, 

clinical prognosis and response to therapy (Weigelt et al., 2005). Tumours of the type 
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ER+ luminal account for 70 per cent of breast cancer cases and this group has been further 

subdivided into two types (Cancer Genome Atlas, 2012). ER+ luminal type A has a 

favourable prognosis and can be treated with hormone therapy, while ER+ luminal type 

B is more aggressive and exhibits poor disease prognosis compared with the luminal 

subtype A. This is due to the presence of high expression levels of HER2 (Sledge et al., 

2014).  

The HER2+ subtype accounts for 10 per cent to 15 per cent of cancer cases and is 

dominated by HER2-gene amplification, which results in high HER2 expression levels 

(Prat et al., 2014;Prat et al., 2017). This phenotype is considered an aggressive type of 

breast cancer. However, personalised anti-HER2 therapy using monoclonal antibodies 

such as trastuzumab (discussed further in section 1.3) has prolonged the lives of patients 

through the control of extracranial metastasised lesions; however it does not treat 

metastasised cells localised in the brain (Drebin et al., 1985;Vogel et al., 2002;Paik et al., 

2008;Shen et al., 2019).  

The basal-like tumours, which are negative for all three markers (HER2, ER and PR), 

form the most aggressive group of all tumour subtypes. They account for between 15 per 

cent and 20 per cent of breast-cancer cases (Schmadeka et al., 2014;Kumar and Aggarwal, 

2016). These triple-negative tumours are marked with TP53 mutations (up to 80 per cent) 

with a subset found to be enriched with BRCA1 mutations (Komatsu et al., 2013;Ma et 

al., 2010). Patients who present with this type are managed with cytotoxic chemotherapy, 

unless a BRCA1 mutation is detected (Lebert et al., 2018). Recently, mutations in 

BRCA1/2 have shown sensitivity to poly (ADP-ribose) polymerase (PARP) inhibitors 

(Lee et al., 2014) and this sensitivity represents a form of treatment that can improve 

survival rates.  
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Table 1.3 Molecular classification of breast carcinomas. ER: oestrogen receptor; PR: 

progesterone receptor; HER2: human epidermal growth factor receptor 2. The table is 

adopted from (Holliday and Speirs, 2011).  

 

1.3.3 Identification of new biomarkers: Why? 

Despite the efficacy of current monoclonal antibodies, some tumours exhibit resistance to them. 

This is thought to occur either within the tumours (de novo non-responding tumours) or to have 

been acquired during the treatment (Facchinetti et al., 2018;Creighton et al., 2008). In both cases, 

one possible explanation for resistance to treatment with antibodies such as trastuzumab (HER2-

targeting monoclonal antibody) is broad cross-links and signal plasticity within the homologous 

HER family or other closely related families of receptors. These characteristics lead to the 

possibility that if signalling by one receptor is blocked, another activated receptor may fill in. 

Such networking in cancer cells indicates the level of complexity of the disease and the 

involvement of many entities in cancer development and progression (Croce et al., 2016). The 

identification and validation of various cancer players, as well as progress in drug discoveries and 

in the development of point-of-care diagnostic assays, have the potential to improve patients’ 

response rates and overall management of the disease (Geeleher et al., 2016;Collins et al., 2017).  

 

Classification Expression profile Other characteristics Examples of breast-cell 

lines 

Luminal A ER+, PR+/-, HER2- Low Ki-67, endocrine 

treatment responsive, often 

chemotherapy responsive 

MCF-7, T47D, SUM185 

Luminal B ER+, PR+/-, HER2+ High Ki-67, usually 

endocrine responsive, 

variable chemotherapy 

responsiveness, HER2+ are 

trastuzumab responsive 

BT474, ZR-75 

Basal ER-, PR-, HER2- EGFR+ and/or cytokeratin 

5/6+, high Ki-67, endocrine 

responsive, often 

chemotherapy responsive 

MDA-MB-468, 

SUM190 

Claudin-low ER-, PR-, HER2- Low in all Ki-67, E-

cadherin, claudin-3, claudin 

4 and claudin 7, 

intermediate response to 

chemotherapy 

BT549, MDA-MB-231, 

Hs578T, SUM1315 

HER2 ER-, PR-, HER2+ High Ki-67, trastuzumab 

responsive, chemotherapy 

responsive 

SKBR3, MDA-MB-453 
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1.4  Binding molecules for biomarker recognition in 

health and disease  
 

1.4.1 Antibody and its derivatives  

Antibodies, also known as immunoglobulins (Ig), are a large group of proteins capable of 

binding antigens as part of an immune response. They bind to epitopes on an antigen to 

promote phagocytosis and removal by other biological processes. Epitopes that are 

recognised by antibodies are usually short amino acid sequences present within the 

foreign protein (Kipriyanov and Le Gall, 2004). There are five mammalian classes of the 

antibody: IgA, IgD, IgM, IgE, and IgG. Antibodies that belong to the IgG class are the 

most predominant in human serum, as well as, the most commonly used antibody in 

research.  Structurally, they exhibit a Y-shape comprising two heavy and two light chains 

(figure 1.7). The shorter light chains interrelate with the N-terminus of the other heavy 

chains to form two arms or as they called the antigen-binding (Fab) domains, which are 

further constituted of both constant and variable regions (Singh et al., 2018). Six variable 

amino acid loops at the ends of the Fab domains, also known as complementarity 

determining regions (CDRs), are responsible for binding events between the antibody 

molecule and the antigen. The tail of the Y-shape (Fc-domain) facilitates the antibody 

interaction with macrophages and other cells expressing the Fc receptors (Singh et al., 

2018).  

Antibodies can bind to their target antigen with high specificity, and high affinity 

typically in the nano- or pico-molar range (Kohler and Milstein, 2005). According to their 

origin, antibodies can be classified as monoclonal (mAbs) or polyclonal (pAbs). The 

monoclonal antibody is a single antibody variant originating from a single cell line 

(hybridoma) and binds only to one epitope on a single antigen, which makes it more 

specific that the pAb. In contrast, the polyclonal antibodies are purified from serum of an 

immunized mammals and considered as a set of antibody variants that binds to different 

epitopes (Chiarella and Fazio, 2008). Because of their high affinity and specificity, 

monoclonal antibodies are commonly used tool for diagnostic, research and therapeutics 

(Nelson et al., 2010;Reichert, 2008). 

  



22 
 

1.4.1.1 Monoclonal antibody production: the endless supply 

Since the discovery of hybridoma technology by Köhler and Milstein in 1975, several 

advances in the methods of generating mAbs have been made (Kohler and Milstein, 

2005;Kohler et al., 1975).  They described the hybridisation of antibody-producing B 

cells from the spleens of immunised mice with an immortal mouse myeloma tumour cell 

line facilitated the production of an investigational mAb. There are two general ways to 

produce monoclonal antibodies in animals, which are the ascites and the in vitro methods. 

At first, the animal (usually a mouse) is immunised with the target antigen multiple times 

over several weeks before it is finally killed and the spleen extracted. The spleen, which 

is rich in immunocompetent B cells that have a limited life span, is then fused with an 

immortalised myeloma tumour cells in vitro to produce the hybridoma. This hybridoma 

can be further extended in two ways: (1) by injection into the peritoneal cavity of a second 

animal (known as the in vivo ascites technology) or (2) by in vitro culturing of the 

hybridoma cells (known as in vitro technology) (figure 1.8) (Hendriksen and de Leeuw, 

1998a;Hendriksen and de Leeuw, 1998b;Leenaars and Hendriksen, 2005).  

 

In the ascites antibody production method, the abdominal lining of the animal is injected 

with a priming solution to induce inflammation and interfere with drainage of peritoneal 

fluid. After priming, the hybridoma cell suspension is injected to the animal to cause more 

multiplication of cells. The produced antibodies accumulate in the abdominal cavities 

Figure 1.7 Antibody molecule and its derivatives. 
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causing a distended abdomen as the tumour grows and ultimately results in an animal 

with pain and distress symptoms (Peterson, 2000). The accumulated fluid is then 

extracted one to three times before killing the animal causes more complications to the 

animal’s health (Love, 2010). Despite their seemingly endless supply, antibody 

production faces multiple scientific issues besides the concerns of animal welfare (Glassy 

and Gupta, 2014).  

 

 

 

1.4.1.2 Drawbacks of antibodies pushing towards the development of 

other engineered antibody-based formats 
 

Among the scientific problems encountered during the production of the antibodies 

(Geyer et al., 2012;Frenzel et al., 2014), their large size has limited their potentials in 

some application, such as affinity chromatography and imaging applications (Ruigrok et 

al., 2011). To alleviate the size-related problems of antibodies, specific fragments of it, 

such as the fragments of antigen binding (Fab) regions or the single chain fragments of 

variable domains (ScFv) (figure 1.7), have been developed. ScFv are well suited for 

molecular biology as the antigen binding sites of the heavy and light chains can be 

connected by a 15-amino acid linker (figure 1.7) and then tagged at their C-termini with 

both a c-myc epitope and a six histidine, permitting their detection and purification steps. 

Figure 1.8 Production of monoclonal antibody using ascites and in vitro 

culturing method. Antibody production starts with immunising the animal with 

the target of interest followed by the isolation of the antibodies from the spleen 

and fuse them to immortal myeloma cells. This fusion results in the generation 

of hybridoma cells that continuously produce antibodies. To improve the 

production, hybridoma cells will either re-injected to a second animal (ascites 

approach) or re-cultured in vitro.   
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Despite the small size of the ScFv variant, they can still exhibit high binding affinity 

similar to the full-length antibody (Hanes et al., 1998;Hanes et al., 2000).  

In contrast, Fab fragments are approximately about 50 kDa in size and consists of two 

polypeptides with constant regions linked through disulfide bonds. Fabs are monovalent 

and they can resist aggregation compared to the ScFv variants (Rader, 2009). An 

alternative to Fab and ScFv fragments is heavy chain antibodies (figure 1.7).  These heavy 

chain antibodies are natural variants derived from the VHH immunoglobulins present in 

camelid species (Hamers-Casterman et al., 1993) and cartilaginous fish (Stanfield et al., 

2004). Heavy chain antibodies are termed as nanobodies, and they are much smaller 

(approximately around 15 kDa in size) than both conventional antibodies and other IgG 

engineered fragments. Nanobodies can be produce in a microbial host and can be isolated 

for certain specificities using a phage display technology (Allegra et al., 

2018;Schumacher et al., 2018).  

In parallel to the advance in the generation of different antibody-based binding formats, 

many researchers have focused on modifying non-antibody-based protein scaffolds into 

binding proteins, with the goal of both limiting the use of animals and developing binding 

reagents with qualities comparable with those of the antibodies.  

 

1.4.2 Aptamers  

Aptamers are oligonucleotide ligands that have received significant interest as a class of 

non-protein bio-recognition tools.  The term ‘aptamer’ derived from the Latin word 

‘aptus’ (to fit) and the Greek word ‘meros’ (part or piece) (Wang et al., 2018). The 

reported targets of aptamers range from small organic molecules, such as acetylcholine 

and ethanolamine  (Mann et al., 2005;Bruno et al., 2008) to large complexes of proteins 

(Tang et al., 2007). Aptamers can exhibit nanomolar range binding affinities, which is 

comparable with that of mAbs (Jenison et al., 1994). To produce target-binding Aptamers, 

a large pool of either DNA or RNA synthetic oligonucleotide library is constructed and 

selected on different targets by a process called systematic evolution of ligands by 

exponential enrichment (SELEX) (figure 1.9) (Bayat et al., 2018).  
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1.4.2.1 Drawbacks of aptamers 

Aptamer sequences against several target molecules have been reported and their 

successful applicability in a range of techniques have also been described (Keefe et al., 

2010;Mairal et al., 2008) However, aptamers are susceptible to degradation in complex 

matrices, such as cell environment and blood serum. Furthermore, aptamers can be 

unstable over a range of temperatures and pHs as well as being more sensitive to cation 

concentration and digestion by nuclease (Ruigrok et al., 2011;Schutze et al., 2011). In 

addition, the backbone of oligonucleotides is self-repelling and that may result in 

conformational instability or unfolding during surface immobilisation. Extensive efforts 

to overcome these drawbacks by chemically modifying the aptamer is still ongoing 

(Mayer, 2009;Vaught et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.3 Engineered protein binding tools  

In parallel to the development of new engineered antibody-based proteins and aptamers 

other studies have focused in generating non-antibody based protein modifying several 

natural occurring proteins into binding tools, with improved characteristics (Skerra, 

2000;Skrlec et al., 2015). The principle of selecting the appropriate scaffold for 

Figure 1.9 Selection of aptamers (SELEX). A library of random DNA or RNA 

fragments is selected on immobilised target followed by washing of the unbound 

sequences and eluted the bound ones are amplified in the PCR. The selection and 

amplification steps can be repeated and the finally obtained sequences are 

analysed and characterised. Adopted from (Schutze et al., 2011) 
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engineering into binding tool is based on the molecular structure of the antibody. The 

conventional structure of an antibody is a well-conserved rigid scaffold on which highly 

variable loops are situated. Likewise, binding proteins can be isolated form large libraries 

of protein variants with a constant scaffold and randomised variable regions that can 

interact with various target molecules. The recently developed binding proteins have 

potentials as affinity tools in many molecular recognition applications and as therapeutic 

agents for the treatment of diseases and cancers (Vazquez-Lombardi et al., 2015).   

 

1.4.3.1 The diversity of the non-antibody-based protein scaffolds 

Protein scaffolds represent an extremely diverse group of binding molecules differ in their 

size, origin, engineering strategy, mode of interaction, structural topology and 

applicability (Skerra, 2000). An engineered binding proteins against the cyclin-dependent 

protein kinase 2 (CDK-2) using a modified E. coli enzyme, known as thioredoxin (TrxA), 

was the first non-antibody based scaffold introduced by Roger Brent group in 1996 (Colas 

et al., 1996). Since then, over 50 new alternative protein scaffolds have been reported as 

potential affinity reagents. The X-ray crystal structure as well as some main features of 

some successfully used protein scaffolds are illustrated in figure 1.10 (Vazquez-Lombardi 

et al., 2015). In addition to the different developed non-antibody scaffold, Affimers has 

been recently developed and successfully applied as a potential theranostic tools (Tiede 

et al., 2014;Tiede et al., 2017).  

Affimers are a class of non-antibody protein scaffold derived from cystatins. Cystatins 

are a large family of cysteine protease inhibitors that share sequence homology and 

common tertiary structure comprising of a single α-helix and anti-parallel ß-sheet (Hall 

et al., 1995). There are two Affimer types derived from different proteins (figure 1.11) 

(Kyle, 2018). A plant-derived consensus cystatin sequence known as Affimer type II, 

initially known as Adhiron (Tiede et al., 2014), and one based on a human cystatin stefin 

A (SteA) (Woodman et al., 2005).  

The plant derived-cystatin (phytocystatin) is a monomeric, single domain protein 

consisting of approximately nighty-nine amino acid units, lacking disulfide bond and 

glycosylation sites (Tiede et al., 2014). The inhibitory sequences within the two (Gln Val 

Val Ala Gly and Pro Trp Glu) variable loops of the consensus phytocystatin framework  
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Scaffold Parental protein Structure Randomisation MW 

(kDa) 

Affibodies Z domain (A 

protein) 

Alpha-helical Helix randomisation 6 

Affilins Gamma-beta-

crystallin 

Ubiquitin 

Beta-sheet 

Alpha/beta 

Beta-strand 

randomisation 

Beta-strand 

randomisation 

20 

10 

Anticalins Lipocalin Beta-sheet and 

Alpha-helical 

terminus 

Loop randomisation 

Beta-strand 

randomisation 

 

20 

Atrimers C-type lectin 

(tetralectin) 

Alpha/beta Loop randomisation 3x20 

Avimers A-domain Ca2+ binding 

disulphide 

constrained 

Loop randomisation 4 

FN3 Fibronectin (type 

III) 

Beta-sheet Loop randomisation 

Beta-strand 

randomisation 

 

10 

Kunitz 

domains 

Serine protease 

inhibitor 

Alpha/beta 

Disulphide 

constrained 

Loop randomisation  

7 

Fynomers SH3 domain (fyn 

kinase) 

Beta-sheet Loop randomisation 7 

OBodies OB-fold Beta-sheet Loop randomisation 12 

DARPins Ankyrin repeats Alpha-helical and 

beta-turn 

Helix randomisation 

Beta-turn randomisation 

14-21 

Figure 1.10 Structural features of some newly developed non-antibody-based 

scaffolds. The three dimensional structures are visualised by PyMol software, while 

all data provided in the table are mentioned elsewhere (Ruigrok et al., 2011).  
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has been replaced with nine randomised amino acids in each loop. After constructing the 

Affimer library as described previously (Tiede et al., 2014), specific binding Affimers are 

selected against different target molecules using phage display technology (Smith, 1985). 

Affimers are small, versatile, and stable in a broad range of both temperatures and pHs. 

Affimers are produced in bacterial cells using standard conventional culturing equipment 

(Tiede et al., 2017). They are conformational proteins and thus their applicability is highly 

dependent on the conformation of their target molecule, which may limit their use in 

certain assays where a linear protein is need to be detected, such as the case in western 

blotting analysis.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Three-dimensional structure of the Affimer scaffold. The Affimer structure 

was obtained from the Protein Data Bank (PDB) (ID: 4N6T) and constructed with PyMol 

software. The single alpha helix and the four anti-parallel  strands are shown in turquoise. 

The two binding loops (labelled as BR-1 and BR-2) where the randomisation occurs 

(peptide insertion of nine amino acids) produces the library, as described previously by 

Tiede (Tiede et al., 2014). The pink arm represents the site where a single cysteine residue 

can be inserted to enable site-specific labelling.  
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To generate this plant-derived consensus phytocystatin sequence, Tiede and co-workers 

(2014) established a construct from which the Affimer scaffold could be derived (Tiede 

et al., 2014). The structure of plant-based Affimer scaffold resembles that of a previously 

developed scaffold based on stefin A (Stadler et al., 2011;Woodman et al., 2005;Johnson 

et al., 2012), and both scaffolds are termed Affimers. Since the discovery of Affimers, 

their applicability in research has evolved at an incredible pace (Kyle et al., 2015;Kyle, 

2018;Tiede et al., 2017;Robinson et al., 2018;Xie et al., 2017;Zhurauski et al., 2018). 

Several studies confirmed a successful utilisation of Affimers as equivalent detection 

alternatives for antibodies in IHC (anti-VEGFR2 and anti-TN-C Affimer reagents) and 

IF microscopy (anti-actin, anti-TRPV1, and anti-HER4 Affimer reagents) (Lopata et al., 

2018;Tiede et al., 2017). 

In cancer diagnostics, recent study has demonstrated the use of Affimers as captured 

reagents for the Glypican-3 (GPC3), which is a promising marker for hepatocellular 

carcinoma (Xie et al., 2017). Xie et al (2017) have developed a sandwich 

chemiluminescence immunoassay (CLIA) combing an anti-GPC3 Affimer with a 

monoclonal antibody to detect the presence of the protein in undiluted serum. Their study 

indicates that Affimers can be used to generate immunodetection kits for the use in in 

both research and clinics to enable the detection of biomarkers with high specificity and 

sensitivity, showing a detection range of detection rate of 0.03-600 ng/ml. In addition, 

Affimer reagents showed to be powerful detection reagents for recognising HER4 

biomarker in undiluted serum samples using a novel Affimer-functionalised biosensor 

(Zhurauski et al., 2018). In recent future, Affimer-based biosensors against a range of 

potential serological biomarker can be developed and adapt in clinics.  

In addition to the role of Affimer reagents in diagnostics, Affimer reagents also showed 

a promising potential as therapeutic agents by modulating the function of different 

protein, including a pain related biomarker (TRPV1) (Tiede et al., 2017) and IgG binding 

to the Fc gamma receptors (Robinson et al., 2018).  

 

1.4.3.2 Generation of non-antibody binding proteins 

A critical factor for successful design and engineering of a binding protein is the ability 

to produce large number of mutated derivatives. The well-known powerful high-

throughput technology to fulfil the need for such production of variants is the molecular 

display, which combines the construction of large (poly) peptides libraries and a 
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following isolation for variant with desired biological and physiochemical features 

(Smith, 1985;Smith and Scott, 1993). Display technologies are based on a physical 

connection between a protein and its encoding gene, thus coupling phenotype and 

genotype.  Although the most commonly applied display technology is the phage display 

(Paschke, 2006), other different display technologies including mRNA display 

(Josephson et al., 2014), ribosome display (Hanes et al., 1998;Zahnd et al., 2007), 

bacterial and yeast-cell surface display (Daugherty, 2007;Gai and Wittrup, 2007), have 

also been successfully used. This chapter, otherwise, will focus on describing phage 

display for the isolation of engineered non-antibody based binding proteins.  

In phage display technology nucleotide sequences encoding variants of antibodies, 

peptides, or proteins are fused to a gene, which encodes phage coat protein. Following 

correct assembly, phage particles display the encoded (poly)peptide on their surface 

(Paschke, 2006). For library construction, the chosen vectors to use is based on the 

filamentous phage fd, M13, lytic phage γ and T7 phage (Sidhu, 2001;Pande et al., 2010). 

Most of non-IgG scaffolds are developed from M13 filamentous phage, such as the case 

for Affimer development. Filamentous phage particles are rod-shaped viruses (900 nm in 

length) enclosing a circular single-stranded DNA molecule (ssDNA) inside a cylindrical 

protein coat. The coat of proteins comprises of about 2700 copies of a major coat protein 

and other five copies of different minor coat proteins (figure 1.12). To construct a phage 

library, coat protein gene, commonly the pIII and pVIII gene, is modified and fused to 

the DNA sequence of the protein scaffold. This fusion is now known as a phagemid vector 

(Huse et al., 1992). E. coli cells are transformed with the phagemids and then infected 

with a helper phage to create the desired library of phage particles displaying the variant 

proteins (figure 1.13).  
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The of phage displaying variant protein library is exposed to an immobilised non-target 

(negative selection) and target molecule (positive selection) (Finlay et al., 2017). As most 

protein binding scaffolds are conformational dependent, researchers have developed 

different selection strategies using tissue samples, and whole cells to generate reagents 

able to recognize the native structure of their target molecules. (Shukla and Krag, 

2005;Sorensen et al., 2013;Sun et al., 2009)  Following positive selection, both non-

specific and non-binding phage are washed off, while the bound ones are eluted through 

different conditions, such as acidic buffers, which disrupt the interaction between the 

displayed protein and the target molecule. The eluted, binding phage are used to re-infect 

the E.coli cells to generate a highly-enriched library comprising an amplified population 

of binding phage. Selection, washing, elution and amplification steps are repeated for 

multiple rounds in process known as bio-panning (Bakhshinejad et al., 2016;Crepin et al., 

2017;Lakzaei et al., 2018). Bio-panning results in enrichment of phage variants with 

increased specificity and affinity towards the target. After several rounds (normally 

between three to five), the output of isolated phage clones is screened by ELISA and 

identified by DNA sequencing analysis.  

 

 

 

Figure 1.12 Schematic presentation of an M13 filamentous phage. The 

ssDNA is enclosed by a cylindrical coat of 2700 copies of the major coat 

protein pVIII. Other minor coat proteins include pIII, pVI and pIX found at 

low copy numbers of 5 copies per protein. Among all coat proteins, pIII and 

pVIII are the most commonly used for display purpose. In Affimer 

technology, pIII protein is the one used for Affimer-phage display. Adopted 

from (Loset et al., 2011).       
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Figure 1.13 Phage display technology. Most non-antibody-based protein 

scaffolds, including Affimers are generated by bacterial phage display. Prior 

to the start of the phage screening process, a library of variants must be 

constructed. To create the library, bacterial cells are transformed with a 

phagemid vector, which carries the phage gene fused to the protein scaffold. 

After constructing the library, a bio-panning process is performed. The 

process starts with selecting the library on a target molecule that can be 

immobilised on solid surface or presented on cells or tissue sections. The 

unbound phage is then washed while the bound ones are eluted and 

amplified in bacterial cells with the aid of helper phage. The whole process 

of selection and amplification is repeated for several rounds to ensure for the 

enrichment of target specific binding phage.  
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1.4.3.3 Are some scaffolds better than others?  

Selection of the appropriate scaffold to be engineered into a binding tool is based on the 

molecular structure of the antibody (Skerra, 2000;Skrlec et al., 2015). Antibodies 

conventionally take up a structure of a well-conserved rigid scaffold on which highly 

variable loops are situated. Likewise, binding proteins can be isolated from large libraries 

of protein variants which contain constant scaffolds and randomised variable regions that 

can interact with various target molecules. Recently developed binding proteins show 

potential as binding tools in many molecular-recognition applications and as therapeutic 

agents for the treatment of diseases and cancers (Vazquez-Lombardi et al., 2015).  

High-affinity interactions require complementarity of shape and chemistry. This 

complementarity is accomplished by diverse secondary and tertiary structural elements 

in natural protein-protein interactions (Gilbreth et al., 2008). For example, DARPins 

recognise convex surfaces in their targets that are complementary to their concave binding 

sites; anticalins, which have a basket-like structure, cradle their target (Skerra, 2007). 

Furthermore, affibodies that contain flat binding sites recognise similarly flat surfaces in 

their targets. Scaffolds that contain loops, such as FN3 and nanobodies, exhibit more than 

one distinct binding mode, and this explains their ability to interact with cleft and convex 

epitopes (Skerra, 2007). Taken together, these data indicate that the topography of a 

scaffold binding site is closely related to the shape of epitopes that they recognise with 

high affinity.  

The percentage of diversified positions that are in contact with the target molecule is 

another measure that indicates the suitability of the structure and therefore the success of 

the library design (Gilbreth et al., 2008;Koide et al., 2007). Among the structurally 

characterised scaffolds that interact with their targets in an antibody-like mode (using 

diversified loops as binding sites), Affimer/target complexes in which the target is human 

SUMO most closely match their library design. They exhibit an average of 70 per cent of 

diversified positions (nine randomised positions in the two binding loops) that are in 

contact with the target (Hughes et al., 2017). Similarly to Affimers, the fibronectin type 

III scaffold binds to its target via three diversified loops; however, only 51 per cent of its 

diversified positions have been shown to be involved in the binding interaction with the 

target molecule (Koide et al., 2012).  

Therefore, it has been assumed that an increase in the diversification area would result in 

better interaction with target molecules and stronger binding affinity. This assumption 



34 
 

has been shown to be true. For instance, research found that if seven residues in each n-

repeat of the DARPin scaffold (66 residues/n x 33) were randomised (Skrlec et al., 2015), 

an average of 75 per cent of the diversified sites were in direct contact with the target 

(Binz et al., 2004), while 90 per cent of the diversified region (13 residues in two helices) 

of the affibody scaffold were shown to be involved in target interaction (Hoyer et al., 

2008;Wahlberg et al., 2003). However, one study showed that affibodies sometimes exert 

unexpected modes of interaction with a target, as in the case of the Aß (1-40) peptide in 

which an altered structure to a ß-sheet conformation was observed (Hoyer et al., 2008). 

Some affibodies are either partially or completely in-structured in the unbound state, 

which casts doubt on the integrity of the scaffold (Wahlberg et al., 2003). These data 

obtained from Affimer, FN3, DARPin and affibody systems highlight the value of 

structural analyses in the guidance of the development of new and improved library 

designs.  

The success of all these developed platforms in the generation of binders that show high 

affinity to different targets therefore depends on several factors: the scaffold architecture, 

the sequence of the diverse amino acid sequences and the extent of the diversification that 

can be introduced without compromising the overall structure and stability.  

 

1.4.3.4 Current status of antibody alternatives in disease diagnosis and 

treatment  

 
Antibody alternatives were developed to overcome the inherent problems found with 

antibodies, including their large size, irreproducibility, high production cost and 

difficulties in modification and engineering. Today, various binding alternatives have 

been developed or are under development. Several literature reviews have highlighted the 

progress that has been made through the use of these novel agents in cancer diagnosis and 

therapy (Ruigrok et al., 2011;Skerra, 2007;Yu et al., 2017;Bedford et al., 2017). The 

reviews show that the intended benefits of such binding reagents compared with 

antibodies have been realised, and they offer tools with improved molecular recognition 

qualities for research and clinical use.  

However, like antibodies, the developed binding alternatives demonstrate certain 

problems that need further improvement in order for their clinical implementation to 

become feasible. These problems are summarised and compared in Table 1.5, which 
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illustrates the advantages and disadvantages of utilising antibodies, aptamers, nanobodies 

and Affimers as binding tools in different molecular applications.  

 

1.5 Research aims and objectives  

Detection of cancer cells and analysing their surface markers provide crucial information 

for the diagnosis and treatment of cancers.  Immunohistochemistry (IHC) is an example 

of a widely used assay in routine diagnostics that detects the expression level of different 

tumour related markers. However, using IHC for biomarker assessments can be 

challenging because of the lack of reproducibility. This project aims to isolate and 

characterise Affimers against EGFR, HER2 and HER3, in order to be used as detection 

reagents in IHC-like applications. In addition to biomarker detection, this project also 

explores the possibility of using Affimer-based phage display technology to identify new 

cancer specific biomarker.  
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Table 1.4 Examples of protein-display scaffolds, and their similarities and differences in relation to display strategy, pharmacokinetic 

properties and binding kinetics.  

 

  

Scaffold Display strategy Expression Half-life in vivo Examples of binding 

affinity (Kd) to targets  

Clinical trial 

phase 

References 

Affimers Phage display E.coli 10-100 mg/l NA 17 nM to VEGFR2 

2.8 nM to TN-C 

NA (Tiede et al., 2014;Tiede et al., 

2017) 

 

Affibodies Phage display 

Ribosome display 

E.coli 1-6 mg/l (Fc-

fusion) 

4-14 minutes (non-

modified) 

 

50 nM to ECD-HER2 Phase I 

(completed) 

(Ronnmark et al., 

2002;Wikman et al., 

2004;Baum et al., 2010) 

Afflins 

Phage display E.coli 100 mg/l 20-56 hours (Fc-fused) 14 nm to extra-domain-B of 

fibronectin 

Phase I 

(completed) 

(Lorey et al., 2014;Hoffmann 

et al., 2012;Ebersbach et al., 

2007) 

Anticalins Phage display E.coli 2-20 mg/l 6 days (PEGylated) 1 nM to fluorescein*  Phase I 

(completed) 

(Vopel et al., 2005;Eggenstein 

et al., 2014;Schlehuber and 

Skerra, 2002;Mross et al., 

2013) 

FN3/Adnectins Phage display 

Yeast display 

mRNA display 

E.coli 20-40 mg/l 53 hours (PEGylated) 2 nM to human EphA2 

receptor 

Phase II 

(completed) 

(Park et al., 2015;Getmanova 

et al., 2006;Tolcher et al., 

2011) 

Kunitz domain Phage display Pichia pastoris 2 hours 11 pM to plasma kallikrein Phase I (Markland et al., 

1996a;Markland et al., 

1996b;Schneider et al., 

2007;Simeon and Chen, 2018) 

Avimers Phage display E.coli 1.4 g/l by 

fermentation 

30 hours (Fc-fused) 5 nM to IL-6 Phase I (Silverman et al., 

2005;Braddock, 2007) 

Fynomers Phage display 

DNA display 

E.coli 24-78 mg/l 

CHO 3.5-20.7 mg/l 

68 hours in mice (Fc-

fused) 

0.9 nM to SH3 domain Phase II 

(terminated) 

(Silacci et al., 2014;Schlatter 

et al., 2012) 
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Table 1.4 Continued.  

Abbreviations: NA, not available; CHO, Chinese hamster ovary cells; TNF, tumour necrosis factor; E.coli, Escherichia coli; HER2, human epidermal 

growth receptor 2; IL-6, Interleuki

Scaffold Display strategy Expression Half-life in 

vivo 

Examples of binding affinity 

(Kd) to targets 

Clinical trial phase References 

OBodies Phage display 100-200 mg/l NA 3 nM to hen egg-white 

lysozome 

NA (Steemson et al., 2014) 

DARPin Ribosome display 

Phage display 

E.coli 200 mg/l 

and 15 g/l 

(with 

fermentation) 

More than 13 

days 

(PEGylated) 

3 minutes in 

mice (non-

PEGylated) 

4.4-22 nM to maltose binding 

protein 

Phase III 

(completed) 

(Binz et al., 2004;Binz et al., 

2003;Campochiaro et al., 2013) 

Atrimer Phage display E.coli 24 hours 

(parental 

protein) 

90 pM to TNF NA (Byla et al., 2010;Weidle et al., 

2013;Nielsen et al., 1997) 

Nanobodies 

 

Phage display 

mRNA display 

ribosome display 

E.coli up to 10 

mg/l 

Few hours 1.5 nM to HER2 Phase I (Bobkov et al., 2018;Van 

Audenhove and Gettemans, 

2016;Siontorou, 2013) 
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Table 1.5 Summary of the advantages and limitations of Affimers and other antibody alternatives in comparison with those of antibodies and 

aptamers. 

 Detection of biomarkers Molecular imaging Study of intracellular protein 

function 

Biomarker targeting and drug 

discovery 

Advantages 

Affimers/other 

alternative 

binding 

scaffolds 

• High stability 

• Easy to conjugate with biotin and Fc-

fragments 

• Suitable in applications such as: 

ELISA, pull-down, IHC, IF, super-

resolution microscopy 

• Small size enables chip format 

Display technology can generate 

target to almost every molecule 

Synthesis is easy, fast and reliable 

 

• Rapid and 

homogeneous 

tumour 

accumulation 

• Easy 

conjugation 

• Rapid clearance 

rate 

• Small size 

• Intracellular stability/activity 

• Domain/function-specific 

modulation 

• Easy to fuse to chromogens 

• Suited for conjugation 

• Rapid tumour 

accumulation 

• Excellent binding 

affinity and inhibitory 

functions 

Antibodies • Sub-nanomolar binding affinity  

• Suitable in applications such as: 

ELISA, western blot, FACS, IHC, IF 

• Easy immobilisation through 

adsorption 

• Sub-nanomolar 

binding affinity 

and target 

specificity 

 

Their applicability in intracellular 

studies is limited: see disadvantages 
• Non-immunogenic 

(huminised)  

• Employ a contained Fc 

domain 

• Efficient binding 

affinity 

 

Aptamers • SELEX can generate binders to 

almost every molecule 

• Synthesis is easy, fast and reliable 

• Bacterial and viral contamination is 

not problematic 

• Applied in IHC, ELISA, biosensors 

and IF 

• Suited to 

different 

modifications 

and labelling 

• Sub-nanomolar 

to picomolar 

binding 

affinities 

• Suitable for different 

labelling 

• High inhibitor function 

• Uniform activity regardless 

of batch  

• Target identification by 

shape, not by base-pairing 

• Binding target with the entire 

sequence 

• Non-immunogenic  

• Easily engineered to 

create multi-specific 

constructs 

• Efficient binding 

affinity 
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Table 1.5 Continued. 

 Detection of biomarkers Molecular imaging Study of intracellular 

protein function 

Biomarker targeting and 

drug discovery 

Disadvantages 

Affimers/other 

alternative 

binding 

scaffolds 

• Increased performance, affinity 

and detection sensitivity are 

required 

• Aggregation due to cysteine 

incorporation 

• Conformational-binding 

dependent 

• Application dependent (no 

universal reagents for different 

applications) 

• Affected by frequent freeze and 

thaw cycles 

• Bacterial and viral contamination 

can be a problem 

• Cross-reactivity based on the 

display approach 

• Accumulation 

in liver 

• Enhanced 

signal 

detection 

required 

• Target specificity is 

affected by 

commercialised 

source of the protein 

used in the phage 

screen 

• Fast blood clearance 

• Lack of Fc 

• Immunogenicity 

• May need affinity 

maturation 
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Table 1.5 Continued. 

 Detection of biomarkers Molecular imaging Study of intracellular protein 

function 

Biomarker targeting and 

drug discovery 

Disadvantages 

Antibodies • Irreproducibility 

• High-production cost 

• Instability for use in biosensors 

• Application dependent (no single 

Ab for different applications) 

• Difficult to modify 

• Affected by freeze and thaw 

cycles 

• Difficult to obtain against small, 

toxic and immunogenic molecules 

• Bacterial and viral contamination 

can be a problem 

• Tend to aggregate 

• Not stable at high temperatures 

and in a broad range of pH 

• Cross-reactive (pAb) 

• Low clearance 

rate 

• Cytotoxic 

• High-background 

level 

• Non-

homogeneous 

distribution 

• Cannot tolerate the 

reducing environment 

of the cytoplasm 

• Require membrane 

penetration which is 

not possible due to 

their large size  

• High production cost 

• Toxic side effects 

Aptamers • Tend to aggregate 

• Degraded by nuclease 

contamination 

• Not stable at broad pH 

• Complicated immobilisation  

• Cross-reactivity 

• Highly 

susceptible to 

serum 

degradation 

• Cross-reactivity 

• Binding affinity 

is susceptible to 

environment 

• Not stable at wide 

range of pH 

• Limited systematic 

delivery 

• High toxicity 

• Poorly understood 

pharmacokinetics 

• High-cost production 

in large scale  

• Short half-life 

Abbreviations: pAb, polyclonal antibody; IHC, Immunohistochemistry; IF, Immunofluorescence; ELISA, Enzyme-linked immunosorbent assay; FACS, 

Fluorescence activated cell sorting assay. Data summarised in the table were obtained from various sources: (Tiede et al., 2017;Tiede et al., 2014;Bedford 

et al., 2017;Ruigrok et al., 2011;Skerra, 2007;Siontorou, 2013;Steeland et al., 2016;Van Audenhove and Gettemans, 2016;Hong et al., 2011;Chames et 

al., 2009;Lakhin et al., 2013)
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CHAPTER 2 

Materials and Methods 
 

2.1 Materials 

2.1.1 General reagents  

Recombinant proteins used in the phage display screen (HER2-Fc tag, HER2, and HER3) 

were purchased from Sino Biological, UK, while all other reagents used in cell culturing, 

molecular cloning, Affimer production and characterisation, were purchased from Sigma 

(Gibco®, UK), New England Biotechnologies (NEB, UK), and ThermoFisher Scientific, 

UK, respectively unless stated otherwise. Medias and in-house made buffers were 

prepared using sterile H2O and were subjected to autoclaving before their use in the 

procedures. Primary and secondary affinity binding reagents were used as described in 

table 2.1, 2.2 and 2.3.  

 

2.1.2 Mammalian cell lines and their characteristics 

Different cell lines were a kind gift from Dr. Sandra Bell at the Leeds Institute of 

Biomedical and Clinical Sciences (LIBAC, Leeds, UK). A list of all the cell lines, their 

growth conditions, and properties are listed in table 2.4. The frozen cells recovered from 

a vial were passaged no more than twenty times (i.e., when the vial of frozen cells was 

given at say passage number twenty, it was used till it reached the passage number thirty-

nine. Thereafter, a new vial was taken and the subsequent stocks were made. According 

to the Short tandem repeats (STR) profiling results provided by Dr. Sarah Perry at 

LIBAC, UK., all given cell lines had been tested for mycoplasma infection, and they were 

confirmed to be mycoplasma-free. According to the According to the policy at LIBAC, 

cell lines were subjected to mycoplasma testing at intervals of three months. 

 

2.1.3 Whole Tissue samples and Tissue microarrays (TMAs) 

All the archival tissue blocks (normal breast tissues, cancerous breast tissues, and placenta 

tissue) and some breast TMAs were kindly provided, processed and sectioned by 

Professor Speirs and other groups in LIBAC in pursuance of their collaborative values.  
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Target 

 

Origin Clonality 

(ID) 

Type 

 

Conc. 

(µg/ml) 

Time 

 

App. Source 

VEGFR2 Rabbit 
Monoclonal 

(55B11) 

 

Un 

 

1 µg/ml 1hr/ RT IHC 
Cell 

Signalling 

fd- phage Sheep 
Monoclonal 

A-02-01 

 

HRP 

 

Un 

 

0.5µg/ml 

 

5µg/ml 

1hr/ RT 

ELISA 

 

IF 

Seramun 

Diagnostic 

His-tag 

Mouse 

 

 

Rabbit 

Monoclonal 

(ab18184) 

 

Polyclonal 

(ab1187) 

Un 

 

 

HRP 

1 µg/ml 

 

 

0.14 µg/ml 

 

 

1hr/ RT 

 

 

 

 

IF 

 

 

WB 

 

Abcam 

HER2 Rabbit 
Polyclonal 

(A0485) 
Un 

0.1 µg/ml 

0.2 µg/ml 

1 µg/ml 

 

1hr/ RT 

ON/4oC 

ON/4oC 

 

IHC 

WB 

IF 

DAKO 

 

HER3 Rabbit 
Monoclonal 

(ab32121) 
Un 

0.56 µg/ml 

3.4 µg/ml 

 

ON/4oC 

ON/4oC 

 

WB 

IF 
Abcam 

EGFR Rabbit 
Monoclonal 

(ab52894) 
Un 

0.02 µg/ml 

0.2 µg/ml 

ON/4oC 

ON/4oC 

WB 

IF 
Abcam 

Phospho- 

ERK1/2 

(T202/Y204) 

Mouse 
Monoclonal 

(E10) 
Un 0.5 µg/ml ON/4oC WB 

Cell 

Signalling 

Beta-Actin Mouse 
Monoclonal 

(8H10D10) 
Un 1 µg/ml ON/4oC WB 

Cell 

Signalling 

Alpha-

tubulin 
Rat 

Monoclonal 

(Sc-53029) 
Un 

0.06 µg/ml 

0.4 µg/ml 
ON/4oC 

WB 

IF 

Santa Cruz 

Biotechnol

-ogy 

CK18 Mouse 
Monoclonal 

(C8541) 
Un 

0.05 µg/ml 

 

2 µg/ml 

 

0.2 µg/ml 

1hr/ RT 

 

ON/4oC 

 

1hr/ RT 

IHC 

 

IF 

 

WB 

Sigma 

CK19 Mouse 

Monoclonal 

(Clone-

LP2K) 

Un 10 µg/ml 

 

ON/4oC 

 

 

IHC 

 

IF 

 

 

Central 

Resources 

(CRUK) 

CK19 Rabbit 
Monoclonal 

(ab52625) 
Un 

0.08 µg/ml 

 

1.6 µg/ml 

 

0.08 µg/ml 

 

1hr/ RT 

 

ON/4oC 

 

ON/4oC 

 

IHC 

 

IF 

 

WB 

Abcam 

Table 2.1 Primary antibodies. Details of origin, clonality, associated-conjugate, concentration, 

incubation, used application and source. App; Application, IHC; Immunohistochemistry, WB; 

western blot analysis, IF; immunofluorescence, RT; Room temperature, ON; Overnight, hr; hour, 

Un; unconjugated, HRP; Horseradish peroxidase. 
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Target 

 

Origin Clonality 

(ID) 

Conjugate 

 

Conc. 

(µg/ml) 

Time 

 

App. Source 

Rabbit 

IgG 
Goat 

Polyclonal 

(E0432) 
Biotin 5µg/ml 1hr/ RT IHC Dako 

Sheep 

IgG 
Rabbit 

Polyclonal 

SA5-10054 
DyLight488 1 µg/ml 1 hr/ RT IF 

Thermo-

Scientific 

Biotin 
Strept-

avidin 
21130 HRP 0.5 µg/ml 1hr/ RT ELISA 

Thermo 

Scientific 

Biotin 
Strept-

avidin 
SA-5004 HRP 3.3 µg/ml 30min/RT IHC 

Vector 

Lab 

Rabbit 

IgG 
Goat 

Polyclonal 

(ab97051) 
HRP 1 µg/ml 

 

1hr/ RT 

 

WB Abcam 

Mouse 

IgG 
Goat 

Polyclonal 

(ab97025) 
HRP 1 µg/ml 

 

1hr/ RT 

 

WB Abcam 

Rat 

IgG 
Goat 

Polyclonal 

(ab97057) 
HRP 0.1 µg/ml 

 

1hr/ RT 

 

WB Abcam 

Mouse 

IgG 
Goat 

Polyclonal 

(A11032) 

 

Polyclonal 

(A28175) 

 

Alexa594 

 

 

Alexa488 

2 µg/ml 
ON/4oC 

 
IF Invitrogen 

Rabbit 

IgG 
Goat 

Polyclonal 

(A11008) 

 

Polyclonal 

(R37117) 

 

Alexa488 

 

 

Alexa594 

2 µg/ml 
ON/4oC 

 
IF Invitrogen 

Table 2.2 Secondary antibodies. Details of origin, clonality, associated-conjugate, 

concentration, incubation, used application and source. App; Application, IHC; 

Immunohistochemistry, WB; western blot analysis, IF; immunofluorescence, RT; Room 

temperature, ON; Overnight, hr; hour, min; minutes, HRP; Horseradish peroxidase. 
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Target 

 

Conjugate Dilution 

(Concentration) 

Incubation 

 

Application  

VEGFR2 

Biotin 

AP-fusion 

Unconjugated 

Unconjugated 

Mouse-Fc-fusion 

Rabbit-Fc-fusion 

1:25 (11µg/ml) 

1:2 (25 µg/ml) 

1:10 (25 µg/ml) 

1:10 (25 µg/ml) 

1:200 (2.5 µg/ml) 

1:100 (5 µg/ml) 

1hr/ RT 

2hrs/RT 

ON/4oC 

1hr/ 37oC 

1hr/ RT 

1hr/ RT 

IHC 

IHC 

IF-Fixed cells 

IF-live cells 

IHC 

IHC 

HER2 

Unconjugated 1:10 (25 µg/ml) 

1:10 (25 µg/ml) 

1:2 (320 µg/ml) 

ON/4oC 

1hr/ 37oC 

ON/4oC 

 

IF-Fixed cells 

IF-live cells 

Pull-down 

HER3 

 

Unconjugated 

 

Biotin 

1:10 (25 µg/ml) 

1:10 (25 µg/ml) 

1:2 (320 µg/ml) 

1:5 (50 µg/ml) 

ON/4oC 

1hr/ 37oC 

ON/4oC 

2hrs/RT 

IF-Fixed cells 

IF-live cells 

Pull-down 

IHC 

EGFR/HER1 

Unconjugated 1:10 (25 µg/ml) 

1:10 (25 µg/ml) 

1:2 (320 µg/ml) 

ON/4oC 

1hr/ 37oC 

ON/4oC 

 

IF-Fixed cells 

IF-live cells 

Pull-down 

CK19/18 

 

Unconjugated 

 

Biotin 

1:16 (15 µg/ml) 

1:10 (25 µg/ml) 

1:2 (320 µg/ml) 

1:25 (10 µg/ml) 

ON/4oC 

1hr/ 37oC 

ON/4oC 

2hrs/RT 

IF-Fixed cells 

IF-live cells 

Pull-down 

IHC 

Table 2.3 Affimer reagents. Details of associated-conjugate, concentration, dilution, incubation, 

and used application. IHC; Immunohistochemistry, IF; immunofluorescence, RT; Room 

temperature, ON; Overnight, hr; hour. All Affimers were identified by the Bioscreening 

Technology Group at the University of Leeds.  

 

Regarding placenta tissue, three different placenta control-tissue blocks were used in this 

research. These control blocks were ethics-exempt anonymised, unidentifiable research 

gift tissue (lateral intercostal artery perforator, or LICAP) from the Department of 

Pathology and Tumour Biology,  where the IHC work was performed. All normal breast 

tissue (from contralateral breast, reduction mammoplasty and risk-reducing surgery) and 

cancerous breast tissue was provided by Professor Valeri Speirs of the Leeds Breast 

Cancer Tissue Bank, BCNTB. These tissues were donated under the BCNTB 

authorisation code of 15/YH/0025. Other used breast tissue microarrays (TMAs) were 

purchased from USBiomax (BR243w, BR20819, BC081120). Characteristics of all the 

purchased TMAs are listed in table 2.5.  

 

2.2 Methods  

The university health and safety policy was adhered to while performing all the laboratory 

procedures. The Standard Operating Protocol (SOP) for each of the employed techniques 

was followed, and Personal Protective Equipment (PPE) was worn while handling 
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chemicals. Also, all the necessary COSHH (Control of Substances Hazardous to Health) 

forms were filed before beginning the procedures.  

2.2.1 Mammalian Cell Culturing  

2.2.1.1 Cell culture  

Culturing of cells was carried out in a Class 2 laminar flow cabinet as was specified for 

secondary cell culturing. All contaminated fluid waste was decontaminated with 2% w/v 

Virkon (RELY+ONTM Virkon disinfectant, RMSupplyTM) prepared in ddH2O. 

Cell line Tissue Disease Growth condition 

MDA-MB-453 

 

Mammary gland/breast; 

derived from metastatic site: 

pericardial effusion 

 

Metastatic 

carcinoma 
DMEM,10%FBS, 100U/ml P/S 

MDA-MB-231 

 

Mammary gland/breast; 

derived from metastatic site: 

pleural effusion 

 

Adenocarcinoma RPMI,10%FBS, 100U/ml P/S 

MDA-MB-468 

 

Mammary gland/breast; 

derived from metastatic site: 

pleural effusion 

 

Adenocarcinoma DMEM,10%FBS, 100U/ml P/S 

MCF7 

 

Mammary gland/breast; 

derived from metastatic site: 

pleural effusion 

 

Adenocarcinoma RPMI,10%FBS, 100U/ml P/S 

BT474 

 

Mammary gland; breast/duct 

 

Ductal carcinoma DMEM,10%FBS, 100U/ml P/S 

HB2 

 

Derivative from parental cell 

line (MTSV1-7); mammary 

luminal epithelial cell line 

 

Non-tumorigenic, 

Immortalized 
DMEM,10%FBS, 100U/ml P/S 

HER2-HB2 

transfected 

 

Derivative from parental cell 

line (MTSV1-7); mammary 

luminal epithelial cell line; 

transfected with HER2 

 

Tumorigenic DMEM,10%FBS, 100U/ml P/S 

U87 

 

Brain 

 

Glioblastoma DMEM,10%FBS, 100U/ml P/S 

 

Table 2.4 Mammalian cell lines characteristics and growth conditions. FBS; Foetal bovine 

serum, P/S; penicillin/streptomycin antibiotics, DMEM; Dulbecco’s Modified Eagle Medium, 

RPMI 1640; Roswell Park Memorial Institute 1640 medium. 
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TMA Cases Cores TNM 

Stage 

IHC  

(ER, PR, 

HER2) 

H&E image 

BR243w 
6 

 

24 

(quadruple 

core per 

case) 

Available Available 
 

• 6 breast invasive ductal 

carcinoma  

• 6 matched adjacent normal 

breast tissue  

BR20819 104 

208 

(duplicated 

core per 

case) 

Available Available 

 

• 95 invasive ductal 

carcinoma 

• 1mucinous carcinoma 

• 3 medullary carcinoma 

• 3 invasive lobular carcinoma 

• 1 lobular carcinoma in situ 

• 1 glycogen-rich clear cell 

carcinoma 

BC081120 110 

110 

(single core 

per case) 

Available 
Not 

Available 

 

• 100 cases invasive ductal 

carcinoma 

• 10 adjacent normal tissue 

 

Table 2.5 Purchased tissue microarrays (TMAs). Number of cases, cores per case, availability 

of clinic-pathological data (IHC marker and TNM staging) in addition to cancer subtypes. Images 

of the TMAs sections were obtained from the website of USBiomax from where these TMAs 

were purchased. H&E; Haematoxylin and eosin stain, TNM; (T; tumour site, N; lymph nodes 

involved, M: metastasis). IHC; immunohistochemistry, ER; Oestrogen receptor, PR; 

Progesterone receptor, HER2; Human epidermal growth factor 2 receptor. 
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All solid waste was autoclaved prior to discarding. Cells were routinely grown at 37oC in 

humidified air incubators containing 5% CO2. Incubators were maintained, cleaned and 

checked for contamination in a regular basis.  

 

2.2.1.2 Cell recovery, feeding, and passaging 

Frozen vials of cells were taken out from LN2 storage facility and thawed in water bath 

at 37oC for one min. Cells were then diluted in 10 ml of media and pelleted by 

centrifugation at 200xg for five minutes. The supernatant was discarded, and the pelleted 

cells were resuspended in 5 ml of media supplemented with 10% foetal-bovine serum 

(FBS) and 100U/ml of penicillin/streptomycin antibiotics (Life Technologies) and placed 

in a T25 flask. The media on the cells was changed every three days (depending on the 

type of the cell line, table 2.4) and when cells reached the desired confluency for a specific 

assay (usually between 70% to 90%), they were harvested and passaged.  

For cell passaging, media on cells was removed and cells were washed with 3/6 ml 

(T12/T75) Dulbecco’s phosphate buffer saline (DPBS, Gibco®, Sigma). After washing, 

0.5/1ml (T25/T75) of 0.25% Trypsin-EDTA (Gibco®, Sigma) were added on cells, and 

the cells were incubated at 37oC in incubators for five to twenty minutes (depending on 

the type of the cell line) to allow for complete detachment. Detached cells were collected 

in 5/10 ml (T25/T75) of media in 15 ml falcon tube and harvested by centrifugation at 

200xg for five minutes at 4oC. The supernatant was discarded and the pelleted cells were 

split 1:5 or 1:10 based on the growth rate of cells and how confluent they should be before 

being passaged again.  

 

2.2.1.3 Cell counting 

To evaluate the viability of the cells and to count them, CountnessTM, the automated cell 

counter (Invitrogen, Life Technologies) was used. To obtain the count, 10μl of 

resuspended cells was mixed with 10 μl of trypan blue exclusion dye and placed in the 

cell counting chamber slide (Invitrogen) for analysis.   
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2.2.1.4 Cryopreservation 

To freeze the cells, cultured cells grown in T75 flasks were washed, trypsinised and 

pelleted as mentioned in section 2.2.1.2. Pelleted cells were resuspended in 1 ml of 

freezing medium (80% of the respective growth medium, 10% of dimethyl sulphoxide 

(DMSO, Sigma), and 10% of FBS) and placed in cryovials. The vials were then labelled 

with the name of the cell line, passage number, and date. All the prepared vials were then 

placed in Mr. Frosty freezing container (Nalgene® Mr. Frosty, Sigma), which can freeze 

the cells at a controlled rate to -80oC for overnight in its enclosed-microenvironment 

containing isopropanol. For long-term storage, the cells were stored at a liquid nitrogen 

storage facility at Leeds University.  

 

2.2.2 Affimers isolation by phage display  

Phage display technology involves several steps, namely, target preparation, bio-panning, 

screening of positive hits, and hit analysis. Phage display technology was used to isolate 

Affimer binders by screening on known and unknown targets, which were either 

recombinant proteins or displayed on cells. For HER2, HER3 and EGFR targets, the 

Affimers were selected against the extracellular domain (ECD) of the receptors 

(Molecular weight of ~ 95kDa).  

In a phage screen that involved whole cells, the selection of a suitable cell line to represent 

the negative and the positive source of the protein of interest was made on the basis of 

cells molecular Phenotypic data presented previously (Holliday and Speirs, 

2011;Gostring et al., 2012). These data demonstrated the expression status of HERs 

proteins, particularly HER2 and HER3, on the cell surface of different cell lines. Cells 

overexpressing either HER2, HER3 or both were selected for positive screening of 

binders against HER2 and HER3 (target selection), while other cell lines that expressed 

neither of the receptors were chosen to be used in negative selection (depletion or non-

target selection) where removal of non-specific binders, such as plastic binders and non-

HER2, non-HER3 binders, was required.  
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2.2.2.1 Target preparation 

2.2.2.1.1 Recombinant proteins  

Before phage display, all HER2, HER2-Fc tag, and HER3 recombinant proteins were 

biotinylated using the amine-based biotin N-hydroxysuccinimide (EZ-Link® NHS-SS-

Biotin) reagent. In a total volume of 100 µl of 1X PBS (137 mM NaCl; 10 mM Phosphate; 

2.7 mM KCl; pH 7.4), 10 µl of protein (stock concentration of 1mg/ml prepared in 1X 

PBS, pH 7.4) and 7 µl of biotin NHS reagent (stock concentration of 5mg/ml prepared in 

DMSO) were mixed. The mixture was then incubated at room temperature before the 

removal of free biotin molecules by desalting using Zeba Spin Desalting Columns (7k 

MWCO). For prolonged storage of the biotinylated-recombinant protein at -20oC, 100 µl 

of 50% (v/v) glycerol was added to the mixture.  

 

2.2.2.1.2 ELISA to assess the efficiency of biotinylation  

After labelling the proteins with biotin, the efficiency of biotinylation was assessed by 

ELISA. On Nunc-ImmunoTMMaxiSorpTM strip, a range of different concentrations of the 

biotinylated proteins (1 µg to 0.03 µg) was prepared and added to a total volume of 50 µl 

of 1X PBS in seven of the eight wells, in the remaining well, the protein was not added. 

Biotinylated proteins were adsorbed to wells during overnight incubation at 4oC. The next 

day, 250 µl of PBST buffer (1X PBS, pH 7.4 and 0.1% (v/v) Tween-20) was used to wash 

all the wells once using the automated plate washer (TECAN HydroFlex). After washing, 

wells were blocked with 250 µl of 10x casein blocking buffer for 3 hours at 37oC.  

Prior to the addition of 50 µl of diluted streptavidin-HRP (a dilution of 1:1000 dilution 

prepared in 2X blocking buffer), wells were washed thrice with PBST in the automated 

plate washer. 50 µl of 3,3’,5,5’-tetramethylbenzidine substrate (SeramunBlue® fast 

TMB, Seramun Diagnostica, GmbH) was then added to all wells, and the oxidization 

reaction was allowed to take place for three to five minutes at room temperature. The 

absorbance of the developed oxidised substrate (blue colour) was then measured at 620 

nm using a Multiskan Ascent 96/384 plate reader (MTX Lab Systems, Inc). The measured 

absorbance of the developed colour is directly proportional to the level of biotin 

molecules present in the solution. Therefore, an absorbance reading higher than 1.4 nm 

means better biotinylation efficiency (obtained by verbal communication from BSTG 

researchers).   
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2.2.2.1.3 Whole cells in 6-well plate: Fixed monolayer  

Selected cell lines were grown to 100% confluent (~ 1.2x106 cell/ 2ml of media) in a 6 

well-plate. After reaching the desired confluency, cells were washed once with 1X PBS 

(Invitrogen) for five minutes at room temperature to ensure the removal of unattached 

cell debris prior to fixation with 4% paraformaldehyde (PFA) for fifteen minutes at room 

temperature. The fixed cells were then washed thrice, for five minutes each time, in 1X 

PBS with 0.1% sodium azide to ensure complete removal of the fixative as well as to 

prevent bacterial growth before the addition of 2X casein blocking buffer (Sigma). 

Blocking of the non-specific binding sites was carried out overnight by incubating at 4oC.  

 

2.2.2.1.4 Whole cells on a glass-slide: Formalin-fixed paraffin embedded (FFPE)  

Different cells were grown to 100% confluency in T75 flasks. After the media was 

removed the cells were washed with 1X PBS, scraped and placed in a 15ml falcon tube 

for harvesting by centrifugation at 1000 rpm for fifteen minutes at 4oC. The high 

centrifugation speed resulted in a compact pellet of cells that were fixed in 5 ml of 4% 

formaldehyde prepared in 1X PBS overnight prior to adding 5 to 10 ml of 70% ethanol 

until the paraffin embedding. Dr. Filomena Esteves was kind enough to perform the 

process of cells embedding, block preparations and sectioning in LIBAC. 

 

2.2.2.2 Bio-panning: selection rounds 

2.2.2.2.1 Using recombinant proteins as the source of HER2 or HER3 

The whole process of phage selection on the recombinant protein of both HER2 and 

HER3 is presented in figure 2.1. A total of three non-competitive panning rounds were 

performed. Non-competitive panning rounds are selection rounds that do not include a 

competitive elution with a non-biotinylated recombinant protein of the target (the 

competitor). The addition of the non-biotinylated target (the competitor) with an 

incubation period of 24 hours at 4oC as recommended by the BSTG phage screening 

protocol is enough to induce dissociation of the Affimer-displaying phage clone and to 

prevent it from re-binding. The binders that were not displaced in the presence of the 

competitor (binders with slow dissociation rates and thus high binding affinities) were 

eluted and subjected to further amplification rounds. However, in this research, the main 

aim was to recover as many binders as possible in order to obtain those able to perform 
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as detection reagents in IHC or those that exhibited potential therapeutic properties. 

Therefore, standard phage screens with no competitive elution steps were performed.  

Biotinylated target proteins were immobilised onto a streptavidin coated wells for one 

hour at room temperature before the addition of 5 µl of Affimer phage library (Tiede et 

al., 2014). The library was pre-panned/depleted on streptavidin coated wells containing 

no target protein. When the biotinylated HER2-Fc tagged protein was used as the target, 

the library was pre-panned on an additional well contained an Fc-tagged control protein 

in order to remove Fc-tagged binders. The pre-panning was performed at room 

temperature for a total of 120 minutes (forty minutes on each well). Following the 

depletion, the library was exposed to the immobilised target protein for two hours at room 

temperature and a shaking speed of 300 rpm.  

Next, the plate was washed 27 times with 300µl PBST (pH 7.4) to remove the un-bound 

variants of the phage using the TECAN hydroflex automated cell washer, while the bound 

phage variants were eluted with 100µl  0.2 M glycine, pH 2.2, for ten minutes (neutralised 

with 15µl  of 1 M Tris-HCL, pH 9.1) and with 100µl  of 10mM Triethylamine for six 

minutes (neutralised with 1 M Tris-HCl, pH 7.0). A volume of 8 ml of E. coli strain 

ER2738 cells (Lucigen, UK) were then infected with the eluted phage for one hour at 

37oC with a shaking speed of 90 rpm to enable for phage propagation and amplification. 

After that, 1 µl of the 8 ml phage-infected bacterial cell culture was plated on a Luria-

Bertani (LB) agar plates supplemented with 100 µg/ml carbenicillin (50mg/ml 

carbenicillin stock prepared in ddH2O, Invitrogen) and allowed to grow overnight at 37oC 

incubators. The remaining cells in the 8 ml phage-infected cell culture were harvested by 

centrifugation at 3,000xg for five minutes and resuspended in a 200µl volume of 2TY media and 

spread onto LB-carb plate, which is termed as “remaining cell plate”. 
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Following overnight incubation, all grown colonies in the remaining cell plate were 

scraped using 8 ml of 2TY media (per litre: 10 g yeast extract; 16 g tryptone; 5 g NaCl, 

pH 7.4) containing 100 µg/ml carbenicillin and then placed in a 50ml falcon tube in order 

to start the amplification process. Helper phage 0.32 µl M13K07 (titra ca. 1014/ml) was 

used to infect bacterial cells for thirty minutes, at 37oC, with a shaking speed of 90 rpm. 

After the infection stage, 16 µl kanamycin (stock concentration of 25mg/ml, Invitrogen) 

was added and cells were grown overnight at 25oC, 170 rpm. Subsequently, the phage-

infected culture was centrifuged at 3,500xg for 10 minutes and the phage-containing supernatant 

was transferred to a fresh 15ml falcon tube. From this supernatant, a 100µl phage aliquot was 

removed for use in the second panning round before proceeding to phage precipitation. The 

enriched pool of target-specific phage was precipitated in 2 ml polyethylene glycol-NaCl 

Figure 2.1 Isolation of Affimers by phage selection on immobilized-recombinant 

target protein. Naïve or enriched library of phage-displaying Affimers was depleted on 

blocked wells contained no target before the beginning of the selection process on an 

immobilized-recombinant target protein. Compared to naïve library, the enriched library 

refers to the library that has been selected previously on the target cells and contains target-

binding specific phage clones. When the naïve library is selected on the target cells or 

protein in round one, the amplified phage pool obtained from this round is now termed as 

“Enriched library or enriched phage pool”. Here, the recombinant proteins of the ECD of 

all HER2, HER3 and EGFR were biotinylated. Next, irrelevant (non-binding) phage clones 

were washed off, while bound phages were eluted and used to infect bacterial cells for 

further phage-target specific amplification using M13KO7 helper phage. Bio-panning 

round were repeated thrice.   
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solution (4% (w/v) PEG 8000, 0.3 M NaCl) and kept overnight at 4oC. After precipitation, 

the pool of phage variants was pelleted by centrifuging at 4816xg for thirty minutes 

followed by resuspension in 320 µl of TE buffer (10 mM Tris; 1 mM EDTA; pH 8.0).   

Phage stocks were then prepared by adding equal volume of 80% glycerol (Sigma-

Aldrich) and stored at -80oC for the next selection round and future use in different 

screens. In the next two rounds of selection, the same procedures were repeated using 5 

µl of the phage stock obtained from the previous rounds. However, in both the second 

and third panning rounds, an equal volume of a depleted suspension of phage was added 

into target (recombinant protein) and non-target (no protein) containing wells to evaluate 

the efficiency of the screen. To achieve such evaluation, different concentrations of 

infected ER2738 cells (a volume range of 100, 10, l, and 0.1 µl) were plated on LB-

carbenicillin agar. The number of the recovered colony forming units (CFU) was counted 

and the difference in the number of recovered colonies from both target and non-target 

plates were assessed and compared. The overall enrichment rate of target-specific phage 

was also evaluated by examining the increase rate of the number of recovered colonies 

between all rounds.   

 

2.2.2.2.2 Using FFPE cell sections on a glass-slide as the source of HER3   

The enriched pool of HER3 binding phage variants was panned against FFPE sections of 

cells that overexpress HER3. About 5 l of an HER3-enriched phage library, which was 

developed by previous phage screen on HER3-recombinat protein was diluted into 100 

l of blocking buffer before adding to cells. Two different screens were performed using 

different HER3 overexpressing cell lines. In screen-1, the positive cells were MDA-MB-

231 cells, while MDA-MB-231 cells were employed in the screen-2. For negative 

selection, FFPE section of U87-MG cells that do not express HER3 were used. The 

overall on-slide-cell-based protocol is summarised in figure 2.2. Following 

deparaffinisation and rehydration of cell sections, the antigenicity was retrieved (see 

section 2.2.6.4), and the slides were placed in a rectangular plastic microscope glass 

holder (Fisher Scientific) that contained 2 ml of 10X casein blocking buffer.  

Sections were blocked for 1 hour at room temperature before the start of library depletion 

on U87 cell sections. 100 µl of an enriched library of HER3 binding phage (1:20 dilution 

factor prepared in 10X casein blocking buffer) obtained from previous selection screen 

against the recombinant HER3 protein, was added on U87 cells and incubated for 1 hour 
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incubation at room temperature. After the negative selection step on U87 cells, the 

depleted pool of phage was then divided into equal volumes to be added on MDA-MB-

453 and MDA-MB-231 cells for 1 hour at room temperature. Subsequently, cell sections 

were washed 10 times with 1 ml of 1X PBS, pH 7.4, and the bound phage were eluted 

and then plated out as described previously in section 2.2.2.2.1. The whole selection, 

reinfection and amplification process were repeated three times and the output of each 

round was evaluated.  

 

 

 

 

 

 

2.2.2.2.3 Using fixed monolayer of cells in 6-well plate for isolation of HER2 or 

HER3 binding Affimers 

To start the selection process of HER3 and HER2 binders on fixed-cells, 100 µl of an 

enriched pool of phage obtained from 2/3 panning rounds against recombinant proteins 

(1:10 dilution factor prepared in 10X casein blocking buffer) was added to blocked well 

containing no cells for forty minutes followed by one hour depletion step on fixed U87-

Figure 2.2 Cell-based phage screening strategy using FFPE cell sections on a 

glass-slide and enriched Affimer phage library. An enriched library was depleted 

on FFPE-non-target cells (U87-MG cell line) prior to selection on target cells (FFPE 

section of MDA-MB-231 cells in screen-1 or FFPE section of MDA-MB-453 cells 

in screen-2). Following selection, unbound phage clones were washed, while bound 

phages were eluted and used to infect bacterial cells for further amplification to start 

the next round.  
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MG cells (for HER3 phage screen) or MCF7 cells (for HER2 phage screen) . Summary 

of the overall phage screen on fixed monolayer of cells is illustrated in figure 2.3. After 

negative selection, an equal volume of the phage-containing suspension was transferred 

to target (MDA-MB-453) and non-target cells (either MCF7 or U87-MG), respectively.  

and incubated for two hours at 50 rpm shaking speed. Unbound phage variants were 

removed by 10 times of washing with 1 ml of 1X PBS, pH 7.4. According to the BSTG 

protocol, a stringent washing of the unbound phage is achieved when the plate is washed 

for 27 times with 1X PBS, pH 7.4, using the automated plate washer of for 10 to 12 times 

using manual washing in case of performing screens involving cells. Cell-bound phage 

were then eluted and replicated in bacterial cells to allow for the amplification of specific 

binders through three rounds of panning. All elution and replication steps were performed 

as described in section 2.2.2.2.1.  

In each selection round, the efficiency of the screen was evaluated based on the number 

of the recovered colonies that was counted based on the number of colonies grown on the 

plates containing 1µl of cells. The number of counted colonies was then multiplied by 1000 to 

determine the number of colony forming units (CFU) per 1ml, or multiplied by 8000 (total volume 

of bacterial cell cultures used in the screens in order to grow and amplify phage-infected cells) to 

determine the total number of recovered, phage-infected cells. The overall enrichment rate of 

target-specific phage was also evaluated by examining the rate of increase of increase of the 

number of recovered colonies between all rounds. Furthermore, in each round of panning, the 

cells were visually examined under a light microscope to verify that they were still intact 

and had not been detached by the harsh washing and elution steps. Finally, the generated 

enriched phage library was precipitated, purified and stored at -80oC for future use.  

We also performed a combined phage screen in which both biotinylated HER2-ECD 

recombinant protein and HER2 overexpressing cells (MDA-MB-453) were used in an 

alternative manner in order to isolate HER2 binders. In the first round of selection, 5 l 

of naïve Affimer library was diluted in 50 l of blocking buffer and depleted on 2 

depletion wells (contained 2X blocking buffer) before selecting it on biotinylated HER2-

ECD that was immobilised on streptavidin-coated plate as described in section 2.2.2.1.1 

and 2.2.2.1.2. This round of selection was performed as mentioned in section 2.2.2.2.1 

and the colonies of phage-infected cells were scraped with 8 ml of 2TY media to start the 

precipitation process. However, before precipitation, cells were centrifuged and 100 l of 

the phage-infected cells were taken to be subjected to the second panning round on cells. 
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In the second panning round, the phage library obtained from the previous round was 

depleted on U87-MG cells and then selected on MDA-MB-453 cells as described 

previously in this section. The eluted phage clones were then propagated, amplified and 

plated out in LB-agar plate containing antibiotic in order to recover 100 l of the phage 

pool and use it in the third panning round on the HER2-ECD recombinant protein. The 

third panning round on protein was performed as illustrated in figure 2.1, section 

2.2.2.2.1.  

In another pure cell-based screen (no protein involved) to select HER2 binders on cells, 

10 µl of a naïve Affimer phage library (1:100 dilution factor prepared in 10X casein 

blocking buffer) was depleted against fixed monolayer of HB2 cells before selecting on 

the transfected counterpart (HER2-HB2 transfected cells) cells. Three rounds of 

screening were performed as described in figure 2.3, and as mentioned with the HER2 

and HER3 combined phage screens containing cells and involving the use of an enriched 

phage library. The only difference in this new screen using HER2-HB2 transfected and 

non-transfected-HB2 cells is that the used library is the naïve Affimer library and the 

selection process was performed in a total of 4 rounds.   

 

2.2.2.2.4 Phage display protocol for biomarker discovery 

In accordance with the selection process illustrated in figure 2.3, 10 µl of a naïve Affimer 

phage library (1:100 dilution factor prepared in 10X casein blocking buffer) was panned 

against fixed monolayer of cancerous (MDA-MB-453) and non-tumorigenic (HB2) cells 

to isolate Affimers for biomarker discovery. In the first panning round, the Affimer library 

was depleted on wells containing a fixed monolayer of HB2 cells for one hour of 

incubation at room temperature. Following negative selection, the depleted phage pool 

was transferred to wells containing a fixed monolayer of MDA-MB-453 and incubated 

for additional two hours, at room temperature, without shaking. Next, the wells were 

washed 12 times (five minutes each) using 1X PBS (pH 7.4), and the bound phage were 

eluted, replicated in bacterial cells and plated out on LB agar plates as previously 

described.   



57 
 

 

 

 

In the second panning round, the stringency of the selection process was increased by  

prolonging the washing step  (4 hours at room temperature using 1 ml of 1X PBS, pH 7.4 

and interval change of the wash buffer in one hour interval) and increasing the number of 

depletion steps (using two depletion-wells containing HB2 cells instead of the one well 

only included in other rounds). Briefly, 100 µl of phage supernatant from the first panning 

round was diluted in 10X casein blocking buffer (1:10 dilution) and added on HB2 cells 

to start the negative selection. The pool of phage was depleted twice on separate wells 

that contained HB2 cells for 1 hour at room temperature and shaken at 50 rpm. The 

depleted suspension of phage was then added to MDA-MB-453 cells for 1 hour at room 

temperature with a low shaking speed (between 30 to 50 rpm). To remove un-bound 

phage, the cells were washed with 1 ml of 1X PBS for 4 hours at room temperature with 

Figure 2.3 Isolation of Affimers on fixed monolayer of cells using phage display. Enriched 

library was depleted on wells contained either no cells or a fixed-monolayer of cells not 

displaying the target protein (MCF7 cells in HER2-screen or U87-MG cells in HER3-screen). 

Thereafter, depleted pool of phage was selected on fixed-monolayer of cells overexpressing 

the target protein (MDA-MB-453 cells was used for both HER2 and HER3-phage screens. 

Following selection, unbound phage clones were washed off, while bound phages were eluted 

and used to infect bacterial cells for further amplification to start the next round. Another 

screen to isolate HER2 binders from cells was performed using engineered and non-

engineered cells (HER2-HB2 transfected and HB2 non-transfected cells) in addition to the 

naïve Affimer library in a total of 4 selection rounds.  
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a buffer renewal every hour. Next, the bound phage was eluted, replicated in E. coli cells 

and grown on LB agar as mentioned in section 2.2.2.2.1. The outcome of this second 

round was assessed (refer to section 2.2.2.2.1), and the grown colonies were scraped into 

8 ml of 2TY media and amplified using helper phage to further enrich the pool with target-

specific binders.  

Two more rounds were performed using 100 µl of the enriched phage supernatant 

recovered from the previous rounds. After stringent selection in the second panning 

round, both the third and fourth rounds of panning were performed at the same conditions 

as were used in the first selection round. However, in these two rounds, the depleted 

supernatant of phage was divided into equal volumes and added on both HB2 and MDA-

MB-453 cells to evaluate the final output of the whole screen by comparing the number 

of recovered colonies from  both target (MDA-MB-453) and non-target (HB2) cells. After 

all the rounds, phage stocks were prepared and stored at -80oC. Cells were visually 

checked under the light microscope after each of the rounds.  

 

2.2.2.3 Phage ELISA 

2.2.2.3.1 Preparation of phage: colonies selection 

In 96-well deep-V bottom plates (Greiner Bio-One) single picked colonies were grown 

for overnight at 37oC in a 2TY media with at a shaking speed of 1050 rpm. Next day, a 

fresh 96 well deep-V bottom plate was inoculated with 25 μl of the overnight culture. 

Glycerol stocks of the original 96-well overnight cultures were prepared by adding 50% 

(v/v) glycerol to the plate and stored at -80oC for long-term usage. The freshly inoculated 

plate was grown overnight at 37oC at the shaking speed of 1050 rpm for one hour. 

M13KO7 helper phage (diluted 1:1000 in 2TY media supplemented with 100μg/ml 

carbenicillin) was added to all wells. The plate was incubated at room temperature for 

thirty minutes with 450 rpm shaking speed. Later, growth selection of bacterial cells 

carrying the phagemid was made by adding 10 μl of 2TY media supplemented with 1.25 

μg/ml of kanamycin (kanamycin stock of 25mg/ml prepared in ddH2O). Following 

addition of the antibiotic, cells were grown overnight at room temperature with 750 rpm 

speed of shaking. Next day, the plate was spun at 3500xg for ten minutes at 4oC and 50 

μl of the phage supernatant was transferred directly into the ELISA plate to perform the 

assay.  
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2.2.2.3.2 Positive hits conformation 

After picking defined number of colonies randomly and grow them in 96-well deep-V 

bottom plates, their binding ability and specify towards the target protein was confirmed 

using different platforms of ELISA (i.e., protein-based and cell-based ELISA assays). 

Phage immunofluorescence (IF) staining was also used to visualise the binding pattern of 

some phage displaying Affimers as well as to determine the localisation of the proteins 

to which these tested phage clones bind to on cells. This section describes the ELISA 

assay, while detailed description of the phage IF protocol will be mention in section 

2.2.6.1.  

 

2.2.2.3.4 Protein-based ELISA assay 

When protein-based ELISA was performed, streptavidin-coated 96 well plates was 

employed. The wells were blocked with 2X casein blocking buffer for overnight at 37oC. 

Biotinylated protein targets (HER2 and HER3) were diluted 1:1000 in 2X blocking buffer 

and 50μl of the diluted protein was aliquoted into the wells following the pattern 

illustrated in chapter 3 and 4. Added biotinylated-protein was incubated on wells for one 

hour, at room temperature and a shaking speed of 300 rpm. Next, wells were washed once 

with 1X PBST using automated plate washer and 50μl of phage supernatant containing 

10μl of 10x blocking buffer were added into all wells, except of the ones used to test the 

phage clones against blocking buffer. Phage clones were allowed to bind to their target 

for 1 hour at room temperature, 300 rpm before washing and addition of 50μl anti-fd-

Bacteriophage-HRP (1:1000 diluted in 10X casein blocking buffer) for one hour with 300 

rpm. Afterwards, wells were washed for 12 times with 1XPBST using plate washer and 

50μl of TMB substrate was added. The absorbance of the developed blue colour was 

measured at 620 nm, and the ability of a single phage clone to bind to its target was 

confirmed by comparing the absorbance readings of all wells contained target, non-target, 

and buffer control.  

 

2.2.2.3.5. Cell-based ELISA assay 

The cell-based ELISA required a seeding of ~8,000 cells in 100 μl into 96-well plates 

(Corning® Costar ® Sigma-Aldrich). Seeding and fixing of both target (cells 

overexpressing the target protein) and non-target (cells do not express the target protein) 
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cell lines was performed on a similar way to the 6-well plate mentioned in section 2.2.2.1. 

Before the assay, the plate was pre-blocked with 2X casein blocking buffer for overnight 

at 4oC. The next day, ELISA assay was conducted following the same way of performing 

a protein-based ELISA.   

 

2.2.2.3.6 Characterizing the selected positive hits 

ER2738 colonies containing the positive clones were grown in 3ml 2TY media 

(supplemented with 100 μl of carbenicillin) overnight at 37oC and 230 rpm shaking speed.  

Using QiAprep Spin Miniprep kit (QIAGEN), the plasmid DNA was extracted according 

to the manufacturer’s protocol. Aliquoted samples of the pDHIS phagemid DNA were 

then sent for sequencing (Sanger sequencing, GENEWIZ) using an M13-26 Reverse 

primer: 5’–CAG GAA ACA GCT ATG AC-3’. Next, the amino acid arrangement of the 

variable loops of all sequenced hits were identified and further characterised using the 

MacVector 16.0.9 software (MacVector Inc, USA) and ProtParam tool (ExPASy, 

Bioinformatics Resource Portal) respectively.  

 

2.2.3 In vitro production of soluble His8-tagged Affimer 

proteins  
 

To produce His8-tagged Affimer proteins, the Affimer cDNA was subcloned from the 

phagemid vector into an expression vector containing a His8-tag, such as pET11a (figure 

2.4).  

 

2.2.3.1 Molecular subcloning of Affimers 

2.2.3.1.1 Amplification of Affimer sequence from the phagemid vector 

Affimer DNA sequences were amplified by PCR following the conditions summarised in 

table 2.6. Prior to the amplification, 25 μl of PCR reaction mixture containing 1 μl of a 

phagemid DNA of a single clone was set up as described in table 2.7 and placed into PCR 

machine. It should be mentioned here that the sequence of the amplified Affimer can 

either contain a cysteine residue or not based on the reverse primer used (see primers list 

in table 2.8). To remove the phagemid from the amplified PCR product, 0.5μl of DpnI 

was added to all PCR reactions for one hour at 37oC. Next, all PCR products were purified 
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using QIAquick PCR purification kit (QIAGEN) according to the manufacturer’s 

instructions, but with using sterile water to elute the product instead of the mentioned 

buffer.  

Following purification, the PCR product was digested with 0.5 µl of both NheI and NotI 

restriction enzymes. After digestion, Affimer sequences were purified using the same 

purification kit mentioned earlier. Finally, the concentration of DNA was measured using 

NanoDrop Lite Spectrophotometer at A260 nm (Thermo Scientific) and stored at -20oC.   

 

Figure 2.4 Schematic overview of the subcloning process of Affimer cDNA sequences 

from pDHis phagemid vectors into different expression vectors. The subcloning 

process starts with a standard PCR protocol to amplify the cDNA sequence of an Affimer 

in order to be digested. Double-site digestion of the sequence was performed using NotI 

and NheI restriction enzymes that facilitated the removal of the amplified-sequence of 

Affimer from the phagemid vector. The digested sequence (insert) was then ligated into 

different vectors that were already digested using the same restriction enzymes. Ligation 

occurred using T4 DNA ligase that fixed the ends of the Affimer and the vector together 

without the need for an additional PCR process. The vectors into which Affimers ligated 

included: pET11a vector, monomeric-alkaline phosphatase (mAP) contained-pET11a 

vector (subcloning process performed by BSTG), and Fc-IgG contained vector 

(subcloning performed by Avacta Life Sciences). 

 

2.2.2.3.1.2 Ligation of the digested Affimer sequence into the pET11a vector 

To ligate the digested Affimer sequence into the pET11a vector, 25 ng of the Affimer 

DNA sequence was added to the following 25µl volume of mixture; 2 l of 10X T4 DNA 
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ligase buffer, 1 l of T4 DNA ligase and 75 ng of the DNA of a digested pET11a vector 

that was kindly provided by the BioScreening Group, and ddH2O as required. Ligation in 

to the pET11a vector was carried out in a 1.5 ml Eppendorf microcentrifuge for overnight 

at room temperature. A reaction mixture where no insert (Affimer DNA) was added to 

the digested pET11a vector was included to serve as a negative control.  

PCR Steps Temperature Time Cycles 

Initial Denaturation 98°C 30 seconds 1 

Denaturation 

Annealing 

Extension 

98°C 

54°C 

72°C 

20 seconds 

20 seconds 

20 seconds 

 

30 

Final Extension 

Hold 

72°C 

4°C 

10 minutes 

Hold 

1 

 

 

Table 2.6 PCR condition for the amplification of Affimer sequence in the phagemid vector. 

Component 25 µl Reaction 

Sterile Water 13.8 µl 

5X Phusion HF Buffer (NEB) 5 µl 

dNTP Mix, 25 mM (MP Biomedicals) 0.2 µl (200 µM) 

DMSO (NEB) 0.75 µl (3%) 

Forward Primer (10 µM stock, Sigma) 2 µl (0.8 µM) 

Reverse Primer (10 µM stock, Sigma) 2 µl (0.8 µM) 

Phusion DNA Polymerase (NEB) 0.25 µl (0.02 units/µl) 

Template DNA (Phagemid vector) 1 µl (5-10 ng) 

 

Table 2.7 PCR Components of 25 µl reaction volume required to clone the Affimer 

sequence into a digested pET11a expressing vector.  

 

Table 2.8 Primers used in molecular subcloning of Affimers 

Purpose Primers sequence 

Amplification of 

Affimer from 

phagemid vector 

 

Forward:  5’ TTCTGGCGTTTTCTGCGTCTGC 

 

Reverse:  5’ TACCCTAGTGGTGATGATGGTGATGC 

 

Cloning Affimer into 

pET11a vector 

 

Forward   5’ ATGGCTAGCGGTAACGAAAACTCCCTG 

 

Reverse with C:5’- 

TTACTAATGCGGCCGCACAAGCGTCACCAACCGGTTTG 

 

Reverse without C: 5’ TACCCTAGTGGTGATGATGGTGATGC 

 

Cloning Affimer into 

alkaline phosphatase 

(AP) contained 

pET11a vector 

Forward: 5’ ATGGCTAGCGGTAACGAAAACTCCCTG 

 

Reverse without C: 5’ TACCCTAGTGGTGATGATGGTGATGC 
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The ligation mix was transformed in to XL1-Blue supercompetent bacterial cells (Agilent 

Technologies). 1 l of the ligation mix was added to 50 l of competent cells and heat 

shocked at 42oC for forty-five seconds. Following heat shock the cells were recovered in 

1 ml SOC media (Sigma, UK) (Froger and Hall, 2007). 100 l of transformed bacterial 

cells were then plated on LB agar supplemented with 100 l carbenicillin and incubated 

overnight at 37oC. The next day, single colonies were picked and grown in 5 ml of 2TY-

carbenicillin media overnight at 37oC. Colonies were picked only when the negative 

control plate showed either no colonies or very few colonies compared to the other 

positive plates. The plasmid was extracted using the QIAprep Spin Miniprep Kit 

(QIAGEN) according to the manufacturer’s instructions. Subsequently, an aliquot of the 

extracted plasmid DNA was sent for sequencing (GENEWIZ) using a T7 primer: 5’– 

TAA TAC GAC TCA CTA TAG GG. Before Affimer expression, DNA sequences were 

checked and the amino acid arrangements of the Affimers were analysed using the 

translate tool in the ExPASy Bioinformatics Resource Porta.  

 

2.2.3.2 Production and purification of His8-tagged Affimers  

To produce the Affimers, 20 μl of the competent E.coli strain BL21 Star™ (DE3) (Life 

Technologies) cells were transformed. After transformation, a single colony was picked 

and placed into 2 ml of LB starter culture contained 100 μg/ml carbenicillin and 1% 

glucose (v/v) and incubated for overnight at 37oC. The following day, 50 ml of autoclaved 

LB media, in 250 ml flask, was inoculated with 625 μl of start culture and incubated at 

37oC, 230 rpm until the cell density reached an OD600nm of 0.7-0.8. After reaching the 

desired density, the temperature and shaking speed were changed to 25oC and 150 rpm, 

respectively and Affimers production was induced by 0.1mM Isopropyl-beta-D-

thiogalactopyranosideI (IPTG, 1M stock prepared in ddH2O). Cells were then harvested 

by centrifugation at 4816xg for twenty minutes at 4oC. Several strategies to maximize the 

expression of Affimers in bacterial cell system were examined (see chapter 3).  

Cells were harvested by centrifugation and lysed with 1 ml of lysis buffer (table 2.9) for 

two hours at room temperature on a tube-rotator (StuartTM SB2 fixed speed rotator, 

ThermoFisher Scientific). The lysate was incubated at 50oC in a water bath for twenty 

minutes followed by cell fractionation at 16,000xg centrifugation speed for twenty 

minutes. After centrifugation, the supernatant containing the soluble Affimer protein was 

transferred into a 1.5 ml Eppendorf tube contained 300 l of previously washed nickel 
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beads (Amintra Ni-NTA slurry, Expedeon) and incubated for one hour on a rotator at 

room temperature to allow Affimers to bind. Next, saturated beads were washed with 1 

ml of wash buffer (table 2.9) via centrifugation at 1,000 xg for one minute.  

Washing was repeated several times until the absorbance measurements at 280 nm gave 

a consistent reading of < 0.04 nm. His8-tagged Affimers were then eluted with 1 ml elution 

buffer containing a high concentration of imidazole (table 2.9). The elution was repeated 

until the spectrophotometer detected no more proteins.  Proteins concentrations were 

determined using spectrophotometer (A280nm) and bicinchoninic acid (BCA) assay 

according to the manufacturer’s recommendations (PierceTM BCA Protein Assay Kit). 

Prior use in further analysis, Affimers were dialysed in 1XPBS. pH 7.4, using Slide-A-

LyzerTM dialysis cassettes as instructed by the manufacturer.  

Buffer Components pH 

Bacterial cells 

Lysing buffer 
• 1 ml lysis buffer (50 mM NaH2PO4; 300 mM NaCl; 20 mM 

Imidazole; 10% Glycerol(v/v)) 

• 1 X BugBuster® 10X Protein Extraction Reagent 

(Novagen) 

• 10U/ml Benzonase® Nuclease, Purity > 99% (25 U/l, 

Novagen) 

• 1 X Halt Protease Inhibitor Cocktail (100X, Thermo 

Scientific) 

7.4 

Wash buffer • 50 mM NaH2PO4; 500 mM NaCl; 20 mM Imidazole; 

0.01% Tween (v/v) 7.4 

Elution 

buffer 
• 50mM NaH2PO4, 500 mM NaCl; 300 mM Imidazole; 10% 

(v/v) Glycerol 7.4 

 

Table 2.9 Lysis, wash and elution buffers used in Affimer production and purification 

protocol. 

 

2.2.3.2.1 Sodium Dodecyl Sulfate Polyacrylamide gel electrophoresis SDS-PAGE gel 

The efficiency of the expression and the purity of the obtained Affimers was confirmed 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS-PAGE. 10 μl of 

protein sample was mixed with 10 μl of SDS-PAGE sample loading buffer (prepared 

from mixing 50 μl of 2-mercaptoethanol, 14.2 M, and 2X Laemmli sample buffer, Bio-

Rad). Before loading 10 μl of the sample protein into wells in a 4-20% Mini-PROTEAN® 

TGXTM gel (Bio-Rad), the mixture was heated at 95oC for ten minutes. As a negative 
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control, 5 μl of the PageRulerTM Prestained Protein Ladder (10 to 180 kDa) was also 

loaded into a single well. The gel was run in 1X TGS running buffer (Tris/Glycine/SDS 

buffer, Bio-Rad, pH 8.4) for one hour at 150 mV.  

Next, gels were stained for two hours with Coomassie brilliant blue stain (45% methanol, 

7% acetic acid, 0.25% Coomassie blue, sterile water) followed by overnight de-staining 

step using destaining buffer (45% methanol, 7% acetic acid, sterile water) or dH2O. 

Finally, gels were imaged using Amersham Imager 60 (GE Healthcare life sciences) and 

the purity of the Affimers were assessed. The mass of the expressed Affimers was 

calculated by ProtParam tool in the ExPASy Bioinformatic portal based on the amino 

acid sequence. When running the Affimer protein in SDS-PAGE gels, Affimer mass was 

further verified by comparing the observed molecular weight to the predicted one under 

the guidance of the used protein ladder.  

 

2.2.4 In vitro production of VEGFR2 Affimer-Alkaline 

phosphatase (AP) fusion protein  
 

2.2.4.1 Molecular construction of the fusion protein   

To start constructing the fusion protein, digested-pET11a contained monomeric wild type 

bacterial alkaline phosphatase (AP) was a kind gift from Dr. Syzmonik from the 

Bioscreening group at University of Leeds. The Affimer sequence was then subcloned 

from the phagemid vector to the digested pET11a-AP contained expression vector 

following the same subcloning protocol mention in section 2.2.3.1.  

 

2.2.4.2 Production and purification of the fusion protein 

The fusion protein was expressed in vitro following the standard protocol of Affimer 

protein production in bacterial cells (section 2.2.3.2) with a few modifications. Several 

optimisation trials to maximise the yield of the fusion protein and, at the same time, 

maintaining the functionality of both enzyme and Affimer were performed (see chapter 

5). The optimal expression protocol of AP-Affimer fusion protein in bacteria will be 

described. In brief, a start culture was setup for overnight at 37oC in 2 ml of super broth 

media (3% tryptone, 3% yeast extract, 1% MOPS, ddH2O, pH 7.0) supplemented with 

100 μg/ml carbenicillin and 1% glucose. The next day, 50 ml of the same media was 

inoculated with 1ml of the start culture, and the expression of the fusion protein was 
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induced with 0.1mM at an optical density (OD600nm) of 0.5 and incubated overnight at 

25oC and 220 rpm.  

The fusion protein was then extracted from cells, captured on nickel beads and eluted. To 

confirm the efficiency of the adapted expression protocol and to further check the purity 

of the obtained fusion, an SDS-PAGE gel electrophoresis was performed as mentioned 

in section 2.2.3.2. The concentration of the eluted protein was determined by BCA assay 

after six hours’ dialysis in two changes of 3 L alkaline phosphatase storage buffer (0.15 

M sodium chloride, 1 mM Magnesium chloride, 0.1mM zinc chloride, 0.05 M Tris, 50% 

glycerol in ddH2O, pH 8.0).  

 

2.2.4.2.1 Evaluating the catalytic activity of the AP enzyme using PNPP substrate 

Next, the catalytic activity of the AP enzyme was examined using its related p-

Nitrophenyl Phosphate (PNPP, NEB) substrate.  In a 96-microplate (Falcon, VWRTM), 

25 μl of eluted protein was added to 25μl TBS buffer (pH 8.0) contained in the wells. To 

the 50 μl volume of the sample, 0.5μl of 500 mM PNPP was added and incubated at room 

temperature in the dark for ten minutes to allow the development of the yellow colour. 

Both negative and positive controls were used. One well that did not contain protein 

sample served as the negative control, while a control protein of known AP enzyme 

activity was kindly provided by BSTG was employed as the positive control.  

 

2.2.5 In vitro chemical modification of Affimers  

2.2.5.1 Bio-conjugation of horseradish peroxidase (HRP) enzyme to 

Affimers  
 

In conducting HRP conjugation to Affimers, two approaches were followed. In the first 

approach, primary amines (-NH2) suited on lysine were used, while in the second 

approach sulfhydryl groups (-SH) on cysteine residues were used (table 2.10, 2.11and 

2.12). 

2.2.5.1.1. Approach 1: HRP labelling of Affimers via their lysine residues  

Random conjugation of HRP molecule to Affimers by modifying the primary amines on 

lysine was performed.  For this the lightning-link®HRP conjugation kit (Innova 
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biosciences) was used according to the manufacturer’s recommendations of the used.  

Conjugation of HRP enzyme to Affimers occurred under a buffer pH of 8.0 (table 2.10).  

 

2.2.5.1.2 Approach 2: Site-specific HRP labelling of Affimers via a single cysteine 

residue   

In contrast with random conjugation, a site-specific labelling requires a cysteine residue 

and a thiol reduction to enable such conjugation (table 2.10).  Therefore, Affimer proteins 

containing cysteine residues were employed, and the thiol bonds between two Affimer 

molecules holding a single cysteine residue was reduced using a tris-2-

carboxyethylphosphine (TCEP) disulfide reducing gel (table 2.11). 150 μl of TCEP gel 

was washed by centrifugation at 1,000 xg for three times (1 minute each) using 1X PBS 

contained 1mM of EDTA. To the washed TCEP gel, 150 μl of 1 mg/ml Affimer protein 

and 5 μl of 1X PBS, pH, 7.2 (containing 50mM of EDTA) were added and incubated at 

room temperature, without shaking for one hour. The reduced Affimers molecules were 

recovered by one minute of centrifugation at 1,000 rpm and placed and mixed with 

maleimide-HRP activated reagent to achieve a mixture of maleimide-activated HRP and 

Affimers in 1:1 molar ratio. The conjugation took place overnight at room temperature 

before dialysis in 1X PBS, pH 7.0, using the ZebaTM Spin Desalting Columns, 40K 

MWCO. 

 

HRP Source Characteristics 
Molecular 

weight (Da) 

 

Lightning link® 

HRP conjugation 

kit 

Innoava 

Bioscience 

 

Random labeling via amine 

groups at pH 6.5-8.5 

HRP: 44,000 

Maleimide-

Activated HRP 

Innova 

Bioscience 

 

Site-specific conjugation 

via sulfhydryls at pH 6.5-

7.5 

HRP: 44,000 

 

Table 2.10 HRP- conjugation approaches. 
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2.2.5.2 Biotinylation of Affimer proteins 

Site-specific biotinylation of Affimers via cysteine was conducted using different biotin 

linkers and thiol reducing agents (table 2.12 and 2.11, respectively) following the 

manufacturers protocol. Biotin conjugation was optimised by altering different conditions 

as described in chapter 5. In this section, the optimal biotinylation protocol will be 

summarised. Prior to biotinylation, proteins were reduced by 150 μl TCEP-gel as 

mentioned in section 2.2.4.1. Reduced Affimers were then mixed with 0.1mM of Biotin-

maleimide reagent (2mM stock reagent prepared in DMSO) and incubated for three hours 

at room temperature, without shaking. Following the labelling, excess unbound biotin 

linkers were removed by desalting with the ZebaTM Spin Desalting Columns, 7K MWCO.  

Desalting of labelled Affimers was performed twice to ensure a complete removal of free 

biotin. In order to assess the efficiency of Affimer biotinylation, an ELISA assay was 

performed in the manner mentioned in section 2.2.1.1. Additional assessment of 

biotinylation efficiency by determining the ratio between biotinylated and non-

biotinylated proteins was performed using mass spectrometry (MS) analysis.  Before MS 

analysis, labelled-Affimer reagent was dialysed in 5L of 1X PBS, pH 7.4, overnight at 

4oC using Pur-A-LyzerTM Mini Dialysis Kit (Sigma). All mass-related analyses were 

performed by the members in mass spectrometry facility at the University of Leeds.  

 

Thiol -reducing 

agent 

Source Characteristics Application 

PierceTM 

immobilized-

TCEP disulfide 

reducing gel 

ThermoFisher-

Scientific 

 

• 4% crosslinked 

agarose beads 

(supplied as 50% 

slurry) 

• TCEP concentration 

(8µmol/ml of gel) 

Site-specific 

conjugation of 

maleimide-HRP and 

biotin molecules to 

Affimers 

PierceTM TCEP-

HCL 

ThermoFisher-

Scientific 

 

• Molecular Formula: 

C9H16O6PCl 

• MW: 286.65 Da 

• Soluble at 1.08 M 

Site-specific 

conjugation of 

maleimide- biotin 

molecules to Affimers 

 

Table 2.11 Thiol-reducing reagents. Details of type, characteristics, source. and applications 

used in. 
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Biotin linker Source 
Chemical 

Formula 

Molecular 

weight (Da) 

Spacer arm 

(Å) 

Biotin-Maleimide 

 

25mg, Sigma 

Aldrich 

C20H29N5O5S 451.54 None 

4-(n-

malemidomethyl)-

cyclohexane 

carboxylic acid 

(BMCC) 

50mg, 

ThermoFisher 

Scientific 

C26H39N5O5S 533.68 32.6 

Malemide-PEG11-

Biotin 

25mg, 

ThermoFisher 

Scientific 

C41H71N5O16S 922.09 51.9 

Reactive Groups 

 

Maleimide, reacts with sulfhydryl at pH 6.5-7.5 

 

 

Table 2.12 Biotin-Maleimide linkers. Details of source, chemical formula, molecular weight 

and spacer arm length. 

 

 

 

2.2.6 Functional characterisation of Affimers  

2.2.6.1 Immunofluorescence (IF) microscopy on fixed cells 

Prior to affinity/immunofluorescence experiments, cells were split, seeded, and grown on 

sterile glass-coverslips until they were 70% confluent. Next, cells were fixed in 4% 

paraformaldehyde (PFA) for 15 minutes at room temperature and washed thrice in 1X 

PBS (5 minutes each) before permeabilisation in 0.1% Triton X-100 (v/v) for 5 minutes 

at room temperature. In case of methanol-fixed cells, 1 ml of cold methanol (100%) was 

added to cells grown om glass-coverslips. After this, the plate of cells was immediately 

incubated at -20oC for two minutes to enable cell to be fixed without the risk of protein 

degradation due to the addition of an absolute methanol. Next, cells were washed three 

times with 1X PBS (5 minutes each wash) at room temperature with gentle agitation on 

a plate rocker before the start of the staining process.  

Permeabilised-PFA fixed cells or methanol (non-permeabilised) fixed cells were then 

washed once in 1X PBS and blocked with 5% Marvel milk (prepared in 1X PBS) for 1 

hour at room temperature. After blocking, the cells were incubated overnight at 4oC in 

110 µl primary unconjugated affinity reagents (Affimers and antibodies, table 2.1 and 
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2.3) diluted with 1% Marvel milk. The next day, the cells were washed thrice in 1X PBS 

(each five-minute wash) prior to the addition of 110 µl anti-hisx8 tag antibody in 1% 

Marvel milk for one hour at room temperature to allow the detection of the his8-tagged 

Affimer reagent. Subsequently, cells were washed thrice in 1X PBS to remove the 

unbound anti-hisx8 tag antibody before adding 110 µl of 1% blocking buffer containing 

Alexa Flour–conjugated secondary antibodies (table 2.2) and 1 µg/ml of DNA-binding 

dye (DAPI) and were incubated in cells for one hour at room temperature. Finally, the 

cells were washed and mounted on glass slide using 25 µl of Fluoromount reagent. Images 

were acquired using EVOS fI digital inverted imaging system (Life Technologies) at 20X 

magnification or the Nikon Eclipse Ti-E widefield fluorescent inverted microscope 

(Nikon) at both 60X and 100X magnifications.  

 

2.2.6.2 IF microscopy on live cells 

To start IF staining of live cells grown on glass-coverslips, the cells were washed once 

with 1XPBS for one minute at room temperature before the addition of 5 µg/ml Alexa 

Fluor-conjugated wheat germ agglutinin (WGA) membrane marker and incubated for 

fifteen minutes at 37oC in CO2 supplemented incubator. Cells were washed once in 1X 

PBS and primary-unconjugated affinity reagents including Affimers and antibodies (table 

2.1 and 2.3). The cells were incubated for one hour at 37oC.  Thereafter, the cells were 

washed thrice in 1X PBS (each one-minute wash) at room temperature and then fixed 

with 4% PFA for fifteen minutes. After cell fixation, the cells were processed following 

the staining protocol mentioned in section 2.2.6.1.  

 

2.2.6.3 Immunohistochemistry staining (IHC) staining  

2.2.6.3.1 Paraffin blocks preparation and sample sectioning  

Tissues and cell pellets samples were embedded in paraffin blocks after processing in 

graded ethanol and xylene using Leica ASP200 Vacuum tissue processor (Leica, UK). 

The paraffin-embedded blocks of cells and whole tissues were then cut into 4-µM sections 

and mounted on poly-L-lysine extra-coated slides (Leica Biosystems). Sample sections 

(cells or tissues) were dried for overnight at 37oC before heating them on a hotplate at 

60oC for twenty minutes.   
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2.2.6.3.2 Staining method  

The sections were then deparaffinised and rehydrated starting with a series of three 

xylenes washes (three minutes in each solution) and followed by another series of three-

minute washes in graded alcohols (100%, 95%, and 75%,) until finally being washed in 

water for five minutes. The pressure cooker was used for antigen retrieval by incubating 

the slides in a Tris-base retrieval buffer, pH 9.5 +/-0.5 (MenaPath Access Super RTU, A. 

Menarini Diagnostics) for two minutes at full pressure and maximum temperature of 

121oC. Next, the slides were allowed to cool down by incubating them in water for five 

minutes. The activity of both endogenous peroxidases and alkaline phosphatases was 

blocked by treating the samples with 110 µl bloxall blocking buffer (Vector Laboratories) 

for twenty minutes.  

When biotin-streptavidin detection system was used, an additional blocking step of all 

endogenous biotin, biotin receptors, and avidin binding sites is needed. To achieve the 

blocking, the biotin/avidin blocking kit (Vector Laboratories) was used following the 

manufacturer’s recommendations. In between the blocking steps, sections were washed 

twice (five minutes each) in 1X TBST (20mM Tris-HCl pH 7.6, 137mM NaCl, 0.1% 

(v/v) Tween-20). Further, after blocking all endogenous molecules, non-specific binding 

sites were blocked by treating with 110 µl of 1X casein blocking buffer (Vector 

Laboratories) for one hour at room temperature. All primary Affimer reagents and 

antibodies (table 2.1 and 2.3) were diluted in 110 µl of antibody diluent reagent (Life 

Technologies) and sample sections were incubated at room temperature. Secondary 

reagents were then added based on the used detection system (table 2.2).  

 

2.2.6.3.2.1 Biotin-Streptavidin detection system  

Following incubation of biotinylated primary Affimers and biotin conjugated secondary 

antibodies, sections given two five-minute washes in 1X PBST at room temperature. 

After that, 110 µl of 1:300 diluted streptavidin-HRP conjugated reagent (Vector 

Laboratories) was added and incubated for thirty minutes at room temperature. Sections 

were washed twice with 1X PBS before the addition of one drop of Immpact DAB 

peroxidase (HRP) substrate (Vector Laboratories) and left to stand for five minutes at 

room temperature.   
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2.2.6.3.2.2 Alkaline phosphatase detection system  

After incubating the alkaline-phosphatase-containing primary/secondary reagents and 

other secondary-AP conjugated secondary antibodies in the dark for an hour, sections 

were washed and Immpact vector red (AP) substrate was added and incubated on tissue 

for ten minutes in the dark, at room temperature.  

 

2.2.6.3.2.3 Polymer-based detection system  

To further improve the intensity of the detected signal, a polymer-based amplification kit 

(Novocastra NovolinkTM, Leica Biosystems) was used according to the manufacturer’s 

instructions to detect the Fc-fragment of a rabbit and mouse IgG. As the used polymer 

conjugated to HRP enzyme, the Immpact DAB peroxidase (HRP) substrate (Vector 

Laboratories) was used for visualisation.  

 

2.2.6.3.3 Sections counterstaining, dehydration, mounting and image acquisition 

Following the addition of the appropriate-substrate, sections were rinsed in water for one 

minute, counterstained in Mayer’s Haematoxylin for thirty seconds, washed for one 

minute in water and then immediately treated with Scott’s tap water for one minute before 

beginning the dehydration process. To dehydrate, slides were placed for one minute each 

in 75%, and 95% solutions of alcohol and 100% alcohol. This was followed by three 

xylene washes of one minute each. Finally, the sections were mounted in DPX (sigma) 

and images were captured at 16X and 20X magnifications using Axioplan Zeiss 

microscope fitted with AxioCam colour camera and AxioVision 4.8 software (Carl Zeiss, 

Germany). All microarray sections were scanned by the imaging facility in LIBAC and 

images were acquired by the WebScope software.   

 

2.2.6.4 Pull-down assay and western blot (WB) analysis 

2.2.6.4.1 Preparation of whole cell lysates 

From T75 flasks, cells were quickly rinsed with ice-cold 1X PBS and scraped and pelleted 

as mentioned in section 2.2.1.2. Pelleted cells were lysed in 1 ml non-denaturing lysis 

buffer (25mM Tris-HCl, pH 7.0, 150mM NaCl, and 5% of glycerol) containing 1% of 

Nonidet-P40 (NP-40, Sigma) and 1X Halt protease inhibitor cocktail (100X stock 

reagent, ThermoFisher Scientific) for 35 minutes on ice and shaking at room temperature.  
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Cell debris was pelleted by centrifugation at 12,000 rpm for twenty minutes at 4oC, and 

the recovered supernatant was then subjected to different pull-down assays. Overall 

workflow of the pull-down assay involving cell lysates is summarised in figure 2.4.   

 

2.2.6.4.2 Pull down assay 

To 100 µl of cell lysate, 32.5 µg of the named Affimer reagent was added and incubated 

at 4oC for overnight. The next day, 15 µl of washed nickel beads (Amintra NiNTA slurry) 

were added to capture the Affimer-protein complex. After one hour of incubation at room 

temperature to capture most of the formed Affimer-protein complexes, the complexes 

were precipitated by centrifuging at 1000xg for one minute and washed with 300 µl of 

wash buffer (table 2.9) for five minutes at 1000xg centrifugation speed. Next, complexes 

were eluted in 30 µl of elution buffer (table 2.9). The eluates were mixed with 2X SDS 

loading buffer and subjected to SDS-PAGE electrophoresis as mentioned in section 

2.2.3.2 and followed by western blotting analysis.  

 

2.2.6.4.3 Western blot analysis 

Proteins separated by SDS-PAGE gel electrophoresis were transferred onto nitrocellulose 

membrane (Amersham TM ProtanTM supported 0.45 µm pore size, GE Healthcare Life 

Science) in transfer buffer (25mM Tris base, 192mM glycine and 20% (v/v) methanol, 

pH 8.3) at 25V for thirty minutes using the Trans-Blot Turbo transfer system (Bio-Rad). 

Next, membranes were blocked in either 5% BSA or 5% (w/v) Marvel milk prepared in 

TBST (20mM Tris-HCl pH 7.6, 137mM NaCl, 0.1% (v/v) Tween-20) on a rocker for two 

hours at room temperature. Membranes were washed once for ten minutes in TBST buffer 

before the addition of primary-unconjugated antibodies (table 2.1) followed by washing 

steps thrice. Secondary-HRP conjugated antibodies were then added for one hour at room 

temperature before washing in TBST (table 2.2). Chemiluminescent substrate (Luminta TM 

Forte western (HRP) substrate, Millipore) was added on to the membranes to enable the 

visualisation of the bound antibodies using Amersham Imager 60 (GE Healthcare life 

sciences).  
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2.2.6.4.3.1 Membrane Stripping for re-probing 

In order to detect two different protein targets, membranes were washed in 5 ml of 

stripping buffer (0.2 M glycine, 0.1% SDS (w/v), and 1% Tween-20 (v/v), pH 2.2) twice 

for ten minutes, at room temperature.  Next, the membranes were washed in 1XPBS 

followed by two washes in 1XTBST before blocking with either 5% Marvel milk or 5% 

BSA for one hour at room temperature. After blocking, all the primary and secondary 

reagents were added according to the standard WB protocol.   

 

2.2.7 Cellular studies: treating cells with Affimers  

Cells were serum-starved in their respective growth media for four hours and pre-treated 

with 100µg/ml Affimers for one hour at 37oC prior to stimulation with different 

concentrations of the NRG based on the type of the treated cells (25ng/ml for MDA-MB-

453 cells or 100ng/ml for BT474 cells, NRG1-β1/HRG1-β1 ECD domain, R&D Systems, 

Chapter 4) or 25ng/ml EGF (GibcoTM, ThermoFisher Scientific). Cells were washed, 

scraped and lysed as described in section 2.2.6.5 for western blotting using both primary 

and secondary antibodies listed in table 2.1 and 2.2.  

 

2.2.8 Protein identification by pull-down assay and mass 

spectrometry (MS) analysis 
 

Following pull-down assay and the separation of Affimer-protein complexes in SDS-

PAGE gel, the gel was stained with Coomassie brilliant blue stain and then de-stained in 

H2O for a week. Upon efficient de-staining, gels were sent to mass spectrometry (MS) 

facility at the University of Leeds to excise the desired protein bands from the gel and 

digesting them by trypsin before being subjected to the MS instrument (figure 2.5). 

 

2.2.9 Data analysis and image construction 

The histograms shown in the thesis were constructed by GraphPad PRISM version 7.0 

software, while fluorescence-images were analysed by Image J software. Using PyMOL 

Molecular Graphics Software, and the 3D-structure of the proteins were viewed following 

the search in the protein data bank (PDB) ID for the desired protein.  
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Figure 2.5 Workflow of pull-down assay coupled with either western blot (WB) or 

Mass-spectrometry (MS) analyses. Protein of interest was extracted from lysed 

mammalian cells and subjected to separation by SDS-PAGE electrophoresis prior to the 

start of either MS analysis or WB. In the case of MS analysis, the gel was stained with 

Coomassie blue stain and de-stained before sending to MS facility for further 

identification analysis. When WB analysis was performed, separated proteins were 

transferred into nitrocellulose membrane. Thereafter, protein detection was performed 

using a set of primary/secondary-HRP conjugated antibodies and HRP-substrate. Using 

chemiluminscence imaging system, proteins were visually examined.  
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CHAPTER 3 

Phage display-based selection strategies to isolate 

Affimer reagents against HER2 
 

 

3.1 Introduction 

Among the HER family members, HER2, is the most established biomarker in breast 

(Hanna et al., 2007;Hicks and Kulkarni, 2008;Varga and Noske, 2015) and ovarian cancer 

(Tuefferd et al., 2007;Verri et al., 2005). Its overexpression is most commonly assessed 

by immunohistochemistry (IHC) in which antibodies are used to detect the expression of 

HER2 in tissue samples (Sarode et al., 2015). However, the historic lack of consistency 

in HER2 IHC testing initially cast doubt on the reliability of such tests (Tubbs et al., 

2001;Press et al., 2005). In an effort to improve the accuracy of the IHC assay, the Food 

and Drug Administration (FDA) assessed and approved four commercial antibody-based 

kits to be used in diagnostic laboratories to test HER2 status (Perez et al., 2014a). 

However, the suboptimal performance of these kits, due to limitations of antibodies is 

still an issue (Gown, 2016). As such, the use of alternative affinity reagents could 

potentially address some of the reproducibility issues associated with antibody reagents 

and are therefore highly sought for diagnostic tests.  

The most established method used to isolate alternative affinity reagents is phage display 

(Smith, 1985). Phage display involves sequential enrichment of a specific binding phage 

against the antigen of interest. Since the development of phage display in 1985, novel 

affinity reagents have been screened using this technology to isolate reagents against 

different targtes using a soluble, purified antigen that is anchored to beads or plastic well 

(Chan et al., 2014;Finlay et al., 2017). Among such affinity reagents are Affimer proteins. 

To date, a range of Affimer reagents have been isolated and characterised successfully in 

different molecular applications (Tiede et al., 2017;Lopata et al., 2018;Robinson et al., 

2018;Zhurauski et al., 2018).  

A critical factor for attaining a successful screen is the quality and the stability of the 

antigen. Quality refers to not only the purity of the protein but also whether the protein is 

produced to include any post-translational modifications. Although expression of 

proteins, such as membrane receptors, in mammalian cells allows correct conformation, 
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maintenance of their native conformation still remains an issue (Rockberg et al., 2009). 

As such, many phage display techniques have been developed to screen against cells 

engineered to express membrane proteins (Lipes et al., 2008). Huang et al., reviewed 

different membrane protein presentation methods that allow the display of the membrane 

protein in its native conformation without the need of further expression and purification 

steps (Huang et al., 2016). Among these methods is the use of native and engineered 

(transfected cells) cells as the source of the membrane protein (Stark et al., 2017). Owing 

to the success of such screens in the development of a novel affinity reagents, this chapter 

assesses the use of cells in the phage display using an Affimer library to isolate reagents 

against HER2.  

Affimer library (Ella2) is based on the 100-residue consensus sequence of plant-derived 

phytocystatins, which are protein inhibitors of cysteine protease. The library was 

constructed by controlled peptide insertion (nine amino acids) at the two variable loops 

for protein-binding activity as described earlier. The degenerate positions (NNN) were 

introduced into the loops as trimers that presented a single codon for each of the 19 amino 

acids, excluding the cysteine and other termination codons. This insertion of peptide was 

achieved by splice overlap extension (SOE) of two PCR products using a codon-selected-

semi-trinucleotide primer synthesis system designed and purchased from Ella Biotech. In 

the first PCR, the synthesised product was extended from the DsbA coding sequence to 

the first variable loop, while in the second PCR, an introduction of two nine-amino-acid 

binding regions/loops (BRs) into the scaffold was attained (refer to Figure 1.12 in Chapter 

1) (Tiede et al., 2014).  

Using such synthesis, no biased amino-acid sequence insertions were detected and the 

obtained frequency of the different residues encoded at the phage level met the expected 

Poisson statistics at 5.26 ± 2.3% for trimer synthesised oligomers using a 19-amino-acid 

mixture (Tiede et al., 2014). Following ligation of library DNA, 126ng of the library DNA 

were electroporated into cells of E.coli (ER2738). This revealed a library size of 1.3x1010 

clones, in which 86.5 per cent of clones showed the correct sequence of full Affimer (as 

verified by testing 96 clones). Only 3.1 per cent of the clones were comprised of the 

Affimer scaffold with no inserts, and 10.4 per cent of clones showed frame-shifts that 

occurred in the transition base between the standard nucleotide and trimer coupling (Tiede 

et al., 2014). Therefore Tiede et al., in 2014, proposed that use of fully-trimer-synthesised 

oligoes might improve the quality of the library through the reduction of the frequency of 

frame-shift mutants.  



78 
 

The main concern in designing the library was to keep a balance between the theoretical 

and the achievable library sizes to enable the majority of library sequences to undergo 

selection (Lendel et al., 2006;Wahlberg et al., 2003;Huang et al., 2018). In the Affimer 

library, a total of 18 positions were randomised (insertion of nine randomised residues 

per loop in which each residue reflected all 19 amino acids). This produced an unrealistic 

theoretical number of amino acid sequences (about 1.04 x 1023) that could not be obtained 

following bacterial transformation (1.3x1010), resulting in a limited library size and 

diversity (Table 3.1) (Tiede et al., 2014). However, this limitation in library design could 

be solved by limiting the theoretical library size to obtain a representative library, which 

could be attained by bacterial transformation (Huang et al., 2018). This could be achieved 

by only randomising the residues that seemed to be crucial for interaction with a target 

according to the available crystal structures of the Affimer complexes. Such exploration 

of the important residues has been published (Hughes et al., 2017) and currently remains 

the work in progress in different research (data obtained by verbal communication from 

the scientist creating the new Affimer-based phage libraries).   

 

Library Randomisation Theoretical 

size 

Number of 

individual 

clones 

Percentage 

of correct 

Affimer 

sequences 

Affimer 

(Ella2)-

library 

 

(NNN)- 19 amino acids 

Nine positions 

randomised per binding 

loop 

(total of 18 positions) 

1918 

1.04 x 1023 
1.3 x 1010 86.5 % 

 

Table 3.1. Analysis of constructed Affimer (Ella2) library. The randomisation scheme 

is described by the degenerated nucleotides (NNN), in which all 19 amino acids) were 

used except the cysteine and stop codons. The actual (theoretical) size of the library was 

calculated based on the randomisation position and the number of amino acids used in the 

scheme. The number of individual colonies was calculated to indicate the experimental 

size of the library by performing a serial dilution after bacterial electroporation. The 

percentage of correct sequences of Affimer within the phagemid vector (pDHis) was 

verified by DNA sequencing of 96 randomly picked clones from the library (Tiede et al., 

2014).  
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Following the approach to reduce the theoretical size of the library, the quality and 

diversity of the affibody library was improved through construction of a new library of a 

theoretical size of 2.4 x109 (Cyranka-Czaja and Otlewski, 2012). In this new library, only 

eight binding essential amino acids were randomised using the degenerative synthesis 

approach (NNC; hard randomisation) instead of the procedure used with the original 

affibody library, in which 13 amino acids located at two of the three helices were 

randomised. Even with this smaller theoretical size, the researchers obtained a 

representative phage library after bacterial transformation with a size of 2.1 x109 with an 

86 per cent level of correct sequences as verified by the sequencing of 36 random clones 

(Cyranka-Czaja and Otlewski, 2012).  

Furthermore, the researchers also proposed that the application of soft randomisation 

schemes (such as, KMT or HWC) in which only four to six amino acids were used to 

randomise more than eight positions could generate binders of low-nanomolar affinity, 

which would mimic the affinity achieved with the full-length antibodies (Cyranka-Czaja 

and Otlewski, 2012). It was also shown that such minimal diversity enabled the selection 

of high-performance single domain binders.  Another factor that can affect the library 

performance is the efficiency of displaying phage on cells. The display level of phage 

was found to be improved through use of a polyvalent display approach (fusion to M13-

pVIII coat protein) instead of the monovalent system (fusion to M13-pIII coat protein) 

adapted by most libraries, including the Affimer library (Ledsgaard et al., 2018). 

In this chapter, we characterise and assess different strategies for phage selection of 

Affimer reagents targeting HER2. We performed a recombinant-protein based screen, 

whole-fixed cells based screen (HER2 transfected vs non-transfected cells), and we also 

did a combined-phage screen alternating fixed-cells overexpressing HER2 and the 

recombinant purified ECD of the receptor. In addition, any generated HER2 binding 

Affimers may represent a useful molecular recognition tool in different diagnostic 

applications, involving cell staining. 

 

 



80 
 

3.2 Results 

3.2.1 Isolating Affimers against the recombinant protein of 

the ECD of HER2  
 

The extracellular domain (ECD) of HERs have a high number of intramolecular disulfide 

bond and are also highly glycosylated making them difficult to express in a bacterial 

system. In addition these receptors are glycosylated, masking potential epitopes that 

affinity reagents may bind to  (Rockberg et al., 2009). However, these proteins can be 

expressed in other systems and numerous alternative affinity reagents, including 

affibodies (Lee et al., 2008), Affimers (Tiede et al., 2017) and DARPins (Goldstein et al., 

2015) have been successfully isolated against a range of membrane targets using 

recombinant proteins. In addition to these published targets, the Bioscreening Group at 

Leeds has also isolated Affimer reagents against HER2. The amino acid sequence of the 

variable regions, also known as binding loops, of all HER2 binding Affimers is shown in 

table 3.2. 

 

 

 

 

 

 

 

 

 

 

Table 3.2 Amino acid sequence of the binding loops of eight different HER2 

binding Affimer. These binders were recovered from panning against the 

recombinant protein of the ECD of the HER2 receptor. The bio-panning was kindly 

performed by the Bioscreening Group (University of Leeds, UK). See appendix A 

for amino acid details.  
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3.2.2 Selection of Affimers on whole-fixed cells engineered to 

overexpress HER2 

Given the possible structural changes of HER2 upon cell fixation (Li et al., 2017) and due 

to the high specificity of Affimers for protein conformation (Tiede et al., 2014), it was 

questionable whether the isolated eight binders would bind to HER2 in fixed cells. 

Therefore, we decided to test the potential of isolating binders from fixed-HER2 

transfected cells.  The reasons for using transfected fixed cells include: (1) fixing cells 

with 4% paraformaldehyde is widely used procedure in IF (Webster et al., 2010); (2) 

using fixed monolayer of cells enables vigorous washing steps without the risk of losing 

cells during the screen, thereby removing non-specific phage more efficiently; (3) many 

studies have demonstrated the advantageous use of transfected cells in phage display 

screens (Lipes et al., 2008;Yoon et al., 2012;Yuan et al., 2008).   

Prior to the start of the screen, the transfection efficiency and stability were confirmed by 

immunofluorescence staining, in which the HER2-HB2 transfected cells showed high 

level of HER2 expression compared to the non-transfected (HB2) cells (Figure 3.1 A). 

After confirming the transfection efficiency, we started the screen by depleting the naïve 

Affimer library on non-transfected HB2-cells followed by a selection process on the 

HER2-HB2 transfected cells. After four cycles of panning, 32 colonies out of 1.9 x106 of 

total recovered colonies from the last panning round were randomly picked and screened 

by cell-based phage ELISA (figure 3.1 A and B). As a common practice in BSTG, a range 

of 24 to 48 colonies considered as a manageable number of colonies to be assayed using 

low throughput ELISA assay. So, initially this range of colonies was selected randomly 

and assayed in order to evaluate the binding specificity. If ELISA assay showed 50% of 

colonies were target-specific no more colonies were selected, but when no binding 

colonies were obtained, then more colonies were picked and assayed to determine 

whether to stop the screen or to start a new screen.  

Based on the poor enrichment level of the number of recovered colonies between target 

and non-target in all selection rounds, we decided to perform an initial phage ELISA 

assaying 32 colonies only in order to evaluate the binding specificity of phage clones 

towards target cells (HER2-HB2 transfected cells). 
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A 

B 

C 

Figure 3.1 Demonstrating the unsuccessful isolation of Affimers using cell-based 

screen against HER2-HB2 transfected cells HER2-HB2 transfected cells. (A) 

Immunofluorescence staining showing an efficient transfection of HER2-HB2 

transfected cells with high expression of HER2 (green colour) compared to the other 

HB2 (non-transfected) counterpart. The HER2 was identified using rabbit anti-HER2 

polyclonal antibody followed by anti-rabbit (IgG) Alexa488 conjugated antibody 

(scale bar = 13 µm). (B) Following four rounds of panning, 32 colonies were randomly 

picked and screened in ELISA assay. Each clone was tested against transfected cells, 

non-transfected cells, and wells containing 2X blocking buffer. (C) The absorbance 

measurements at 620 nm for each well showed equal binding preference to all wells 

containing transfected, non-transfected cells or no cells. The absorbance 

measurements plotted in the histogram represent the mean value of duplicated 

measurements of one experiment. (n = 2 for both IF immunofluorescence staining of 

cells and phage ELISA).  
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Wells with no cells, containing 2X blocking buffer, were also included to serve as 

negative controls (figure 3.1 B). Binding of the phage clone with HER2 was detected 

using an anti-fd phage antibody conjugated with HRP and the 3,3’,5,5’-

tetramethylbenzidine (TMB) substrate.  Absorbance readings for each well was measured 

at 620 nm, as shown by the histogram in figure 3.1 C. Interestingly, none of the isolated 

Affimers showed specific staining for HER2 expressing cell strain (figure 3.1 C). This 

highlighted the need to further optimise our panning strategy. The whole screening 

process and the outcome of the screen is illustrated in figure 3.2 A and B, respectively. 

The phage screen was performed only once; however, a repeat of the screen using non-

engineered HER2 overexpressing cell line is planned as part of the future work.  

3.2.3 A combined phage selection strategy  

It was speculated that we could alternate panning rounds using recombinant HER2 protein 

and a cell line overexpressing HER2 to isolate Affimer reagents that show specific 

binding to native HER2 protein. Recombinant proteins have been shown previously as a 

way of limiting the background of non-specific binders when using only cells for phage 

display (Andersen et al., 1996). Following this strategy, the first and the third panning 

rounds were performed using HER2 protein while the second used a breast cancer cell 

line (MDA-MB-453).  

Two recombinant proteins of the ECD of HER2 (Fc-tagged and non-tagged protein) were 

purchased and biotinylated. Biotinylation is used to present proteins on streptavidin 

coated plates, helping to maintain conformation. Biotinylation of the Fc-tagged HER2 

protein and HER2 was determined by ELISA (figure 3.3). The HER2 protein failed 

biotinylation showing low levels by ELISA after two repeats while the Fc-tagged version 

showed successful biotinylation. It was hypothesised that the purchased non-tagged 

HER2 protein may be degraded. This could be confirmed with SDS-PAGE gel coupled 

with western blotting or via the use of ELISA in which the protein would be detected by 

HER2 antibody.  

The percentage of biotinylated protein present in the mixture was not determined by 

highly sensitive and quantitative techniques such as MS. However, the adapted protocol 

for random biotinylation of the protein (section 2.2.2.1.1 and 2.2.2.1.2) had been 

optimised previously by the BSTG, indicating that an A620nm of  1.4 represented 100% 

biotinylation (data obtained through verbal communication). 
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Figure 3.2 Phage screen on fixed monolayer of engineered (HER2-transfected) HB2 

cells to isolate binders against HER2 using the naïve Affimer phage library. (A) 

Schematic overview of the cell-based phage screen on engineered HB2 cells to isolate 

binders against HER2 by phage display using naïve Affimer library. Four rounds of 

selection were conducted, including pre-panning steps on two HB2 cells (non-HER2-

transfected) and blocked wells to ensure complete removal of the non-HER2 binding 

phage clones. From the final panning round (4th round), 32 colonies of a total of 1.9x106 

of recovered colonies, were randomly picked to be assayed in phage ELISA for the 

characterisation of their binding specificity towards HER2 expressing cells (HB2-HER2-

transfected cells). (B) The outcome of the screen was estimated by the number of total 

colonies recovered from target plate of HER2-HB2-transfected cells compared with 

control non-target samples (HB2 cells). The numbers of colonies plotted in the histogram 

represent the mean number of duplicate counts that was performed manually using a 

marker pen. All colonies were counted from 1l plates and then multiplied by the total 

volume of phage-infected bacterial cell cultures (8 ml). (n = 1) 

B 

A 
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As such, there indicated absorbance measurement was used as a cut-off point to estimate 

the degree of the biotinylation in relation to the determined absorbance shown in figure 

3.3.  

Owing to the successful biotinylation of the Fc-tagged HER2 protein, we decided to only 

use this protein in the bio-panning process. In pan rounds 1 and 3, a negative selection 

step was performed using a different Fc-tagged protein to remove any Fc binders. During 

the panning round against MDA-MB-453, a fixed monolayer of U87-MG cells 

(glioblastoma cell line with no detectable HER2 levels) was used to pre-pan. The outcome 

of this strategy was evaluated by phage ELISA, in which the binding ability of the 40 

picked clones of total 2x166 colonies recovered from the target plate of the final panning 

round (3rd round) was assessed. A control Fc-tagged protein and blocked wells were also, 

used as negative controls. Based on the absorbance measurements, four clones showed 

specific binding to HER2 protein (Figure 3.4 A and B). Most of the 40 screened colonies 

were not functional, as they showed no binding events. After DNA sequencing, all the 

HER2 specific binders were appeared to be one binder, which was the D11 (Figure 3.4 C 

and table 3.2). Figure 3.5 illustrated the schematic overview of the combined-phage 

screen (A) in addition to the overall outcome (B) indicating the efficiency of the screen 

based on the total number of recovered colonies after each panning round.  Although we 

managed to isolate one HER2-binding reagent (D11), the outcome of the screen (figure 

3.5 B) was poor compared to previous screens against other protein targets. As such, we 

continued to further optimise the screening strategy.  

 

The combined phage screen to isolate HER2 binders was performed only once and due 

to its outcome, we speculated that further optimisation adopting another strategy, in which 

cells were introduced after 3 rounds of selection on recombinant protein would be the 

optimal approach to sort out the outcome of the protein-based screens using cells. As 

such, we decided not to repeat the combined phage screen but instead go forward and try 

another approach of cell-containing phage screen.  
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Figure 3.3 ELISA assay examining the efficiency of the amine-based 

biotinylation of the HER2-ECD protein used for the phage display screening. 

(A) Showing the strip for different dilutions of the biotinylated recombinant protein. 

Negative control (PBS) was included. (B) Presenting the absorbance measurements 

of the wells taken at 620 nm. The plotted absorbance measurements represent the 

mean value of duplicated measurements of one experiment. (n = 2).  
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Figure 3.4 Showing the phage ELISA results from isolating Affimers using 

alternate proteins and cell-based screening. (A) After three panning rounds, 40 

colonies were randomly picked and tested against the HER2 (ECD) protein, yeast 

SUMO-Fc tagged (negative control protein), and wells containing 2X blocking buffer. 

(B) Graph showing the results from the phage ELISA. Hits are highlighted with an *. 

The plotted absorbance measurements in the histogram represent the mean value of 

duplicated measurements of one experiment. (C). Sequences results of the specific 

binder showed the isolation of a single reagent, which is the D11 binder. See Appendix 

A for amino acid details. (n = 2 for phage ELISA assay and DNA sequencing). 
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Figure 3.5 Selection outcome of the combined-phage screen to isolate HER2 binder. 

(A) Schematic overview showing that for the first and third selection rounds, the naïve 

Affimer library was pre-panned on three pre-panning wells (blocked well, streptavidin-

contained well and a third that contained immobilised biotinylated Fc-control protein) 

before panning on biotinylated HER2-ECD target protein immobilised on streptavidin-

coated wells. For the second panning round, the library was pre-panned on three wells 

(one blocked well and two wells that contained U87 cells, which do not express HER2) 

and then selected on the target-expressing cell (fixed monolayer of MDA-MB-453 cell 

line). From the library pool after the last round of selection, 40 randomly picked binders 

were screened for binding to HER2-ECD recombinant protein using phage ELISA assay. 

(B) Histogram showing the total number of colonies recovered from each panning round 

as counted from the 1l agar-plate containing the phage-infected bacterial cells (ER2738 

cells). The counted number was multiplied by the total volume (8ml) of bacterial cell 

culture. The colonies were counted twice, manually,  using a marker pen and the plotted 

numbers represent mean value of duplicated counts. (n = 1). 

A

 

B

 



89 
 

 

3.2.4 Selecting enriched pool of HER2-binding Affimers on 

cells enhanced the diversity of isolated binders 
 

It was speculated that increasing the panning against cells using an enriched HER2 phage 

pool may increase the number of clones isolated that can bind to native HER2 (Gijs et al., 

2016). Therefore, we proposed an approach to increase the rounds of panning against 

HER2 protein followed by two selection rounds on cells. We chose to use the enriched 

library pool of the third panning round from the screen against HER2 recombinant protein 

in order to start the selection process against fixed MDA-MB-453 cells. The enriched 

library was derived from the screen performed by the Bioscreening group as it contained 

diverse variants of HER2-specific phage clones compared to the screen performed against 

the HER2-Fc protein. During the panning rounds on cells, a depletion step on the HER2 

negative fixed cancer cells (MCF7 breast cancer cell line) was performed in the first round 

only (figure 3.6 A). The use of a depletion step at this stage was made to remove binders, 

which were not able to recognise epitopes at the fixed conformation of the receptor, thus 

allowing the amplification of specific binders (section 2.2.2.2.3).  

After the final round of selecting the enriched pool on fixed cells, 48 colonies out of a 

total recovered 3x106 colonies (figure 3.6 B), were randomly picked and screened by cell-

based phage ELISA (figure 3.7 A). The absorbance measurements at 620 nm of each 

wells confirmed the binding ability of 20 clones as they showed increased binding of cells 

overexpressing HER2 (figure 3.7 B). From experience, cell-based phage ELISA, 

generally show weak signals in negative controls. Following ELISA, all the 20 positive 

hits were sequenced, and sequencing revealed isolation of two binders (D11 and H7). The 

D11 binder appeared 19 times in the screen compared to the H7 that appeared only once 

(figure 3.7 C, table 3.1). The outcome of this screen strongly suggests that D11 is the best 

binder that can bind to HER2 on cells and recombinant protein.  In addition, preselecting 

Affimer library on pure recombinant protein for multiple panning rounds prior to 

selecting it on cells can lead to higher enrichment of Affimer reagents. The phage screen 

was performed only once as proof-of-principle examining a new approach of selection 

combining cells and proteins in a single screen. However, using such approach for 

selecting binders against other targets could be performed in the future to further assess 

the efficiency of the selection approach.   
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Figure 3.6 Affimer phage screen on HER2-overexpressing cells (MDA-MB-453) 

after multiple enrichment rounds on biotinylated HER2-ECD recombinant protein. 

(A) Affimer phage library was selected on biotinylated HER2-ECD recombinant protein 

immobilised on streptavidin-coated wells to isolate binders against HER2. After three 

panning rounds on recombinant protein, the phage pool from the third panning round was 

used to start the selection on cells. The enriched phage pool (from panning round three) 

was used to start phage sorting on fixed monolayer of MDA-MB-453 after being pre-

panned on MCF7 cells (HER2-deficient cells). The (*) indicates that protein-based screen 

(round 1-3) was performed by the BSTG. After 3 rounds on protein and three other rounds 

on cells, 48 colonies from the last round on cells (6th round) were randomly picked and 

assayed in phage ELISA. (B)  Histogram showing the output of the screening after three 

selection rounds on cells. The plotted numbers of colonies in 1l plates multiplied by the 

total volume of phage-infected ER cells (8 ml) represent the mean of duplicated counts, 

which was calculated manually using a marker pen. (n = 1) 
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Figure 3.7 Showing the phage ELISA from clones isolated after three panning 

rounds against recombinant protein and three against cells. (A) 48 colonies were 

randomly picked, and a phage ELISA was performed. In column 1 to 6, the selected 

clones were tested against fixed monolayer of MDA-MD-453 cells. Whereas, MCF7 

fixed cells along with the 2X blocking buffer were used as corresponding negative 

controls in column 7 to 18. Phage binding was detected using anti-fd bacteriophage 

HRP conjugated antibody and visualised with TMB. (B) The absorbance 

measurements at 620 nm of each well were taken and blotted in a histogram. An 

arbitrary cut-off (red line) was used to determine which clones would undergo 

sequence analysis based on the differences in the signal intensity (clones showed a ≤ 

2-fold increase in the intensity of the signal detected in target cells were eliminated). 

Indicated columns are the ones taken forward. (C) Showing the amino acid sequence 

of the binding loops of the recovered clones (D11 and H7). See Appendix A for more 

details about amino acids.  
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3.2.5 Molecular cloning, bacterial production, and 

purification of eight isolated HER2-binding Affimers  
 

All HER2-binding Affimers listed in table 3.2 were amplified by PCR using primers 

containing NheI and NotI restriction site (section 2.2.3.1) and cloned into the pET11a 

expression vector (data not shown). The cDNA of each binder was extracted from 

colonies and sequenced to confirm successful cloning (GATC, biotech AG, data not 

sown). Affimer cDNA were transformed into BL21 (DE3) cells for protein expression.  

E.coli is the most commonly used system for the production of recombinant proteins. 

However, the achievement of high level of protein expression can be a challenge. To 

overcome possible challenges and maximize the yield of produced Affimer proteins, 

some parameters that affect cell growth and protein expression must be optimised (Kaur 

et al., 2018). The ideal scenario would be obtaining an optimal condition in which both 

protein yield per cell and cell densities per volume are high, but this cannot always be 

reached. Therefore, we focused on optimizing the cell growth conditions to obtain high 

cell densities compensating for possible low protein production per cell. Our optimisation 

experiments involved altering some growth conditions such as aeration (shaking speed), 

temperature, induction, and the cell density at which induction was started.   

 

3.2.5.1 Optimisation of temperature, shaking speed and time for 

production of Affimers  
 

Generally, 200-250 rpm is the standard speed for most shake flask culture, therefore, we 

decided to examine two shaking speeds, 230 rpm and 150 rpm in 30 ml cultures. Post-

induction, cultures were incubated for 6 hours and overnight (16-18 hours) at 25oC. 

Affimer protein from the two shaking speeds at different intervals was purified and the 

yield was measured. There was little difference in total yield of proteins (figure 3.8 B), 

however, a large amount of Affimer proteins was left unbound (figure 3.8 A) in overnight 

cultures at both 230 and 150 rpm suggesting overnight culture produces more protein 

overall. Unbound protein is most likely due to the too little NiNTA resin being used 

during purification.  

It is worth mentioning that a control lysate of non-transformed bacterial cells was not 

included and this could be a drawback affecting the authenticity of the experiment; 

however, it was suggested by BSTG that a lysate of the non-transformed cells would not 
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represent the appropriate negative control as it would not show the level of the leaky 

expression of non- isopropyl ß-D-1-thiogalactopyranoside (IPTG) induced cells (Studier 

and Moffatt, 1986). Vectors encompass the T7 promoter system, such as the pET11 

vectors,  in which the target gene (in the case of this research, it is the Affimer sequence) 

is cloned behind a promoter that is recognised by the T7 RNA polymerase (T7 RNAP), 

which is usually provided by the bacterial genome (DE3 strain of BL21 cells) (Studier 

and Moffatt, 1986).  

T7 RNAP is under the transcriptional control of the lac UV5 promoter and thus when the 

system is induced by lactose or its non-hydrolysable analogue, IPTG, the conformational 

structure of the active repressor that blocks the T7 RNAP from binding to the T7 promoter 

region will change, rendering it inactive to bind and thus initiate the transcription of 

Affimers (Moffatt and Studier, 1987;Stano and Patel, 2004;Fernandez-Castane et al., 

2012). As such using the non-induced lysate will evaluate the tightness of the control 

provided from the used BL21 (DE3) bacterial strain in comparasion to the IPTG-induce 

lysate. In our research, using the indicated bacterial strain provided sufficient control of 

Affimer expression as the level of the leaky expression of Affimer in the uninduced 

cultures was very small compared with the expressed amount of Affimers in the induced 

counterparts as confirmed by western blot analysis (data not included and confirmed by 

different researchers). After purification, the uninduced cultures yielded about 0.02 

mg/ml of Affimer protein compared with a yield of 1.5-2 mg/ml in the induced cultures 

(data provided from other Affimer-based research).  

Next, the incubation temperature post induction was optimised. Using the optimized 

shaking speed (150 rpm), a sample of 2ml from 50 ml cell culture was harvested at 2, 4, 

6 and 16 hours. The amount of Affimer protein produced was assessed on an SDS-PAGE 

gel (figure 3.6). 0.5mM of IPTG was added to all cultures after inoculation with the 

overnight culture and the incubation was started when an OD600nm reached 0.7-0.8. After 

6-hour, the amount of protein produced was greatest at highest temperature, however, in 

the overnight cell cultures started to die at 30 and 37oC based on the measured optical 

density measured after overnight culturing. Therefore, for shorter incubation times 37oC 

is the best at shaking speed of 150 rpm and for longer incubation time 25oC at 150 rpm is 

the best.  Our results here further confirm the advantageous effect of both low temperature 

and low shaking speed on the production level of Affimers.  
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Figure 3.8 The effect of different shaking speeds on the production of Affimer 

proteins. The expression was induced by 0.5mM IPTG at 25oC for overnight and 

different shaking speeds (rpm). (A) 5 µl of sample volume of soluble lysates, unbound 

fractions and purified Affimers obtained after overnight or 6 hours at 230 and 150 rpm 

shaking speed were loaded and the gel was stained with Coomassie blue. A culture where 

the expression of Affimers was not induced by IPTG used as negative control. (B) 

Column chart showing that the highest increase seen at 150 rpm speed of which most of 

the Affimers were captured on the agarose beads compared to the 230 rpm. Due to the 

incorporation of cysteine residue, formation of Affimer dimers were detected at an 

approximate mass of 24 kDa. (n = 1)     
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3.2.5.2 Optimisation of induction of Affimer production 

After optimising the temperature and the shaking speed, the next step was to determine 

the optimal OD of the culture for induction and the optimal concentration of IPTG. 

Initially, two 50 ml cultures were inoculated with 2 ml of start culture and incubated at 

37oC at 230 rpm until the optical densities (OD600nm) of 0.5 and 0.7 were reached. The 

reason behind choosing these two optical densities is that they represent the lowest and 

the highest densities usually used in our laboratory to produce different Affimer proteins. 

The cell cultures were then divided into four subcultures containing 50 ml each in order 

to add a range of different IPTG concentration starting with 0.05, 0.1, 0.5 and 1mM. Un-

induced transformed cells were also used as a negative control. The cells were then 

allowed to grow overnight at 25oC at 150 rpm after the addition of IPTG. At the end of 

the incubation time, the optical density of all cultures was measured, and cells were 

harvested for purification. 5 µl of both soluble and unbound protein fraction of each 

subculture were analysed by SDS-PAGE gel (figure 3.10 A).  

Cell cultures that were induced at 0.7 OD600nm showed slightly higher cell densities. 

However, there was little difference in cell density between cultures induced with 

different IPTG concentration at an OD600nm of 0.5 and 0.7 (figure 3.10 B). Both 0.05 and 

0.1mM of IPTG showed the highest level of soluble Affimer protein (figure 3.10 A).  The 

lower level in yield at higher concentrations of IPTG could be due to overwhelming the 

Figure 3.9 SDS-PAGE analysis of Affimer protein produced at different 

temperatures. The expression was induced with 0.5 mM of IPTG started at optical 

density (OD600nm) of 0.7-0.8 and incubated at 20, 25, 30 and 37oC for overnight with 

150 rpm shaking speed. 3 µl of soluble lysates was loaded in to an SDS-PAGE gel 

and the gel was then stained with Coomassie blue. Un-induced cell culture was used 

as negative control. (n = 1) 
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folding machinery in the cell leading to protein accumulation in the insoluble fraction 

(Sorensen and Mortensen, 2005). A basal level of Affimer production was observed in 

the un-induced transformed cell culture, and that may indicate the need of optimising the 

amount of glucose in the media to suppress the T7 promotor. Although starting the 

induction at an optical density of 0.7 with low IPTG concentrations did show better 

protein synthesis, no different was noticed in the yield of Affimer proteins obtained after 

the purification (data not shown). This can be reasoned to the limited capacity of the 

agarose beads used in the purification process which affected the capturing of the protein 

as proved by the observed bands in the unbound fraction of different cultures (figure 3.10 

A).  

To further confirm the best OD600nm for induction we set another experiment were a range 

of cell densities from 0.4 up to 1 were tested. In this experiment, bacterial cell cultures 

were grown till reaching the desired optical density prior to induction with 0.1 mM of 

IPTG. After overnight culture at 25oC at 150 rpm, cells were harvested, and cell densities 

were measured. In addition, the Affimer proteins were purified and the yield was 

measured. 5 µl of all soluble and the unbound fractions alongside the first batch of eluted 

Affimer proteins were run on an SDS-PAGE gel (figure 3.11). Little difference was 

observed in all tested time point as cells were able to produce high level of Affimer protein 

albeit at slightly lower level at 0.4 OD600nm (figure 3.11 A).  However, by calculating the 

yield (figure 3.11 B), we concluded that inducing at OD600nm of 0.8 yield slightly more 

protein. Our conclusion was based on increase in the OD of cells and the amount of 

purified Affimer (figure 3.11 B).  

Cultures induced at low density of 0.4 showed low protein outcome (figure 3.11). Thus, 

starting at low optical density was too early for cells to produce enough protein.  On the 

other hand, inducing cells at late-exponential phase (OD600nm of 0.9 and 1) resulted in a 

slight reduction of cell density and the concentration of protein (figure 3.11 B). 

This reduction in both cell density and production level of Affimers may suggest that cells 

died because of their declined metabolic rate caused by the consumption of the nutrients 

in growth media as reported earlier (Balbas, 2001).   

The optimised protocol was used to produce the HER2 binding Affimer reagents. A 

representative SDS-PAGE, Coomassie-stained gel shown in figure 3.12 confirming the 

purification of relatively pure, soluble anti-HER2 Affimers with a concentration range 
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between 1mg/ml to 3 mg/ml. Protein concentration was determined 

spectrophotometrically and by BCA assay prior to dialysing in PBS, pH 7.4 buffer.  
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Figure 3.10 The effect of using different IPTG concentrations on both cell 

density and Affimer production. A range of different IPTG concentration (0.05, 

0.1, 0.5 and 1mM) were added at two different optical densities (an OD600nm of 0.5 

and 0.7) and cells were allowed to grow for overnight at 25oC with 150rpm. (A) 3 µl 

of soluble lysates and unbound fractions obtained from cultures with different ODs 

and concentration of IPTG were ran on SDS-PAGE gel and stained with Coomassie 

blue. (B) A graph showing the measured post-induction optical density of cultures 

induced at different OD start point and different concentration of IPTG. (n = 1) 
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Figure 3.11 Optimising the induction of Affimer production at different OD of 

cultures. Bacterial cultures were induced with 0.1mM of IPTG at optical densities 

(OD600nm) of 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 and incubate at 25oC for overnight to grow 

while being shaken at 150 rpm. (A) SDS-PAGE gel of 3 µl soluble lysates, unbound 

fractions and purified Affimers were ran on gel and stained with Coomassie blue. (B) 

Graph showing the measured post-induction optical density of cultures as well as the 

yield of produced Affimer at different pre-induction culture densities. (n = 1) 
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Figure 3.12 SDS-PAGE showing the purification of anti-HER2 Affimers. Eight 

isolated anti-HER2 Affimers were produced in E.coli by growing the transformed cells 

for overnight at 25oC with 150 rpm under induction at 0.1mM of IPTG that started at 0.8 

OD. 5 µl of soluble lysate, unbound fraction and eluted protein was added in the indicated 

lanes. Proteins were visualised with Coomassie blue stain. (n = 1) 
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All optimisation experiments were performed only once and the optimised expression 

protocol was then evaluated and tested to express about 28 Affimers. Approximately 89 

%  of the expressed Affimers were produced in a high yield of 100-250 mg/l as described 

in the article that was published in 2017 (Tiede et al., 2017). Another optimisation 

experiment performed by researchers in the BSTG group confirmed the efficiency of the 

conditions presented by our optimal Affimer-expression protocol mentioned here and 

summarized in chapter 2, section 2.2.3.2 (data obtained by verbal communication).  

 

3.2.6 Characterising the binding ability of anti-HER2 

Affimers on a panel of breast cancer cells  
 

All eight isolated Affimers were then subjected to binding analysis to determine their 

ability to recognise HER2 on cells by IF and affinity precipitation.  

 

3.2.6.1 Immunofluorescence staining of HER2 using Affimers 

Affinity/immunofluorescence staining (AF/IF) was performed on HER2 overexpressing 

cells (MDA-MB-453, BT474 and HER2-HB2 transfected cell lines) and immortalized 

breast cells (HB2 cell line) that do not express HER2 (Holliday and Speirs, 2011). After 

being fixed with 4% PFA, mouse conjugated Alexa 594 and anti-his8tag antibody was 

used to detect the Affimer (section 2.2.6.1). All Affimer proteins (table 3.2) were added 

to fixed cells and their staining pattern was compared to a commercial polyclonal HER2 

antibody. The background level caused by anti-his8 tag antibody binding to cells was 

tested and used as a negative control. In addition, yeast SUMO2 (YS15) Affimer reagent 

(Hughes et al., 2017;Tiede et al., 2017) was also included in the analysis to serve as a 

non-HER2 targeting control Affimer. Interestingly, the cellular localisation of Affimer 

staining was inconsistent when compared to the antibody (membrane and/or cytoplasmic 

staining patterns on both BT474, MDA-MB 453, but cytoplasmic mainly on transfected 

cell lines, respectively, figure 3.13) with little staining observed in the negative control 

cell line. The observed inconsistency in the staining pattern could potentially indicate the 

need to optimise the fixative as recent laboratory experience has indicated Affimer 

reagents showed better staining results with fixatives other than paraformaldehyde. In 

addition, both Antibody and Affimers were raised against different regions of the receptor  
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Figure 3.13 Immunofluorescence staining of HER2 receptor on fixed cells. The 

staining was performed on a panel of HER2 overexpressing cell lines, HER2-HB2 

transfected and non-HB2 transfected cells. The molecular binding of Affimer proteins 

to the receptor was identified by the moue anti-his8tag antibody and visualised with 

Alexa 594 conjugated antibody. The binding interaction between the HER2 antibody 

and its cognitive receptor was visualised by anti-rabbit conjugated Alexa 594 

antibody. In the anti-his8tag control, no Affimer protein was added, while anti-YS15 

Affimer reagent was included as a negative control and scale bar = 20 µm. (n = 2)  
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and that can further indicate the need of treating them differently in relation to fixing and 

permeabilisation. Therefore, we decided to test if adding Affimers to cells prior fixing 

them will enable us to evaluate their binding ability to HER2 without the need of further 

optimisation of cell fixing.  

 

3.2.6.2 Testing anti-HER2 Affimer reagents on live cells  

We started our AF/IF staining by adding the Affimer molecules on BT474 cell line, a 

HER2 overexpressing cell line, for one hour at 37oC followed by a fixation step with 4% 

PFA. Bound Affimer variants were then localised using an anti-his8tag antibody and an 

anti-mouse Alexa 488 conjugated antibody (section 2.2.6.2). The Affimer yeast SUMO2 

(YS15) was used as a negative control. Out of eight tested Affimer variants, only D11, 

H7 and E12 showed binding of HER2 on live cells (figure 3.14). Interestingly, H7 and 

E12 Affimer proteins also displayed internalisation into cells. As shown in figure 3.14, 

both H7 and E12 localised as green dots in the cytoplasm indicating internalisation into 

lysosomes. Compared to H7 and E12, the D11 variant demonstrated a little cellular 

uptake with the majority of cells demonstrating specific staining. Very little staining was 

observed in the negative controls. The commercial polyclonal anti-HER2 antibody could 

not serve as a positive control because of its inability to detect HER2 on live cells (as 

recommended by its manufacturer).  

 

3.2.6.3 Anti-HER2 Affimers pull down endogenous HER2 from cell 

lysates 
 

To examine the ability of the anti-HER2 Affimers to pull down the endogenous HER2 

from cell lysate, a pull-down assay was used. Our optimal assay involved incubating 

Affimer binders with cell lysate overnight prior to precipitating the Affimer-HER2 

conjugated complex using NiNTA agarose beads. The cells were lysed under a non-

denaturing condition. The pulled down complexes were eluted and ran on SDS-PAGE 

gel for western blot analysis. The selectivity of the Affimer binders as examined by 

blotting for the presence of HER2, HER3 and actin. Negative controls included were an 

anti-yeast SUMO2 (YS15) Affimer and MDA-MB-231 (HER2 negative) cell lysate. In 

addition, anti-actin Affimer was used as a positive control for the pull-down assay due to 

its ability to pull down actin. 
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Figure 3.14 Immunofluorescence staining of HER2 binding Affimers on live BT474 breast cancer cells. Affimer 

proteins (25 µg/ml) were added to adherent BT474 cells for one-hour incubation at a 37oC incubator, supplemented with 

CO2, before fixing them with 4% PFA. The positive binding (green colour) was visualized by mouse anti-his8tag antibody 

followed by anti-mouse (IgG) Alexa 488 conjugated antibody. YS15 Affimer reagents and cells stained with anti-his8tag 

antibody only were included as negative controls (n= 2, scale bar = 20 µm).  
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Affimer D7, D11, H8 and E8 pulled down endogenous HER2 from the cell lysate (figure 

3.15). However, D11 and D7 pulled down the most HER2, compared to H8 and E8 which 

showed a faint band upon blotting against the HER2. Interestingly, E8 was the only 

Affimer protein that showed only pulldown of HER2. In contrast, both H8 and D11 

showed interaction with HER3.  

In addition, the D7 Affimer protein, actin protein was observed alongside other proteins. 

No bands were detected with the negative YS15 control and other tested Affimer variants. 

Our positive control, the anti-actin Affimer reagent managed to pull down actin with a 

weak interaction towards HER2. The observed interaction of the anti-HER2 reagents with 

either HER3, actin or both may indicate their cross-reactivity or could be due to the fact 

that these represent protein complexes (Jain et al., 2012). In this context, the pull-down 

assay can be an indication of how Affimer binders interact with HER2. For example, both 

HER2 and HER3 interact together by their dimerization arm located at domain II of the 

extracellular region of the receptor, therefore any HER2 binding reagent such as D7 and 

D11 may not affect this interaction and therefore precipitate the complex (Rubin and 

Yarden, 2001). On the other hand, E8 may be binding to at point on HER2 that is occluded 

when it is in complex with HER3 and therefore only precipitate HER2 protein.  

 

Figure 3.15 Anti-HER2 Affimers showed ability to pull-down HER2 

complexes. Affimer proteins were incubated with MDA-MB-453 cell lysate 

overnight at 4oC. The Affimer-HER2 complex was precipitated using NiNTA 

agarose beads, washed and eluted. The eluates were separated on an SDS-PAGE 

gel and blotted against HER2, HER3 and actin antibody. Anti-actin Affimer was 

used as a positive control in addition to the yeast SUMO2 (YS15) Affimer 

protein, which served as a negative control. MDA-MB-231 whole cell lysate was 

used as control to further validate the specificity of the anti-HER2 antibody.  
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3.3 Discussion 

This chapter has described the isolation of Affimers against the extracellular domain of 

HER2 from the Affimer phage library (Ella2) in vitro using different phage-selection 

strategies that involved biotinylated-HER2-ECD recombinant proteins, and fixed-

monolayers of established and engineered cell lines that overexpressed HER-2. The 

selected Affimers were partially characterised and demonstrated an ability to bind to the 

receptors on cells, and to pull cells down from a cell lysate. However, this characterisation 

can only be considered as a preliminary result and further confirmation is currently in 

process in order to characterise fully the binding specificity and selectivity of the HER2-

binding Affimers towards HER2 exclusively in the HER family.   

The selection experiments were performed on biotinylated HER2-recombinant proteins 

and on cells. Regarding the protein-based phage screen that involved the use of 

biotinylated HER2-ECD only, the BSTG group isolated eight different HER2 binders out 

of 48 tested clones that were selected from the third panning round. Comparing this screen 

output with other screens, screening the DARPin library on adsorbed HER2-ECD protein 

using ribosome display resulted in the isolation of five different DARPins after the assay 

of 120 clones that were recovered from the 6th and final panning round (Zahnd et al., 

2007;Zahnd et al., 2006). Seven different affibody proteins were isolated after testing 49 

individual phage clones picked from the 4th and final panning round following the use of 

the affibody library and phage-display technology (Wikman et al., 2004). Based on these 

data, we can suggest that the selection of an Affimer library on immobilised (biotinylated) 

protein in a minimum of three panning rounds can result in a good level of HER2-binder 

enrichment. However, the affinity of the isolated binders requires analysis in order to 

compare it further with the affinity of other generated binders, such as DARPins and 

affibodies that binds to HER2 in a nanomolar range.  

In addition to the need to explore the affinity of the isolated Affimers, the use of random 

biotinylation to biotinylate the recombinant protein in order to immobilise it on a 

streptavidin-coated plate to preserve its conformation may block some active sites or 

binding sites involved in the interaction of the commercial antibody with the different 

HER2-ECD domains. Therefore, it would be interesting in the future to perform a protein-

based screen in which the recombinant protein was adsorbed to the plastic well, as such 

adsorption seems not to affect the conformation of most of the epitopes as reported in the 

DARPin screen (Zahnd et al., 2006). In Zahnd and co-workers’ research using adsorption 
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instead of protein biotinylation to present the protein in the screen, they isolated HER2 

binders that recognised the receptors on cells. That group used molecular-recognition 

applications such as IF and IHC. In addition, the generated DARPins showed specificity 

towards HER2 as they did not bind to other non-HER2 tested proteins, including EGFR 

(Zahnd et al., 2007;Zahnd et al., 2006).  

Beside using recombinant protein as the source of the ECD of HER2, we tried different 

cell-based selection strategies to check if we can isolate different reagents. We also 

wanted to develop a strategy that can help in sorting out the outcome of a recombinant 

protein-based screens without the need of a time-consuming and laborious 

characterisation steps especially with many binders to do so. In contrary to the reported 

success of isolating reagents from a cell-based screen on whole-cells  (Jones et al., 2016), 

our cell based screen using HER2-transfected vs non-transfected cells was failed and what 

we isolated were non-specific binders. We reasoned our screen failure to multiple factors, 

including library quality and experimental parameters. In relation to the library quality as 

mentioned in section 3.1, the diversity of the Affimer library may have limited the 

isolation of binders that were able to recognise the receptor under fixed conditions, under 

which cross-linking of proteins could be a drawback causing fewer epitopes to be exposed 

in the screen. Another factor was that Affimers were displayed on a truncated M13-pIII 

bacteriophage coat protein and this might have resulted in steric hindrance that may have 

prevented the displayed Affimers from binding to epitopes (As suggested by Dr. Darren 

Tomlinson). More scaffold flexibility is needed to improve identification and binding to 

differently structured epitopes.   

Various experimental parameters, such as the washing of the unbound phage clones, the 

use of negative (depletion) selection steps to remove the non-target binding phage and 

the number of selection rounds required to achieve good enrichment rates have been 

shown to have a critical impact on the outcome of the phage screen (Alfaleh et al., 2017). 

In our work, we pre-panned the library in multiple pre-panning wells prior to the start of 

the selection process on wells that contained the target for the purpose of depleting the 

library from the non-target binding clones. However, we did not manage to enrich the 

library with target-specific phage clones compared with the control colonies recovered 

from the control samples. So, we speculated that since the detected amplification of phage 

was seen with the phage-infected bacterial cultures of both target and non-target, the 

problem was likely to be with the applied stringency of washing (as described in section 

2.2.2.2.3). Therefore, and in order to remove the non-target binders, more stringent 
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washing may be required (10 times per round) of unbound phage in addition to more 

prolonged pre-panning steps (one hour per step) against the non-transfected cell line to 

remove efficiently the non-specific binders (Alfaleh et al., 2017). Furthermore, an 

increase in the number of panning rounds to six or more instead of four could result in 

improvement in the enrichment of HER2-binding clones compared with the control 

samples.  

On the other hand, cells represent an adverse mixture of antigens, which leads to a 

complex process to isolate binders against a single specific antigen. To overcome such 

complexity, several studies have adapted the competitive elution strategy to isolate 

specific binding clones through use of known physiological ligands or specific blockers 

to displace the bound phage (Alfaleh et al., 2017;Duan and Siegumfeldt, 2010). For 

example, the T24 human bladder carcinoma cell line is known to overexpress cytokeratin 

(CK)-7, CK18 and CK8 (Meulemans et al., 1995;Meulemans et al., 1994). A competitive 

elution using anti-CK8 monoclonal antibody was useful to isolate binders against CK8 

only, as confirmed by the binders’ specificity and selectivity towards CK8. The 

researchers used various molecular applications, such as ELISA, IF and IHC (Meulemans 

et al., 1995;Meulemans et al., 1994). This strategy could be adapted in future to isolate 

binders against HER2 using HER2 antibody or HER2-recombinant protein from a cell-

based phage screen.  

Another solution to overcome the admixture environment of cells is to use a transfected 

cell line and its non-transfected counterpart as a way to enrich the screen with unlimited 

supply of a specific target, as well as to ensure the elimination of the common binding 

phage when using the equivalent non-engineered cells (Alfaleh et al., 2017). As such we 

performed a cell-based screen on a HER2-HB2 transfected cell line and at the same time 

we used the HB2 (non-transfected) counterpart for the negative (pre-panning) selection 

to isolate HER2-binding reagents. However, it was clear that transfected cells may not 

have been the appropriate source of HER2. In our case, transfected cells (HB2-HER2 

transfected cells) did not present the right localisation of the HER2, as most of the 

receptor protein was expressed in the cytoplasm instead of in the plasma membrane.  

In addition, it is known that the protein expressed upon transfection may exhibit 

inappropriate folding and not proper localisation and thus offer contradictory staining 

results (Kim and Eberwine, 2010). Therefore, using a non-engineered, HER2-

overexpressing cell line in future cell-based screens may result in a successful cell-based 
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screen after optimisation, according to earlier reports (Gijs et al., 2016). An additional 

advantage of using a non-engineered cell line is that most HER2-overexpressing cell lines 

also overexpress the transforming factor (TGF-ß) that is required to recruit actin (Figure 

3.16) and therefore provide the necessary stabilisation for HER2 on the cell membrane, 

thus enhancing cell motility, invasiveness and survival (Wang et al., 2006a).  

 

 

 

Figure 3.16 Mechanism of stabilising the HER2 receptor on the cancer cell surface. 

Upon HER2 activation, TGF-ß receptor induces PI3K above a necessary threshold 

required for the recruitment and stabilisation of F-actin and HER2 complex at cell 

protrusions, thus leading to prolonged activation of RacI, cell movement, and increased 

survival on cell detachment (Wang et al., 2006a). Rac: Ras-related C3-botulinum toxin 

substrate; PIP3:phosphatidylinositol(3-4,5)-triphosphate; PI3K:phosphoinositide-3-

kinase; TGF-: tumour growth factor beta; TG-Rs: tumour growth-beta receptors; p: 

phosphate; Pak: p21-activated protein kinase; Vav2: vav guanine nucleotide exchange 

factor 2; GTP: Guanosine-5’-triphosphate.  

 

Although our cell-based screen did not work, we managed to develop a novel strategy to 

generate Affimer reagents able to recognise their target on cells. We first adopted the 

developed alternate display strategy in which the library is selected on both cells and 

recombinant protein (Andersen et al., 1996). We believe that introducing cells early in 

the screen is not efficient as the pool of phage in that point was still enriched with non-

specific binders, and changes in the screen platforms from blocked wells to wells 

contained non-HER2 expressing cells was not helpful for efficient elimination of such 
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binders. In addition, using protein-based ELISA to screen for hits may not be the optimal 

option as it would not reflect the ability of binders to bind to cells. Therefore, using a cell-

based ELISA for screening hits is a factor to consider when such strategy is to be repeated 

in future. To further enhance the outcome of the screens, another crossover selection 

strategy was adopted (Gijs et al., 2016).  

In conclusion, selecting anti-HER2 Affimer reagents against the recombinant ECD 

protein of the receptor is less challenging than using whole cells.  However, the latter 

approach can be more efficient and less complex when combined with recombinant 

protein of the same target. Beside the vast production of Affimers in bacterial cells, the 

anti-HER2 reagents generated are promising tools for in vitro detection of HER2 on cells 

and its quantification or imaging in vivo. Finally, due to the internalisation ability that 

some Affimer reagents exhibit they could also be utilised in cancer therapeutic for 

delivery of drug conjugate
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CHAPTER 4 

Isolation and characterisation of anti-EGFR and 

anti-HER3 Affimers 
 

4.1 Introduction 

For the last two decades, antibodies have been used to detect and target specific antigens 

on tumour cells (Pento, 2017). Numerous antibodies to different cellular receptors have 

been approved to be used as diagnostic tools for detecting the presence of tumours in 

patients (Sampath et al., 2007;Warram et al., 2014). However, owing their large size 

antibodies have a slow clearance rate and therefore give relatively high background signal 

in different imaging applications (Divgi, 1995). To overcome this problem, there is an 

increasing interest in smaller antibody-like derivatives, such as Fab, singe-chain Fv 

(scFvs), diabody, nanobody, minibody and their fusions (Holliger and Hudson, 2005). 

There are numerous reports on their use as in vivo imaging tools (Freise and Wu, 

2015;Tavare et al., 2014). Other alternative-affinity binding molecules have been used 

for in vivo imaging including, monobodies (Koide et al., 1998), protein-A-derived 

affibody molecules (Hogbom et al., 2003), PDZ domains (Schneider et al., 1999), Src 

homology domains 2 and 3 (Brasher et al., 2001), designed Ankyrin repeat proteins 

(DARPins) (Binz et al., 2004), lipocalins (Beste et al., 1999) and Affimers (Tiede et al., 

2014)which have recently entered this field have been developed. 

Tyrosine kinase receptors, such the HER family of receptors, are part of a complex 

signalling network involving intracellular stimulation of diverse pathways leading to cell 

growth, differentiation and survival (Yarden, 2001). As such, they have been considered 

as attractive targets for the development of new diagnostic and therapeutic agents (Krause 

and Van Etten, 2005). So far, monoclonal antibodies (mAbs) and small molecule tyrosine 

kinase inhibitors targeting both EGFR (Arteaga, 2003) and HER2 (Sakamoto and 

Mitsuyama, 2000) have been developed and approved to be used in clinics. Recently, 

focus has turned towards HER3 as it plays a significant role in drug resistance against the 

existing HER2 and EGFR targeting agents (Aceto et al., 2012). Over the last 10 years, 

HER3 targeting reagents have been undergoing clinical trials and thirteen mAbs are 

currently in phase 1 and 2 (Lyu et al., 2018). Targeting single biomarker has been proven 

to be limited (de Melo Gagliato et al., 2016;Lockwood et al., 2017), highlighting that 
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combination treatments targeting multiple HER family members may improve clinical 

outcome when treating various solid tumours.  

Such advantage of using combined HER targeting therapy provoked us to isolate binders 

against other members of the HERs family as well as HER2. In this chapter, we described 

the selection of Affimer reagents against both EGFR and HER3 using phage display. 

Furthermore, the ability of the isolated binders to identify their specific targets on cells or 

in cell lysates was evaluated using Affinity/immune-fluorescence (AF/IF) staining and 

affinity pull-down assay, respectively. Finally, the potential of anti-EGFR and anti-HER3 

binding Affimers to modulate the function of the receptor by inhibition the stimulation of 

downstream signalling is further explored.   

 

4.2 Results 

4.2.1 Selection of HER3-binding Affimers  

Phage display was used to isolate Affimer reagents binding to the extracellular domain of 

HER3. The isolation of binders was achieved using Affimer phagemid library in bio-

panning selection process against a biotinylated recombinant protein. The biotinylation 

and phage selection process was performed according to the protocols mentioned in 

section 2.2.2.1.1 and 2.2.2.1.2, respectively. Based on ELISA results (figure 4.1), HER3 

recombinant protein showed efficient biotinylation and thus suitable as a target to start 

the phage screen against. A total of three bio-panning was performed as shown in the 

schematic overview in figure 4.2 A. In all panning rounds, depletion steps were performed 

to remove phage binders that bind to the solid matrix of wells.  

A total of 48 colonies out of 6.3 x106 of recovered colonies, were randomly selected from 

the third panning round (figure 4.2 B). This number of colonies were picked as only 48 

of the total colonies grown in the 1 l agar plate was found to be as individual colonies. 

For future screens, tittering phage to less than 1l would be of advantage enabling to 

select more colonies. Phage ELISA examining all the selected clones against biotinylated 

HER3, HER2 and blocked wells was performed. HER2 was used as a control owing to 

the high degree of homology between all members of the HER family (Sierke et al., 

1997;Yarden, 2001), After discarding the non-specific and weak binding clones to both 

proteins, 18 colonies that showed binding to HER3 with low binding to the control wells 
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(figure 4.3 A and B) were sequenced, identifying 11 unique reagents against HER3 (figure 

4.3 C) with low cross-reactivity to HER2 (figure 4.3 A and B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 4.1 Evaluating the efficiency of HER3 (ECD) recombinant protein 

biotinylation for use in phage display screen. The recombinant protein was 

biotinylated using the NHS-amine based biotinylation reagent. (A) Showing the 

strip of different dilutions of the biotinylated recombinant protein detected with 

streptavidin conjugated with HRP and TMB. PBS was used as a negative control. 

(B) Graph showing the absorbance measurements of all wells at 620 nm. The plotted 

measurements represent the mean value of duplicate measurements of one 

experiment (n = 2).    
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Figure 4.2 Phage-display screen against biotinylated recombinant HER3-ECD 

protein to isolate binders against the ECD of the receptor. (A) Schematic overview of 

the total three panning rounds. In all rounds, the naïve Affimer library was pre-panned on 

two wells containing blocking buffer and streptavidin in order to remove non-target-

specific binders before the start of selection of the library on the biotinylated HER3-ECD 

protein immobilised on streptavidin-coated plate. From round three, 48 colonies were 

randomly picked and assayed for their binding specificity using phage ELISA. (B) 

Histogram showing the total number of recovered colonies in all rounds. After each 

round, the numbers of recovered colonies were counted twice by manual marking using 

a marker pen. The count was then multiplied by the total volume of phage-infected E.coli 

culture (8ml) to determine the total number of phage-infected cells. (n = 1).  
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Figure 4.3 Phage ELISA of 48 picked clones after 3 panning rounds against the HER3 

recombinant protein. (A) The 48 selected clones were tested against the HER3 recombinant 

protein in column 1 to 6. Whereas, HER2-Fc tagged recombinant protein and blocked wells 

containing 2x blocking buffer were used as negative controls in column 7 to 18. Phage binding 

was detected using anti-fd bacteriophage HRP conjugated antibody and visualised with TMB. 

(B) The absorbance measurements at 620 nm of each well were taken and blotted in a histogram. 

An arbitrary cut-off (red dotted line) was used to determine which clones would undergo 

sequence analysis. Indicated columns are the ones taken forward. The plotted absorbance 

measurements represent the mean value of duplicated measurements of one experiment. (C) 

Showing the amino acid sequence of the binding loops of the recovered 11 clones. Amino acid 

details found in appendix A. (n = 2 for phage ELISA and DNA sequencing but as phage screen 

it was performed only once).  
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In addition, we wanted to identify the clones that can bind to HER3 on cells. Therefore, 

we selected the enriched pool of HER3 binding phage on either fixed monolayer of cells 

or on FFPE cell sections. In relation to the use of FFPE cell sections as the source for 

HER3, two different screens were performed using two different HER3 overexpressing 

cell in each screen (Takagi et al., 2014).  In the first screen (figure 4.4 A), we selected the 

enriched pool on fixed monolayer of MDA-MB-231cells (HER3 overexpressing cell line) 

after depleting it on HER3 negative cell line (U87-MG, glioblastoma cell line) as 

described in section 2.2.2.2.1, while in the second screen (figure 4.4 B), the enriched pool 

was selected on MDA-MB-453 cells after depletions on U87-MG (HER3 negative) cells.  

With regard to the cell-contained phage screen against fixed monolayer of cells, one 

screen was performed using MDA-MB-43 cells as target cells and U87-MG cells as non-

target cells figure 4.4 C). In all three screens against HER3 overexpressing cells, a total 

of three selection rounds were performed (figure 4.4). The number of recovered colonies, 

after the final panning rounds of the three selection screens were counted and plotted in 

a column chart (figure 4.5). Comparing the counted number of recovered phage colonies 

in both target and non-target agar plates, no enrichment of HER3 binding Affimers was 

seen from the screen on fixed monolayer of cells (figure 4.5 C). In contrast, a slight 

increase in the number of phage colonies was seen in the selection screens against FFPE 

cells (figure 4.5 A and B). However, the minor enrichment of phage clones in the FFPE 

cell-based screens was not enough to be assessed as a successful screen based on our 

experience with other performed cell-based screens.  

Non-successful cell-based screening against HER3 can be an indication of how complex 

it is using cells in the screen as a source of target. In addition, using one cell-based 

screening approach as a standard selection strategy to isolate binders against different 

membrane-associated target may not be optimal. Therefore, modifications to the 

developed strategy alongside several optimisation trials is necessary for future screens. 

However, we screened the 11 phage clones that showed binding to HER3 recombinant 

protein in a cell-based ELISA using a fixed-monolayer of two HER3 overexpressing cells 

(MDA-MB-453 and MCF7 breast cancer cell lines). The histogram in figure 4.6 

demonstrates the ability of the isolated binders to recognise HER3 receptor on fixed cells, 

albeit at relatively low levels. Hence, the binders were taken forward and tested using 

different assays to confirm binding to HER3.  
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Figure 4.4 Schematic presentation of the three phage screens performed against 

HER3-overexpressing cells after three rounds of library enrichment on HER3-ECD 

recombinant protein. From all screens, no colonies were assayed. (A) and (B) represent 

the phage screens against FFPE cells. This screen aimed to sort the enriched HER3 phage 

library by the isolation of binders that could identify the receptor on cells. (C) shows the 

selection of the enriched library on a fixed monolayer of HER3-overexpressing cells 

(MDA-MB-453). (n = 1) 
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Figure 4.5 The phage output of the three different phage screens on cells that 

overexpressed HER3 using an enriched-HER3 phage library. In each screen, three 

panning rounds were performed on either FFPE-MDA-MB-231 cells (A) or FFPE-MDA-

MB-453 cells (B) or a monolayer of fixed MDA-MB-453 cells (C). The numbers of the 

recovered colonies were counted twice (manually) using a marker pen. The obtained 

number of colonies was then multiplied by the volume of the phage-infected bacterial cell 

culture in order to determine the total number of phage infected cells, as shown in the 

plotted values. (n = 1).  
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4.2.2 Isolating Affimers against the extracellular domain of 

EGFR using a recombinant protein  
 

Following the successful selection of HER2 and HER3 Affimer binding reagents from 

protein-based screens, the Bioscreening group at Leeds university also succeeded to 

isolate 6 unique binders against the extracellular domain of the EGFR using a 

recombinant protein. The amino acid sequences of the binding loops of the 6 isolated 

binders are illustrated in table 4.1. Due to mixed results from cell-based screens and 

therefore the further need to optimise the whole selection process, we decided to assess 

and characterise the binding ability of all 6 selected binders by Immunofluorescence 

staining and pull-down assay.  

Figure 4.6 Cell-based phage ELISA to examine the ability of 11 isolated HER3 Affimers to bind 

the native receptor on fixed cells. (A) 11 isolated anti-HER3 phage clones were tested for their 

binding ability to identify the native receptor on fixed cells with different expression level of HER3. 

The used cells include the MDA-MB-453 (HER3 intermediate expression level), MCF7 (HER3 

overexpression), and HB2 (low expression).  Helper (M13K) phage was used as negative control. (B) 

Absorbance measurements at 620 nm for all wells were measured and blotted in a histogram. The 

absorbance measurements plotted in the histogram represent a mean value of duplicated 

measurements taken from one experiment.  (n = 2).  
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4.2.3 Molecular cloning, production and purification of anti-

HER3 and anti-EGFR Affimer proteins   
 

The isolated Affimer reagents (table 4.1, and figure 4.2 C) were amplified by PCR and 

cloned into the pET11a expression vector after being digested with two digestion 

enzymes (data not shown, see method section 2.2.3). The PCR amplification also 

introduced a cysteine residue before the histidine8-tag. The cysteine residue allows for 

site-directed chemical modification of the Affimers, such as biotin-conjugation (section 

2.2.5.2). Chemical biotinylation of Affimers enables them to be detected by streptavidin 

conjugated reagents used in multiple detection applications (Ternynck and Avrameas, 

1990).  All the Affimers were sequences prior to being produced in BL21(DE3) bacterial 

cells.  

Affimer proteins were produced in vitro under the induction of the T7 promotor by adding 

0.1mM of IPTG at an OD600nm of 0.8. After the induction of IPTG, cells were grown 

overnight at 25oC with a shaking speed of 150 rpm. SDS-PAGE analysis showed a vast 

production of soluble anti-HER3 (figure 4.7 A) and anti-EGFR (figure 4.7 B) binding 

Affimers. With regards to HER3 binding Affimers, SDS-PAGE gel showed that all 

binders did highly expressed in bacterial cells as confirmed by the soluble lysate fraction, 

except of the D3 Affimer. Therefore, the anti-HER3 (D3) protein was excluded from 

further characterisation analysis. We speculate that the low level of D3 production is due 

Table 4.1 Amino acid sequences of the binding loops of 6 different EGFR 

binding Affimers.  These binders were recovered from biopanning against the 

biotinylated recombinant protein of the ECD of EGFR. The phage screen was 

kindly performed by the Bioscreening group (University of Leeds, UK). See 

Appendix A for more amino acid details.   
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to the need for different expression conditions that needs further optimisation to improve 

its production in BL21(DE3) bacterial cell.  

 

 

 

 

 

 

 

 

 

 

 

 

All EGFR binding Affimers showed high expression level and thus a high yield of protein 

was obtained for each binder. SDS-PAGE gels also confirmed the efficiency of the 

performed single-step purification on nickel beads as all eluted Affimer reagents were 

relatively pure. After purification, Affimers were dialysed in PBS, pH 7.4 and subjected 

to binding analyses to assess their ability to recognise their receptor on cells or pull down 

of endogenous proteins from cell lysates.  

 

 

Figure 4.7 SDS-PAGE gel showing production and purification of Affimer 

proteins. Affimers were induced by IPTG and grown overnight at 25oC with a shaking 

speed of 150 rpm. After production the cells were harvested, lysed and Affimer proteins 

were purified on nickel agarose beads. 5 µl of Purified Affimers, soluble lysates and 

unbound fractions were denatured, ran on SDS-PAGE gel and Stained with Coomassie 

blue to examine the production efficiency and purity. (A) All 11 isolated anti-HER3 

Affimers were produced in bacteria, except of the D3 Affimer that showed very low 

production level. (B) All 6 anti-EGFR Affimers were efficiently produced in bacteria (n 

= 4).  

B 

A 
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4.2.4 Anti-HER3 Affimers can recognise the receptor on cells 

and in cell lysate 
 

Binding capability of the isolated anti-HER3 Affimers to their target on both fixed and 

live cells was assessed by immunofluorescence microscopy study (figure 4.8 and 4.9). 

Their ability to pull down endogenous receptor from a cell lysate were also examined 

(figure 4.10). Finally, we evaluated the applicability of our anti-HER3 Affimer as 

reagents in IHC using formalin-fixed-paraffin embedded (FFPE) cells (figure 4.11). 

 

4.2.4.1 Binding characterisation by immunofluorescence microscopy  
 

The binding of anti-HER3 Affimer reagents to native HER3 was assessed on fixed and 

live cells by fluorescent microscopy (figure 4.8 and 4.9). Affimers were incubated 

overnight on fixed monolayer of two cell lines (MDA-MB-453 and MCF7), which are 

known to overexpress HER3 (Gostring et al., 2012). Affimer reagents were detected using 

an anti-his8tag antibody and fluorescently tagged secondary reagent. All Affimers, except 

of B6 and D6, showed staining similar to the anti-HER3 antibody (Figure 4.8).   

Five of anti-HER3 Affimers showed consistent binding to both cell lines (G6, A5, A1, 

A4, and F3) similar to the antibody. The background level, which can result from binding 

of anti-his8tag antibody to other proteins in the cellular entity, was also assessed by 

incubating the fixed cells with anti-his8tag antibody without Affimers. In addition, anti-

yeast SUMO2 (YS15) Affimer reagent was used as a negative control. No positive 

staining of cells was seen with both anti-his8tag and YS15 reagents.  

Further studies of anti-HER3 Affimers on live cells, showed the ability of 4 Affimers 

(G6, A5, A4, and F3) to bind HER3 expressing cells prior to fixing them (figure 4.9), but  

their binding specificity towards HER3 needs to be confirmed with co-staining studies 

using a validated HER3 antibody. All Affimer molecules were incubated with MCF7 cells 

(overexpressing HER3) for one hour at 37oC, with CO2 supplementation, prior to fixing 

and permeabilising them to add the antibodies. All four Affimers showed internalisation 

ability, while others revealed aggregation-like pattern of staining which may indicate that 

Affimer reagents were aggregated prior to use in the assay due to the presence of the 

cysteine residue and that may limit their ability to work. Therefore, a repeat of the staining 

using fluorescently conjugated Affimer reagents or a cysteine-free Affimers is needed.  
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Figure 4.8 Immunofluorescence microscopy confirming the ability of anti-HER3 

Affimers to bind the HER3 on fixed cells. Cells were fixed with 4% paraformaldehyde 

and all Affimers were incubated with cells for overnight at 4oC. Bound Affimers were 

detected by mouse anti-his8tag and visualised with the anti-mouse Alexa488 conjugated 

antibody. All images were merged in which cell nucleus was stained with DAPI (blue), 

while green colour indicates the binding of both anti-HER3 Affimers and antibody. Yeast 

SUMO2 (YS15) binding Affimer and anti-his8tag alone were used as negative controls. 

Scale bar: 10µm (n = 2).   
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Figure 4.9 Immunofluorescence microscopy showing the capability of anti-HER3 

Affimer reagents to bind native receptor on live cells and causing it to internalise.  

All Affimers were incubated with live cells for 1 hour under physiological conditions 

prior to fixing them. Bound and internalised Affimers were detected by mouse anti-

his8tag and visualised with the anti-mouse Alexa488 conjugated antibody. All images 

were merged in which cell nucleus was stained with DAPI (blue), while green colour 

indicates the binding of both anti-HER3 Affimers and antibody. Yeast SUMO2 

(YS15) binding Affimer and anti-his8tag alone were used as negative controls. Scale 

bar: 10µm (n = 2).   
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In contrast to our Affimer reagents, HER3 antibody showed weak fluorescence (green) 

binding signal because of its inability to bind the ECD of HER3. No staining was detected 

with both negative controls used in this experiment, including the anti-YS15 Affimer and 

the anti-his8tag antibody. 

 

4.2.4.2 Anti-HER3 Affimers pulled-down the endogenous HER3 

protein from different cell lysates   
 

MDA-MB-453 (overexpressing HER3 and HER2) and MCF7 (overexpressing HER3 

only) cells were lysed using non-denaturing cell lysing reagents. Non-denaturing reagents 

were used to maintain the native conformation of HER3 (Duquesne et al., 2016;Duquesne 

and Sturgis, 2010). Anti-HER3 Affimers were incubated with cell lysates for overnight 

at 4oC. Following incubation, the complexes were precipitated with nickel agarose beads. 

The captured complexes were then eluted with 300mM imidazole containing buffer after 

being washed multiple times. Finally, the eluates were denatured and ran in an SDS-

PAGE gel to start western blot analysis using anti-HER3 and HER2 antibodies. Negative 

controls including anti-YS15 Affimers, cell lysate prepared from HER3 deficient (MDA-

MB-468) cell line, and PBS were included in each run.  

The first remark we noticed from the blots is that MCF7 cell lysate do contain high level 

of HER2 protein. Our result contradicts other reports that stat MCF7 cells have low levels 

of HER2 (Khan et al., 2017;Holliday and Speirs, 2011;Subik et al., 2010). However, it 

was recently revealed that MCF7 cells can develop heterogeneous cell variants 

overexpressing HER2 upon culturing, and thus resulting in discrepancy reported in 

regards to the HER2 expression level in MCF7 cells (Khan et al., 2017). Therefore, we 

could not rely on the pull-down assay results for determining the selectivity binding of 

our anti-HER3 Affimers towards HER3 only. The optimal option to evaluate the cross-

reactivity of our reagents in such assay is by using HER2 knockdown cell line to serve as 

the negative control.  

All of the anti-HER3 Affimers (A1, D6, B6, H5, F4, G6) affinity precipitated (pull down) 

endogenous HER3 but also interacted with HER2 protein (figure 4.10). However, F3, A5 

and A4 Affimers pulled-down HER3 but potentially showed weaker interaction with 

HER2 protein. The ability of Affimers to precipitate both HER2 and HER3 is most likely 

due to the level of HER2-HER3 complex in cell lysates, as none of the reagents show 
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cross-reactivity to recombinant protein (figure 4.3). Also previous research has shown 

that HER2-HER3 dimerization is highly likely to occur in cancer cells that overexpress 

HER2, such as the MDA-MB-453 cells (Takagi et al., 2014). As such HER2 protein 

would be expected to be pulled down by the anti-HER3 reagents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.4.3 Anti-HER3 Affimers as biotin-conjugated reagents for use in 

IHC  
 

Immunohistochemistry (IHC) is the primary technique used to determine the expression 

status of the HERs receptors in a formalin-fixed paraffin embedded  (FFPE) tissue or cell 

Figure 4.10 Anti-HER3 Affimers showed ability to pull-down endogenous HER3 

overexpressed in MDA-MB-453 and MCF7 cancer cells. Affimers were incubated 

with the cell lysates prepared from both cell lines for overnight at 4oC. The Affimer-

HER3 complex was then precipitated using NiNTA agarose beads, washed and 

eluted. The eluates were separated on an SDS-PAGE gel and blotted against HER3 

and HER2 antibody. The yeast SUMO2 (YS15) Affimer reagent, PBS, and MDA-

MB-468 (low HER3 expression) were used as negative controls (n = 2).  
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samples (Duraiyan et al., 2012). Therefore, affinity reagents, including Affimers, that 

work in such applications would represent promising alternatives to antibodies in this 

technique. To test the ability of our isolated anti-HER3 Affimers, we initially labelled 

them with biotin. Optimisation of biotinylation is further discussed in chapter 5. 

According to the optimised biotin conjugation protocol mentioned in section 2.2.5.2, 

Affimers were labelled with single biotin molecule via the cysteine residue at their C-

terminal. The efficiency of biotin-labelling was evaluated by ELISA using TMB substrate 

against the streptavidin-conjugated HRP (section 2.2.2.1.2). The measured absorbance at 

620 nm showed the extent of biotinylation of all Affimers. Based on the absorbance 

reading, all HER3 binding Affimers were efficiently biotinylated (figure 4.11). 

 

 

 

 

 

 

After successful biotinylation, the labelled Affimer reagents were tested in IHC using a 

panel a two HER3 overexpressing cancer cell lines (MDA-MB-453 and MCF7) and an 

immortalised breast cell line (HB2). A polyclonal mouse HER3 antibody was used as a 

positive control (see table 2.1). To evaluate the efficiency of blocking endogenous biotin, 

streptavidin conjugated HRP was added to cells to serve as negative control. Anti-HER3 

Affimers, G6, A5, B6, C4 and A4 showed positive by weak staining of the cancer cell 

Figure 4.11 ELISA confirming the efficiency of biotinylated anti-HER3 Affimers. 

Affimers were biotinylated via cysteine residue introduce in their C-terminal domain of the 

scaffold using maleimide- site specific-thiol based reagent. (A) Showing the colour change 

for samples in a strip for different dilutions of biotinylated anti-HER3 Affimers. PBS was 

used as negative control added to blocked wells. (B) presenting the absorbance measurements 

at 620 nm for all wells from A were measured and plotted in a histogram (n = 3).  
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lines (figure 4.12). No staining was observed in samples where streptavidin-HRP was 

added. As well as the weak staining, the localisation pattern was different compared to 

the polyclonal anti-HER3 antibody. This may indicate that HER3 binding Affimers may 

not be suitable for the use in IHC or that the biotinylation efficiency of Affimers should 

be confirmed prior to the use of Affimers in any application as the presence of non-  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Staining of anti-HER3 Affimers on a panel of FFPE cancerous and non-

cancerous breast cells. All biotinylated-Affimers were incubated with cells on slides for 

one hour at room temperature after deparaffinising the wax coating layer and retrieving the 

antigenicity with heat. Biotinylated-Affimers were detected with streptavidin-HRP and 

visualised with DAB that gives (brown). Endogenous biotin was blocked with avidin-biotin 

blocking kit to block further non-specific binding of streptavidin reagent. Negative control 

where no Affimers were added was used as negative control, while anti-HER3 antibody 

served as a positive control. Scale bar: 20µm and images were taken at 16X magnification 

(n = 1 per sample section and 2 in total as 2 different FFPE blocks of each cell line were 

used).   
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biotinylated Affimers may compete with the non-biotinylated ones causing false-negative 

results. In our case, we could not conclude the reason that caused Affimers to not work 

in IHC as we did not evaluate the biotinylation efficiency using a sensitive, quantitative 

technique, such as mass spectrometry. Also, the anti- HER3 antibody is polyclonal and 

therefore has the advantage of signal amplification compared to biotinylated reagents 

(Ivell et al., 2014), and thus an ideal comparison would be by using monoclonal HER3 

antibody. In chapter 5, different signal amplification strategies will be further discussed 

and explored.  

 

4.2.5 Inhibition of downstream cell signalling by anti-HER3 

Affimers 
 

HER3 is activated by neuregulin (NRG1ß) growth factor binding to its extracellular 

domain inducing conformational changes, transautophosphorylation and downstream 

signal transduction stimulation (Yarden, 2001). To test the ability of the anti-HER3 

Affimers to inhibit receptor activation, three different breast cancer cells (MDA-MB-453, 

BT474 and MCF7) were cultured with 100 µg/ml of anti-HER3 Affimers for 60 minutes 

prior to stimulation with either 25 or 100 ng/ml of NRG1ß.  

Initially, the optimal concentration and time of NRG1ß treatment was assessed by 

measuring the level of MAPK activation via measuring phosphorylation of ERK by 

western blotting (data obtained by personal communications). In both MDA-MB-453 and 

MCF7 cells, ERK1/2 activation was detected after 5 minutes of culturing with 25 ng/ml 

of NRG1ß. In BT474 cells, activation of the ERK1/2 required highly concentrations of 

NRG1ß (100 ng/ml). Using these conditions, all cells were treated with anti-HER3 

Affimers and their inhibitory effect on the downstream signalling was assessed by their 

ability to inhibit phosphorylation of ERK1/2 by western blot analysis (figure 4.13). 

Tubulin was used as loading control.  

In HER2 overexpressing cells (MDA-MB-453 and BT474), the activation of ERK1/2 was 

completely inhibited by D6 and C4, while A1, F4 and A5 anti-HER3 Affimers partially 

inhibited the activity of ERK1/2 signalling pathway binding Affimers (figure 4.13 A and 

B). In MCF7 stimulated-cells, no inhibition of the ERK1/2 protein activity was detected 

upon treating the NRG1ß-induced cells with all anti-HER3 Affimers (figure 4.13 D). In 

all cell types the control anti-YS15 Affimer did not affect phosphorylated ERK1/2. 
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Figure 4.13 Western blots indicating the inhibitory effect of HER3-binding Affimers 

on downstream signalling pathway (MAPK/ERK1/2) after NRG stimulation in 

various HER3-overexpressing cells. HER2 overexpressing breast cancer cells MDA-

MB-453 (A), and BT474 (B), in addition to the HER2 deficient cells, which are the MCF7 

(C) ones were cultured with 100 µg/ml of Affimers for 60 minutes prior to 25 or 100 ng/ml 

NRG stimulation.  Cells were then lysed, and the lysates were ran on SDS-PAGE gel for 

western blot analysis using HER3, phosphorylated-ERK1/2 (T202/Y204), and tubulin 

antibodies (n = 1).  

 

A 
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Tubulin antibody confirmed that all lysates contained similar amount of protein. Our 

preliminary results showed the potential of using Affimers to target and inhibit these 

receptors. However, confirmation of the results is currently in progress as the experiment 

illustrated here was performed only once due to time constraints. Targeting HER3 in such 

tumours would be of advantage when combined with other HER2 targeting agents. 

Furthermore, our preliminary findings also revealed that HER3 overexpressing cells, such 

as MCF7, may compensated the activity of the MAPK signalling pathway independently 

to HER3.  

 

4.2.6 Ability of EGFR binding Affimers to recognise the 

receptor in different applications 
 

The anti-EGFR Affimers were evaluated by immunofluorescence microscopy and 

affinity precipitation on cell lines. 

 

4.2.6.1 Anti-EGFR Affimers bind to cells  

Anti-EGFR Affimers were assessed for their binding ability to bind to MDA-MB-468 (a 

cell line that expresses high levels of EGFR) and three cell lines that express low levels 

of EGFR (MDA-MB-453, BT474 and HB2). The protein expression level of EGFR on 

these cells was confirmed by western blot analysis (data not shown) which confirmed by 

previously reported results (Buick et al., 1990;Hyatt and Ceresa, 2008).  

The anti-EGFR Affimers were initially assessed using fixed cells. Binding was detected 

with anti-his8tag and mouse anti-IgG Alexa488 conjugated antibody. All Affimers 

showed positive binding to EGFR on all cells, showing a localisation pattern similar to 

that seen with the EGFR antibody (figure 4.14). No staining was observed in both 

negative controls (anti-YS15 Affimer and cells stained with anti-his8tag antibody only).  

Next, we further assessed the binding ability of all anti-EGFR Affimer on live cells, in 

which Affimers were added to cells prior to fixation (section 2.2.6.2). Bound Affimers 

were detected with anti-his8tag and anti-mouse Alexa488 conjugated antibody (green 

colour). In this experiment a membrane marker, include wheat germ agglutinin (WGA) 

Alexa-594 conjugated (red colour signal) was used to visualise the plasma membrane of 

cells. All Affimers showed binding to cells with H9, G10, and H91 showing potential  
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Figure 4.14 Immunofluorescence microscopy showing the ability of anti-

EGFR Affimers to bind the native EGFR. Cells were fixed with 4% PFA and 

Affimers were incubated with cells for overnight at 4oC. Affimers were detected by 

mouse anti-his8tag and visualised with the anti-mouse Alexa488 conjugated 

antibody (green). All images were merged in which cell nucleus was stained with 

DAPI (blue). Yeast SUMO2 (YS15) binding Affimer and anti-his8tag alone were 

used as negative controls. Scale bar: 10µm (n =3 for MDA-MB-468 and n=2 for all 

other cell lines).   
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Figure 4.15 Anti-EGFR Affimers bind to MDA-MB-468 cells in live cell culture.  All 

Affimers were incubated with MDA-MB-468 for one hour prior to fixing in PFA. Wheat 

germ agglutinin (WGA) Alexa 594 conjugated marker was used to stain membranes (red). 

Affimers were detected by mouse anti-his8tag and visualised with the anti-mouse 

Alexa488 conjugated antibody (green). Cell nuclei were stained with DAPI (blue), and the 

yellow colour represents the co-localisation of Affimers with the membrane marker. Yeast 

SUMO2 (YS15) binding Affimer and anti-his8tag alone were used as negative controls. 

Scale bar: 10µm (n =2 with and without the use of WGA).   
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ability to internalise into cells (figure 4.15). No positive binding signals were seen with 

both anti-YS15 Affimer and anti-his8tag antibody negative controls. In figure 4.15, not 

all cells displayed positive membrane staining. The mechanism of membrane lectin 

staining involves the binding of the WGA to the exposed n-acetylglucosamine residues 

at the peptidoglycan outer membrane layer (Emde et al., 2014;Higashi et al., 1988). 

Therefore, when the plasma membrane is damaged due to cell death or cellular 

permeabilisation, no staining can be detected, which was thought to have occurred in the 

two repeats of immunofluorescence staining of live cells using anti-EGFR Affimers.   

As shown in figure 4.15, no negative control cell line (non-EGFR expressing cell line) 

was included. This represent a major drawback of the performed experiment, but our main 

intention was to examine the possibility of the anti-EGFR Affimers to bind to HER2 

expressing cells and causing receptor internalisation in order to for the work to be pursued 

by other researcher.    

The microscopy results on both live and fixed cells confirmed the binding ability of three 

anti-EGFR Affimers to EGFR expressing cells and thus making them promising tools to 

be used for future in vitro diagnostics and in vivo imaging. The internalisation capability 

of four EGFR binding Affimers may suggest the critical role that our reagents may play 

in the development of novel cancer-targeting therapy.  Despite all the observed staining 

on both fixed and live cells using anti-EGFR Affimers, we cannot confirm the specificity 

of these Affimers towards EGFR, as no MS analysis or co-localisation study to confirm 

their specificity were performed. Therefore, assessment of the specificity of the Affimers 

and their binding affinity is of need and it is currently a work in progress. 

 

4.2.6.2 All anti-EGFR Affimers pulled down the endogenous receptor 

from cell lysate 
 

The ability of anti-EGFR Affimers to affinity precipitate EGFR from cell lysate was 

assessed using MDA-MB-468 (EGFR overexpressing) cell line. Following the pull-down 

protocol mentioned in section 2.2.6.5, the eluted Affimer-protein complexes were 

denatured and ran on SDS-PAGE gels for western blot analysis. Nitrocellulose 

membranes were blotted against EGFR antibody. Figure 4.16 confirmed the binding of 

Affimers to EGFR by pulling it down from the EGFR overexpressing cell lysate. No 

protein was pulled down with the negative control anti-YS15 Affimer reagent.  
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Using pull-down assay and Immunofluorescence test, we were unable to detect the 

Affimers selectivity towards EGFR only. As such, future studies using EGFR knockdown 

cell lines to perform binding assays will provide further characterisation to assess the 

binding selectivity of our isolated anti-EGFR reagents.  

 

 

 

 

 

 

 

 

 

 

 

 

4.2.7 Anti-EGFR Affimers downregulated the MAPK-

ERK1/2 signalling activation in HER2 overexpressing cells 
 

In immunofluorescent microscopy, G10, H9, H91 and A3 anti-EGFR Affimers showed 

internalisation into the MDA-MB-468 cells. To investigate potential effect of the EGFR 

binding Affimers on MAPK pathway, ERK1/2 phosphorylation was assessed using 

western blot analysis. Degradation of receptor was evaluated by blotting against the total 

EGFR using the rabbit monoclonal EGFR antibody. In many EGFR overexpressing cells, 

including MDA-MB-231 and MDA-MB-468, the MAPK pathway is constitutively active 

due to activated mutated Ras or Raf effector proteins (Nagaria et al., 2017). Therefore, 

we tested other EGFR expressing cell lines include MDA-MB-453 and BT474. EGFR 

trigger cell survival signalling through its activation with EGF-ligand (Yarden, 2001). 

When we stimulated both MDA-MB-453 and BT474 cells, with different concentrations 

of EGF-ligand, BT474 was the only cell line that showed efficient ERK1/2 activation 

after 5 minutes.  

Figure 4.16 Anti-EGFR Affimers pulled-down EGFR from cell lysate 

prepared form MDA-MB-468 cancer cells. Affimers were incubated with the 

cell lysates prepared overnight at 4oC. EGFR-Affimers complexes were 

precipitated using NiNTA agarose beads, washed and eluted. The eluates were 

separated on an SDS-PAGE gel and blotted against EGFR antibody. The yeast 

SUMO2 (YS15) Affimer reagent, and PBS were used as negative controls. (n 

= 2) 
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After culturing BT474 cells with 100 µg/ml of anti-EGFR Affimers prior to EGF-induced 

activation, G10, H9 and H91 showed inhibition of the EGF-induced ERK1/2 

phosphorylation (figure 4.16).  In addition, the level of the total EGFR in cells treated 

with the three Affimers (G10, H9 and H91) was reduced (figure 4.17). No inhibition of 

ERK1/2 phosphorylation was observed when cells were treated with Anti-YS15 control 

Affimer. Blotting of tubulin indicated equal loading of proteins in each lane. The 

preliminary findings suggest anti-EGFR Affimers G10, H9 and H91 may cause increased 

receptor degradation by lysosomes. As such, anti-EGFR Affimers may represent novel 

therapeutic agents for treating EGFR expressing cancers that are resistance for other 

targeted therapies and can also be used in combination with the other selected HER3 

Affimers to create dual cancer-targeting agents to further enhance the inhibitory effect 

against tumour growth. However, our results are preliminary, as it performed only once 

due to our time limitation, and a repeated experiment to confirm the obtained results is 

required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 EGFR binding Affimers inhibit EGF-stimulated signal transduction 

in BT474 cells. BT474 cells were cultured with 100 µg/ml of Affimers for 60 minutes 

prior to 100 ng/ml EGF stimulation. Cells were then lysed, and the lysates were ran on 

an SDS-PAGE gel for western blot analysis using EGFR, phosphorylated-ERK1/2 

(T202/Y204), and tubulin antibodies (n =1).  
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4.3 Discussion 

In this chapter, we demonstrated isolation of Affimer reagents against the extracellular 

domain (ECD) of HER3 and EGFR using phage display. However, their selectivity 

towards their target proteins remains questionable as no negative control cell lines were 

employed and thus full characterisation of their binding selectivity and specificity is still 

under investigation through use of a confirmatory application such as MS coupled with 

pull-down assay, a co-localisation study with receptor specific antibody, or competitive 

assays using monoclonal antibodies against the receptor of interest. 

For instance, all anti-HER3 reagents pulled-down endogenous HER3 and HER2 protein. 

As the reagents showed little cross-reactivity to HER2 by ELISA, this suggests that the 

Affimers are affinity precipitating HER2/HER3 complex rather than showing cross 

reactivity with HER2. However, this will need to be confirmed by knocking down the 

individual proteins using siRNA and repeating the experiment. In addition to pull downs, 

we demonstrated the lack of sensitivity of the reagents in IHC. Successful utilisation of 

reagents in IHC requires the reagent to be at high binding affinity (nanomolar to 

picomolar) to work in IHC-like assays (Orlova et al., 2006), perhaps suggesting the 

reagents have lower affinity than expected binding affinity of 50 nM observed with the 

only anti-HER2 affibody binding reagent, which can work in IHC and as molecular 

imaging reagent (Baum et al., 2010;Gostring et al., 2012;Wikman et al., 2004). However, 

using the most common formaldehyde fixatives creates methyl cross-linking bridges 

between amino acid residues of the protein altering by that the structure of the protein and 

lowering the accessibility of antigen sites (Li et al., 2017).  

Therefore, different antigen retrieval (AR) methods break the cross-linking and thus 

expose the epitopes but, at the same time, they may result in protein denaturing (Singh 

and Sood, 2017). Given the fact that affinity reagents are dependent on conformation of 

target, reagents suitable for IHC are potentially more difficult to identify. This reason 

might explain why anti-HER3 affibodies were used to stain HER3 in Cryo-sections where 

no AR retrieval process is involved (Orlova et al., 2006) while other binding DARPins 

(Zahnd et al., 2006) used proteolytic enzyme method to ensure complete unmasking of 

the protein. Another factor that may cause weak staining of the Affimers is the need for 

a sensitive signal detection system (Kohler et al., 2000). Hence, to improve the 

performance of the our HER3 binding reagents in IHC, it may be necessary to investigate 
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their binding affinity, perform affinity maturation, attempt different AR methods and 

develop signal amplification system.  

Despite the vast growth of the development of various HER3 targeting agents, none have 

been approved for cancer treatment to date (Jacob et al., 2018). Here we demonstrated 

the ability to inhibit HER3 signalling similar to previously published results using 

affibodies (Gostring et al., 2012). Anti-HER3 affibodies were able to inhibit NRG-

induced cancer cell growth by blocking the MAPK activation. However, the reported 

inhibitory effect of the affibodies was detected only in MCF7 cells but not in the other 

tested HER2 overexpressing cells (SKBR3) (Gostring et al., 2012). In their study, anti-

HER3 affibodies showed competitive binding with the NRG1ß ligand. As they did not 

confirm if the Affibody reagents do not cross react with other receptors, there is a high 

chance that affibodies were binding to both HER3 and HER4, which found to be 

overexpressed in MCF7 (Gerarduzzi et al., 2016), preventing the NRG1ß ligand from 

binding to both receptors (figure 4.18).  

In HER2 overexpressing cells, the dimerization between HER2 and HER3 could create a 

binding pocket for more NRGs to bind (Claus et al., 2018). Therefore, targeting agents 

against such conformational dynamics would be of help for inducing complete inhibition 

of cell growth by preventing such conformational change (figure 4.18).  The developed 

anti-HER3 affibodies could not inhibit receptor structural change and that confirmed by 

their inability to inhibit the downstream signal activity in the SKBR3 (HER2 

overexpressing) cells where high level of HER2-HER3 complexed were detected 

(Gostring et al., 2012).  In contrast to affibodies, we suggest that our anti-HER3 Affimers 

can prevent the occurrence of HER3 conformational change by inhibiting its dimerization 

to HER2. Our suggestion is in line with the inability of HER3 binding Affimers to inhibit 

the phosphorylation of ERK1/2 in MCF7 cells (HER3 and HER4 overexpressing cells). 

In NRG1ß-induced MCF7 cells, both active HER3 and HER4 will simulate further 

downstream signalling. In future studies, it would be interesting to further investigate the 

effect of HER3 binding Affimers in NRG1ß-induced HER4 and HER3 overexpressing 

tumours by blocking the activity of HER4 using the previously developed anti-HER4 

Affimer reagents (Tiede et al., 2017;Zhurauski et al., 2018). These studies will also 

explore further the differences of the involved downstream signalling pathways between 

different tumours which can eventually result in better treatment.  
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EGFR is another valuable target for cancer therapy (Seshacharyulu et al., 2012). Three of 

the anti-EGFR Affimers showed binding to the native EGFR protein on live cells 

comparable to that seen with the antibody and comparable to previously developed 

protein scaffolds, including DARPins (Boersma et al., 2011), Aptamers  (Li et al., 2011) 

and affibodies (Friedman et al., 2007). G10, H9, and H91 anti-HER3 Affimer reagents 

also showed an internalisation ability similar to what has been observed with anti-EGFR 

affibody (Friedman et al., 2007).  

The potential internalisation observed with the Affimer may cause receptor degradation 

and then reduce further activation of the downstream signalling (Henriksen et al., 2013). 

To test this possibility, EGF-induced cells were pre-treated with anti-EGFR Affimers. In 

EGF-induced BT474 cells, all G10, H9 and H91 Affimers reduced the phosphorylation 

activity of ERK1/2 protein but also caused a reduction in total EGFR. This reduction of 

total EGFR was not observed with other monomeric scaffolds (Friedman et al., 2007). 

However, when a bivalent DARPin was added to EGF-induced cells a similar complete 

loss of the total EGFR was seen (Boersma et al., 2011). Introducing cysteine residue at 

the C-terminal region of the Affimer scaffold can cause Affimers to dimerise and that 

may create a bivalent effect as the one observed with the engineered construct of DARPin 

(Boersma et al., 2011).  

The synergistic effect of targeting both HER2 and EGFR on tumour cell survival (Yu et 

al., 2018), highlights the need to develop bivalent Affimers to inhibit both receptors. 

Recent study on different HER2 overexpressing cell lines (BT474 and SKBR3), revealed 

that blocking EGFR with monoclonal antibody or tyrosine kinase inhibitors in such cells 

is not effective (Dietel et al., 2018). Inducing growth of HER2 overexpressing cells with 

EGF ligands will over-activate other non-membrane associated proteins, particularly the 

protein tyrosine kinase interacting protein 51 (PTKIP51), that found to maintain a basal 

level of MAPK pathway activity under conditions where EGFR is blocked (Dietel et al., 

2018). This role of other downstream MAPK regulating proteins further explains the 

limited effect we saw upon blocking EGFR in the EGF-induced, HER2 overexpressing 

cells (figure 4.16). By investigating the mechanism that caused total loss of EGFR, 

researchers showed that the used bivalent DARPin constructs bound to the receptor, 

induced its internalisation and, at the same time, inhibited its recycling back to the cell 

surface (Boersma et al., 2011). Our Affimers may follow similar mechanism but further 

investigations on EGFR overexpressing cell lines could be done in future.  
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In conclusion, we have successfully developed Affimer reagents against the extracellular 

domain of both HER3 and EGFR. These reagents represent a novel antibody alternatives 

in cancer diagnostics, in vitro imaging and potentially in therapeutics.  

 

 

 

 

 

 

 

 

 

Figure 4.18 The suggested mechanism of anti-HER3 Affimers modulating the 

stimulatory effect on NRG-stimulated signal transduction in cells with different 

HER2 expression level. In HER2 overexpressing cells (MDA-MB-453), Affimers 

showed inhibition of the downstream signalling activity and that can be addressed to 

Affimers blocking the conformational change of HER3 resulted from its dimerization to 

NRG. However, in HER2 deficient cells including MCF7, blocked HER3 activity can be 

compensated by the active HER4. As such the downstream signalling activity via the 

MAPK-ERK1/2 pathway was maintained.  
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CHAPTER 5 

Modified Affimer reagents for improved 

biomarker detection in IHC 
 

 

5.1 Introduction 

Numerous pathophysiological biomarkers are routinely used in diagnostic (Perlis, 

2011;Selleck et al., 2017). In patients’ samples, biomarkers can be detected using various 

types of assays, including immunohistochemistry (IHC). This assay helps in the detection, 

visualisation and semi-quantification of a defined protein in tissue sections without the 

destruction of the histologic architecture (Farr and Nakane, 1981). Recent advances in 

techniques for unmasking antigens in formalin-fixed, paraffin-embedded archival tissues 

in addition to the development of different endogenous blocking kits have further 

expanded the use of IHC as a tool for biomarker exploration and validation of affinity 

reagents in research (Bussolati and Radulescu, 2011;Radulescu and Boenisch, 2007;Shi 

et al., 2011).  

Due to the considerable progress in automation and standardisation of IHC, more 

sensitive and efficient detection systems are required. This aims at achieving similar or 

better sensitivity of the immunoreactivity with less concentrated primary reagent, shorter 

incubation time, fewer steps in the procedure, and faster turnaround time.  Several IHC 

multistep detection systems (figure 5.1) have been developed and used routinely (Ramos-

Vara, 2011). These include using the avidin-biotin complex method, phosphatase-anti-

phosphatase, and peroxidase-anti-peroxidase (figure 5.1 A and B). Despite the ability to 

achieve signal amplification with various labelled monoclonal and polyclonal antibodies, 

these systems suffered from major drawbacks, such as the difficulty in staining 

standardisation, time-consuming multi-step process and the suboptimal detection of low 

abundant antigens (Kim et al., 2016).  

In 1993, the enhanced polymer one-step staining (EPOS) system (Dako) was introduced  

which covalently binds the primary antibody and horseradish peroxidase (HRP) to an 

inert dextran polymer (Pastore et al., 1995). Dako, in 1995, has developed a new detection 

system, using up to 100 peroxidase enzyme molecules with 20 secondary antibodies, 
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which are linked directly to the backbone of an activated dextran polymer (Wiedorn et 

al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The use of dextran polymer (figure 5.1 C) led to the development of a rapid, single and 

two-step assays that enhance the sensitivity and the reliability of IHC. However, the high 

molecular weight of the dextran-based polymeric conjugate limits its ability to bind to 

different intracellular and nuclear proteins (Russo et al., 2003). To overcome the 

limitation of the size of the dextran polymer, a second-generation of polymer was 

developed by Shi and colleagues (Shi et al., 2016). These are polymer conjugates of small, 

linear and less-branched multi-functional reagents that polymerize under controlled 

conditions with secondary antibodies and enzymes.  

In addition to polymeric conjugates, catalysed reporter deposition technique (CARD), 

which is also known as tyramine signal amplification (TSATM), has been developed to 

improve signal amplification (Faget and Hnasko, 2015;Zaidi et al., 2000). It is based on 

the activation of multiple copies of the derivative of tyramide by HRP at the site of 

Figure 5.1 Schematic overview of the different methods used in IHC to 

detect the biomarker of interest. Protein biomarkers in tissues can be 

detected either directly using a single, primary labelled antibody (A), or 

indirectly (B) involving a second, labelled antibody. For improved signal 

intensity, two amplification systems have been developed, the polymer reagent 

(C) and the tyramide technology (D).  
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antigen-antibody formed complexes (figure 5.1 D). Although this technique has increased 

the detection sensitivity of the IHC by at least 50 folds it has not been widely applied in 

diagnostics. Its limited applicability in diagnostics is mainly due to its multi-step process 

and high background staining (Dhawan, 2006). As the TSA method showed equal 

sensitivity to the polymer-based amplification system,  the two-steps polymer conjugate 

remains the most commonly used detection system in routine diagnostics and research 

(Yuan et al., 2012).  

Modification of antibodies is commonly used in detection systems and can be achieved 

chemically by various reagents that conjugate functional molecules, such as biotin, 

enzymes, or fluorescent groups, to specific side chains on the amino acids of the protein 

(Spicer and Davis, 2014). The amino group in lysine and the thiol group in cysteine are 

among the most predominantly used side-chains for labelling strategies (Boutureira and 

Bernardes, 2015). In addition to chemical modification methods, genetic fusion of 

enzymes, such as alkaline phosphatase to single-chain variable fragment (scFv) (Wang et 

al., 2006b;Harper et al., 1997) and the variable domain of a heavy chain antibody (also 

known as nanobody) (Liu et al., 2015) have been assessed. These fusions represented a 

new format of detection reagent for the use in immunoassays allowing for simple and 

rapid antigen testing.  

Here, we provide an assessment of different approaches to generate chemically modified 

Affimer reagents. We also present the development of Affimer-alkaline phosphatase and 

Affimer-Fc fusions as protein detection tools in IHC. The functionality of the modified 

reagents was examined and their obtained sensitivity compared with different commercial 

reagents and polymer-based amplification kits.  

 

5.2 Results 

5.2.1 Affimer-Alkaline phosphatase fusion protein as a rapid, 

single-step detection tool for IHC 
 

Simple and fast detection of alkaline phosphatase (AP) and horseradish peroxidase (HRP) 

activity is of an advantage for diagnostic and analytical applications, including the IHC 

assay (Matos et al., 2010). Most histochemical methods for alkaline phosphatase produce 

highly stable final reaction product (Chida, 1993), and there are few reports showed the 

ability of using the enzyme in different fluorescent approaches (Nobori et al., 
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2018;Murray and Ewen, 1992).  As such, we constructed an Affimer-alkaline phosphatase 

fusion protein to use as detection protein.  

 

5.2.1.1 Construction of a monomeric alkaline phosphatase (mAP)-

fused Affimer 
 

To use mAP as a signal generator in the IHC assay, we constructed a fusion protein 

consisting of a VEGFR2 binding Affimer and a monomeric alkaline phosphatase (mAP). 

All anti-VEGFR2 Affimer were kindly provided by the BSTG in the University of Leeds, 

UK. The anti-VEGFR2 Affimer was inserted into an pET11a expression vector 

containing the AP enzyme with the aid of NotI and NheI restriction enzymes (figure 5.2 

A). No linker was added in between the Affimer scaffold and the C-terminus fused AP 

enzyme. Cloning the Affimer into the alkaline phosphatase enzyme-pET11a expression 

vector resulted in a lack of a histidine tag and protein purification with nickel affinity 

chromatography was dependent on the number of histidine residues present in the 

enzyme.  

 

5.2.1.2 Monomeric alkaline phosphatase-fused Affimer production, its 

catalytic activity and stability 
 

Initially the optimisation of the production of the Affimer-mAP fusion was performed by 

altering growth conditions and IPTG concentration. Bacterial cells were transformed with 

the Affimer-mAP plasmid. Three different growth media were used; super broth (SB), 

Luria Bertani (LB) and terrific broth (TB) media (see method section 2.2.4.2). Using 

super broth media, the fusion protein was expressed in cells after IPTG (0.1mM) 

induction at an OD600nm of 0.7. In addition to SB media, LB media was used and the fused 

Affimer-mAP protein was produced in cells after the addition of 0.1, 0.5, and 1mM of 

IPTG at a bacterial cell culture density of 0.7. Auto-induction media where no IPTG is 

needed was also used. In all different media, the fusion protein was produced overnight 

at 25oC, with a shaking speed of 220 rpm.  

As shown in figure 5.2 B, the mAP-Affimer fusion protein was confirmed to be highly 

expressed using 0.1mM of IPTG induction at 25oC using the super-broth media. 

Coomassie stained SDS-PAGE gel displayed a single band with an expected molecular 
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size between 58 to 60 kDa, meeting its suggested theoretical size. Parallel with our result, 

super-broth media has been previously shown to be superior to other medias for reaching 

higher cell densities (Rosano and Ceccarelli, 2014;Shafiee et al., 2017). As the number 

of cells per liter increases, oxygen availability becomes a critical factor that impacts the 

growth. The simplest way to increase oxygen levels is by increasing the shaking speed 

(Somerville and Proctor, 2013).  

After fusion protein production, we checked the catalytic activity of the AP enzyme in all 

eluates obtained from different expression conditions, using a colorimetric assay, with p-

nitrophenyl phosphate (pNPP) as the substrate. As shown in figure 5.2 C, the AP was 

active and its catalytic activity was maintained even after the overnight dialysis and buffer 

exchange with tris buffered phosphate (TBS), pH 8.0. Our colorimetric result further 

indicated that the genetic fusion of the anti-VEGFR2 Affimer protein to mAP did not 

affect the catalytic activity of the alkaline phosphatase. It was previously reported that the 

free monomeric alkaline phosphatase enzyme suffers from thermal instability and results 

in its activity loss (Boulanger and Kantrowitz, 2003). Therefore, we repeated the 

colorimetric assay of the same eluates after 14 days of production and storage at 4oC. The 

assay showed a major loss in the catalytic activity (data not shown). We reasoned that the 

observed precipitation, which may result from improper storage buffer could cause the 

loss of fusion protein functionality. The use of additives, such as zinc and magnesium, 

has been proved to be successful in maintaining the activity of the AP enzyme (Bosron et 

al., 1977); however, we could not see an improvement in the fusion stability after long-

term storage (data not showed) in the presence of such additives.  

 

5.2.1.3 Direct affinity staining of the VEGFR2 protein on tissue using 

the mAp-Affimer fusion  
 

To assess the ability of using the Affimer-mAP fusion protein for a direct single-step IHC 

(figure 5.3), we used the fusion as an affinity reagent to detect the VEGFR2 protein reveal 

its expression pattern on formalin-fixed, paraffin embedded (FFPE) placenta tissue. The 

binding specificity of the fusion protein was also examined based on the localisation 

specificity in addition to the presence or absence of a background non-specific staining. 

The anti-VEGFR antibody that was detected by a polymer-based kit was also employed 

in the run to serve as positive control. A tissue section, where no fusion protein or  
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Figure 5.2 Production and characterisation of a monomeric alkaline phosphatase 

(mAP)-fused VEGFR2 binding Affimer. (A) Schematic illustration of a fusion protein 

containing both Affimer protein (cyan) and the mAP (blue). (B) Coomassie stained SDS-

PAGE gel showing the production of the fusion protein using the super broth, terrific 

broth and LB growth media with different concentrations of the IPTG in LB growth 

media. In SDS-PAGE stained gel the molecular size of the fusion protein was detected as 

58 to 60 kDa. (C) The catalytic activity of the monomeric alkaline phosphatase enzyme 

in the fusion was evaluated with the pNPP (yellow) substrate after purification and 

dialysis steps (performed in duplicates). Crystal structures were obtained from PDB; 

Affimer (4N6U) and E.coli alkaline phosphates (1ED8). (n = 2). 
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antibody was added, was considered to be our negative control. Such a negative control 

was included to evaluate the efficiency of the endogenous peroxidase blocking, which 

may result in a non-specific binding of the primary reagent. 

Following the optimised staining protocol mentioned in section 2.2.6.3.2.2, the Affimer-

mAP fusion showed binding specificity to the VEGFR2 protein expressed on the 

endothelial cells surface demonstrated by pink staining of the cell membrane around the 

blood vessels (figure 5.3). No staining was observed on the negative control section, while 

an intense signal was obtained after the addition of the AP substrate (red colour) was 

visualised with the antibody reagent. The high intensity accompanied with the antibody 

was most likely due to the use of a polymer-amplification approach. Despite the weak 

signal detected with our fusion protein, its specificity indicates that the binding ability 

and specificity of the VEGFR2 binding Affimer was not affected by its fusion to another 

protein. However, it is not yet possible to use the fused mAP-Affimer proteins as an 

affinity-detection reagent in IHC, as further optimisation studies are required to allow for 

long-term storage without the loss of the fusion functionality. To overcome the stability 

issue with fusing AP enzyme to the VEGFR2 binding Affimer, different chemical 

modification approaches involved labelling of Affimers with HRP enzyme and biotin 

molecule were developed and assessed.    

 

5.2.2 Development of the optimal bio-conjugate via chemical 

modification of Affimers 
 

Bio-conjugation is the attachment of one molecule to another through a covalent bond to 

create a complex compromising of both molecules linked together (Alt et al., 2015). One 

of the oldest methods for detecting biomarkers in IHC is by using antibody-enzyme 

conjugates. As such, we initially tried to directly link Affimer proteins to HRP enzyme 

using a lightning link system (see section 2.2.5.1). After successful conjugation of the 

HRP to Affimer proteins, as demonstrated by ELISA, a high, non-specific background 

staining of cells was observed with the Affimer-HRP conjugate compared to the 

commercial-HRP conjugated antibody (data not showed). We reasoned that the obtained 

non-specific staining was due to the conjugation technology offered by the kit. The 

lightning system targets the amine functional group of lysines. Due to the abundancy of 

the lysine residues in the Affimer scaffold and its variable two loops, their binding ability 

to the target could be blocked because of the linked HRP.  
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We introduced a cysteine residue in the C-terminal end of the Affimer scaffold to enable 

us to perform a site-specific conjugation without affecting the binding loops (figure 5.4 

A). Based on their capability to work in IHC as we demonstrated in published work (Tiede 

et al., 2017), both cysteine-contained anti-Tenascin C (TN-C) and anti-vascular 

endothelial growth factor receptor 2 (VEGFR2) Affimers were used. They were produced 

in bacterial cells and their purity was confirmed in Coomassie-stained SDS-PAGE gel 

(Figure 5.4 B). We optimised Affimers site-specific labelling using anti-TNC Affimer, 

but the effectiveness of the labelling protocol and its applicability in IHC was examined 

with another Affimer protein, which is the VEGFR2 binding Affimers. The reason of 

using anti-VEGFR was mainly due to the scant availability of mouse xenograft section 

overexpressing TN-C biomarker and the fact that the optimised labelling protocols can 

Figure 5.3 Fused mAP-Affimer protein for staining VEGFR2 in human placenta 

tissue. The expression of the VEGFR2 in placenta tissue was detected by both 

monoclonal antibody and the mAP-Affimer fusion protein. Bound affinity molecules 

were visualised with fast red substrate (red). Difference in the multi-step detection 

process was illustrated with the schematic diagrams. Negative control contained no 

primary affinity reagents was included. Images were taken at 20X magnification (n = 2 

on different human placenta tissue sections).  
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be applied to all Affimer proteins. Conjugation efficiency of the HRP enzyme to the anti-

VEGFR2 Affimer was evaluated by ELISA and assessed in IHC like application using 

placental tissue (figure 5.5).  

 

 

 

 

 

 

 

 

 

Figure 5.4 Cloning and producing of an Affimer containing a single cysteine 

residue. (A) Schematic of the Affimer construct showing the cysteine residue (pink arm) 

at the C-terminal region of the Affimer protein. (B) Coomassie stained, SDS-PAGE gel 

showing a high level of Affimer protein production in the soluble lysates. After single-

step nickel affinity chromatography, pure soluble Affimer proteins were obtained as seen 

in the elution fractions (n = 5 for Affimers productions). The crystal structure of the 

Affimer was obtained from PDB (4N6U) and developed by PyMOL software. 
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Placental tissue is divided into three parts, maternal, middle and foetal (Isaza Mejia et al., 

1971;Stegeman and Treffers, 1980). Since the middle region contains rich homogenous 

villous tissue, placenta represents a model tissue for evaluating affinity reagents (Meng 

et al., 2016). Although the ELISA confirmed the HRP conjugation based on the obtained 

absorbance measurements at 620nm (figure 5.5 A), the staining of the HRP-anti-VEGFR2 

Affimer did not localise at the sites where VEGFR2 protein expressed (figure 5.5 B).  As 

such it was not possible to confirm the specificity of the HRP-labelled Affimers and thus 

we considered the staining pattern as non-specific. We speculated that the lack of the 

specificity may be caused by unbound HRP due to inefficient conjugation and subsequent 

purification which requires further optimisation.    

A recent report demonstrated that affinity reagent that use  biotin-streptavidin interactions 

can result in high sensitivities (Lakshmipriya et al., 2016). In order to develop the 

procedure for biotinylating Affimer reagents, optimisation of the biotinylation approach 

was performed. This included reaction conditions (time, temperature, and protein-to-

biotin molecule ratio), type of disulfide reducing agents, and the length of the spacer arm 

that links biotin to the maleimide group. It should be mentioned here, in all optimisation 

experiments, a concentration of 1 mg/ml of anti-Tenascin (TN-C) Affimer reagent was 

used.  
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Figure 5.5 HRP-conjugated Affimer showed low specificity in IHC. The anti-VEGFR2 

Affimer reagent was conjugated to HRP enzyme via cysteine residue using maleimide 

chemistry. (A) The efficiency of Affimer labelling was evaluated by ELISA prior to the start 

of IHC staining. (B) HRP-conjugated Affimer was added to FFPE placenta tissue to enable 

the detection of the VEGFR2 protein expressed on the surface of the endothelial cells 

surrounding the vessels. Protein visualisation was enabled by DAB substrate (brown) and 

tissues were then counterstained with Mayer’s haematoxylin (blue), dehydrated and mounted. 

Monoclonal antibody against the VEGFR2 was used as positive control, while tissue section 

where no primary reagents were added served as negative control. Images taken at 20X 

magnification (n = 2).  
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5.2.2.1 Optimisation of biotinylation incubation time, biotin 

concentration and temperature 
 

Initially, we looked at the optimal labelling reaction temperature to be used to enable a 

labeling reaction to occur. The biotinylation reagent was incubated with Affimer proteins 

at 4oC, 37oC, and room temperature (22-25oC) for a recommended 2-hours reaction time.  

The excess unbound biotin molecules were removed from the solution by desalting. The 

biotinylation obtained at different temperatures were checked and assessed by ELISA 

using streptavidin-HRP conjugated reagent (see section 2.2.2.1). After adding TMB-

enzymatic substrate, the signal intensity of the developed colour was measured at 620 

nm. As negative controls, both non-biotinylated Affimer protein and wells containing 

diluted blocking buffer were used. In figure 5.6, different reaction temperatures showed 

similar efficiency of biotin-labeling. Therefore, we decided to use the room temperature 

as the standard conjugation temperature to make the approach more practical.  

 

 

 

 

Figure 5.6 ELISA showing the efficiency of biotin labelling of Affimers at different 

temperatures. TN-C binding protein was biotinylated at room temperature, 4oC, and 37oC. The 

efficiency of the biotin conjugation was evaluated by ELISA. (A) Each protein was passively 

adsorbed onto plates at different concentrations as shown by the ELISA strips. Biotinylated 

Affimers were detected with streptavidin-HRP reagent and visualised using the TMB substrate. 

Negative control wells containing no protein was included. (B) The absorbance measurements of 

the all developed signals were taken at 620 nm and blotted in a histogram as a mean value od 

duplicated measurements obtained from one experiment. (n = 1).    
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The next step was to alter the biotinylation conditions testing different coupling reaction 

times.  A biotin-labeling reaction was carried out at room temperature and 100 μl of 

sample was taken after 3, 4, 5, 6 and 18 hours (overnight) of incubation. The mixtures 

were then dialysed in PBS buffer of pH 7.4, for further analysis. After checking the 

biotinylation efficiency by ELISA (data not shown), the extent of biotinylation was 

determined by mass spectrometry (MS) analysis in a semi-quantitative way showing the 

percentage ratios between biotin-labelled (molecular weight of 12855 Da) and non-

labelled (molecular weight of 12403 Da) Affimers. MS analysis showed that the most 

efficient (90 to 95%) Affimer protein biotinylation occurred after 6 hours incubation 

(Figure 5.7).  

Different concentrations of linkers 1, 2, 4, 6, 8, and 10 μM were added in a conjugation 

mixture containing 1 μM of Affimer reagent. As reported earlier, 10 fold excess of biotin 

reagent in the reaction can cause 4 to 6 biotin molecules to bind to the protein if the 

reaction is not cysteine specific (Kay et al., 2009). However, in this case, only one biotin 

molecule will be attached to the cysteine residue though potentially the increase in biotin 

molecules may lead to more Affimers being biotinylated. Samples containing either non-

biotinylated Affimer protein served as a negative control. Using ELISA, it was shown 

that biotinylation efficiency increased with the increase in ratio of biotin reagent (figure 

5.8). A molar ratio of 8:1 or 10:1 μM of biotin linker to Affimer was the most efficient 

for biotinylation.  

In summary, the highest biotinylation efficiency was achieved after a 6-hour incubation 

at room temperature with a 10-molar excess of biotin linker to Affimer.  

 

5.2.2.2 Testing different biotin linker lengths 

The length of the spacer arm, which is the chemical chain between two reactive groups, 

defines how flexible a conjugate will be (Harlow and Lane, 2006). Previous studies have 

suggested that the great flexibility that long spacer arms exhibit can minimize the steric 

hindrance related to streptavidin binding and thus improve the efficient capturing of 

biotinylated proteins (Chen et al., 2013). To test this idea, three conjugates were created 

using three different biotin-linkers with different spacer arm lengths (see section 2.2.5.2). 

Despite the difference in the lengths of the arm, all linkers have a maleimide moiety in 
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addition to a high aqueous solubility (figure 5.9 A).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Mass spectrometry 

analysis of biotinylated reagents. 

Biotin-maleimide linker (~ 450 Da in 

size) was added to five Eppendorf tubes 

containing TNC-binding Affimer. Each 

tube was then incubated for 3, 4, 5, 6 

hours and overnight. After the 

incubation, labelled Affimers were 

dialysed in PBS, pH 7.4 and sent for 

mass spectrometry analysis. A 

conjugation of biotin linker to the 

Affimer will cause a mass shift from 

12403 Da to 12855 Da. The drawn 

dotted line indicates the relative 

abundance (%) of the non-labelled 

Affimer in the mixture. (n = 1) 
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Figure 5.8 Graphs showing optimisation of Affimer:biotin ratio. 1mg/ml of 

anti-TN-C Affimer was incubated with different excess folds of biotin molecule 

that were calculated based on the molar ratio between both biotin linker and the 

Affimer. All Biotinylated proteins were coated to well at different concentrations 

(0.5 to 0.06 µg). ELISA assay was used to determine the biotinylation efficiency of 

the different ratios by measuring and plotting the absorbance readings that were 

taken at 620 nm. (n = 1) 
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The biotinylation reagent that has been used so far had a very short-sized linker. Two 

further linkers were tested: BMCC and PEG11-Biotin maleimide, containing either a 

cyclohexane ring or a poly (ethylene glycol, PEG) increasing by the distance between the 

biotin molecule and maleimide to 36.2 and 59.1 angstroms, respectively. The 

biotinylation efficiency using the reagents was checked by ELISA. The assay showed that 

the longest linker was the best for obtaining an efficient detection (figure 5.9 B). It would 

be helpful to verify if the enhanced ELISA signals obtained by the long arm linker is due 

to improved detection with streptavidin reagent or because of better biotinylation.  

Therefore, a mass spectrometry analysis to examine the extent of biotinylation between 

the different linkers was performed. Based on the change in the molecular mass between 

labelled and non-labelled proteins, the extent of biotinylation was interpreted by the 

relative difference in the abundancy between the two masses in the mixture (figure 5.9 

C). For Affimer linked with the biotin maleimide linker (~ 450 Da) a mas shift from 

12403 Da (non-biotinylated) to 12855 Da (biotinylated) was seen. With BMCC linker (~ 

533 Da), the mass of the non-biotinylated Affimer will change was 12937 Da. A third 

mass shift of the non-biotinylated protein to 13227 Da was observed in the conjugation 

reaction with the PEG11-biotin linker was used (~ 922 Da).  

This analysis suggests the observed improved signal by ELISA is due to the increased 

detection of biotin molecules by the streptavidin reagent as the mass spectrometry result 

suggests lower biotinylation efficiency using these reagents. With an increase in the 

spacer arm length, less Affimers gets biotinylated (figure 5.9 C). It has been reported that 

conjugates with long- arm linkers have the tendency to fold over themselves, masking the 

ligand they are coupled to and thus affecting biomarker detection or capture (Lalli et al., 

2018).  

In addition, to mass spectrometry analysis and ELISA results, the three differently 

biotinylated reagents have been tested by other researchers to stain the TN-C biomarker 

on FFPE xenograft tissue samples, and it was found that the reagent with longer spacer 

arms produced higher background and non-specific staining than the other two reagents 

which contained shorter or no spacer arms (data obtained from verbal communication 

with Dr. Filomena Esteves in LIBAC). As such, we decided to use the shortest of the 

three linkers tested, which contained no spacer arm (biotin-maleimide linker) for further 

optimisation of the biotinylation protocol as it appeared to be the best option to develop 

conjugated-Affimer reagent able to work efficiently in IHC.   
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Figure 5.9 The length of the spacer-arm 

between the biotin molecule and the 

maleimide reactive group affected the 

biotinylation. (A) Schematic presentation of the 

different biotin-maleimide linkers used. (B) TN-

C binding Affimer was biotinylated using the 

different linkers and the efficiency of the 

biotinylation was assessed by ELISA. As a 

negative control, wells contained diluted 

blocking buffer were included. (C) Illustrates the 

mass spectrometry analysis, used to determine 

the extent of biotinylation by showing the 

relative ratio between biotinylated and non-

biotinylated Affimers in the mixture. A dotted 

line was drawn to indicate the abundance of the 

non-labelled Affimer in percent. (n = 1) 
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5.2.2.3 Testing different reduction techniques for biotin labelling 

As we mentioned earlier, a cysteine residue has been introduced into the Affimer scaffold 

to allow us to perform site-specific modifications. This introduction of cysteine residue 

forms disulfide bonds between Affimers, which then hindered the residues from being 

biotinylated. Therefore, the disulfide bond must be cleaved using a thiol reductant agent, 

such as dithiothreitol (DTT), 2-mercaptoethanol (2-ME), or tris (2-carboxyethyl) 

phosphine (TCEP) (Lu and Chang, 2010). However, an efficient reduction of the disulfide 

bond can only be achieved after optimising several reduction conditions including 

reductant concentration and time as well as the reduction approach (reductants in solution 

vs bound to agarose beads).   

In our optimisation experiments, TCEP was used as it is significantly more stable in a 

broad pH range, faster acting, and is non-reactive with other functional groups compared 

to other reducing agents (Getz et al., 1999;Liu et al., 2010). Numerous conditions have 

been optimised by the Bioscreening Technology Group (BSTG) and the School of 

Chemistry, demonstrating treatment with a 10-fold excess of the TCEP-HCl for one hour 

was optimal reduction condition (data obtained by personal communication). Therefore, 

we compared the biotinylation efficiency of an Affimer reagent after thiol-reduction with 

TCEP in solution and agarose-immobilized. After checking the biotinylation efficiency 

of the Affimer by ELISA (figure 5.10 A), samples were sent to mass spectrometry 

analysis to determine the extent of biotinylation. Mass spectrometry analysis further 

confirmed the ELISA results in which a reduction with immobilised TCEP resulted in 

improved overall biotinylation (Figure 5.10 B).  

 

5.2.3 Applicability of the biotinylated, single cysteine Affimer 

as a detection reagent in IHC 
 

To assess the performance of Affimer proteins compared with a conventional monoclonal 

antibody, we used an Affimer reagent, which was developed against VEGFR2 biomarker. 

FFPE placental tissue section was used to directly compare the staining specificity and 

sensitivity of the anti-VEGFR2 Affimer reagent and its corresponding monoclonal 

antibody. To ensure an even comparison, we chose a commercial antibody that has been  
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Figure 5.10 Comparing the efficacy of different reducing approaches. Thiol 

reduction was achieved with TCEP; either in solution or immobilised to agarose-beads 

were compared. Upon disulfide bond reduction, TN-C binding Affimers was 

biotinylated, dialysed in PBS, pH 7.4, and checked for presence of biotin by ELISA (A). 

As negative control in ELISA wells containing blocking buffer was included. The extent 

of biotinylation was further evaluated by mass spectrometry analysis (B). In this 

experiment, the biotin-maleimide linker (~ 450 Da), which has no spacer arm was used 

and the Affimers were reduced for 1 hour at room temperature followed by a reaction 

time of 6 hours. As a negative control in ELISA, wells contained diluted blocking buffer 

were included. (n = 1) 
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previously referenced (Oladipupo et al., 2018), validated, and optimised in the Leeds 

Institute of Medical and Molecular Research (LIMR, UK). In addition to the selection of 

primary affinity reagents, an important consideration in IHC application is whether to use 

directly labelled primary antibodies (direct method) or use another secondary-labelled 

reagent (indirect method). Due to the flexibility, low coast, and signal intensity obtained 

with the indirect methods, a number of  IHC staining approaches use the indirect detection 

method (Hammond et al., 1982). However, when several steps are involved in a single 

indirect antigen detection method, the risk of non-specific binding increases, in addition 

to the requirement of a longer process time and extra reagent costs.  

An alternative method is to use direct detection that involves using labelled primary 

affinity reagents without the requirement for secondary and tertiary reagents. To create a 

streamlined, cost effective Affimer-based IHC detection system, we chemically 

biotinylated VEGFR2 binding Affimer by attaching a biotin molecule to the C-terminus- 

cysteine residue using maleimide chemistry. Efficient biotinylation of the Affimer 

reagent was confirmed by ELISA, as illustrated in figure 5.11 A, in which measurements 

were taken at 620 nm and the obtained signals were compared to negative control wells 

that contained a diluted blocking buffer. To represent a typical amplification system, we 

used an anti-rabbit secondary biotinylated reagent for detecting signals in tissue stained 

with VEGFR2 targeting monoclonal antibody.   

The staining of the primary reagents was compared with placenta tissue stained with no 

primaries as a negative control. Our results confirm the binding ability and specificity of 

all Affimers and antibody reagents (figure 5.11 B). Consistent with published data 

(Miettinen et al., 2012), VEGFR2 staining is intense in the membrane of the endothelial 

cells surrounding the vessels. Although chemically biotinylated anti-VEGFR2 Affimers 

eliminates the need for secondary antibody reagents, an amplification method of the 

detected signal may still be required to further enhance the sensitivity of the detection 

system (Tiede et al., 2017).  
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Figure 5.11 Applicability of the biotin-labelled-VEGFR2 binding Affimer 

as a detection reagent in IHC. After confirming biotinylation efficiency by 

ELISA (A), 25 µg/m of Affimer was added to placenta tissue for one hour at 

room temperature (B). A tissue section where no primaries were added was used 

as negative control, while other section which contained anti-VEGFR2 

monoclonal antibody served as a positive control. Both VEGFR2 binding 

reagents were detected using the streptavidin-HRP conjugated reagents and 

visualised by DAB (brown). Next, Mayer’s haematoxylin counterstaining, 

dehydration and mounting were performed. A schematic overview represents 

the multi-steps involved in the staining process. Scale bar: 50 µm and images 

were taken at 16X magnification (n = 3).  
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5.2.4 Signal amplification achieved by the introduction of two 

cysteine residues into the Affimer scaffold 
 

Next, we tried to increase the signal by increasing the number of biotinylation sites on the 

Affimer. It was speculated that if the number of biotin molecules could be increased, we 

could potentially increase the number of streptavidin-HRP and therefore increase the  

signal intensity without the use of other amplification systems such as polymers or TSA. 

After several trials in choosing the right site for the incorporation of a second cysteine 

residue into the Affimer scaffold, the Bioscreening Technology Group (BSTG, Leeds, 

UK) have found that the approximate end of the N-terminal region of the scaffold is the 

most flexible site that allows for better biotin-linker accessibility, and thus more efficient 

biotinylation. The resulting modified, double cysteine Affimer reagents were termed as 

“Affimer Plus2C” (figure 5.12 A). To determine if the Affimer Plus2C reagents can result 

in signal amplification, we compared the signal intensity obtained from monoclonal 

antibody to the VEGFR2 binding Affimer Plus2C reagents. While monoclonal antibody 

was detected by a secondary-polymer reagent, Affimer Plus2C was detected by 

streptavidin-HRP conjugate only. Prior to the employment of the newly developed 

Affimer proteins in the IHC application, its binding specificity and biotinylation 

efficiency was assessed by ELISA and mass spectrometry analysis, respectively (data 

obtained from personal communication).  

In IHC staining, we used all primary reagents to detect the VEGFR2 protein in placental 

formalin-fixed paraffin embedded (FFPE) placenta tissue. We also included the 

biotinylated-single cysteine VEGFR2 binding Affimer to further examine the effect of 

adding another cysteine residue on the intensity of the detected signals, in comparison to 

the observed signal with the single, cysteine Affimer. As a next step, we compared the 

signal amplification achieved by the Affimer Plus2C reagent to the signal intensity of the 

developed signals obtained with the polymer-antibody-based detection system (figure 

5.12 B). Placenta tissue section where no primaries were added served as negative control. 

25µg/ml of biotinylated-single-cysteine Affimer and the Affimer Plus2C proteins were 

incubated on tissue sections for 1 hour at room temperature, and the bound Affimers were 

detected by streptavidin-HRP conjugated reagent and visualized with DAB substrate 

(brown colour precipitate). In contrast, 11µg/ml of the monoclonal VEGFR2 binding 

antibody has been used. Bound antibody molecules were then detected with secondary 

polymer based reagents followed by visualization using DAB substrate.  
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Figure 5.12 Affimer Plus2C reagent enhanced the signal intensity but did not improve the 

sensitivity of the IHC. (A) schematic of the Affimer scaffold containing two cysteine 

residues. Crystal structure of the Affimer scaffold (4N6U) was obtained from PDB. (B) 

Illustrates the staining of VEGFR2 protein in placenta tissue using Affimer Plus2C, biotin 

labelled Affimer, and monoclonal antibody reagents. The staining process was further clarified 

with the schematic diagrams in B. The detection of both Affimers and antibody was achieved 

by streptavidin-HRP reagent and polymer-based kit, respectively. DAB substrate was used for 

visualisation (brown) and Mayer’s haematoxylin for tissue counterstaining. Scale bar: 20 µm 

and the images were taken at 40X magnification (n = 2). 
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Figure 5.12 B showed an enhanced detection signal with the double-cysteine, Affimer 

Plus2C variant as compared to the single cysteine one but, at the same time, the level of 

signal intensification was not equivalent to the level of amplification seen with the 

polymer-based amplification system. No staining was observed in the negative control 

tissue section. Although our results offer an approach for improving the detection of 

proteins with different abundancy in cells, the amplification obtained by the polymer 

system remains the best. As such, we further studied an alternative approach for Affimer 

detection by creating Affimer-fusions that can detect the protein of interest in an amplified 

manner with or without the involvement of a polymer-detection system.   

 

5.2.5 Characterisation of Affimer-Fc chimeras in IHC 

diagnostic application 
 

Fc-based fusion proteins are comprised of an immunoglobulin Fc domain that is directly 

linked to another protein. Affimer-Fc chimeras were constructed by the genetic fusion 

between VEGFR2 binding Affimer and an Fc fragment (figure 5.13), derived from both 

mouse and rabbit IgG. Both construction and production of the Affimer-Fc protein was 

performed by the Avacta life sciences company (Avacta®, UK). Herein, we focused on 

characterising the binding ability of the constructed Affimer-Fc chimeras and their 

specificity towards the target protein, which is the VEGFR2. Both Affimer-rabbit Fc and 

Affimer-mouse Fc protein reagents were utilised in an IHC assay following an optimised 

protocol that was illustrated in section 2.2.6.4. Briefly, both reagents were added to FFPE 

placenta tissue sections at a concentration of 5 and 2.5 µg/ml (a dilution of 1:100 and 

1:200, respectively) and incubated for 1 hour at room temperature. In addition, the rabbit 

monoclonal VEGFR2 antibody was also used at similar staining conditions but with a 

lower concentration (1 µg/ml). All bound affinity reagents were detected by polymer-

amplification kit (Novolink kit, Leica Biosystems, UK) and the formed antigen-affinity 

reagent complexes were visualised by an HRP substrate, known as DAB (brown colour 

precipitate) followed by Mayer’s Hematoxylin counterstaining (blue colour) (figure 

5.13). A negative control section, where no primary reagents were added, was included 

in the run.  

Figure 5.13 confirms the binding ability of both Affimer-Fc chimeric reagents. The signal 

intensity and the staining localisation pattern was consistent with the pattern observed 

with the commercially used monoclonal antibody. No staining was seen in the negative 
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Figure 5.13 Characterisation of the developed Affimer-Fc chimeras in IHC. Using 

placental tissue sections, 2.5 µg/ml of VEGFR2 Affimer-mouse Fc fusion protein 

(dilution of 1:200), 5 µg/ml VEGFR2 Affimer-rabbit Fc fusion protein (dilution of 

1:100), and 1 µg/ml of monoclonal anti-VEGFR2 antibody (dilution 1:100) were used. 

After one-hour incubation of affinity reagents, detection and visualisation steps were 

started with both polymer-HRP based system and DAB (brown) substrate, 

respectively. Tissue section contained no primary reagents served as negative control. 

After the addition of DAB, tissues were counterstained with Mayer’s haematoxylin, 

dehydrated and mounted. The whole staining process was summarised in the schematic 

diagrams. Images were taken at 16X magnification (Scale bar: 50 µm). (n = 2) 
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control tissue section. Although both constructed chimeras showed successful staining, 

the one containing a mouse Fc fragment gave more specific localisation as well as a higher 

sensitivity as compared to the rabbit Fc-Affimer reagent. This noticed difference in the 

specificity and the sensitivity between the chimeric proteins has been reported previously 

with several rabbit and mouse monoclonal antibodies that were raised against the same 

antigen (Lipman et al., 2005).  

 

5.3 Discussion 

Revealing the expression and spatial arrangement of different molecules within a tissue 

through immunohistochemistry (IHC) is an invaluable tool in research and diagnostics. 

Choosing both the appropriate primary affinity binding reagent and the signal detection 

system is paramount to the pathological interpretation of the tissue sample at hand. The 

use of single domain Affimer proteins promise robust and consistent results in different 

molecular recognition applications (Kyle, 2018;Lopata et al., 2018;Robinson et al., 

2018;Xie et al., 2017;Zhurauski et al., 2018), but they are rarely used as an alternative to 

the conventional antibodies in IHC-like method. As such, this chapter provides an insight 

in the applicability of Affimer reagents as a detection tools for different tissue-based 

biomarkers.  

In 2016, a published study has suggested an alternative way of creating a detection protein 

tools for the use in ELISAs (Seo et al., 2017). They successfully fused a monomeric 

alkaline phosphatase enzyme to a repebody scaffold, also known as leucine-rich repeat 

(LRR) scaffold. Their fusion protein introduced a new format of highly sensitive affinity 

reagents that can be utilised in immunoassays as a direct, simple, cost-effective, and 

single-step detection process. To test the applicability of their idea in an IHC assay, an 

anti-VEGFR2 Affimer-monomeric alkaline phosphatase (mAP) fusion reagent was 

successfully constructed, produced, and characterised. The fusion was expressed at high 

level in E.coli and retained a catalytic activity of alkaline phosphatase enzyme in addition 

to the binding specificity of the VEGFR2 binding Affimer, as shown in figures 5.2. and 

5.3. Based on the IHC results, the construct confirmed the binding specificity of the 

Affimer in the fusion but detected a low signal compared to the signal obtained with the 

commercial VEGFR2 monoclonal antibody.  

The main reasons for the observed difference in the signal intensity is the employment of 

a polymer-detection system with the antibody and the use of monomeric bacterial alkaline 
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phosphatase instead of the highly active dimeric human alkaline phosphatase as the 

enzyme source for constructing our fusion protein. Several studies have suggested the 

introduction of a single-point mutation in the bacterial alkaline phosphatase enzyme as a 

way to improve its efficacy (Muller et al., 2001;Halford et al., 1972). Their strategy can 

be adopted in future studies for further amplification of the detected signal, in addition to 

the maintenance of the thermal and functional stability of such Affimer-mAP protein 

reagents.   

To overcome the stability issue encountered with the Affimer-mAP fusion protein and 

further achieve the desired stability, a single cysteine residue was introduced to the 

Affimer scaffold to enable the performance of site-specific chemical labelling of HRP 

and biotin. After unsuccessful conjugation of HRP to the Affimer proteins due to 

inefficient labelling technique and subsequent purification steps (figure 5.5), we 

developed bio-conjugates in which biotin molecule was linked to an Affimer by an 

optimal biotinylation protocol.  The optimised protocol can be efficiently applied to other 

cysteine contained Affimer proteins displaying different target specificity. By 

biotinylating the anti-VEGFR2 Affimer reagent and testing it in placental tissue, our 

results show that biotin labelled Affimers are a valuable tool with an equal detection 

specificity to the conventional monoclonal antibodies (figure 5.11). Other alternative 

protein-based scaffolds, such as affibody, also showed a similar ability to the Affimers in 

detecting protein targets using IHC application (Orlova et al., 2006).  Although we 

bypassed the need for a secondary-labelled antibody by using directly biotinylated 

Affimers, the obtained signal was less intense than the one observed by the monoclonal 

antibody involving the use of a secondary biotin conjugated antibody.  

The next step was to amplify the signal in a free-antibody detection system. To achieve 

such amplification, we genetically modified the Affimers to duplicate the number of the 

incorporated cysteine residues as a method for increasing Affimers sensitivity and 

improving the intensity of the detected signal. With the newly modified reagent (Affimer 

Plus2C), the desired amplification can be achieved by the increase in the number of biotin-

molecule to be linked to the Affimer and thus leading to a signal amplification at the site 

of the protein of interest caused by the high chance of more streptavidin-HRP agent to 

bind. The Affimer Plus2C protein showed promising enhancement of the signal intensity 

when compared to the single cysteine one. Although incorporation of the Affimer Plus2C 

reagent to the IHC staining protocols represents a simple and cost-effective way of signal 
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amplification, no sensitivity improvement of the IHC was detected when compared to the 

sensitivity obtained by other polymer-based amplification kits (figure 5.12).  

In contrast to our results, a recently published data showed that the approach of increasing 

the number of biotin molecules is efficient when applied it to nanobody (Wong et al., 

2018). The genetically modified nanobody reagents showed to surpass the traditional 

amplification methods in relation to sensitivity and detection efficiency. The only 

difference between our study and their study is the protein target we evaluated our 

modified reagents against. As such, it is speculated that the binding affinity of both 

Affimers and nanobodies may contributed in the inconsistency between results. 

Therefore, it would be beneficial in future studies to re-examine the efficiency of the 

double-cysteine signal amplification approach by generating various two cysteine 

constructs containing different multiplicities of Affimer binding proteins. Furthermore, it 

would be of benefit to use different labels, including quantum dots (Medintz et al., 2008), 

fluorescent dyes (Figueroa et al., 2014;Lopata et al., 2018) and nanoparticles (Zahavy et 

al., 2012). These labels will not only expand the applicability of Affimers but it may also 

contribute in the development of more sensitive diagnostic reagents involved in different 

applications.  

To improve the sensitivity of Affimer reagents and ease their use in diagnostics, in which 

routine IHC is dependent on the use of polymer-amplification kits, Affimer-Fc chimeras 

were developed and assessed using the IHC technique. Using such Fc-fusion proteins 

enabled the use of a polymer reagent, which further increased both the sensitivity and the 

intensity of the detected signal to levels comparable with those detected with the used 

antibody (Figure 5.13). To our knowledge, Affimer-Fc reagents against VEGFR2 are the 

only one-step protein-based Fc chimeras that have proved successful in IHC applications. 

The commercialised affibody reagent (Abcam, anti-ErbB2 Affibody molecule, ab31889, 

UK) requires detection by another anti-affibody labelled reagent that may not offer as 

strong signal amplification and as high sensitivity as the Fc-containing constructs.  

The promising results obtained with the Fc-based Affimer reagents can expand their 

applicability into disease diagnostics, as well as in the development of therapeutic agents 

and vaccines. As therapeutic reagents, the presence of the Fc domain can prolong the 

therapeutic activity of the reagents by increasing their plasma half-life through their 

interaction with the different neonatal Fc-receptors (FcRn) found on immune cells 

(Czajkowsky et al., 2012;Yang et al., 2017), representing an effective activation of the 
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defence mechanism important for use in oncological therapies and vaccines. From a 

technical point of view, use of the Fc region enables cost-effective purification by protein-

G/A affinity chromatography during production or evaluation using applications that 

involve precipitation of protein-complexes (Shukla et al., 2001). Furthermore, although 

the Fc-fusion proteins are expressed as homodimers, it is easy to modify the avidity of 

the reagents by polymerisation into well-defined complexes that comprise 12 fused 

partners (Ha et al., 2016;Czajkowsky et al., 2012).Such improvements in the avidity may 

enhance the analytical detection sensitivity by enabling the use of small sample volumes 

as desired in micro-applications, such as microarrays (Gonzalez, 2012;Husain et al., 

2019).  

From a biophysical perspective, the Fc domain folds independently, and this 

characteristic may improve the stability and solubility of the fused partner protein (such 

as Affimers) during in vivo production (Czajkowsky et al., 2012;Yang et al., 2017). 

However, these Fc-fusion proteins tend to unfold and aggregate upon exposure to various 

factors (Lowe et al., 2011) including agitation (Torisu et al., 2017), high temperature (He 

et al., 2011), low pH (Perico et al., 2009), freeze-thaw cycles (Zhang et al., 2012), 

transportation (Fleischman et al., 2017) and long-term storage (Cleland et al., 2001), 

which may restrict the development of such Fc-based reagents and limit their use as 

therapeutic reagents. In our research, the Fc-based Affimers were stored at 4oC to prevent 

freeze and thaw cycles, and their stability was examined by IHC staining. Placental tissue 

was stained using two-month-old Fc-VEGFR2 Affimer fusion reagent that had been 

stored at 4oC, at the same working concentration that was used with freshly obtained 

reagents prior to their storage, and the results obtained showed consistent staining 

intensity (data not shown). 

Despite the promising results observed with these fusion reagents, tests must be 

performed with numerous Fc-based Affimer proteins that target different biomarkers, and 

their biophysical properties must be examined in order to confirm fully the effectiveness 

and applicability of these reagents as both detection and therapeutic agents.  

In conclusion, this chapter further emphasize the feasibility of the Affimer proteins to be 

genetically modified and fused to different functional proteins without loss in their 

binding ability and specificity. Furthermore, the developed class of Affimer-Fc chimeric 

protein could represent a promising alternative to monoclonal antibodies in IHC. The 
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successful fusion of the Fc fragment to the VEGFR2 binding Affimer could also lead to 

the development of new other chimeras for the use in diagnostics and therapeutics.   
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CHAPTER 6 

Identification of cancer specific Affimers using 

phage display  
 

6.1 Introduction 

A large degree of heterogeneity between and within breast cancer patients has always 

been a challenge for effective detection, diagnosis and treatment (Polyak, 2011). The 

heterogeneous nature of breast cancer has led to the identification and use of predictive 

and diagnostic protein biomarkers including oestrogen receptor (ER), progesterone (PR) 

receptor and human epidermal growth factor receptor 2 (HER2). These biomarkers aid 

the classification of breast cancer into five molecular subtypes, which differ in their 

prognosis and treatment response. These subtypes include luminal A (ER+, PR+/-, 

HER2), luminal B (ER+, PR+/-, HER2+), basal/triple negative (ER-, PR-, HER2-) and 

HER2 (ER-, PR-, HER2+) subtypes (Correa et al., 2009;Holliday and Speirs, 2011). 

However, each subtype only represents the difference in the molecular signature between 

different breast tumours (inter-heterogeneity) but not within the same tumour (intra-

heterogeneity).  

Intra-heterogeneity affects cellular  morphology, growth, metastasis, escape form 

therapeutic interventions and disease recurrence (Marusyk et al., 2012). Several factors 

including genetic and epigenetic alterations, changes in protein expression and 

modulation of signalling pathways all contribute to the diversity within a single tumour 

(Almendro et al., 2013;Marusyk and Polyak, 2010). In addition, it was recently 

demonstrated that many extrinsic factors can also result in the intra-tumour heterogeneity 

observed in breast cancers (Park et al., 2000). It has been reported that development of 

carcinoma is influenced by surrounding stroma cells, extracellular matrix, paracrine 

factors and local hypoxia (Knowles and Harris, 2001;Tlsty and Coussens, 2006). The 

complex interaction between the tumour and the surrounding environment plays a critical 

role in controlling protein expression, which influences therapeutic responses (Junttila 

and de Sauvage, 2013;Pietras and Ostman, 2010). When considering all factors that 

contribute to tumour intra-heterogeneity, expanding the number of clinical-relevant 

biomarkers may further improve the characterisation of breast cancer enhancing the 
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capability to accurately stratify cancer patients, predict their response, and identify 

disease recurrence.  

Genomic, metabolic, transcriptomic and proteomic studies have all been used to identify 

new biomarkers (Adam et al., 2003;Benetkiewicz et al., 2006;Bullinger et al., 

2007;Mohammed et al., 2017). However, the lack of reagents has limited the development 

of new diagnostic assays (Drucker and Krapfenbauer, 2013). Thus, the ability to isolate 

reagents with high affinity and specificity is crucial factor developing diagnostics in 

cancer research (Sanchez-Martin et al., 2015). Techniques, such as phage display have 

demonstrated a great capability to identify such reagents for a wide variety of targets 

including proteins (Brown, 2000), nucleic acid (Wolcke and Weinhold, 2001), inorganic 

materials (Whaley et al., 2000), whole cells and tissues (Alfaleh et al., 2017;Jones et al., 

2016). In biomarker discovery, phage display is more advantageous compared to in vivo 

immunization as it does not rely on the immunogenicity of antigen, but rather depends on 

the binding interaction between the antibody and its target epitope (Chan et al., 2014).  

After the successful isolation of different Affimer reagents described in previous chapters 

and recently published (Tiede et al., 2017) we further assessed the use of Affimer-based 

phage library for the discovery of new cancer biomarkers. In this biomarker discovery 

approach, Affimers were selected based on ability to bind to a fixed-monolayer of MDA-

MB-453 breast cancer but not the control cells. The binding ability of the isolated 

Affimers against their target was assessed and characterised using a panel of cancerous 

and non-cancerous breast cells and tissue microarrays (TMAs). Such discovery of novel 

Affimer reagents that specifically recognise biomarkers defining breast cancer 

subpopulation may have a great clinical potential in cancer diagnosis and treatment.  

 

6.2 Results 

6.2.1 Selection and screening for cancer specific Affimers 

Cell-based phage display is a proven technique for isolating cancer specific affinity 

reagents against surface expressed biomarkers on cancer cells (Jones et al., 2016). Here, 

a total of four selection rounds against a breast cancer cell line (MDA-MB-453) were 

performed including negative selection against an immortalised-breast cell line (HB2) 

and cancerous breast cell line (MDA-MB-453), respectively (see section 2.2.2.2.4). In all 

panning rounds, the selection was performed for one hour at room temperature with the 



171 
 

aim to target proteins expressed on the cell surface. To further increase the stringency, 

prolonged washing step of up to four hours were performed in the second panning round 

only. This application of prolong washing step of unbound phage clones caused a drop in 

the number of recovered colonies from the target MDA-MB-453 cells as seen in figure 

6.1 A.  However, the overall output of the screen after the fourth round of bio-panning 

was successful. This success was indicated by the increased in colony number of target-

specific phage clones. Figure 6.2 summarises the whole process of the phage screen 

performed.   

A total of 48 colonies out of 5.7 x 106 recovered colonies in the last panning round (4th 

round) were randomly picked and screened by phage ELISA against MDA-MB-453 and 

HB2 cells (see section 2.2.2.3). Phage clones that bound equally well or better to 

immortalised (HB2) cells but not to blocked wells, were considered to bind to proteins 

common between cell lines and were not further characterised. On the other hand, 13 

colonies showed increased binding to cancer cells compared to HB2 cells indicating their 

selectivity towards cancer-specific proteins (figure 6.1 B and C). All 13 clones were 

selected and sent for DNA sequencing, which revealed 8 unique cancer-specific binders 

(figure 6.1 D) 

To further assess the binding selectivity of the isolated 8 phage clones against cancer 

cells, we performed phage ELISA against MCF7 cells and compared binding to other cell 

lines used in the phage screen (MDA-MB-453 and HB2 cells).  This demonstrated the 

Affimers also bound to MCF7 cells (figure 6.3 A and B).  Helper M13KO7 phage showed 

only a low level of binding to the cells. Next, we aimed to visualise the phage binding to 

the cells to ensure that the isolated colonies were not binding to anomalies, such as dead 

cells or cell debris. To achieve this, phage binding was detected and visualised with an 

anti-fd phage antibody and a secondary Alexa488 conjugated antibody as mentioned in 

section 2.2.6.1. M13KO7 helper phage were used as negative control. The four tested 

phage clones showed positive binding to cells controls (figure 6.3 C). However, the 

binding visualisation of the tested clones by fluorescence microscopy did not produce 

conclusive results in relation to their binding specificity towards cancer cells only, 

because of the absence of stained control cells (HB2 cells). Thus the results obtained 

cannot be used as confirmation of the phage ELISA results. Therefore, it was decided to 

proceed to further characterisation tests of the eight isolated Affimers and to identification 

of the protein entity to which they were bound.  
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Figure 6.1  Isolation of eight cancer-specific binders after 4 rounds of panning on 

MDA-MB-453 breast cancer cells. (A) Graph represents the total number of recovered 

phages after each panning round. (B) A total of 48 randomly picked phage colonies were 

screened for binding on MDA-MB-453 and HB2 cells using ELISA. The phage binding on 

cells was detected by anti-fd bacteriophage antibody and visualised by HRP enzyme 

substrate. The absorbance of each well was then measured at 620 nm and blotted in 

histogram as illustrated (n = 2) (C). Thirteen indicated phage clones were sent for DNA 

sequencing and the amino acid arrangement of the variable loops (binding regions) revealed 

the identification of eight unique binders (D). See appendix A for more details about amino 

acids.  (n = 1 for the phage screen)   
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Figure 6.2 Schematic overview of the panning rounds to isolate Affimers against 

unidentified protein biomarkers. A total of four phage selection rounds was performed 

on fixed monolayers of cells in which the naïve Affimer phage library (Ella2) was pre-

panned and then selected on fixed HB2 (non-tumorigenic cells) and MDA-MB-453 

(cancerous cell line), respectively. In round 2, the selection pressure was increased by 

using prolonged washing to remove the non-binding phage in addition to other weak 

binders. After library selection on the target cells (MDA-MB-453), cells were washed for 

four hours instead of the one hour of washing that was used in rounds 1, 3, and 4. During 

the four hours of washing, the buffer that contained the non-bound phage was replaced 

with new buffer every hour. Then 100 l of the phage pool from round 2 was recovered 

and subjected to a third round of selection using the standard stringency of washing (one 

hour). A fourth panning round was performed similarly to round 3. From the final, 4th 

cycle of selection, 48 colonies were randomly selected and assayed in phage ELISA to 

assess their binding specificity towards cancerous cells but not to the normal counterpart.  

 

 

 

 

 

 

 

 

 

 

 



174 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Binding of selected phage clones by ELISA and immunofluorescence. (A) The 

binding specificity of the phage clones to cancer cells were tested by cell-based ELISA on MDA-

MB-453 and MCF7 cancer cells, and the non-tumorigenic HB2 cells. Wells containing 2x 

blocking buffer and the addition of helper phage were also used as controls. Phage binding event 

was detected by anti-fd bacteriophage antibody and visualised by HRP enzyme substrate. Figure 

represent a picture of the ELISA plate prior to reading using a spectrophotometer. (B) Graph 

representing the absorbance values at 620 nm of the plate. The plotted absorbance readings 

represent the mean value of duplicated measurements obtained from one experiment (n = 2) (C) 

Immunofluorescence microscopy showing the binding of the phage clones on MDA-MB-453 

breast cancer cells. Fixed cells were incubated with phage hits, helper phage or no phage for 1 

hour prior to addition of anti-fd antibody and secondary conjugated Alexa488 (green) and DAPI 

(blue). Scale bar: 20 µm (n=1 with duplicated staining of each phage clone).  
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6.2.2 In vitro production of cancer-specific binding Affimers  

For further analysis, all 8 isolated Affimers were sub-cloned into pET11a vector using 

primers to include a cysteine in the C-terminal region of the scaffold as previously 

described (see section 2.2.3.1). The cysteine site-directed modification of the Affimers 

by chemically conjugating biotin molecule using maleimide. Biotinylation enabled the 

ability to characterise the binding ability of the Affimer proteins in IHC. The successful 

insertion of the cysteine residue and cloning of the Affimer scaffold into pET11a vector 

was confirmed by DNA sequencing. Plasmids were transduced into BL21 (DE3) and 

proteins produced as previously described (section 2.2.3.2). SDS-PAGE and Coomassie 

was used to visualise the production of Affimers (figure 6.4). Interestingly, only low 

levels of H1 were produced in these cells and therefore, was not used in subsequent 

experiments. All Affimers were dialysed in a PBS, pH 7.4 and concentrations were 

determined by spectrophotometric analysis and BCA assay (data not shown).  

 

 

 

 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6.4 Coomassie stained SDS-PAGE gel showing production 

of Affimers. 3µl of soluble lysates and purified Affimers were run on 

SDS-PAGE. The major species observed on the gel is a band at~12 

kDa which is the approximate size of an Affimer protein (n = 5). 
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6.2.3 Validation of Affimer binding specificity towards cancer 

cells  
 

6.2.3.1 Immunofluorescence microscopy 

To evaluate the binding selectivity of 7 isolated Affimers towards cancer cells, IF and 

IHC assays were carried out on both cancerous and non-tumorigenic, immortalised cells. 

In IF study, all Affimers were detected using monoclonal mouse his8-tag antibody and 

visualised with secondary Alexa488 conjugated antibody. As negative control, the his8tag 

antibody was added to cells without the presence of Affimers to check the background 

level of non-specific staining caused by the antibody. Commercial antibodies, in this case 

HER2, were used to stain cells (MDA-MB-453) as positive control (data not shown). All 

the tested Affimers showed staining of MCF7 and MDA-MB-453 breast cancer cells with 

no or little staining observed on HB2 breast cells (figure 6.5). No staining was seen in the 

negative control sample (figure 6.5).  

 

6.2.3.2 Staining on formalin-fixed paraffin embedded cell pellets 

For IHC, Biotinylated Affimers were used to enable their detection by a biotin-

streptavidin based system. The interaction between the bound biotinylated Affimer 

reagent and the streptavidin-HRP conjugated agent was visualised with HRP substrate, 

known as 3,3’- diaminobenzidine (DAB), which forms brown colour precipitate upon 

oxidisation. After successful site-specific biotinylation of Affimers (figure 6.6 A and B, 

detailed biotinylation protocol in section 2.2.2.1), the reagents tested to determine ability 

to detect antigen on formalin-fixed paraffin embedded pelleted breast cell lines, including 

MDA-MB-453, BT474, MDA-MB-468 and HB2 in addition to HEK293 kidney cell line 

that a kind gift from Dr. Filomena Esteves (see section 2.2.6.4 for details IHC method).  

A2 and C1 showed a high level of staining on MDA-MB-453, MCF7 and BT474 cell 

lines with weak expression level detected in a triple negative (MDA-MB-468) cell line. 

No staining was observed using the A2 and C1 Affimers on the control cells (HB2 and 

HEK293). Affimer C4, D2 and C2 also showed positive staining on the cancer cells but 

their staining pattern varied between different cells. The three Affimers showed strong 

positive localisation in BT474 cancer cells, while displaying weak to no staining in other 
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Figure 6.5 Immunofluorescence staining of cells using Affimer reagents. Cells were 

fixed with 4% PFA without permeabilisation. Affimers were incubated on cells at 4oC for 

overnight followed by detection and visualisation with his8tag and anti-his Alexa488 

conjugated antibodies (green). Negative controls, including the use of anti-his8tag only 

and anti-YS15 Affimer reagents were included in the run. All images were merged with 

DAPI (blue). Scale bar: 10 µm (n = 3). 
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cancerous cell lines. The staining pattern showed with A2, and C1 Affimer may have 

indicated the heterogeneity of the protein expression to which they bound to, and at the 

same time it could have been a result of incomplete biotinylation of the Affimers as the 

percentage of the biotinylation was not evaluated prior to the staining. In future studies, 

it would be of advantage to adapt an approach to evaluate the biotinylation efficiency 

through quantitative approaches, such as mass spectrometry, before the use of the  

Figure 6.6 ELISA showing successful site-specific biotinylation of Affimers 

confirmed by ELISA assay. (A) Biotinylated Affimers were coated on wells at 

different concentration to enable the detection of biotin attached molecule by the 

streptavidin-HRP conjugated reagents. (B) Absorbance measurements were taken at 

620 nm after the addition of TMB substrate. The plotted absorbance measurements 

represent the mean value of duplicated measurements from one experiment (n = 5).  
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Figure 6.7 IHC-like staining on a panel of tumorigenic and non-tumorigenic cells 

confirming the binding selectivity of some soluble Affimers towards cancer cells. 

Affimers were added to formalin-fixed paraffin embedded cells for one hour at room 

temperature after retrieving the antigenicity of the proteins. Bound biotinylated 

Affimers were detected by streptavidin-HRP conjugated reagent and visualised by 

DAB substrate (brown).  Scale bar: 50 µm and magnification of 16X. Magnified cells 

are shown in the squares.  (n = 2 per two different cell line blocks).  

 



180 
 

biotinylated Affimers in any molecular recognition application in order to verify the true 

explanation behind the heterogeneity of the staining results.    

The staining pattern of C4, D2, C2 towards MDA-MB-453 cells was weaker than 

expected compared to fluorescence microscopy (figure 6.7). This likely to be either 

caused by the difference in passage number of this cell line or the fixation process has 

altered binding ability and antigen presentation. Tissue or cell processing may also affect 

the localisation of the antigens as experienced by Dr. Sandra group (data obtained by 

personal communications). Consistent with the fluorescence imaging, both H2 and B2 

Affimers showed staining on all cells (figure 6.7). The results of different microscopy 

staining assays confirmed selectivity of five Affimers towards cancer cells with A2 and 

C1 showing the most intense staining.  

 

6.2.4 A2 and C1 Affimers staining is increased in breast 

cancer  
 

Due to the binding selectivity of A2 and C1 Affimers exhibited, these were further 

characterised on tissue sections. Tissue microarrays (TMA) containing multiple cores of 

breast cancer tissue along with normal breast tissue, were used. All TMAs and whole 

tissue sections were obtained from Professor Speirs and purchased from USBiomax (see 

section 2.1.3 for more details). Both A2 and C1 Affimers showed strong heterogeneous 

staining pattern of tissue sections across different breast tumour cores (figure 6.8). Our 

preliminary showed an indirect correlation between the grade of cancer and staining 

intensity. In aggressive (grade III) tumours, the level of staining decreased when 

compared to low grade tumours (grade I) (figure 6.8). These results showed an 

downregulation of the cognate antigen to which Affimers bind in addition to the 

heterogeneity in its expression pattern among different grades of breast tumours. 

However, there is a need to study more tissue samples to confirm the existence of such 

an assumed correlation. Therefore, further histological scoring of the stained tissue cores 

coupled with correlation studies with different pathological parameters is currently work 

in progress.  
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Affimer A2 

Affimer C1 

Figure 6.8 The cognate antigen to which both Affimer A2 and C1 bind is 

overexpressed in breast cancer. IHC staining using biotinylated Affimers on TMAs 

containing cancerous breast tissue cores of different tumour grades were performed. 

Whole tissue sections of normal breast samples were also stained (n = 2).  
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6.2.5 Both A2 and C1 Affimers bind to cytokeratin 19 and 

18/8 proteins 
 

Based on the fluorescence and IHC staining, MCF7 expresses the highest amount of the 

antigen recognized by the Affimer reagents. Cell lysates of MCF7 cells were prepared 

using non-denaturing lysing buffer to preserve membrane-associated proteins. Affimers 

were incubated with cancer cells and lysates prepared from HB2 cell line. Anti-yeast 

SUMO2 (YS15) Affimer reagent served as negative control. A pull-down assay was 

performed, as mentioned in chapter 2 (section 2.2.6.5), and Affimer-protein complexes 

were precipitated on a nickel-based agarose bead. The precipitated complexes were then 

eluted, separated on SDS-PAGE and Coomassie stained. Due to the variation of the amino 

acid sequence in the two variable loops of all 7 highly expressed Affimers in addition to 

the difference in their staining pattern on different cell lines, we aimed to identify the 

cognate antigen to which each of the 7 Affimers bind.  

 

 

Coomassie staining of the gel loaded with pulled down complexes identified two bands 

of a size between 34 and 53 kDa. The complexes were observed in all lysates prepared 

form cancer cells. H2 and B2 were the only Affimers that pulled down a protein of an 

approximate 50 kDa in size from the HB2 cell lysate, correlating with the cross-reactivity 

observed in IHC staining (figure 6.7). The indicated protein bands (figure 6.9 were gel 

extracted, trypsin digested and identified by liquid chromatography tandem mass 

Figure 6.9 Isolated Affimers pulled down endogenous protein overexpressed in 

cancer cell lysates. Affimers were incubated with cell lysates prepared form MCF7 

cells and HB2 cells for overnight at 4oC. The Affimer-protein complexes were 

precipitated and eluted. The eluates were then separated on SDS-PAGE gel. The gel 

was stained with Coomassie and the indicated protein bands were sequenced by mass 

spectrometry (MS) analysis by the MS facility service at University of Leeds, UK.  (n 

= 2 for MS analysis and 3 for pull-down assays). 
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spectroscopy (LC-MS, facility of MS analysis, Leeds University, UK). From both bands 

(indicated with number 1 and 2 in figure 6.9), we identified a total of 9 unique proteins.  

Within the identified proteins, 3 proteins yielded the highest percentage of peptide 

coverage (76 %, 74% and 60% of peptide coverage of CK18, CK19 and CK8 protein, 

respectively). and the same percentage was appeared in different mass spectroscopy 

analysis. Both C1 and A2 Affimers bound the same proteins that were identified as 

cytokeratin (CK) 19 and 18/8. As positive control, the anti-actin Affimer reagent 

demonstrated efficient pull down and sequencing of actin.  

Interesting the Affimers appeared to only bind cytoskeletal proteins rather than 

extracellular proteins. This could reflect the biology of protein localisation during cancer 

development, as described by other researchers (Hung and Link, 2011;Wang and Li, 

2014). For example, one study identified potential targets for breast-cancer diagnosis and 

treatment through the examination of plasma-membrane proteomics of different breast-

cancer cell lines. In this study, a translocation of various proteins to the plasma membrane, 

such as the fatty acid synthetase protein, which is typically defined as an important 

cytoplasmic protein involved in lipogenesis to satisfy high-energy requirements, was 

observed (Ziegler et al., 2014).  

 

6.2.6 Binding of A2 and C1 to cytokeratin 19 and 18 was 

confirmed by fluorescence microscopy and western blotting 
 

The results of the mass spectrometry analysis were verified by microscopy to look for co-

localisation. Different fixatives were used to assess the localisation of Affimer and 

cytokeratin antibodies as previous studies have demonstrated that fixatives can alter how 

well Affimers bind in IF  (Lopata et al., 2018). Anti-yeast SUMO2 (YS15) Affimer and 

monoclonal his8tag antibody alone were used as negative controls. Bound anti-his8tag 

antibody in addition to other primary antibodies were then visualised by secondary anti-

IgG specific alexa-488 conjugated antibodies. Both Affimers and anti-CKs antibodies 

were able to recognise CK19 and 18 proteins on both differentially fixed MCF7 cancerous 

cells. No staining was seen with the negative controls. Although all anti-CK19 and 18 

affinity reagents worked with both fixatives, a high number of positively stained cells 

(green colour) showing detailed filamentous localisation of the cytokeratin proteins was 

observed in methanol fixed cells (figure 6.10). Therefore, methanol fixation is the 

preferred method to study the localisation of cytoskeletal proteins, such as cytokeratin. 
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Methanol fixation has also previously been shown to be better than PFA when staining 

other cytoskeletal proteins using Affimers (Lopata et al., 2018).  

To further verify the specificity of C1 and A2 Affimers, the proteins precipitated from 

cell lysates by pull down were subjected to western blot analysis using the anti-CK 18 

and CK19 antibodies (see section 2.2.6.5 for detailed protocol). CK18 and CK19 were 

detected in the affinity precipitate from both C1 and A2 (figure 6.11).  The pull-down 

results verified that both of the cancer specific Affimers bind cytokeratin proteins (CK19 

and 18) confirming the mass spectrometry results.   

 

6.2.7 Cytokeratin 18 and 19 are expressed on the cell surface 

of cancer cells 
 

Even though cytokeratin 19 and 18 are prominent type I filament proteins mainly 

expressed in the cytoplasm of cells (Karantza, 2011), our fluorescence and IHC results 

showed membrane ad cytoplasmic localisation pattern in breast cancer cells. As such, we 

next explored whether the cytokeratin proteins are expressed on the cell surface by 

staining live cells with both Affimers and antibodies. In our experiment, Affimers (C1 

and A2) and anti-cytokeratin (CK18 and 19) antibodies were incubated with live MCF7 

cancer cells for one hour prior to fixing with 4% PFA.  

Affimers were detected with an anti- his8tag antibody and visualised with a secondary 

Alexa488 conjugated antibody, while bound anti-CK18 and 19 antibodies were visualised 

with secondary Alexa488 conjugated antibody. Wheat germ agglutinin (WGA) Alexa594 

conjugated was used as plasma membrane marker. As negative controls, anti-yeast 

SUMO2 (YS15) and anti-his8tag antibody alone were used. All Affimers and antibodies 

showed granular staining around the plasma membrane of cells with little internalisation 

detected (figure 6.12). No staining was seen in the negative controls. At first, we reasoned 

our isolation of cytokeratin proteins for the possible internalisation of phage clones upon 

incubation at room temperature but our results here suggest findings that both cytokeratin 

18 and 19 are expressed on the membrane of some cancer cells as demonstrated in recent 

study by Ju et al (Ju et al., 2015). 
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Figure 6.10 Immunofluorescence using Affimers and antibodies. 

Immunofluorescence staining was performed using Affimers and antibodies against 

CK19 and 18 proteins. Affimers were incubated for overnight at 4oC with MCF7 breast 

cancer cells fixed with either 4% PFA or methanol. Affimers were visualised using an 

anti-his8tag and secondary Alexa488 conjugated antibody (green).  Antibody binding 

was visualised with secondary Alexa488 conjugated antibody (green). Anti-YS15 

Affimer and his8tag antibody alone served as negative controls. All cells were 

counterstained with DAPI (blue). Scale bar: 20 µm (n = 3 on different cells). Magnified 

part of cell is shown in the squares.   
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6.2.8 Cytokeratin 19 expression upregulation is not solely 

dependent on HER2 overexpression in breast cancer  
 

To confirm the previously suggested relationship between CK19 expression and the 

overexpression of HER2 in breast cancer (Ju et al., 2015), a panel of breast cancer cell 

lines were assessed for expression status of HER2, CK18, and CK19 using western blot 

analysis. Whole cell lysates were prepared under non-denaturing conditions. The lysates 

were ran on an SDS-PAGE gel followed by western blot analysis using CK18, CK19, 

HER2 and actin antibodies. Antibody against actin was used as loading control, while 

HB2 cells served as negative controls.  

Our results showed increased CKs expression in all cell lines, which showed HER2 

overexpression in addition to other HER2 deficient cells, such as MCF7 (figure 6.12). 

Other known triple negative breast cancer cell lines (ER-, PR-, and HER2-), including 

MDA-MB-468 and MDA-MB-231 showed weak expression of both CKs, while no 

protein was detected in the lysate of HB2 cells. Our data not only confirmed previous 

reports suggesting the association between HER2 expression status and CK19  

Figure 6.11 Affimer C1 and A2 pulled bind to cytokeratin in cancer cell 

lysates. Affimers were incubated with MCF7 or HB2 lysates, and the Affimer-

protein complexes were precipitated on nickel agarose beads. Next, the 

complexes were eluted and separated SDS-PAGE gel and either stained with 

Coomassie blue or used in western blot analysis using CK18 and CK19 

antibodies. Anti-YS15 Affimer and cell lysates were used as negative and 

positive controls, respectively (n = 3 for pull-down assays and 2 for western 

blot analysis).  
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Figure 6.12 Cytokeratin proteins are expressed on cell surface. Affimer C1 and 

A2 in addition to antibodies against both CK18 and 19 proteins were incubated on 

MCF7 cells for one hour under physiological conditions prior to fixing. Membrane 

was stained with wheat germ agglutinin (WGA) conjugated to Alexa594. Anti-

YS15 and anti-his8tag were used as negative controls. Both Affimers and antibodies 

against CK18 and 19 were visualised by secondary conjugated Alexa488 antibody. 

Scale bar: 10 µm (n = 2 per different cell line). 
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upregulation in breast cancer (Ju et al., 2015), but also supported other findings in which 

MCF7 cell line were found to highly express CK19 mRNA similar to the level detected 

in another HER2 overexpressing cell line (SKBR3) (Saha et al., 2017). The controversy 

about CK19 expression regulation in breast tumours can indicate its important 

tumorigenic role and further suggest the involvement of different cellular signalling 

mechanisms behind its upregulation in cancer.  

 

 

 

 

 

 

 

 

 

 

 

Next, we stained a TMA containing 100 core of breast tumours in addition to 10 cores of 

adjacent normal breast tissues to further investigate the staining pattern of CK in tumours 

in comparison to HER2 expression. The phenotype expression pattern of ER, PR and 

HER2 markers was known for all cases. IHC staining with biotinylated Affimer C1 was 

performed following the protocol reported in chapter 2 (section 2.2.6.4). The efficiency 

of endogenous biotin blocking was assessed by the addition of streptavidin-HRP 

conjugated reagent to FFPE cells (data not shown). In addition, a negative staining of the 

stromal cells within the tumour was considered as internal negative control. Our 

preliminary results demonstrated strong cytoplasmic and membranous staining of CKs in 

tumours with positive ER, PR and HER2 expression (figure 6.14). While tumours that 

Figure 6.13 CK18 and 19 expression is not dependent on HER2 

upregulation. Western blot analysis on whole cell lysates of cancerous and non-

tumorigenic cell lines was performed using antibodies against CK18, 19 and 

HER2. Anti-actin antibody was used as a loading control. 5 µl of lysates were 

loaded in each lane (n = 2).  
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expressed low levels of ER, PR and HER2 showed low expression level of cytokeratins. 

In tumours with HER2 upregulation only, a distinctive membrane localisation was 

detected with the Affimer staining.  

By examining normal breast tissues obtained from adjacent tumour tissue, basal 

expression level was observed in tissues where no ER and PR upregulation was reported. 

When the expression level of both hormonal receptors was altered, an increased CKs 

expression was seen. Although our results confirmed suggested association between 

CK19 and membrane translocation in HER2 overexpressing cells (Ju et al., 2015;Ohtsuka 

et al., 2016), we also revealed a potential relationship between altered expression of 

hormonal receptor (ER and PR) and CK 18 and 19 upregulation in breast cancer. Work 

is ongoing to score histologically and investigate the importance of CK19 and CK18 as 

prognostic biomarkers in breast cancer. This work involves a study of a large cohort of 

breast-cancer cases to investigate the relationship between the expression status of all ER, 

PR and HER2 markers and CKs.  

 

 

Figure 6.14 Affimer C1 confirms the heterogeneous localisation pattern of cytokeratins 

in the different molecular subtypes of breast cancer. Purchased TMA containing 110 

cores of breast cancer tissues in addition to tumour adjacent normal tissues was used. All 

three common IHC-based biomarkers for breast cancer, including ER, PR, and HER2 were 

given. Affimer C1 was added to the tissue array for one hour at room temperature following 

the IHC staining protocol. TMA slide was scanned by Leeds Institute of biomedical and 

cellular studies (LIBAC). This figure represents some cases in the array as further detailed 

analysis will be conducted in the future studies (n = 1 per TMA). The magnification of the 

tissue cores is 20X as analysed by WebScope software.  
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6.3 Discussion 

From the phage selection screen, the cognate antigen of two Affimers (C1 and A2) was 

identified as cytokeratin 18 and 19 (figure 6.8) and confirmed by fluorescence microscopy 

(figure 6.10 and 6.12), pull-down assay coupled with western blot analysis (figure 6.111). 

Cytokeratin proteins are the largest and the most complex group of proteins among the 

superfamily of intermediate filaments (IF) (Karantza, 2011;Moll et al., 1982). In humans, 

20 different cytokeratin isotypes have been identified (Takahashi et al., 1995;Schweizer 

et al., 2006). These isotypes have been further classified into two subfamilies.   

Subfamily I of keratins includes 11 acidic CKs (CK 9 to 20), while type II keratins are 

more basic and include eight CKs (CK1 to 8) (Bragulla and Homberger, 2009). Pairs of 

acidic and basic cytokeratins are expressed deferentially in different stages of cell 

development and differentiation (Moll et al., 2008). A recent interest in understanding the 

biological function of the most abundant cytokeratin proteins (CK 19, 18 and 8) in breast 

(Aiad et al., 2014;Saha et al., 2018;Alix-Panabieres et al., 2009), bladder (El-Salahy, 

2002), lung (Nisman et al., 2008;Kosacka and Jankowska, 2007) and other cancer types 

(Turner and Milliken, 2000;Erkilic and Kocer, 2005;Giovanella et al., 2017) have 

revealed a significant role of these CKs in modulating intracellular signalling by operating 

in conjunction with various related proteins.  CK 19, 18 and 8 may affect carcinogenesis 

via several signalling pathways, such as PI3K/Akt (Ju et al., 2015), Wnt (Ikeda et al., 

2006), NUMB-dependant NOTCH (Saha et al., 2017) and MAPK/ERK pathway 

(Ohtsuka et al., 2016). As such, these CKs can be used as predictive biomarkers in cancer.   

The mammary gland is mainly composed of luminal epithelial cells expressing 

cytokeratin (CK) 19, 18 and 8, while other basal/myoepithelial cells express CK 5/6, 14 

and 17 (Dairkee and Heid, 1993;Gusterson B. et al., 2005). Human breast cancer MDA-

MB-453 cell line has been classified as molecular apocrine breast cancer cell line that 

expresses androgen receptor (AR) and HER2 with no ER or PR (Hall et al., 1994). 

Therefore, we did not expect to isolate cytokeratin proteins from this cell line. 

Interestingly, our microscope research using Affimers and antibodies against CK18 and 

19, showed CKs upregulation in the MDA-MB-453 cell line. Our results further 

confirmed earlier findings in which luminal epithelial CK markers are also upregulated 

in non-luminal, HER2 positive classified breast cancer cell line, such as the SKBR3 (Ju 

et al., 2013).  
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By comparing the expression patterns of CKs in normal and cancerous cells (figure 6.5 

and 6.7) and tissues (figure 6.8 and 6.14), we observed a distinctive membranous 

localisation of CKs in tissues with high HER2 expression, while other HER2 deficient 

tumours showed both cytoplasmic and membranous staining (figure 6.14). Even though 

HER2 positive tumours are an aggressive subtype of breast cancer (Arpino et al., 

2015;Mitri et al., 2012), CK19 upregulation is not associated with the aggressiveness. A 

recent study also suggests a similar association between CK19 expression and ER status 

in different breast cancer subtypes (Saha et al., 2017). The study demonstrated that CK19 

and ER expression is associated with the prognosis of breast cancer. The high expression 

of CK19 in ER positive tumours is associated with better prognosis compared to those 

with high level of expressed CK19 and negative ER expression. Similar to their findings, 

our preliminary data also suggest a correlation between CKs expression and the level of 

expressed ER, PR and HER2 proteins (figure 6.14). However, further statistical analysis 

correlating the clinico-pathological data of the patients and the expression levels of the 

different receptors in addition to CKs is needed.    

In addition to the suggested correlation between CKs and other ER, PR and HER2 

proteins, our preliminary results demonstrated a possible correlation between tumour 

grade and CKs expression levels in which low-graded breast cancers showed high 

expression levels of CK18 and 9 compared to the high-grade ones (figure 6.8). The 

observed results was in accordance to what have been reported recently by Aiad et al, 

(Aiad et al., 2014).  

To understand the function of CKs in cancer, the underlying molecular mechanism of 

cytokeratin upregulation and translocation in different breast cell lines have been 

explored. It was previously demonstrated that active specificity protein-1/transcription 

factor 1 (Sp-1) binding to its specific site at CK19 gene promotor can affect the levels of 

the produced CK19 mRNA (Brembeck and Rustgi, 2000). SP-1 activity is further 

regulated by phosphorylation derives from active ERK protein. As such, it was reported 

that in HER2 overexpressing tumours (Ju et al., 2015), stimulation of ERK pathways can 

increase the expression level of CK19 through SP-1 phosphorylation (figure 6.15). The 

CK19 was then assembled in the cytoplasm where an active PI3K/Akt phosphorylates 

CK19 in its serine35 residue causing cytokeratin disassembly from filamentous to 

granulous shape (Ju et al., 2015). The granulous shape of CKs was observed in the IHC 

staining of some cancerous cell lines, particularly the MDA-MB-453 cell line, which 

overexpress HER2 (figure 6.7). The disassembled CK19 was then translocated to the cell 
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membrane to stabilise HER2 and inhibits its ubiquitination (Ju et al., 2015;Ohtsuka et al., 

2016).  

In conclusion, this chapter demonstrates the use of phage display as a tool for the 

discovery of proteins with altered expression in cancer. The identification of cytokeratin 

19, 18 and 8 further revealed their important function in breast carcinogenesis in 

conjugation with other known biomarkers. Further investigations using a large cohort of 

breast cancer cases with known clinico-pathological features will clarify the role of 

epithelial CK19, 18 and 8 proteins as specific clinical biomarkers for breast cancer 

diagnosis, prognosis, and prediction of treatment response.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6.15 CK19 upregulation caused by HER2/ERK pathway is responsible for 

HER2 stability on cell membrane. Schematic model illustrating the stabilisation 

mechanism of HER2 on the membrane of cells, overexpressing HER2 protein, through 

CK19 upregulation. Activated-HER2 promote downstream signalling activation of 

MAPK/ERK pathway that cause more SP-1 protein to bind to the CK19 gene. The 

produced CK19 is phosphorylated at serine35 residue by Akt causing structural 

modification and translocation of the protein to the cell membrane (Ju et al., 2015).    
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CHAPTER 7 

General discussion and future directions 
 

The work presented in this PhD thesis sheds light on the potentials of Affimer technology 

as a versatile toolkit for cancer biomarker detection, discovery, and targeting. This chapter 

provides an overview of the fixed-cell phage display technology and its applicability in 

isolating Affimers with specific characteristics. The current status of Affimers as 

molecular recognition tools, with a focus on their functionalisation strategies and the 

possible ways to improve their detection sensitivity, is explored. Finally, their role in 

cancer biomarker targeting as a future direction of this research is reviewed, with 

emphasis on the possible engineering strategies that could be performed to expand their 

utilisation as cancer therapeutic agents.  

 

7.1 Fixed-cells phage display as strategy for Affimers 

development  
 

In 1985, Smith developed a phage display technology that led to the production of many 

phage libraries with the capability of screening for reagents that identify any class of 

target molecules with high specificity and binding affinity (Smith, 1985). This technology 

enabled the isolation of human monoclonal antibodies (McCafferty et al., 1990) and 

engineered-antibody derivatives (Holliger and Hudson, 2005), in addition to other protein 

scaffolds (Skrlec et al., 2015). Over 50 protein scaffolds have been developed and among 

them is the recently introduced Affimer scaffold (Tiede et al., 2014). The Affimer scaffold 

originated from the plant phytocystatin protein framework and was developed at the 

University of Leeds by the Bioscreening technology group (BSTG). Using this scaffold, 

we aim to develop phage selection strategies enabling the isolation of binding tools 

capable of detecting biomarkers in IHC-like applications, with a specificity comparable 

to that of antibodies.  

More recently, whole-cell-based phage displays have been developed to obtain biomarker 

specific binders as well as to discover novel, cancer specific or cancer-associated markers 

(Stark et al., 2017;Jones et al., 2016). Using cancerous and immortalised (non-
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tumorigenic) cells for the bio-panning process, specific antibodies (Kupsch et al., 1999), 

peptides (Zhou et al., 2015) and anti-CD55 ScFv (Ridgway et al., 1999) have been 

isolated. In these studies, known libraries were selected against live tumour cells to raise 

binders against either specific markers or new, un-identified potential biomarkers. The 

strategy of whole-cells based bio-panning may hold several advantages over the 

conventional-protein based selection, where immobilised-recombinant protein is used. 

These are the following advantages: (1) The protein, which is stably expressed on the 

surface of cells, sustains its native conformation, providing an indefinite supply of this 

particular protein; (2) Live or fixed-cell based panning can circumvent the omission of 

epitopes that might be hidden or denatured when the protein is adsorbed into the plastic. 

In the current research, we studied the amenability of fixed-cell phage selection, in which 

a monolayer of cells was fixed on a solid-phase to enable the selection of Affimers, which 

binds specifically to the fixed conformation of cell surface HERs proteins (HER1/EGFR, 

HER2, and HER3), allowing them to recognise the receptor on cells.   

Despite the several advantages of using whole cells as the source of target protein, such 

selection strategies involving cells can be complex and challenging. This is mainly due 

to isolation of non-specific binders that bind to other non-target proteins, and thus, affect 

the overall enrichment of the desired binders, leading to unsuccessful phage screens 

(Alfaleh et al., 2017). To avoid this shortcoming of using whole cells, we adapted a 

negative selection approach (Tang et al., 2017), also known as a counter-selection, in 

which the Affimer library is depleted on a monolayer of fixed cells that do not express 

the receptor, prior to the selection of the  corresponding target on cells overexpressing it. 

This approach helped in reducing the number of non-target binding Affimers, in addition 

to the decrease in the number of panning rounds required (total of 3 to 4 rounds) to 

observe the effective enrichment of specific binders. Hence, less effort was required to 

screen the isolated binders using the simple ELISA assay.  

Using HER2 as the target protein, two cell-based selection strategies have been developed 

and assessed. In the first strategy, we selected a naïve Affimer phage library on HER2- 

transfected HB2 fixed cells (overexpressing HER2), after being depleted by the respective 

non-transfected cells. The resulting outcome of this selection approach was poorly 

enriched with HER2 specific binders. We reasoned it being so due to the type of cells 

used in the selection and the need for further optimisation to improve, both the negative 

selection and the washing steps, to remove the non-specific and non-binding phage. In 

the second approach, we utilised the previously developed selection strategies, which 
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emphasises on the advantage of using different target presentation formats in a single 

phage screen (Andersen et al., 1996). In the approach developed by Anderson et al., 

(1996), a Fab library was selected on cells expressing a specific antigen of the major 

histocompatibility complex (MHC) for three rounds, followed by an additional three 

round of selection on the peptide of the same MHC protein coated on beads. They 

declared that this strategy can replace the immunisation approach to generate highly 

specific MHC binders. As such, we exploited their strategy and decided to pre-enrich the 

naïve Affimer phage library against the HER2 recombinant protein before selecting it on 

cells. The reasons behind starting our selection approach with protein are as follows: (1) 

In our protein-based phage screens, the conformation of the protein is preserved through 

its presentation in the screen as biotinylated protein, immobilised on streptavidin coated 

wells; (2) It will be the pure source of the target, so that the proteins can better enrich the 

for the phage clones that specifically bind to HER2.   

It appeared that the built selection cascade involved the use of a pre-enriched library to 

isolate binders from cell-based screens - the optimal approach to adapt for generating 

binders with specific characteristics, and thus, further reduce the efforts related to binder 

screening, generation and characterisation. To explore the robustness of the developed 

selection strategy, we evaluated its potential applicability to screen other targets, such as 

HER3. The screen output did not show a successful panning in which non-efficient 

enrichment of HER3 specific binders were observed. This confirmed the fact that there is 

no standard screen to apply to different antigens and thus a case-by-case optimisation is 

required.  

 

7.1.1 Fixed-cell phage display for the discovery of new 

biomarkers  
 

In a novel approach towards identifying cancer-specific biomarkers, we enriched a naïve 

Affimer library on breast cancerous cells that were fixed. Prior to target enrichment on 

cancerous cells, the library was depleted on immortalised (non-tumorigenic) breast cells 

to remove phage variants that bind to common antigens and thus directing the phage 

towards cancer biomarkers that either specifically expressed on or overexpressed by a 

cancer cell. A crucial step in this approach was the stringent washing of the non-binding 

phage that was applied in the second panning round. Due to the admixed environment of 
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cells, we speculate that stringent washing will not only reduce the number of non-specific 

binders but will also bias the selection towards binders with high binding affinity.  

Once potent Affimers were selected, it could be readily expressed in high yields of up to 

several grams per litre in E. coli upon induction with IPTG, followed by their 

functionalisation and characterisation in several molecular techniques. In order to identify 

the biomarker to which some isolated Affimers bind, a pull-down assay was performed 

on cell lysate and the formed complexes were denatured, run in an SDS, and the desired 

protein bands were excised and analysed by mass-spectrometry (MS). The MS analysis 

revealed that the protein to which the Affimers bind is the cytokeratin 18/19 filamentous 

protein. Although cytokeratin was identified two decades ago (Powell et al., 1992), their 

role as important tumorigenic transformers has recently evolved (Saha et al., 

2018;Ohtsuka et al., 2016;Giovanella et al., 2017). It has been revealed by Saha et al 

(2018) that cytokeratin 19 is crucial as a signalling component for cancer-stem cell 

reprograming, and alteration of drug-sensitivity of cells (Saha et al., 2018). As a future 

direction of this thesis, with regards to revealing more potentials of the CK19 as a vital 

biomarker for cancer, exploring its biology in primary tumours and metastasised lesions 

that were either sensitive or resistant to drugs may give rise to new cancer therapeutic 

approaches.  

In the future, various platforms can be tried to identify more novel biomarkers. Since 

drug-resistance tumours represent a major issue in cancer, selecting Affimers for drug-

resistance cell lines can provide the opportunity to define some markers, enabling for a 

better understanding of the mechanism behind their treatment resistance, which may 

further lead to the development of novel treatment strategies. Furthermore, an 

understanding of the physiological role of the developed binding agent, in addition to the 

currently developed anti-CKs binding Affimers, can be then evaluated in vitro using 

either cell lines or other advanced developed platforms that offers mimetic carcinogenic 

microenvironments, as compared to that of the in vivo models. An example of these 

platforms is the organ-on-a chip platform (Ronaldson-Bouchard and Vunjak-Novakovic, 

2018).  
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7.1.2 Cell-based vs protein-based phage selection strategies for 

the isolation of IHC-binding reagents 
 

In addition to their ability of pulling down their target protein from a cellular lysate, most 

of the anti-EGFR, HER2, and HER3 binders, which were isolated from either a protein-

based phage screen or screens that involved both protein and fixed cells, were able to bind 

to their target on fixed and live cells. However, none of them were able to work in IHC-

like applications, despite the various staining optimisation strategies performed. In 

contrast, the cytokeratin 18/19 binding Affimers that were isolated from a pure cell-based 

screen were the only ones that showed binding in formalin-fixed paraffin embedded 

tissue. At this stage of research, it is not possible to conclude which approach of phage 

selection is the optimal for the isolation of IHC binding reagents. This mainly due to the 

fact that other Affimers, such as the anti-VEGFR2 and anti-TNC-C reagents (Tiede et al., 

2017), that were isolated from a protein based-screen, have showed similar successful 

IHC applicability to that of the anti-CK18/19 ones. A comparison between the various 

strategies can be possible after examining the binding kinetics of the isolated Affimers. 

Such examination will highlight the ideal binding affinity required to enable the binders 

to work in IHC-like applications. In addition to their affinity characterisation, an optimal 

functionalisation strategy to generate Affimers as specific and sensitive detection reagents 

can also participate in the improvement of their detection ability in such IHC applications.  

 

7.2 Efficient Affimers functionalisation and 

microscopic applications  
 

We developed a toolset of Affimers against both the human epidermal growth factor 

receptors (HER1/EGFR, HER2 and HER3) and cytokeratin proteins (cytokeratin 18/19). 

Furthermore, we established strategies to use them as molecular recognition reagents in 

different microscopic studies, such as fluorescent and histochemistry staining (IF and IHC 

applications), by reliably labelling them with biotin or by genetically fusing them to other 

proteins, including the Fc-fragment of a rabbit and mouse IgG.  

In this thesis, we introduce a method for a reliable biotin-labelling of Affimers, using 

surface cysteine and maleimide chemistry. Maleimide-biotin-labelled Affimers 

consistently recognised their targets better and produced less background, as compared 

to the corresponding NHS-randomly modified Affimers. The primary disadvantage of 
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NHS esters labelling reagents is that they react with amino groups randomly, causing a 

possible blocking of the binding sites of the Affimers and resulting in non-functional 

binding reagents. Using random labelling, it is difficult to adjust its density and a 

substantial molar excess of reagent is required to achieve an efficient labelling. In contrast 

to random labelling strategies, maleimide-site-specific labelling of proteins via their 

cysteine residues is quantitative, controllable, and can be efficiently achieved with 

stoichiometric amounts of reagents, making it far more economical. This site-specific 

labelling process also results in a homogenous population of efficiently labelled 

molecules compared to the random-labelling approach.  

 

7.2.1 Affimers as primary reagents in IHC 

In IHC application, all Affimers were initially used as primary biotin-conjugated reagents 

detected with streptavidin-HRP conjugated reagents, hence eliminating the need for 

secondary antibody ones. Comparable to antibodies, our biotinylated cytokeratin 18/19 

and VEGFR2 binding Affimers did show specific staining, but with low signal intensity. 

Therefore, and as a proof-of principle, we introduced another cysteine residue in the 

Affimer scaffold of the VEGFR2 binders as a mean to amplify the signal by increasing 

the number of attached biotin-maleimide linkers to a single Affimer binder. This resulted 

in more streptavidin-HRP molecules to bind. This double cysteine containing VEGFR2 

Affimer binders did demonstrate a successful amplification of the detection signal when 

compared to a single cysteine biotinylated binder. Another approach for biotinylation 

called Avitag, was recently developed by Kay et al., (Kay et al., 2009) and 

commercialised by GeneCopoeis, Inc (UK).  

Avitag is a technology for protein biotinylation using the expressing vectors containing it 

where protein biotinylation occurs in bacteria with the aid of biotin ligase enzyme (BirA 

ligase) (Kay et al., 2009). Biotin ligase catalyses the amide linkage of a single biotin 

molecule to a specific lysine residue placed in Avitag. The only advantage of this system 

relies on the facility of site-specific biotinylation, without further modification of the 

protein scaffold. However, this system may produce a signal intensity similar to the 

single-cysteine biotinylated Affimers, as it presents one biotin molecule to the detection 

system. In order to see an amplification of the signal, a cysteine residue must be 

introduced to the Avitag-expressing vector, followed by a maleimide-biotinylation 
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process, resembling by that the double-cysteine amplification strategy we adapted with 

the Affimers.    

Despite a successful signal amplification, using the biotin-streptavidin detection system 

is not preferable in clinical diagnostics due to its limited detection sensitivity, high costs, 

and time-consuming nature, since more reagents are required and more practical steps are 

involved (Vosse et al., 2007). Therefore, other signal amplification systems, such as the 

polymer-based detection kit, are frequently-used in routine IHC-diagnosis tests as they 

allow for signal amplification using a lower concentration of the primary binding reagents 

(Ramos-Vara and Miller, 2006). To gain such amplification, the VEGFR2-binding 

Affimers were engineered to contain an Fc-fragment of rabbit and mouse IgG. Upon 

evaluation, the Fc-Affimer fusion protein provided a comparable sensitivity to that which 

is observed in the anti-VEGFR2 antibody, when a polymer kit was used for the detection. 

As such, generating Affimers as Fc-fusions is the optimal solution to ease their 

introduction into the field of biomarker diagnosis without the need to change the current 

diagnostic protocols. We expect this Fc-conjugation strategy to be widely applicable to 

other Affimers, thus expanding the range of IHC Affimer reagents.  

 

7.2.2 Affimers as primary reagents in fluorescence 

visualisation microscopy 
 

Fluorescent labelling of proteins is one of the key tools for visualising and understanding 

cellular structures and various intracellular processes. The work presented in this research 

demonstrates a successful isolation of Affimers with promising potentials as detection 

reagents, using immunofluorescence (IF)-like applications to enable the visualisation of 

the protein targets in the cells. Most of the isolated reagents showed comparable staining 

patterns to that which was observed with the corresponding commercial antibody. In such 

applications, Affimers were detected by anti-his6tag antibody and a secondary 

fluorescence-conjugated antibody. The use of anti- his8tag antibody requires optimisation 

for diminishing the level of non-specific background staining, caused by the interaction 

of anti-his8tag antibody with the endogenously expressed histidine-contained proteins in 

cells. Our optimised approach showed the specific detection of various membrane target 

proteins without non-specific background staining observed in cells. However, some 

Affimer binders did not give a specific staining pattern and we speculate that this non-

specificity is a result of aggregation. All Affimers reagents were modified to contain a 
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cysteine residue for labelling, the presence of free-cysteine residues can cause Affimer 

molecules to aggregate. Although such aggregation can be solved by the addition of 

TCEP-HCL thiol reducing agents, it was not an option to use for microscopic studies. As 

such, this established protocol, involving anti-his6tag antibody, is an option to use with 

unmodified-Affimers reagents. For modified cysteine contained Affimer binders it is 

better to use site-specific, fluorescent labelling approach. The use of fluorescently-

labelled Affimers has already demonstrated its potential as ideal tools for visualising and 

monitoring proteins inside a living or fixed cells using an advanced super-resolution 

microscope  (Lopata et al., 2018), or in ex vivo experiments using a conventional confocal 

microscope (Tiede et al., 2017). Even when there was one dye molecule per binding 

protein, all Affimer reagents showed specific staining of their target proteins with no 

background level.  

Recently, two novel labelling techniques that hold promise for future Affimer labelling 

with organic dyes were reported. First, the researchers have exploited the use of a 

transpeptidase sortase A (SrtA) derived from Staphylococcus aureus to label a HER2 

binding nanobody with a fluorescent dye Cy5 (Massa et al., 2016). To test the idea, anti-

HER2 nanobody was provided with a C-terminal SrtA recognition motif (LPETG), also 

known as sortag, in addition to a Cy5 dye that was coupled with a pentapeptide 

(GGGYK), through the primary amine group of the lysine residue. Next, the SrtA 

catalysed the formation of a new peptide bond between the glycine of the pentapeptide 

and the threonine of the sortag, generating a stable bond between the fluorescent label 

and the nanobody. An excellent performance was achieved upon testing the labelled anti-

HER2 nanobody for imaging the HER2 positive tumours in mice.  

Second, researchers have also demonstrated the efficiency and the successful 

applicability of the furan cross-linking technology, by labelling thymosin ß4 peptides 

with different fluorescent dyes (Antonatou et al., 2016). In this technology, the photo-

oxygenation of the furylalanine building block incorporated into the peptide results in the 

formation of a 4-oxo-enal moiety. Subsequently, the NH2NH coupled-label is added to 

convert the furan-contained peptide into pyrrolidinone-based fluorescent probes. Beside 

the maleimide site-specific approach, and the two recently developed ones, more site-

specific conjugation techniques will emerge, undoubtedly, to expand the incorporation of 

Affimers into different in vivo molecular recognition applications.  
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7.3 Future directions of Affimers as therapeutic agents  

The identification of antigens specific to cancer cells (tumour-specific antigens) or 

overexpressed by cancer cells (tumour-associated antigens) has enabled researchers to 

develop personalised-treatments, including humanised monoclonal antibodies and small 

molecules and protein-inhibitors that precisely target these antigens (Attarwala, 2010). 

The progress of Affimers as targeting therapeutics is still in a very early stage. However, 

the development of a humanised version of the Affimer scaffold can facilitate such 

progress through the prevention of eliciting of immunogenic responses. Few promising 

works have already demonstrated the potentials of Affimers as protein-function 

modulators (Hughes et al., 2017) and as a signal transduction blockers (Tiede et al., 2017). 

In addition to the published work, our preliminary results also demonstrated a cellular 

effect of some of the developed anti-HER3 and anti-EGFR binders that caused inhibition 

of the downstream MAPK/ERK1/2 signalling pathways. It would be advantageous to 

confirm their inhibitory effect and to further explore the mechanism behind their 

inhibitory effect, by examining the effect of Affimers on the kinetics of both receptor 

degradation and cell proliferation.  

However, the only disadvantage that can hold back Affimers from entering the therapeutic 

field is that they offer less avidity as compared to the full-length antibody.  Although, the 

problem of reduced avidity can be circumvented by several strategies, including Affimer 

engineering, to generate a reagent with multivalent binding sites or the use of carriers, 

such as liposomes, to deliver many Affimer reagents to the target site (Holliger and 

Hudson, 2005). Focusing on genetic engineering techniques, different bivalent and 

multivalent versions of Affimers could be formed, and the avidity could be increased by 

constructing dimeric, trimeric, or even tetrameric conjugates, fused to a drug or toxin. In 

addition, to a bispecific construct can be fused to the human Fc-fragment of a humanised 

antibody, such as the FDA-approved Catumaxomab antibody, which is a bispecific (anti-

EpCAM and anti-CD3) trifunctional antibody (Linke et al., 2010). The multivalence 

strategies have already been adapted by several protein scaffolds confirming that valency 

is a critical factor to gain the optimal inhibitory effect of the reagent and result in a better 

overall growth inhibitory rate of the tumour.  

Boersma et al., designed a bispecific DARPin reagent that targets EGFR receptor on the 

A431 cell line that is known to overexpress the receptor (Boersma et al., 2011). Their 

bispecific constructs showed effective inhibition of cell proliferation and receptor cycling 
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as compared to the non-inhibitory single anti-EGFR DARPin reagent. In addition to that, 

a three-in-one nucleic acid aptamers-small interfering RNA (siRNA) chimera, that can 

inhibit the growth of the HER2 positive tumours, have been developed to target EGFR, 

HER2, and HER3 in those tumours (Yu et al., 2018). This chimera offers multiple 

targeting by one molecule reducing the cost and the cytotoxicity side effects resulting 

from using several reagents to target different antigens in a single tumour. The ease of 

Affimer engineering without the loss of functionality and stability, as we demonstrated 

in this research, can make the generation of such multivalent reagents achievable.  

Owing to the small size and stability of the Affimers in the cytosol environment of the 

cells, made them great alternatives for the development of drug delivery systems. The 

internalisation ability of some anti-HER2, anti-HER3, and anti-EGFR Affimers can be 

used to develop an Affimer-drug conjugate that targets these receptors. Upon the binding 

of this conjugate to the receptor, its internalisation is mediated by endocytosis and the 

free drug is released in the intracellular compartment (Ritchie et al., 2013). The 

conjugation of the cytotoxic drugs or other protein toxins can be achieved through the 

chemical linking of killing agents to the cysteine residue in the Affimer.  

 

7.4 Recommendation for future work 

The research presented in this PhD thesis has raised several questions that lead to further 

research directions that should be pursued. The research results presented in Chapters 3, 

4, 5 and 6 showed both the strength and the limitations of the Affimer phage library that 

was used (Ella2), the performed phage screens and the molecular applications that were 

employed to isolate, produce and partially characterise the generated Affimer reagents on 

recombinant proteins, whole cells or lysates. All observed limitations and strengths 

indicated the following areas as recommendations for future work.  

 

7.4.1. Design and construction of a high-complexity library  

In this research, only one Affimer phage-based library (Ella2), which was developed in 

2014  at the University of Leeds (UK) and was based on the consensus sequence of the 

phytocystatin (Tiede et al., 2014), was employed in all phage screens. This was in order 

to isolate novel reagents towards various targets, including HER2, EGFR and HER3, and 

to identify new protein cancer-related biomarkers. However, two problems related to the 
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developed library should be addressed in order either to improve the current library or to 

construct a new one. One issue is that the library described by Tiede et al. (2014) does 

not enable the construction of trillion-member libraries as it includes bacterial 

transformation steps, and this limits the potential diversity and complexity of the library. 

To design a library with high complexity, the BSTG researchers have developed a new 

library in which only a small peptide of nine randomised amino acids was inserted into 

the second binding loop and the first binding loop was replaced with three residues of 

alanine (figure 7.1). Such modifications of the Affimer scaffold have resulted in smaller 

Affimer molecules with a less randomised site but better diversity (library size of 

~1x1013). According to data obtained by verbal communication and other published work 

that presents the interaction between Affimers and the SUMO1/2 proteins (Hughes et al., 

2017), the first randomised loop was deleted as it was not fully involved in the interaction 

with the target molecule or if it was involved, the binding affinity was very low compared 

with the interaction displayed by the second binding loop.  

 

 

 

 

 

 

 

 

 

Figure 7.1 Schematic representation of the newly constructed and generated 

Affimer (single loop) library. Due to the limited diversity and complexity of the two-

loop Affimer library (Ella2) employed in this research (Tiede et al., 2014), the BSTG 

researchers have constructed and produced a new library in which the binding loop 2 has 

been deleted and replaced with three alanine residues. The generated library shows better 

diversity and complexity with an actual size of 1x1013. However, it requires further 

assessment and evaluation prior to use in different phage-selection approaches against 

multiple targets presented on different platforms.  
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The single loop library exhibits improved quality, but it is currently under further 

investigation and evaluation. Therefore, it would be of advantage to use this library to 

perform screens against the targets studied in this research (HER2, EGFR, HER3 and CK 

proteins) to explore the potential of generating binders with improved binding affinity 

and enhanced applicability compared with those generated for this study. The existence 

of another library would expand the diversity of the Affimer reagents, but it is necessary 

to assess and compare the biophysical properties of the single-loop scaffold 

(thermostability, production capacity in bacterial cells, ease of modification and storage 

stability after modification) and its binding quality (determined by the value of the 

dissociation constant). These findings should be compared with the properties of the 

double-loop scaffold before its use can be generalised to screen different targets presented 

on different platforms.  

 

7.4.2. HER2-binding Affimers  

Multiple phage-selection strategies were used to isolate binders to the HER2-ECD and 

eight isolated HER2-binding Affimers were characterised. The results suggest that D11 

was the best binding variant as it was retrieved from different phage screens performed 

on the biotinylated HER2-ECD immobilised recombinant proteins and on both 

biotinylated proteins coupled with fixed cells that overexpressed the protein (Chapter 3). 

With more time and resources, we would pursue the characterisation of the D11 Affimer 

by, firstly, the determination of the binding kinetics of the Affimer using biosensor 

analysis (through use of the BLltz or BIAcoreTM or both systems).This binding 

characterisation could be achieved using unlabelled HER2-ECD recombinant protein or 

other validated antibodies, such as trastuzumab or pertuzumab monoclonal antibodies.  

These antibodies could be used as competitors to the isolated D11 Affimer. This 

experiment would offer an opportunity to identify the binding specificity of the D11 

Affimer towards the ECD of HER2 and determine the domain to which the Affimer was 

bound, by referral to the crystal structure of HER2-antibody complexes. Furthermore, the 

binding interaction between Affimer-D11 and HER2 could be confirmed and elucidated 

through a crystallisation study that would involve the use of HER2-ECD protein 

expressed in mammalian cells (Chinese hamster ovary cells) as previously described 

(Ayoubi et al., 1996;Running Deer and Allison, 2004). Through the revelation of the 

crystal structure of the Affimer (D11)-HER2 complex, new libraries could be generated 

and different therapeutic targets could be developed.  
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After confirmation of the binding specificity of the D11 Affimer and assessment of its 

possible cross-reactive binding to other non-HER2 proteins, it would be of advantage to 

evaluate its cellular effect on the cell proliferation process in comparison with that of 

other therapeutic antibodies. From a diagnostic perspective, the generation of D11-

Affimer-Fc-fragment fusion reagent would offer a research direction related to the 

production of HER2-binding detection reagents. The analytical sensitivity and stability 

of the developed Fc-fusion could then be compared with those properties of other 

available non-antibody HER2-binding reagents, such as the commercialised anti-HER2 

affibody, by a panel of FFPE cells and tissue sections.  

 

7.4.3. HER3-binding Affimers   

Many alternative scaffolds have been described in the literature. However, to the author’s 

knowledge, the only reported HER3-binding alternative scaffold that binds with 

subnanomolar affinity and cross-reactivity with the murine HER3 is the affibody scaffold 

(Gostring et al., 2012;Malm et al., 2016).The developed affibody reagents were generated 

from the combination of two display methods (conventional phage display and 

staphylococcal cell-surface display) followed by affinity maturation via semi-rational 

affinity maturation to generate the second generation of affibody molecules that bind 

HER3 with picomolar affinity.  

In this research, 11 HER3-binding Affimers that were similar to affibodies were 

generated. Among these, only some Affimers seemed to bind to the receptor on cells 

(Affimers G6, A5, A4 and F3) or in cellular lysate (Affimers A1, D6, B6, H5 and G6) as 

presented in Chapter 4. Future research aims to repeat the phage screen against the 

biotinylated HER3-ECD recombinant protein using the newly developed single-loop 

library to isolate another set of Affimers against HER3 with better capability to work as 

detection reagents in IHC, as none of the 11 isolated reagents were found to do so. After 

isolating new reagents, the binding kinetics will be assessed and the cross-reactivity with 

other homologous HER proteins will be determined through use of cell lines that lack the 

expression of a specific HER protein, as illustrated by the human protein atlas 

(www.proteinatlas.org). The assessment in the current work of the specificity of the 

isolated binders was not complete due to a missing negative control cell line that did not 

express HER3. According to the RNA expression data presented in the human protein 

atlas, and the short tandem repeat (STR) profiling results illustrated on the website of the 

http://www.proteinatlas.org/
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American Type Culture Collection (ATCC), the B lymphoblast cell line Daudi does not 

express HER3. This can be purchased and used as a negative control in all assays that 

involve the assessment of -binding Affimers towards the receptor. Use of this cell line as 

a control would provide complete data regarding the binding specificity of the Affimers 

and thus confirm the novelty of the generated binders.  

In accordance with the cellular effect presented by the specific HER3-binding affibodies 

(Gostring et al., 2012), five of the HER3-binding Affimers (D6, C4, A1, F4 and A5) 

showed promising potential as therapeutic agents due to the antagonist effect they exerted 

upon binding to HER3. This effect caused partial inhibition of the downstream signalling 

pathway. However, due to limited time, this cellular study was performed only once, and 

our aim was to repeat the experiment at least two more times and then correlate the results 

obtained from this test with other results related to the evaluation of the Affimers’ 

cytotoxicity on cell proliferation using one of the cell viability assays mentioned 

elsewhere (Riss et al., 2004;Stoddart, 2011).  

 

7.4.4. EGFR-binding Affimers   

Most of the binders that were isolated against the extracellular domain of EGFR and 

described in Chapter 4 showed improved IF staining and pulling down capability 

compared with the HER3-binding Affimers. However, their specificity could not be 

confirmed due to the absence of an appropriate negative control. Therefore, the next 

step to take these binders forward is to characterise fully their binding specificity by use 

of an appropriate cell line that does not express EGFR, such as the embryonal kidney 

cell line HEK-293 or the sarcoma cell line U-2-OS, according to the RNA expression 

data provided by the human protein atlas website. After characterisation of the binding 

specificity, the original research aim was to determine their binding kinetics and their 

ability to function in IHC applications in addition to the study of their cellular effect on 

cells. This aim could not be fulfilled, but some preliminary findings were made 

regarding their potential as inhibitors that block cellular proliferation by inactivation of 

the stimulatory effect of the EGFR receptor towards other downstream effector proteins.  

A repeat of the performed cellular study would provide further details of the role of the 

EGFR-binding Affimers and take the research forward towards the creation of bispecific 

or trispecific Affimers in which two or three different EGFR-inhibitory Affimers, 

including the Affimers G10, H9 and H91, would be linked through a flexible linker and 
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then tested on cells to be compared with their mono-specific counterparts. Furthermore, 

it would be useful to test the effect of these Affimers on cells that harboured the EGFRvIII 

mutation that occurs in up to 30 per cent of high-grade glioblastomas and which causes a 

constitutive activation of cell signalling, treatment resistance and poor prognosis 

(Chistiakov et al., 2017;Gan et al., 2013). There is a chance that the Affimers may block 

the mutated variant of the receptor by binding to it and causing it to internalise and 

degrade, if they bind only to the L2 or CR2 domain, as illustrated in Figure 7.2. If none 

of the isolated Affimers bound to the mutated variant, then the next step would be to 

perform a phage screen to isolate Affimers that could bind specifically to the EGFRvIII-

mutated protein, through use of the two Affimer libraries.  

 

 

 

 

 

 

 

 

 

 

Figure 7.2 Schematic representation of the EGFR structure and its mutated variant. 

Compared with the wild-type EGFR, the mutated variant has a glycine residue inserted at 

the junction site and a shorter ECD because of the in-frame deletion of exons 2-7. The 

resultant mutated (truncated) variant is continuously active and cannot bind to any known 

EGF-ligand. The only conserved regions of the mutated EGFRvIII are the juxtamembrane 

and the intracellular regions. L1 and L2 are ligand-binding domains (also known as 

domains 1 and 3, respectively); CR1 and CR2 are cysteine-rich domains (known as 

domains 2 and 4, respectively); COOH: carboxy terminus; NH2: amino terminus; SFK: 

Src family kinase. The figure is modified from (Gan et al., 2013).  
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For diagnostic applications, it is important to develop a novel reagent for use in different 

diagnostic applications which offers similar detection quality to that of the conventional 

full-length antibodies. Chapter 5 describes the evaluation of different modification 

strategies in order to generate optimal Affimer-based detection reagents that can be 

applied in the most commonly used diagnostic test, which is the IHC assay. We conclude 

that the best way to create such reagents is by the fusion of Affimers to the Fc-fragment, 

as this fusion provides the desired analytical sensitivity and signal amplification through 

the use of polymer-based commercial kits. However, during the research, this concept 

was examined with one Affimer only (anti-VEGFR2 Affimer). Therefore, the obtained 

results cannot be generalised to the Affimer scaffold prior to the development of different 

Fc-fusions and the examination of their applicability in the staining of different targets in 

IHC. As three anti-EGFR Affimers showed promising binding to the receptors on cells 

and in cell lysate according to the IF and pull-down assay results presented in Chapter 4, 

it would be advantageous to fuse the three EGFR-binding Affimers to the Fc-fragment 

and test them on IHC. These fusions would be the first non-antibody alternatives 

developed against the EGFR-ECD.  

 

7.4.5. Application of Affimer technology to biomarker 

discovery   
 

In this research, we examined the potential of Affimer-based phage technology to be used 

as a tool to enable the discovery of new cancer-related biomarkers and develop novel 

binding reagents against them. By selecting the Affimer library on fixed monolayers of 

MDA-MB-453 cells, we isolated novel reagents against CK19 and CK18/8 and we 

showed that, as with other cytoplasmic proteins, cytokeratin filamentous protein could 

translocate to the plasma membrane to stabilise the membrane receptors, such as HER2, 

and maintain the survival mechanism required for cancer-cell proliferation as previously 

described (Alix-Panabieres et al., 2009;Ju et al., 2015;Ju et al., 2013;Ohtsuka et al., 

2016;Saha et al., 2017;Saha et al., 2018). All these studies showed the importance of 

CK19 or CK18 as diagnostic biomarkers that enabled improved stratification of cancer 

types to subtypes. However, their prognostic role remains controversial and requires 

further exploration. The next stage to follow the research explained in this thesis would 

be to use the developed CK binders as detection reagents and stain multiple TMAs in 

order to correlate the expression levels of the CKs in different histological subtypes of 
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breast tumours with the pathological, clinical and five-year survival data of patients and 

to compare the results with the matched normal samples.  

Furthermore, other studies have suggested that targeting CK19 in HER2-resistant 

tumours may provide new therapeutic routes to treat tumours that overexpress HER2 and 

display resistance to both chemotherapeutic and personalised monoclonal antibodies 

(trastuzumab). To our knowledge, targeting CK19 remains a hypothesis and has not been 

tested with either antibodies or other non-antibody alternative scaffolds. Thus, 

performance of a cell proliferation assay by use of the novel CK-binding Affimers would 

clarify the suggested hypothesis and further explore the potential of the Affimers. 

However, prior to the start of performing a cell proliferation assay, we aimed to study the 

cellular behaviour of cells that showed both CK19 overexpression and CK19 knocked 

down to examine further the biological importance of these CK filamentous proteins in 

cancer proliferation and metastasis properties. These biological studies could be achieved 

in vivo and in vitro.   

Production of an X-ray crystal structure of the CK19/18-Affimer complex would be the 

final step towards completion of research related to CK proteins, after the exploration of 

the biological significance of the CK protein and examination of the potential of the 

generated CK-binding Affimer. To date no crystal structure has been elucidated for CK19 

or CK18 filaments. Revelation of the crystal structure of the filament could be 

challenging, but it would represent an important source for improved understanding of 

the protein biology. To achieve successful results in crystallisation of such a complex, the 

CK protein and the Affimer-CK complex could be prepared as described in the actin 

crystallisation study (Graceffa and Dominguez, 2003).  

The cell-based screen on a fixed monolayer of MDA-MB-453 breast-cancer cell line 

through use of the naïve Affimer library (Ella2) resulted in the isolation of novel 

cytokeratin binding reagents. Therefore, we aimed to repeat the selection strategy by use 

of two different non-tumorigenic breast cell lines (such as HB2 and MCF-10A) and five 

different breast cancerous cell lines, such as SKBR3, MDA-MB-231, MCF7, MDA-MB-

468 and BT474, which would represent the different subtypes of breast cancer in one 

screen. The reason for the incorporation of different cell lines in one screen is based on 

the heterogeneous nature of breast tumours, which result in different molecular profiles 

as reported previously (Ziegler et al., 2014). The reported data presented the differences 

in the expression profiles of plasma-membrane proteins, in which some cell lines showed 
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higher numbers of the total proteins expressed on the plasma membrane compared with 

other cells. This population increase could have represented a diverse profile in which 

some proteins were expressed in some cell lines but not in others, or an increase in 

expression of an individual protein (overexpression of a single protein, such as HER2 in 

SKBR3). The study also suggested that MCF-10A could be the optimal cell line to serve 

as a normal counterpart of the cancerous cell lines instead of the HB2 cell line we 

employed in our screen that involved the fixed monolayer of MDA-MB-453 cells. This 

was because MCF-10A expressed a comparable level of proteins in the plasma 

membrane, which could provide improved negative selection (depletion) of the shared 

antigens in both cancerous and normal tissues and thus increase the chance of identifying 

cancer-specific biomarkers.  

In addition to studies related to breast cancer, we had the opportunity to collaborate with 

Dr. Sandra Bell who provided us with ovarian tissue sections (cancerous tissues of 

different histological grades and their matched normal tissues). The aim was to isolate 

cancer-specific Affimers against certain protein biomarkers expressed on cancer cells 

through use of the same cell-based phage-selection strategy applied to the MDA-MB-453 

cell line and by following the previously described protocol in relation to specimen 

preparation for the phage screen (Wang et al., 2016). However, due to lack of time we 

were not able to pursue the aim of our collaboration. This collaboration could represent a 

new research line to help to generate novel reagents against specific cancer biomarkers in 

ovarian cancer. This cancer represents a gynaecological type of cancer with a high 

mortality rate and no known reliable biomarker that can aid in early diagnosis and the 

development of targeted therapy (Kozak et al., 2003;Terry et al., 2016). Therefore, the 

use of phage-selection technology with the Affimer library could provide a promising 

opportunity towards improved cancer diagnosis and progression towards drug 

development.  

 

7.5 Conclusion 

Affimers will add to the growing repertoire of next-generation’s tools for detection, 

visualisation, and exploration of the function of antigens that are inaccessible to full-

length antibodies. Due to their structural properties, high stability, and fast production, 

Affimers are seen as promising agents in basic research. In addition, their Fc-fusions and 

chemical functionalisation opens the way towards the generation of powerful reagents in 
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current diagnostic and future therapeutic applications. Furthermore, Affimer-phage 

display technology, coupled with pull-down assay, mass spectrometry analysis and other 

miniaturisation techniques, such as tissue microarrays validation studies can create a 

promising platform for biomarker discovery. Undoubtedly, in the upcoming years, new 

applications of Affimers, in disease diagnostics and therapeutics, will continue to surface. 
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