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Abstract 

Protein engineering attracts more attention as a powerful tool of biotechnology and medicine. 

Small, engineered proteins derived from protein molecules of stable fold, the so called scaffolds, 

are potential replacements of supplements of more widely used antibodies. In this thesis, I 

introduce utilization of two scaffold molecules designed in our laboratory for development of 

stable and specific protein binders of high affinity. This thesis discusses the development of 

binders interacting with medically important human cytokines and their cellular receptors, 

interleukin-10, interleukin-28 receptor, and interleukin-9 receptor alpha. Recombinant cytokine 

and receptor proteins were expressed in eukaryotic cells in high yields and quality and served as 

molecular targets for selections using various display methods of directed evolution. We 

demonstrated that application of ribosome and yeast display methods or their unconventional 

combination in a newly developed integrated pipeline leads to successful generation of high 

affinity and specificity binders based on newly designed protein scaffolds called 57aBi and 57bBi. 

  



 
 

Abstract in Czech 

Proteinovému inženýrství se dostává čím dál tím více pozornosti jakožto užitečnému nástroji 

v oblasti biotechnologií a moderní medicíny. Malé, uměle vytvořené molekuly odvozené ze 

stabilních proteinů, tzv. skafoldů, jsou potenciální náhradou široce používaných protilátek. V této 

práci představuji využití dvou takovýchto skafoldů navržených v naší laboratoři pro vývoj 

stabilních vazebných proteinů s vysokou vazebnou afinitou i specifitou. Tato práce pojednává 

konkrétně o vývoji dvou vazebných molekul interagujících s lékařsky důležitými lidskými 

cytokiny a jejich buněčnými receptory - jmenovitě s interleukinem-10, receptorem interleukinu-

28 a alfa receptorem interleukinu-9. Rekombinantní cytokiny i oba receptory byly ve vysoké 

kvalitě a s vysokými výtěžky produkovány v eukaryotických buňkách a sloužily jako molekulární 

cíle pro selekci pomocí displejových metod řízené evoluce. Prokázali jsme, že aplikace 

ribozomálního a kvasinkového displeje, nebo jejich nekonvenční kombinace vede k úspěšnému 

generování vysoce afinitních a specifických vazebných molekul založených na nově navržených 

proteinových skafoldech nazvaných 57aBi a 57bBi. 
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1 Introduction 

Protein engineering has undergone enormous dynamic development as a modern biotechnological 

approach over the past twenty years. Small scaffold-derived non-antibody protein binders 

engineered for high affinity, stability, and specificity to their molecular targets are promising tools 

as the alternatives to the established, more widely used monoclonal antibodies. In comparison with 

the latter, the protein scaffolds are smaller in size, do not contain posttranslational modifications, 

have typically a higher stability, are cheaper to be produced, and do not require lengthy animal 

immunization. 

Combinatorial libraries of the protein scaffolds are selected by so called selection display methods. 

Evolution of the selection display methods started in the eighties of the 20th century with the 

development of phage display [1]. Since then, more than ten cell surface-based and cell-free 

display selection methods were developed and have been used for selection of the protein binders 

recognizing a wide range of clinically relevant targets. 

Proteins of clinical importance also include cytokines and their receptors. Cytokines play a key 

role in immune system´s initial responses to viral or bacterial infections. Also, dysregulation of 

the cytokines signalling pathways can lead to the development of autoimmune diseases or cancer. 

Thus, modulation of cytokine pathways using small scaffold-derived proteins can be a promising 

strategy in therapy or diagnostics of these diseases.  

Hereby, I am presenting the results of my work during PhD study published in two impacted 

scientific journals and one manuscript accepted to be published. The presented research focuses 

on the strategies for development of small protein binders based on the scaffold concepts 

developed originally in our laboratory. By using display methods, we have developed binders of 

human cytokines and their receptors, interleukin-10 (IL-10), interleukin-28 receptor (IL-28R), and 

interleukin-9 specific receptor subunit alpha (IL-9Rα).  
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1.1 Interleukins and their receptors 

Interleukins are secreted signalling molecules belonging to the group of cytokines participating in 

regulations of immune system. These molecules are produced in various cell types, but leukocytes 

are their main source. This gave them their name which is composed of two parts: "inter" related 

to a mean of communication and "leukin" derived from cell population responsible for their major 

production [2]. The first identified interleukin was Interleukin-2 in 1965, originally named 

blastogenic factor [3]. 

Interleukins have varying functions. Some of them can act as pro-inflammatory factors (IL-1, IL-

4, IL-6, IL-8, IL-12), others perform the opposite, anti-inflammatory functions (IL-6, IL-10). Thus, 

the role of interleukins in organism is much greater than was initially thought and their effect 

depends mainly on the cell population bearing the receptors recognized by the particular 

interleukin. Interleukins can thus act as growth factors and differentiation inducers [4, 5] but also 

as pro-apoptotic molecules [6].   

Most cytokine receptors are composed of two receptor subunits. The first receptor subunit, its 

extracellular part, is responsible for interleukin binding with high specificity and affinity. The 

second subunit then serves as signal transducer with intracellular components of downstream 

signalling pathways induced by interleukin molecule binding to its receptor. Signalling via 

interleukin receptors can lead to cell proliferation [7] or apoptosis of the affected cells [8] 

depending on which signalization cascade is triggered by interleukin. Interleukins can signal via 

MAP kinase pathway [9], PI-3 kinase pathway [10], NF-κB pathway [11] and many other 

pathways but the most typical is JAK-STAT signal pathway [12, 13]. Modulation of the cytokine-

induced signalling pathways provides an excellent therapeutic strategy for autoimmune diseases 

[14, 15] and for inhibition of the progression of various cancer types [16, 17].    

There are currently more than 50 cytokines, interleukins, and interferons known to be encoded in 

the human genome. For greater clarity, cytokines were categorized into subgroups so-called 

families according to their structure, function, location in genome, receptor usage and biological 

function [18, 19]. 
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1.1.1 IL-10 family cytokines 

The family of the IL-10 related cytokines comprises of nine members, namely IL-10, IL-19, IL-

20, IL-22, IL-24, IL-26, and IL-28A, IL-28B, IL-29, the last three are also classified as type III 

interferons IFN-λ2, IFN-λ3, IFN-λ1. These interleukins are grouped into the IL-10 family based 

on their shared common receptor usage, downstream signalling, and high similarity in secondary 

structure. The secondary structure of IL-10 family interleukins is represented by six bundled α-

helixes [20]. However, despite the fact the structure of the interleukins in this family is highly 

conserved, the sequence homology between individual members is very low [21, 22]. 

Cytokines of the IL-10 family are signalling via heterodimeric receptors. Some of the receptor 

subunits, IL-10R2, IL-20R1, or IL-20R2, can be shared by the same cytokine [19] (Figure 1). 

Signalization via receptors leads to activation of the specific kinases JAK1 and Tyk2 that 

phosphorylate the signal transducer and activator of transcription (STAT) protein molecule. 

Phosphorylated STAT molecules then form dimers and enter the nucleus, where they act as 

transcription factors. In IL-10 family signalization, STAT1, STAT2, STAT3 and STAT5 are 

involved. STAT3 is present in both dimeric states, as homodimer, or heterodimer with STAT1 or 

STAT5 molecules [23]. 
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Figure 1. Members of IL-10 family and their cellular heterodimeric receptors. IL-10R2 is shared by IL-10, IL-22, IL-

26 and IL-29 cytokine. IL-20R1 is shared by IL-19, IL-24 and IL-26. IL-20R2 is shared by IL-19, IL-20, IL-24. IL-

22R1 is common for IL-20, IL-22 and IL24. Taken from [24]. 

 

Interleukin-10 (IL-10) cytokine 

IL-10 is an anti-inflammatory cytokine, first described in 1991 as human cytokine inhibitory 

factor. To be specific, IL-10 is responsible for regulating the expression of pro-inflammatory 

interleukins, mainly IL-1, IL-6 and IL-8 [25, 26]. IL-10 has significant role in survival of B 

lymphocytes and their proliferation, typically by inhibition of molecules produced by macrophages 

and Th1 cells. [27, 28].  

The gene of human IL-10 consists of 5 exons and is localized on chromosome 1 [29]. Cytokine is 

produced by T lymphocytes of Th2 phenotype, regulatory T lymphocytes (Treg), B lymphocytes, 

monocytes, macrophages, mast cells, NK cells, neutrophils or dendritic cells [30]. 

In contrast with other IL-10 family members, IL-10 forms homodimer, where each domain consists 

of 178 amino acids. According to homodimer structure of the IL-10, receptor complex is hetero 

tetramer consisting of two homodimers: IL-10R1 and IL-10R2 (Figure 1), where IL-10R1 part is 

responsible for specific binding to IL-10 ligand. Binding of the ligand to the receptor leads to 

activation of the receptor-associated kinases JAK1 and Tyk2 and phosphorylation and 

dimerization of STAT3 molecule [31]. 

Currently, there are many diseases described to caused by over-expression of IL-10 or its signalling 

partners. Overproduction of IL-10 cytokine is also associated with autoimmune myocarditis [32], 
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systemic lupus erythematosus [33], melanoma [34] and other cancer types [35, 36], what makes  

IL-10 clinically important target. 

Interleukin-28 (IL-28) cytokine and its receptor 

IL-28 has two isoforms – IL-28A, also called IFNλ2 and IL-28B (IFNλ3). Sequence homology of 

these two isoforms is very high, about 96%. Human IL-28 was discovered in 2002 using genomic 

screening processes together with IL-29. Amino acid sequence and structure of IL-28 is very 

similar to IL-29 (IFNλ1) [37, 38]. Due to this similarity, these interleukins (interferons) are sharing 

the same receptor, composed of two subunits IFNλR1 and IL-10R2 (Figure 1). 

Genes encoding the human isoforms of IL-28 are located on chromosome 19 on the same arm 

together with the gene encoding IL-29. Expression of IL-28 is induced as a response to viral 

infection by T lymphocytes and macrophages [38, 39]. IL-28 has significant role in adaptive 

immune response and it also increases cytotoxic potential of CD8+ T lymphocytes [40]. 

Signalling via heterodimeric receptor goes along the same principle as in case of IL-10. IL-28 is 

binding specifically to IFNλR1. Binding leads to JAK1 and Tyk2 kinases activation followed with 

downstream STAT phosphorylation, dimerization and nuclear translocation and binding to 

interferon-stimulated response elements (ISREs) or IFN-stimulated genes (ISGs) [37].  

Protective role of IL-28 is well documented and this cytokine is commonly used as supplement to 

influenza vaccines [40]. Development of the vaccine to HIV is also based on strategy with IL-28B 

cytokine supplementation [41].  

1.1.2 common γ chain (γC) cytokines 

Common γ chain (γC) cytokines, also referred as IL-2 cytokine family, is represented by IL-2, IL-

4, IL-7, IL-9, IL-15 and IL-21. These cytokines signal through heterodimeric or heterotrimeric 

receptor sharing common γ chain (Figure 2) [42]. First cytokine discovered is member of this 

family and it was IL-2 in 1965 as growth factor of T lymphocytes. On the top of this, further studies 

pointed out that IL-2 is crucial for proliferation of the NK cells during immune response [43]. 

Major signalling pathway of the IL-2 family cytokines is JAK-STAT. Signal transduction is 

induced via binding of the cytokine to the receptor. The specific receptor subunit then associates 

with common γ chain. Dissociation constant of binding affinity of the IL-2 to heterodimeric IL-

2Rβ/γC receptor complex is about 10-9 M [44]. Receptors subunits of the complex are formed by 

3 domains. After activation, short intracellular domain recruit Janus family kinases JAK1 or JAK3. 

The activation of the JAK kinases results in phosphorylation and subsequent activation of the 

STAT1, STAT3, STAT5A or STAT5B transcription factors [42]. 
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Figure 2. Cytokines of the IL-2 family. Interleukins are sharing common γ chain (γC) receptor subunit [24]. 

 

Cytokines of the IL-2 family belongs to the most studied cytokines due to their application in 

immunotherapy and tumor inhibition. That was the primary call for development of longer-term 

circulating and more stable variants derived from IL-2 family cytokines. Using this approach, these 

engineered cytokines were successfully used in lymphoma treatment as they are associated with 

reduced toxicity in form of pulmonary edema, one of the most common IL-2 treatment-caused 

toxicity, where novel designed IL-2-based therapeutic provides improved antitumor response in 

vivo [45, 46]. 

 

Interleukin-9 (IL-9) cytokine and its receptor 

Identical to IL-2, IL-9 was identified in mice as growth factor of T cells. IL-9 is produced by Th9 

helper cells after induction by TGF-β and IL-33 cytokine [42, 47]. Further, the role of IL-9 is to 

stimulate mast cells and Th17 cells proliferation and prevent them to undergo apoptosis [48]. 

Molecular weight of IL-9 is 14 kDa. Human IL-9 is a protein formed of 144 amino acids, which 

can be glycosylated on four different Asparagine sites. The gene of human IL-9 is located on 

chromosome 5 in association with IL-4, IL-5 and IL-13 genes [49].  
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IL-9 binds two different receptor subunits, the specific alpha chain, also called IL-9 receptor α (IL-

9Rα), and the common gamma chain that is conserved and shared with other IL-2 family members. 

IL-9Rα has intracellular, transmembrane and extracellular domain. Whole receptor consists of 522 

amino acids [50]. IL-9 receptor is displayed on the T cells  and the highest expression was detected 

on Th2 and Th17 cells [51, 52]. In addition, secreted IL-9 can influence B cells and might lead to 

an increasing level of IgE molecules. Signalization is initiated by binding of the IL-9 to its 

heterodimeric receptor and subsequent activation of JAK1 kinase, associated with IL-9Rα and 

JAK3, common γ chain associated kinase, leads to cross-phosphorylation  leading to activation of 

STAT1, STAT3 and STAT5 transcription factors [53]. Despite that IL-9 signals mostly by the 

JAK/STAT pathway, it can also induce the MAP kinase and NFκB pathways [54, 55]. 

An emerging importance of IL-9 was highlighted with increasing number of diseases where it 

played significant role in pathogenesis or progression. IL-9 overexpression is most often referred 

to in connection with respiratory diseases, mainly asthma and tuberculosis. Higher levels of 

secreted IL-9 can also trigger development of coronary diseases, Crohn´s disease or Inflammatory 

bowel disease [56-59]. Modulation of the pathways by blocking IL-9 or its receptor can be one of 

the promising strategies how to reduce severity of these diseases.     

1.2 Protein scaffolds 

Novel small non-antibody protein binders derived from protein scaffolds are fast becoming more 

and more promising tools in field of protein engineering. Their low molecular weight associated 

with better tissue penetration, absence of posttranslational modification and highly stable fold 

making them a serious competitor to conventionally used monoclonal antibodies. Proteins derived 

from scaffolds can be produced in high yields and in soluble form by prokaryotic systems growing 

in minimal media. Such approach cuts their production costs to minimum, too. 

Protein scaffolds are derived from well-known structure, usually small domain of larger protein. 

Importantly, some of pre-calculated amino acids on the surface can be randomized without 

disruption of scaffold molecule. Using randomization of amino acids in chosen positions, we can 

change binding properties of the scaffold and make it to be able to bind different clinically 

interesting targets [60]. Randomization is set on DNA level during synthesis process where 

combinatorial libraries of protein scaffolds are generated. There are various strategies in 
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preparation of combinatorial libraries. The best price-performance ratio has the NNK library 

synthesis. Compared to fully NNN synthesis approach where all three STOP codons can be 

introduced into scaffold sequence, NNK offers potential occurrence of only one STOP codon. The 

most powerful approach is so called TRIM where whole codon triplet for amino acid is added. 

Using this synthesis strategy, you can avoid  presence of all three STOP codons and also codons 

encoding unwanted amino acid such as cysteine and thus avoiding also formation of disulphide 

bonds [61]. 

An approach when amino acid positions on the scaffold chosen for randomization are 

predetermined by calculations is called directed mutagenesis. Combinatorial libraries can be also 

created by random mutagenesis tools such as Error-prone PCR. This method is usually selected 

for secondary mutagenesis for small improvement of binding properties of already existing 

binders. Error-prone PCR method is based on replication using DNA polymerase with suppressed 

exonuclease corrective activity. Such polymerase then introduces the mutations into sequence of 

binder during amplification of combinatorial libraries by PCR. Frequency of occurring mutations 

can be easily set by number of PCR reaction cycles or by concentration of template DNA [62].  

Small protein binders derived from protein scaffolds have already shown their therapeutic 

potential. There are many scaffold-based proteins in advanced clinical phases of testing. Short 

overview of the most frequently used protein scaffolds and their structures is displayed in Table 1 

and Figure 3. Each scaffold is described in more details in separate chapter with a focus on its 

clinical application. 

Table 1. List of eight most frequently used protein scaffolds, their parental protein and fold type 

Scaffold molecule Parental protein Fold type 

Albumin-binding domain Streptococcal protein G α-helical 

Adnectin Fibronectin type III domain β sandwich 

Affibodies Z domain of protein A α-helical 

Affimers Phytocystatin β-sheet, α-helical  

Anticalin Lipocalin β-barrel, α-helical 

DARPins Ankyrin repeats α-helical 

Knottin Cellohydrolase β-sheets 

Nanobodies Camelid antibody β-sheets 
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Figure 3. (A) Structure of ABD scaffold design by Ahmad et al. 46 residues long segment of Streptococcal Protein G 

(PDB ID: 1GJT; residues 20-65) [63]. (B) Structure of Adnectin-1 binding SRC Co-Activator Binding to PXR. 

Structure taken from complex with human pregnane X receptor ligand domain (PDB ID: 4S0S; residues 7-93) [64]. 

(C) Structure of Affibody scaffold, 58 residues long segment (PDB ID: 2B87; residues 1-58). Structure solved by 

[65]. (D) Structure of Affimer type II scaffold - Adhiron, 77 residues long segment (PDB ID: 4N6U; residues 32-108) 

Structure taken from [66]. (E) Structure of Petrobactin-binding engineered Anticalin, 172 residues long segment (PDB 

ID: 6GQZ; residues 5-176) Structure taken from [67]. (F) Structure of DARPins molecule, 156 residues long segment 

(PDB ID: 4J7W; residues 12-167) Source [68]. (G) Structure of CXC-chemokine-binding Knottin scaffold variant, 

54 residues long segment (PDB ID: 6I31; residues 12-65) Structure taken from [69]. (H) Structure of BCDO9O-M2 

Nanobody variant targeting human ErbB3 receptor, 126 residues long segment (PDB ID: 6F0D; residues 1-126) 

Structure taken from [70]. 

1.2.1 Albumin-binding domain (ABD) 

ABD scaffold is small three-helical domain from Streptococcal Protein G (Figure 3A). There were 

more than a hundred ABD variants with altered specificity, increased affinity and stability 

engineered [71]. Ahmad et al. analysed 46 residue-long segment from the third albumin-binding 

domain of Streptococcal G protein (PDB ID: 1GJT, residues 20-65) where 15 amino acids residues 

were chosen for further randomization. Reported thermal stability of circa 70 °C after 

incorporation of Alanine into chosen randomization positions qualified this domain as promising 

candidate [63]. Concept was then proven by successful selection of ABD-based protein binders 

against human prostate secretory protein 94 (PSP94) and Shiga Toxin 1 B subunit [72, 73].    
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Albumin-binding domain has wide possibilities of use not only as a protein scaffold. Domains are 

fused with another protein, example g. trichosantin, to help its expression, solubility or stability in 

vitro and in vivo [74]. 

1.2.2 Adnectin  

Adnectin protein scaffold is based on the Fibronectin type III domain, naturally occurring in 

extracellular matrix [75]. The first selection to demonstrate Adnectin for scaffold application was 

performed in 1998 by phage display aiming at ubiquitin molecule [76]. The methodology for the 

selection of the binders was extended also to mRNA display and scaffold was commercialized as 

Trinectin and later as Adnectin. The structure of the scaffold consists of β strands bundled with 

loops forming β sandwich (Figure 3B). Flexible loops are responsible for binding to the molecular 

targets  and are often chosen for amino acid randomization [77].  

Adnectin scaffold-based protein binders were successfully selected to specifically recognise and 

inhibit Epidermal growth factor receptor and Insulin-like growth factor receptor [78] and also 

Vascular endothelial growth factor receptor-2, marker of glioblastoma [79]. 

1.2.3 Affibodies 

Scaffold for Affibodies molecules is an engineered IgG-binding domain (called Z domain) of the 

Staphylococcal protein A. Affibodies have three α-helical fold (Figure 3C), where 13 surface 

amino acids on helixes 1 and 2 were chosen for randomization. Amino acid sequence of helix 3 is 

constant and responsible for structure stability. Molecular weight of Affibodies is about 6,5 kDa, 

protein scaffold is composed of 58 amino acids [80, 81].  

Affibody scaffold-derived variants have broad range of application. Selected proteins were used 

for detection of human cancer marker epidermal growth factor receptor 2 in metastasizing cells. 

Engineered variants were successfully used as colorectal cancer therapeutics and also in 

commercial ELISA kits as detection components [82-84]. 

1.2.4 Affimers 

Affimer scaffold provides β-sheets and α-helical fold (Figure 3D), where loops connecting these 

ordered regions are responsible for binding to target molecules after its amino acid randomization. 

The first type of Affimers is based on human Stefin A protein. The second, more frequently used 
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type of Affimers, originally called Adhirons, is based on plant Phytocystatin protein engineered 

for highly soluble and thermostable monomeric form. Molecular weight of Affimers scaffold is 12 

kDa [66, 85]. 

To date, Affimers variants have been selected against a wide range of molecules reaching up to 

picomolar affinities [86].  Recently, scaffold derived binders K3 and K6 that can recognize specific 

conformation of the inactive Ras depending on bounded GDP and lock it in its inactive state have 

been selected. Ras mutation are currently the most often oncogenic drivers of different tumor 

development. Affimer variants provide a strategy how to maintain Ras GTPase activity at the 

normal level  [87]. 

1.2.5 Anticalin 

Parental proteins of Anticalin scaffold are Lipocalins with molecular weight in range of 16-19 

kDa. Tertiary structure of the scaffold is formed by β-barrel with attached α-helix (Figure 3E). 

Anticalin scaffold was developed and successfully used in many selection processes by research 

group of prof. Arne Skerra in Munich, Germany. Combinatorial libraries of Anticalin scaffolds 

are generated by randomization of a set of about 20 amino acids on its surface specifically in 

loop regions [88, 89].  

A huge advantage of this scaffolds is their human origin. Lipocalins are human plasmatic 

proteins, what minimizes the risk of the immune response and antibody generation after drug 

administration to patients [90].  

Notably, there are several potential drugs candidates based on Anticalin scaffold in preclinical 

and clinical phases of tests. One of recombinant version of Anticalin-A1M (α1-microglobulin) 

was admitted in 2018 to clinical phase I study by the Swedish Medical Products Agency, while 

A1M variant is promising drug candidate in treatment of acute kidney injury and preeclampsia 

[91, 92]. One recombinant Lipocalin-based protein binder is already in the phase III of clinical 

trials. This engineered Lipocalin variant has origin in blood-sucking tick saliva and is 

successfully used as inhibitor of human pro-inflammatory C5 protein connected with induction 

of autoimmune diseases [93].  
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1.2.6 DARPins 

Designed ankyrin repeat proteins (DARPins) are composed of α-helical repeat motifs that are 

bundled with loops to create a compact stable folded domain (Figure 3F). DARPins usually consist 

of 4-6 repeats, leading to a right-handed solenoidal structure. One ankyrin repeat used in scaffold 

is formed of 33 amino acids, in average.  [94, 95].  

The combinatorial libraries of one ankyrin repeat designed in Plückthunʼs laboratory contains 

structurally important fixed positions and six variable non-conserved surface amino acid positions 

chosen for further randomization, that are engaged in interaction with the target of interest [96].  

Whole concept of DARPins is based on immune system of jawless vertebrates. Adaptive immunity 

of these animals is composed of leucine-rich repeat helical-folded proteins. This system is a 

homologue to antibody generation in immune response of mammals where sets of antibodies are 

randomly generated. Similarly, random recombination occurs in these leucine-rich proteins, thanks 

to which the protein can acquire specificity and affinity to the pathogenic molecule [97]. 

DARPins-derived protein binders showed their potential as inhibitors of c-Jun N-terminal kinases 

isoforms 1 and 2 involved in apoptosis and inflammation processes in eukaryotic cells [98]. 

Another EpCAM-binding DARPins variants are used as diagnostic molecules of this epithelial cell 

adhesion marker in ovarian cancer, most lethal gynaecological malignancy [99]. Most recently, a 

set of anti-gephyrin DARPin clones were successfully used in identification of gephyrin clusters 

in rat neuron culture and mouse brain tissues which were previously overlooked [100].  

1.2.7 Knottin 

Knottins are versatile class of protein scaffolds known for their robust β-stranded structure (Figure 

3G) and small size. Peptides selected from Knottin libraries represent the smallest binders from 

scaffold molecules listed in Table 1. They have been shown to possess high stability that, together 

with small size and the ability to penetrate different tissues, makes them a promising diagnostic 

and therapeutic agents. Of note, they manifest strong resistance to human cell proteases which is 

supported mainly by presence of so called cysteine knot structure formed by three disulphide bonds 

improving protein compactness [101].  
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Getz et al. have identified Knottin scaffold derived from kalata B1 protein, member of cyclotide 

family. Seven amino acids positions of total 30 amino acid-length protein were chosen for 

randomization in the sixth loop of protein. Therefore, this loop exhibiting amino acids with highest 

variability across the cyclotide family was selected for further editing. Combinatorial libraries of 

scaffold were then selected for binding to α-thrombin using bacterial display selection method 

assisted with Fluorescence Activated Cell Sorting (FACS). Selected binders provided affinity to 

α-thrombin in nanomolar range [102]. 

Using Knottin scaffold molecules, DX-88 Exallantide variant was engineered as a potent 

Kallikrein inhibitor specifically binding with strong 44 pM affinity. This inhibitor was approved 

as a drug for the treatment of hereditary angioedema [103]. According to Microscale 

thermophoresis measurement results, Sankaran et al, developed Knottinn-based inhibitors of 

trypsin with inhibition constants in nanomolar range. These Knottin variants can be so used for 

immobilization of β-trypsin at the supramolecular surfaces [104]. 

1.2.8 Nanobodies 

Nanobodies are of a similar size as Affimers, their molecular weight is in range of 12-14 kDa. 

They are derived from variable antigen-binding domain of heavy chains of camelid origin [105]. 

According to structure of the variable domain of the antibody heavy chain, Nanobodies are 

composed of anti-parallel β-sheets (Figure 3H). Nanobodies are generated in camelid (camels, 

lamas, alpacas) or shark by immunization process followed by lymphocyte isolation and their 

nucleic acid extraction. Specific variable antigen-domain of heavy chains are then amplified by 

PCR and cloned into bacterial strains for expression. The whole process usually last about four 

months [106]. Eventhough Nanobodies have antibody origin, their production in prokaryotic 

system, absence of posttranslational modification such as glycosylation and disulphide bonds 

formation categorized them to Protein scaffolds class.  

Affinities of Nanobodies-based variants are in the picomolar and nanomolar range. The highest 

affinities using Nanobodies were obtained in selection of binding to the commercial purification 

ALFA-tag and by detection of Nup proteins in bioimaging [107, 108]. Nanobodies have improved 

resolution in biological imaging methods. Higher resolution using Nanobodies variants instead of 
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antibodies is caused by smaller distance between epitope and conjugated fluorophore so the 

linkage error is reduced (reviewed in [109]) . 

1.3 Selection display methods 

Crucial step after construction of combinatory libraries of scaffold molecules is their selection 

against target molecule of interest. Scaffold-derived binders are selected and screened to obtain 

high affinity, specificity to selected targets or stability improvement by so called display selection 

methods. 

The versatile principle of selection display methods is that there is a linkage between genotype and 

phenotype during selection process. Nomenclature of these methods is based on that the protein or 

peptide variants of interest are displayed on cell or virus surface or in cell free systems. Thanks to 

that, we can conceptually divide selection display methods to surface-based, representing by 

phage, bacterial or yeast display and cell-free selection display methods including ribosome and 

mRNA displays [110].  

Each of the selection display methods provide some advantages but also has its limitations. In 

general, cell-free display methods are more suitable for selection of cell-toxic proteins and also for 

larger combinatorial library selection, because they can cover theoretical complexity up to 1014. 

On the other hand, cell-based display selection methods guarantee only well-folded and soluble 

proteins and peptides will be displayed [111, 112].  

1.3.1 Phage display 

The most often referred and utilized method among combinatorial library selection approaches is 

phage display. Evolution of phage display started in 1985 by George Smith, who displayed short 

linear peptide on the surface of bacteriophage envelope. Peptides displayed on viruses were then 

selected for binding to a predefined antibody [1]. Since that moment phage display has undergone 

extensive development and moreover laid the foundations for the evolution of new surface-based 

display methods. 

Currently, most frequently used viruses for presenting variants of combinatorial libraries on their 

envelopes are M13 bacteriophage, Fd filamentary phage and T7 lytic bacteriophage. Peptide 

libraries are usually displayed in fusions with N-termini of capsid proteins pIII, pVI, pVII or pIX 
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or their truncated forms. The capsid of M13 bacteriophage allows to present approximately 2700 

copies of protein variant on their major coat protein pVII. More copies can be presented using 

additional minor coat proteins  [113, 114].  

Initial step of phage display using M13 bacteriophage is its infection of bacterial host (E. coli). 

Subsequently, DNA of phage is injected into the cytoplasm and replicated inside the bacteria. DNA 

of combinatorial libraries in fusion with p-type envelope protein is transcribed by bacterial system 

and fused proteins are expressed followed by M13 capsid formation with displayed thousands of 

copies of protein binder variant. M13 is non-lytic bacteriophage, escaping the host without lysing 

its membrane which comes with a small limitation, that only small peptides can be presented on 

their surfaces. In comparison, T7 lytic bacteriophage is able to display protein composed of 1200 

amino acids. Amplified and purified viruses are then incubated with immobilized molecular target, 

followed by series of washing steps while high affinity bounded binders displayed on phage 

envelope are not washed away. These virus variants are subsequently eluted using acidic or high 

salt concentrated buffers and amplified in bacterial host cells. Selection process is called Bio 

panning and usually there are three to five rounds performed. In final round, viral DNA encoding 

the proteins with best binding properties is isolated and cloned into vector for bacterial expression 

[114, 115]. The scheme of phage display selection is shown in the Figure 4. 
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Figure 4. Scheme of Phage display selection. Bacteriophages infect host bacterial cells and are multiplied in them. 

Phages are then incubated with target molecule. Those variants, which present binders recognizing target with high 

affinity are used for repeated infection of the host cell [116]. 

Based on phage display, another viral-envelope derived displays were designed. Retroviral 

display’s usage of eukaryotic mammal host cells is an advantageous option for selection of 

combinatorial libraries of glycoproteins and proteins requiring posttranslational modifications. 

Murine leukaemia virus (MLV) envelope spike glycoprotein Env proved to be especially amenable 

for displaying of foreign peptides or glycoproteins. Limitation of this method is its complexity. 

Retroviral display is applicable for combinatorial libraries with complexity no more than 106 

theoretical variants [117, 118]. Equivalent to retroviral display is baculoviral display. 

Baculoviruses belong to large cDNA viruses group affecting the cells of insect host. According to 

this, variants selected using baculoviral display method can pose with different posttranslational 

modification in comparison to modification during retroviral display selection. Baculoviral display 

is commonly used for development of protein binders which requires posttranslational acylation 

or phosphorylation [119]. Finally, adenoviruses commonly used as genes delivery systems in a 

gene therapy showed their ability to display isolated peptides on their envelopes and significantly 

increased gene transduction, specifically in glioma cell lines [120]. 
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However, phage display is the oldest approach among all display selection methods, it is still 

successfully utilized in development of therapeutics and diagnostic molecules. Many of those were 

patented under their trademark and authorized by FDA (Food and drug administration), e.g. 

Gamifant ® aiming at IFNγ approved in 2018 or TremfyaTM, inhibitor of IL-23 signalling pathway, 

helping in Psoriasis treatment [121, 122]. 

1.3.2 Yeast display 

The second most frequently used surface-based selection method is yeast display. This technology 

is the most powerful affinity screening method because one yeast cells, generally Saccharomyces 

cerevisiae, can display from ten up to hundred thousand copies of protein binder variant on its 

surface. In comparison with phage display, yeast surface can display even 100x more copies of 

protein variant than frequently used bacteriophage M13. Displayed protein variant are usually in 

fusion with cell-wall Agglutinin protein Aga2p, which is bounded to Aga1p protein via two 

disulphide bonds. Strategy of usage of cell-wall protein Agglutinin as anchor for combinatorial 

libraries of peptides was developed by Boder and Witrupp in 2000 and to this date, this strategy is 

the most frequently used in yeast display selection [123, 124]. However, there are different fusion 

proteins available to exploit in library presentation. As an alternative,  proteins can be fused to 

both C- or N-terminal ends of Cwp2p, Tip1p, Tir1 or Flo1p yeast cell-wall proteins [125].  

Plasmid construct for yeast display based on Agglutinin designed by Boder and Witrup is 

considered as a golden standard, encoding two epitopes (c-myc and hemagglutinin (HA) tags) for 

further detection by flow cytometry. These tags can be detected/labelled by fluorescent antibody 

conjugates as a proof of expression of displayed variants on the yeast surface. These plasmids also 

contain Galactose or lactose promoter for induction of expression of Agglutinin-displayed binder 

protein complex. DNA of combinatorial libraries is cloned into this construct, usually by 

recombination. S. cerevisiae yeast cells are then transformed with plasmid construct via 

electroporation. Yeast cells are cultivated and expression of proteins is induced by activation of 

one of above-mentioned promoters. Cells presenting library variants on their surface are then 

incubated with fluorescent antibody conjugate-labelled molecular target. Selection is associated 

with flow cytometry analysis. Variants with proven expression on yeast surface by fluorophore, 

attached to target labelled with the second fluorophore are then separately sorted. Selected yeast 

cells can be used in another selection round or, in case of final round, DNA of selected variants is 
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isolated, transcribed and translated into protein [123]. Scheme of yeast display selection is shown 

in Figure 5. 

 

Figure 5. Scheme of yeast display selection. Yeast cells are transformed with plasmid containing DNA combinatorial 

library in fusion with yeast cell-wall protein. Proteins are displayed on the yeast surface and interact with target 

molecule. Yeasts with expressed protein and bound target are then sorted by FACS. DNA of this variants is then 

isolated and analyzed [126]. 

Methodology of yeast display selection was also a subject for some minor improvements. Of note, 

Israeli group developed so called Enhanced yeast display platform. Zahradnik et al. introduced 

surface exposure-tailored reporter eUnaG2, modified GFP encoded in plasmid into Agglutinin 

protein system. Fluorescent reporter is localized downstream the protein variant sequence which 

means reporter will be detected only in case of fully-translated and well folded variants after 

expression. It overcomes requirement to label via antibody which unfortunately might provide 

some non-specific binding. Thus, system is more stable and importantly, cost of yeast display 

selection process  is significantly reduced [127].   

Yeast display was chosen by numerous research groups for development of specific high affinity 

protein binders and antibodies. Recently,  tissue inhibitors of metalloproteases were successfully 

engineered using this methodical approach [128]. Ban et al. significantly improved the specificity 
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of 12F6 antibody recognising small hapten molecules by Error-prone mutagenesis approach 

followed with yeast display selection [129]. 

1.3.3 Bacterial display 

Bacterial prokaryotic cells have very fast generational doubling times and life cycle. According to 

this, bacterial system is the most frequently used system for expression of recombinant proteins. 

Nowadays, bacterias are not used only for production of proteins into cytoplasm but also for 

presenting protein combinatorial libraries on their surface with increasing frequency. To display 

combinatorial libraries, one can use both, Gram-positive (G+) or Gram-negative (G-)  bacteria 

strains [130]. G+ bacteria, such as Bacillus subtilis, display their proteins as fusions with cell wall 

proteins. In contrast, G- bacteria are presenting recombinant proteins in fusion with outer 

membrane proteins, lipoproteins or flagellar proteins, well reviewed in [131]. E. coli (G- strain) is 

the most frequently used bacterial strain due to its high transformation efficiency and high 

expression level. In comparison with G+ bacteria and also yeast display, absence of the cell wall 

makes isolation of DNA much easier and also much faster.  

In 2009, dual biosensor based on bacterial display was developed. Bacterial surface was covered 

with streptavidin and contains engineered gold-binding peptide which has affinity to SPR (Surface 

Plasmon resonance) biosensor. E. coli can be then immobilized on biosensor surface and provide 

recognition layer for binding of biotinylated molecules. Such engineered biosensor is promising 

diagnostic and analytical tool [132]. Another therapeutic application of the binders developed by 

this selection approach could be found in cancer treatment. For instance, proteins that bind and 

mediate internalization into breast carcinoma human cells were presented on the surface of non-

pathogenic E. coli [133].   

1.3.4 Ribosome display 

Ribosome display is powerful selection method that covers the highest complexity of the 

combinatorial libraries. The only limitation is the number of ribosomes in cell-free reaction during 

in vitro transcription and translation. As the transcription and translation is performed in bacterial 

lysate, usually E. coli S30 in vitro system, transcription and translation is done in one step. 

Combinatorial libraries to be transcribed and subsequently translated in vitro are designed with in 

vitro transcription and translation elements T7 promoter, a stem loop and ribosome binding on its 
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5ʹ end. On 3ʹ end, there is an absence of the STOP codon what leads to formation of stable complex 

of mRNA-ribosome and protein where ribosome serves as a linker between genotype and protein 

phenotype [111]. Whole complex binding to immobilized target on plastic surface or magnetic 

beads is mediated through the protein molecule. Subsequent selection steps in ribosome display 

and final mRNA isolation is closely related to the immobilization strategy [134].  

According to the protocol developed in 2006 by Plückthunʼs research team, which is considered 

as golden standard for ribosome display, target is immobilized on hydrophobic plastic of microtiter 

plates using coating bicarbonate buffer. Microtiter plate is then blocked by bovine serum albumin 

(BSA) to cover remaining hydrophobic sites on the plastic. Addition of stable complexes of 

mRNA-ribosome-protein is followed by binding of complexes via proteins to immobilized target. 

Unbound or weak-attached complexes are washed away in the series of washing steps. In 

subsequent rounds of ribosome display, washing conditions are getting stricter. The number of 

washing steps as well as concentration of used detergent in washing buffer are increasing. The 

selectivity in the process is safeguarded by decreasing concentration of immobilized target in each 

round of selection. Only strongly attached complexes bound to target via protein will remain. The 

mRNA of these complexes is isolated and purified following addition of EDTA containing solution 

which causes ribosome disruption and mRNA release. Isolated mRNA is then re-transcribed in 

reverse transcription reaction to cDNA. The result is DNA library with reduced complexity. In the 

final round of ribosome display selection, DNA library is cloned into a vector suitable for bacterial 

expression of protein variants, e.g. to analyse binding properties of selected binders [135]. 

Ribosome display selection process is shown schematically in Figure 6.  
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Figure 6. Scheme of ribosome display selection. DNA libraries are transcribed and translated while forming stable 

mRNA-ribosome-protein complex. Complexes bind immobilized target. Unbound complexes are washed away while 

bound complexes are a source of isolated mRNA. The resulting DNA, after reverse transcription of eluted mRNA, 

then enters the next round of selection [136]. 

 

Over the past 20 years, ribosome display underwent many improvements and many variations were 

introduced into this method. Bacterial in vitro systems were enriched of GroEL, GroES, DnaJ, 

DnaK or GrpE chaperones, which help with proper folding of selected proteins to obtain their 

native conformation [137]. Further, there is a ribosome display based on in vitro components 

purified of bacterial lysates (PURE system) free of nucleases and release factors. This means 

absence of STOP codon in combinatorial library design is not required [138]. Buchanan et al. 

improved the stability of their protein binders by unconventional adding of dithiothreitol (DTT) 

during selection process. This approach of stability optimization is based on altering the redox 

potential in reaction [139]. 

There were many successful selections based on prokaryotic in vitro ribosome display 

subsequently using eukaryotic translational systems based on yeast, insect or reticulocyte cell 

lysates. These systems are suitable for selection of glycosylated binders and proteins with more 

complexed stabilized quaternary structures, e.g. by cysteine disulphide bonds [140, 141].   
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Application of ribosome display selection method gave birth to many promising protein binders 

for medical purposes. For example, diagnostic reagents capable of revealing early symptoms of 

hepatitis C virus presence [142], synthetic proteins that modulate human Frataxin as prevention of 

development of Friedreichʼs Ataxia disease [143] or high-affinity inhibitors of C3-mediated 

complement occurring in immune disorders affecting mainly kidneys [144].  

1.3.5 mRNA display 

mRNA display technology was invented in 1997 and together with ribosome display, mRNA 

display is in vitro method which provides many advantages – the biggest complexity coverage, 

selection of cell-toxic proteins or incorporation of unnatural amino acids into protein binders 

during selection process. Technique of mRNA display is most often used in selection of short 

peptides consisting of no more than 100 amino acids [145, 146].  

In mRNA display, protein variant of combinatorial library is simply linked to its encoding mRNA. 

Linkage is accomplished by presence of puromycin antibiotic at 3ʼ end of nucleic acid which 

mimics 3ʼ end of an attached aminoacylated tRNA. Unlike that, puromycin is not removed but acts 

like a bridge between protein and mRNA. The big advantage of this method is that after selection 

against molecular target, mRNA can be directly re-written from bounded mRNA-protein 

complexes to DNA by reverse transcriptase [145].  

Over the last years, mRNA display selection technique has been used to develop specific and high 

affinity ligands. Proteins composed of synthetic amino acid were successfully selected using this 

display technique against SARS-CoV2 Spike protein of Corona virus while the affinities of the 

best binders were in nanomolar range [147]. Recently, there were patented small peptides 

generated by mRNA display specifically recognizing programme-death ligand PD-L1 [148].  
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2 Aims 

The main aim of my PhD study was to develop small protein binders specifically recognising 

cytokines or their receptors with an emphasis on innovation of the used methodical approaches. 

The main objective can be subdivided into three tasks:  

 

 Engineering of novel scaffold molecules applicable in development of high affinity binders 

against IL-10 cytokine using ribosome display selection method 

 

 Development of the bivalent binder based on protein scaffold recognising IFN-λ1 receptors 

IL-28 receptor 1 (IL-28R1) and IL-10 receptor 2 (IL-10R2) and confirmation that the 

binder(s) potentiate the IFN-λ1 signal transduction pathway 

 

 Development of a new methodical platform for selection of high specific scaffold-derived 

protein binders to IL-9Rα subunit 
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3 Results 

The findings presented in this dissertation thesis were published in two articles in peer reviewed 

journals and one manuscript accepted for publishing. These articles are methodically and topically 

linked. Each of the articles describes development of a different novel small protein binder derived 

from scaffold molecules using selection display techniques. The articles and manuscript are 

attached in the appendix. My contribution to these articles is as listed below: 

1. Protein Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Scaffold for 

Directed evolution – molecular biology experiments (cloning of combinatorial libraries of 

the 57aBi scaffold, ribosome display selection, expression and purification of IL-10 and 

novel protein binders, ELISA screening method), biophysical experiments (microscale 

thermophoresis affinity determination, measurements of thermostability of novel protein 

binders), data analysis, preparation of original draft of the article, graphical content 

preparation 

 

2. De novo developed protein binders mimicking Interferon lambda signalling – molecular 

biology experiments (cloning of combinatorial libraries of the scaffolds, yeast display 

selection, expression and purification of novel protein binders), data analysis, preparation 

of the graphical content 

 

3. Combined in vitro and cell-based selection display method producing specific binders 

against IL-9 receptor in high yields – molecular biology experiments (cloning of 

combinatorial libraries of scaffolds, ribosome and yeast display selection, expression and 

purification of IL-9Rα novel binders, ELISA specificity tests), biophysical experiments 

(microscale thermophoresis affinity determination), data analysis, preparation of original 

draft of the article, graphical content preparation 
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3.1 Development of 57aBi protein scaffold  

 

Protein Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Scaffold for 

Directed evolution. Viruses. Ngoc P.P., Huličiak M., Biedermannová L., Černý J., Charnavets 

T., Fuertes G., Herynek Š., Kolářová L., Kolenko P., Pavlíček J., Zahradník J., Mikulecky P., 

Schneider B. (2021), 13, 190 

Because of intellectual property reasons, ProBi scaffolds was in 2022 re-named to 57aBi and this 

name will be used in all following discussions. Results to be discussed in Discussion section are 

listed in tables and figures and were taken from [149]. 

Table 2. The list of potential scaffolds candidates that were selected for detailed analysis.  
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Figure 7.  Surface of the 3 most promising scaffold candidates and their Protein data bank (PDB) identification 

numbers. Regions chosen for mutation are highlighted. 

Table 3. Number of mutated residues of the scaffold candidates – WTs and their mutants, expression state, level of 

expressions in soluble form and Melting temperature. 
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Table 4.  Amino acid sequences of 57aBi scaffold WT and selected variants against IL-10. Positions of 57 aBi-WT 

chosen for further mutation are yellow highlighted. Randomized amino acids in selected variants after ribosome 

display are highlighted in green. 

 

 

 

Figure 9.   Microscale thermophoresis curves of the two best binders against IL-10 and their determined dissociation 

constants. 
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3.2 Development of bispecific binder signalling via IL-28 receptor 

 

De novo developed protein binders mimicking Interferon lambda signaling. FEBS Journal. 

Kolářová L., Zahradník J., Huličiak M., Mikulecký P., Peleg Y., Shemesh M., Schreiber G., 

Schneider B. 

Results to be discussed in Discussion section are listed in tables and figures and were taken from 

[150]. 

 

Figure 10.  Secondary structures of scaffolds chosen for development of bispecific binders recognising IL-28 receptor. 

Mutable patches of the scaffolds are highlighted.  

 

Figure 11. Simultaneous binding of the bivalent binders to IL-28 receptor measured by FACS method. Bivalent 

proteins recognising both subunit were positive on FITC and APC fluorescence. Green area determined the presence 

of double binders, which were sorted.  
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Figure 12. Screening of bispecific binders for their signalling potential via IL-28R measured by flow cytometry. 

Phosphorylated Tyr701 of STAT 1 molecule was detected after the addition of positive control IFN-λ and bispecific 

binders. Level of phosphorylated STAT 1 molecule is presented on x-axis as APC fluorescence. 

 

 

Figure 13. Expression of genes activated by signalling via IL-28 receptor after addition of positive control IFN-λ and 

bispecific binders in HaCat cells. (A) Gene expression induced by positive control, Bibi A1 and ProBi P5; (B) Gene 

expression induced by positive control and Bibi A1 at a different concentration. 
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3.3 Selection of high-specific binders against IL-9 receptor α subunit 

 

Combined in vitro and cell-based selection display method producing specific binders 

against IL-9 receptor in high yields. FEBS Journal. Huličiak M., Biedermanová L., Berdár 

D, Herynek Š., Kolářová L., Tomala J., Mikulecký P., Schneider B. (Manuscript to be 

published). 

 

 

Figure 14. Secondary structures and amino acid sequences of (A) 57aBi scaffold and (B) 57bBi scaffold used in 

selection process against IL-9Rα. Red labelled amino acids were calculated for randomization.   
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Figure 15. Competitive yeast display selection of the combinatorial libraries of the 57aBi and 57bBi scaffolds by flow 

cytometry. Expression of protein variant were detected as FITC fluorescence, binding to IL-9Rα as PE-A fluorescence. 

Double fluorescence positives yeast cells from quadrant Q2 were sorted.  
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Figure 16. ELISA specificity tests of protein binders selected against IL-9Rα by (A) five rounds of ribosome display 

and by (B) six rounds of ribosome display and one round of yeast display. Binders were testing for binding to (A) IL-

9Rα and BSA and also to (B) non-specific receptor subunit γ chain. 

 

Figure 17. Microscale thermophoresis curves of the best (A) 57aBi and (B) 57bBi scaffold binder to IL-9Rα and their 

determined dissociation constants.  
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4 Discussion 

4.1 Development of 57aBi protein scaffold 

Eventhough monoclonal antibodies are considered to be the golden standard for diagnostic and 

therapeutic purposes with a wide range of applications 21st century witnessed arrival of a new 

potent rival in the form of non-globulin small protein binders derived from so called protein 

scaffolds [151]. Small scaffold derived binders are associated with several advantages over 

antibodies. Because of their smaller size, protein binders are able to better penetrate different 

tissues. Most frequently used protein scaffolds are Anticalin and DARPins with molecular weight 

in range of 15-20 kDa, compared to the molecular weight of 150 kDa in case of an prototypic 

monoclonal antibody [88, 95]. Unlike antibodies the scaffold-based proteins are not 

posttranslationally modified and can therefore be expressed in bacterial systems. This makes the 

cost of their production much lower. They also provide an opportunity to avoid the ethical problem 

with exploitation of animals and their immunization. These are the major calls for novel scaffold 

molecules development. In our study published by Pham et al [149] in 2021, we described the 

whole process of development of novel scaffold molecule design which concluded with its 

successful application for generation of high affinity binders recognising IL-10. 

Protein scaffold can be derived from some small independent binding domain of larger well-known 

protein complex, such as in case of ABD scaffold based on Albumin binding domain of 

Streptococcal Protein G [63]. We considered this fact during seeking process for potential scaffold 

candidates. As a part of initial process we searched the Protein Data Bank using following criteria. 

Firstly, novel protein scaffold should provide well-known structure, solved with high resolution. 

Secondly, expression of soluble form of the scaffold should be feasible in bacterial strains and 

thirdly, scaffold candidates should not be toxic or immunogenic. We were also seeking for proteins 

without cysteine amino acids in the sequence to avoid further problems with scaffold folding in 

bacterial expression systems. Based on these criteria, we have chosen 12 candidates based mainly 

on small human and murine protein binding domains. Scaffold candidates are listed in Table 2.  

To determine and select the amino acid positions for further randomization we performed in silico 

saturation mutagenesis. Analysis was done by FoldX programme which calculated free energy 

differences (ΔΔG) after substitution of each position of scaffold candidate sequence by all of the 
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20 standard amino acids. According to calculations we determined amino acids with high level of 

conservation and structural importance and which surface amino acids can be used for further 

randomization. Ideally, selected randomized patch should consist of 10 amino acids so that the 

complexity of the subsequently created combinatorial libraries of the scaffolds could be covered 

by ribosome display method. Theoretical coverage of complexity by ribosome display is 1014 

[111]. According to these criteria we continued with five scaffold candidates PIH1D1 N-terminal 

domain (under PDB ID: 4PSF), Alpha-X beta2 integrin I domain (1N3Y), fluorescent protein 

UnaG wild type (4I3B), Lumenal Rfr domain protein (2F3L) and Pyrococcal Acylophosphatase 

(1W2I). These five scaffold candidates were expressed in bacterial strains in two versions - with 

N- and C- terminal His tag for further Ni-NTA affinity chromatography purification. We found 

that only candidates under PDB ID 4PSF, 1N3Y and 4I3B were expressed in soluble form and 

were purified with high purity level. We also measured melting temperatures of the candidates to 

determine their thermostability. In order to verify the correct estimation of calculated mutable 

positions, we inserted alanine amino acid into positions chosen for randomization in 4PSF, 1N3Y 

and 4I3B candidates and we repeated the purification and biophysical experiments. Surface 

patches of mutable residues of these three candidates are displayed in Figure 7.  

Table 3 represents the data of expression level of candidates and their mutated variants, their 

solubility and melting temperatures. 4I3B candidate was excluded from further testing because of 

its low expression level of the soluble form in E. coli BL21 DE3 bacterial strain. 1N3Y candidate 

can be produced in its soluble form only in N-terminal mutated patch version while it still holds 

well-folded structure up to a temperature of 51 °C. High, long lasting thermal stability is also a 

common feature that makes scaffolds more favourable compared to monoclonal antibodies. In 

2020, Kalichuk et al. developed small protein binders derived from only 60 amino acids Aho7c 

scaffold, group of the Affitins molecules, originating from thermophilic archaea Acidianus 

hospitalis that can survive temperatures up to amazing 96 °C and is still functional in pH range 0-

12 [152].  

The best results of our tested variants were recorded for 4PSF candidate. This molecule can be 

independently mutated on both N- and C-termini. Both mutated variant has high expression level 

of their soluble forms and their thermostabilities were over 60 °C. Initial name of scaffold was 

ProBi, but later, because of intellectual property reasons, it was re-named to 57aBi. C-terminal 
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mutated patch variant of the 57aBi scaffold was chosen for selection by ribosome display. To 

demonstrate the 57aBi scaffold potential we decided to select the combinatorial library of the 

scaffold against Interleukin-10 (IL-10). IL-10 is helical protein of IL-10 family and its 

overexpression usually leads to development of various types of cancer [34, 35]. IL-10 was 

isolated form insect cells and purified by affinity chromatography followed with size exclusion 

chromatography. Proper selection of molecular target in display methods is always critical step. 

Selection with inhomogeneous and impure target leads to the generation of binders with low 

specificity level. We suggest to purify the target at least by two-step purification process The 

resulting purified IL-10 met the criteria of a suitable target and was used in ribosome display 

selection.   

Combinatorial library of 57aBi scaffold was synthetized using NNK codon strategy described 

early in more details (page 8, chapter 1.2 - Protein scaffolds). The constructed library consisted 

also of N-terminal Strep II tag and C-terminal c-myc tag for its further purification and detection. 

Combinatorial libraries were then selected by four rounds of ribosome display according to 

standard ribosome display protocol developed in Plückthun´s laboratory [135]. For reduction of 

non-specificity of the final scaffold-derived binders we introduced some modifications. Instead of 

classic use of BSA as a blocking agent we altered it in specific rounds of selection by skim milk 

protein mixture. We also introduced pre-selection process to harness final specificity set up of the 

binders. Combinatorial libraries were incubated with non-specific targets before specific selection 

by ribosome display: BSA, skim milk proteins and IL-29 - member of IL-10 family with similar 

structure fold. Variants recognising these non-specific targets were excluded before selection 

process initiation. 

Selected variants acquired after ribosome display selection were characterized by ELISA assay to 

determine the binding level to IL-10 specific target and non-specific binding to BSA, skimmed 

milk and IL-29. Protein binders and their amino acid sequences with the highest affinity to IL-10 

and the lowest affinities to non-specific targets are shown in Table 4. These candidates were 

selected to undergo final biophysical characterization.  

As a final step, we measured the affinity of the candidates by Microscale thermophoresis in 

different buffers, aggregation level and their melting temperatures. IL-10 was labelled and titrated 

by 57aBi variants. The results show that two promising binders F5 and G3 variants with highest 
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affinities in Tris buffer. (50mM Tris, 300mM Nacl) were identified. Dissociation constants of the 

binders were in nanomolar ratio, which is considered as a very strong binding in nature. According 

to the results from nanoDSF measurements of the melting temperatures of chosen variants and 

data from dynamic light scattering, both 57aBi scaffold-derived binders F5 and G3 have high 

thermal stability (51°C for F5 and 58°C for G3 in Tris buffer) and the level of aggregation was 

very low. 

However, for engineering and development of high-affinity binders against IL-10, candidate under 

PDB ID 4PSF, currently called 57aBi, was chosen. We also worked with the second scaffold 

candidate 1N3Y in further selection of binders against IL-9Rα. The scaffold was named 57bBi. 

Both 57aBi and 57bBi scaffolds provide robust structures for development of non-globulin small 

protein binders. Due to their high thermostabilities and human origin, thus protein variants derived 

from these scaffolds may be used in future as the drugs for clinical use which will be stable at 

human body temperature and will not potentiate of immune responses. In comparison, previously 

mentioned Streptococcal-based ABD scaffold proteins or Affibody-based binding variants with 

Staphylococcal origin can increase the risk of inflammatory responses after their application into 

the organism [63, 80]. 

4.2 Development of bispecific binder signalling via IL-28 receptor 

In this study based on Kolarova et al, [150] we aimed to design bivalent binder with specificity to 

the both IL-28 receptor subunits, IL-28R1 and IL-10R2. Engineered protein binder should mimic 

biological function of its natural ligand IFN-λ. As signalization triggered by these type of INFs 

has significant protection role in viral infections [40]. We decided to enhance the signalisation by 

unnatural bispecific ligand. In case of failure of signalling capabilities of IL-28R natural interferon 

ligands, our engineered binder can act as backup option how to avoid the dysregulation of the 

immune system after viral infection and prevent the development of associated diseases. Our 

hypothesis, i.e. the possibility to use small bispecific scaffold-based binder to trigger the 

signalization was also supported by similar studies where bispecific antibodies and antibody-drug 

conjugates were successfully used in cancer therapies. Several drugs and dozens others based on 

this concept are in various phases of the clinical development or have already been approved by 

FDA agency. Recently, well reviewed in [153].      
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Our strategy of the bispecific binder development was divided into two different approaches – to 

develop two binders independently and then connect them via a flexible protein linker or develop 

binder based on one scaffold molecule with two mutable patches. For the second purpose was 

chosen our-designed 57aBi scaffold which can be mutated independently on C- or N- terminus, 

while these mutations do not lead to disruption of the scaffold structure [149].  

In the beginning, we created combinatorial libraries of the five different scaffolds. Used scaffolds 

and their secondary structures are displayed in Figure 10. 57aBi scaffold (previously called ProBi) 

was randomized on both termini, so two different combinatorial libraries of this scaffold were 

created. Libraries were then selected by four rounds of yeast display separately against IL-28R1 

and IL-10R2. Recombinant receptors subunits, especially their extracellular domains were 

produced in Drosophila S2 expression system. Both subunits were expressed in soluble form and 

were purified by two-step process where initial affinity chromatography was followed by size 

exclusion chromatography. This purification process guaranteed high purity and homogeneity of 

the extracellular parts of receptor.  

After four rounds of the yeast display selection, we obtained the population of the binders 

recognising receptor subunits only based on 57aBi scaffold (both C- and N- termini randomized 

variants), Sso7d scaffold and Kan-Nfr scaffold. Sso7d is very small, only 7 kDa ultra-stable 

scaffold with origin from hyper thermophilic Sulfolobus solfactaricus [154]. Kan-Nfr is a new 9 

kDa protein scaffold developed at the Weizmann Institute of Science in Israel, specifically 

designed for yeast display selection [127]. Both, Sso7d and Kan-Nfr were kindly provided by our 

colleagues from Protein-Protein Interaction laboratory of Weizman Institute of Science in Israel. 

Knotin and GP2 scaffolds, both with randomized positions in loops, were excluded from the next 

screening for IFN-λ mimicking protein because we did not get satisfactory population of binders 

after yeast display selection. 57aBi, Kan-Nfr and Sso7d Affitin scaffolds with randomization 

positions on helixes or β – sheets motifs have been shown to have a greater binding preference to 

IL-28R structure. Strategy to use 5 different scaffolds proved to be very important and beneficial 

for our intent. Each scaffold provides unique interface for randomization. This also supports our 

previous work with novel scaffold molecules development and thus expand the platform of 

successfully used scaffolds such as Anticalin or DARPins.  
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Binders pre-selected in previous yeast display step were then used for the creation of the five 

libraries of bivalent binder constructs, that were able to simultaneously bind both subunits of IL-

28 receptor. Firstly, the fusions of the best pre-selected binders derived from Sso7d and Kan-Nfr 

scaffolds were created by their linkage via designed protein linker resulting in creation of four new 

bivalent binder libraries called Bibi – A, B, C, D. The fifth bivalent binder library called Probi-NC 

was based on independently mutated patches of 57aBi scaffold, where one patch obtained library 

with affinity to IL-28R1 and the second to IL-10R2. New constructs of the bivalent binder libraries 

were tested to bind both receptors subunits at the same time using flow cytometry (Figure 11). 100 

000 variants of each library that simultaneously bind both receptor subunits (i.e. variants that were 

positive for both fluorophore) signals were sorted and screened for their signalling potential via 

IL-28R. 

Final signalization study of the bivalent binders was done by flow cytometer and specific 

phosphorylation of Tyrosine site 701 of STAT 1 molecule was determined. STAT 1 is normally 

phosphorylated as a product of Jak kinase activity after binding of the IFN-λ to IL-28 receptor 

[155]. Assay was performed on human HeLa cells presenting both IL-28 receptor subunits on their 

surface. To avoid time and material consumption, we decided to first display binders on the surface 

of the S. cerevisiae cells. Those protein variants, which were able to trigger signalization were then 

purified and tested again to trigger JAK-STAT signalization. Figure 12 shows the comparison 

between signalization via natural IFN-λ, BiBi-A1 and ProBi-P5 variants displayed on yeast cell or 

as purified proteins. These variants showed in form of purified protein the highest stability, 

solubility and low aggregation. Level of signalization via purified proteins is comparable with cell-

presented variants. This validates our designed yeast-presenting protein method as powerful well-

set screening platform for selection of signalling bivalent binders. 

As the final step, we evaluated expression of 10 genes triggered after signalling through IL-28 

receptor, specifically MX1, OAS1, OAS3, OASL, IFIT1, IFIT3, IFI6, IFIH1, BST2 and OASL, to 

be known as over-expressed after IFN-λ signalling [156]. Evaluation was performed by RT-qPCR 

in HaCaT cells transfected with DNA of both receptor subunits. HaCaT cell system proved to be 

more suitable for expression of IL-28 receptor than transfected HeLa cells. First, cells were treated 

with natural ligand IFN-λ1 as positive control and then with BiBi-A1 and ProBi-P5 purified 

proteins. To sum up, expression of mentioned genes was induced by both novel bispecific binders, 
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with BiBi-A1 showing stronger stimulation (Figure 13A). Due to this fact, we repeated the 

experiment with BiBi-A1 binder only, set in different concentrations. Results from Figure 13B 

demonstrates that although the signalling followed by activation of gene expression of mentioned 

genes is initiated after adding BiBi-A1 bivalent binder, expression is at much lower level than after 

stimulation by natural IFN-λ1 ligand. To sum up binders’ affinities and signalling capacity need 

to be increased, their production and stability optimized. 

 

Nevertheless, we presented a proof of concept for development of bispecific binders also based on 

our own-designed scaffold molecule 57aBi and most importantly, powerful platform for their 

selection. Unfortunately, it is not always certain, that unnatural ligand will modulate the biological 

activity due to its binding to the molecular target. Another possible optimization in this approach 

could be small modification of our existing bivalent binders by secondary mutagenesis tools to 

enhance their signalling potential. For example, Karlsson et al, edited one domain of bivalent 

protein with an already existing affinity to two viral oncoproteins to develop even more stronger 

binder to human papillomavirus. Such binder can be used for treatment of chronic infection caused 

by viruses [157].  

4.3 Selection of high-specific binders against IL-9 receptor α subunit  

The basic criterion for the evaluation of the quality of antibody or protein binders is their high 

affinity to their molecular targets. There are protein binders based on scaffolds that have incredibly 

strong binding affinity to their targets. For example, Lindborg et al, engineered dimeric Affibody 

molecule that bound to its target staphylococcal protein A with an estimated affinity 16 pM [158]. 

Another, more recent example is selection of peptide binder with affinity to SARS-CoV-2 Spike 

receptor binding. Dissociation constant of the binding was 750 pM [159].  

Although the high affinity is very important parameter for binding, specificity is often 

underestimated and even more important. The effect of lower affinity protein binders or antibodies 

can still be modulated by increasing their concentration. On the other hand, once low specificity 

is set, binder can interact with any molecule it comes into closer contact and becomes useless. 

Hereby, in study Huliciak et al, we demonstrate the strategy for development of high specificity 

protein binders recognising specific subunit of IL-9 receptor.  
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Indeed, there were attempts for direct blocking of IL-9 by antibodies. In 2013, MEDI-528 

monoclonal antibody recognising this interleukin was used in asthma models for inhibition of 

mucus production during asthma disease in adult patients. The results of this study were not 

satisfactory. Addition of MEDI-528 antibody has no effect in mucus production and asthma 

treatment of the patients [160]. We can discus, that monoclonal antibody probably binds IL-9 in 

region which is not responsible for receptor binding and do not block interaction between IL-9 and 

receptor. According to this, we decided to aim directly to the receptor, especially onto its 

extracellular domain using our protein binders derived from scaffold molecules.  

IL-9 belongs to common γ-chain family. That means, that all members of this family are sharing 

non-specific receptor and have one or two specific receptor subunit [42]. As we wanted to 

modulate the only IL-9 initiated signalling, we aimed on its specific subunit IL-9Rα.  

For the purpose of selection of highly specific protein binders we chose two protein scaffolds 

designed in previous study [149]. 57aBi scaffold, 15 kDa helical domain of chromatin remodelling 

complex PIH1D1 (PDB ID: 4PSF) and 22 kDa 57bBi integrin domain previously designed under 

PDB ID: 1N3Y [161, 162]. Secondary structures of scaffolds and their amino acid sequences are 

displayed in Figure 14. Combinatorial libraries of the scaffolds were synthetized using NNK 

strategy. Library constructs contained N-terminal Strep II purification tag and C-terminal detection 

c-myc tag. DNA of these constructs of the scaffolds was then transcribed and translated in vitro in 

lysate of E. coli and selected in five rounds of ribosome display against extracellular domain of 

specific IL-9R α subunit. 

Of note, we performed so called subtractive panning before each round of the ribosome display to 

avoid the presence of the non-specific binders. We have adopted this method from Rothe et al, 

where the method of subtractive panning was successfully used in selection of human anti-CD28 

single chain variable fragments of antibodies [163]. The principle of the method is that you 

incubate combinatorial libraries of proteins with various non-specific targets before specific 

selection by ribosome display. In our case, we used bovine serum albumin (BSA) protein. Because 

we perform ribosome display selections in 96 microplate wells it is enough to simply pipet library 

into the next well for another negative pre-selection by subtractive panning. This system has great 

potential for further automation, as well. You can cover 96 wells of microplates with different 

mixtures of non-specific targets and pre-select your library to high specificity. However, as 
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mentioned below, we can dramatically improve specificity much easier by implementation of one 

round of competitive yeast display. Altogether the methodology of subtractive panning should be 

mainly used for specificity tuning after selection process as negative targets use molecules with 

similar structures to discriminate the binding of the novel binders to targets with structural 

similarity.  

Another innovation how to increase specificity of our final protein binders is based on utilization 

of protein-free blocking reagents. In standard ribosome display protocol, hydrophobic surface of 

the plastic microplate is blocked by protein-based BSA reagent [135]. As an alternative to BSA, 

proteins of skim milk or fish-gelatine proteins are commonly used [164, 165]. First non-protein 

blocking reagent was used in 1993 and were based on Polyvinylpyrrolidone (PVP). Currently, 

there are many commercial protein-free reagents available on the market.       

After five rounds of ribosome display, we performed an ELISA specificity screening test. 16 

binders derived from the both 57aBi and 57bBi scaffolds were tested for binding to IL-9 specific 

receptor subunit α and to BSA as negative control. Figure 16A shows binding level and comparison 

of the binding to IL-9 receptor subunit and to BSA. Protein variants recognise specific subunit of 

the receptor in the first place, but a residual binding to BSA in some variants is still present. Due 

to this reason, we decided to continue selections but with a little slightly modified strategy. 

Combinatorial libraries after 5th round of ribosome selection were cloned into yeast vector and one 

round of the competitive yeast display was performed. Yeast cell displaying protein variants on 

their surface were competing for IL-9Rα in a low, only 100 nM concentration. The competitive 

display was based on the fact that a single yeast cell can display up to hundred thousand copies of 

the variant on its surface [123]. Only the yeast cells with the best binder expression level which 

show the highest affinities towards fluorescently-labelled IL-9Rα are detected and sorted using 

flow cytometry assay (Figure 15). Implementation of the yeast display selection method into this 

methodical platform has another advantage as only properly folded protein variants expressed by 

yeast system in soluble form can be transported and displayed on the cell wall [123]. By 

implementing yeast display, we excluded variants which were not fully-translated but passed 

through previous ribosome display selection rounds. 
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After yeast display, DNA of selected combinatorial library was isolated and re-cloned again into 

vector suitable for ribosome display. Additional 6th round of ribosome display was performed, 

preceded by three rounds of subtractive panning instead of the classical one-step subtractive 

panning with BSA. From the point of view of binding kinetic, it makes more sense to us to perform 

3 fast pre-selection subtractive panning procedures before ribosome display selection.  

After the yeast display selection and the sixth round of ribosome display, selected variants were 

again tested by ELISA specificity test in same conditions as after 5th round of ribosome display. 

However, in this testing we also coated another negative control, non-specific subunit of IL-9R- 

common γ chain. Figure 16B shows, that selected binders have significant specificity to IL-9 

receptor α subunit while binding to BSA is on the background level. Small group of variants reports 

the binding to non-specific receptor subunit γ chain, but in comparison with binding to specific 

receptor subunit is it negligible.  

To estimate the affinities of the selected binders, one binder derived from the both scaffolds was 

chosen for microscale thermophoresis measurement. Figure 17 represents the MST curves of the 

57 aBi-D14 and 57bBi –D06, which proved their binding to IL-9Rα. We estimated the affinities 

in micromolar and nanomolar ratio.  

However, the biological affinity of the natural IL-9 ligand to IL-9 receptor is much higher, about 

100 pM [166], our selected variants can be further maturated to obtain higher affinity by secondary 

mutagenesis tools, for example by Error-prone PCR. One of example, when authors shifted the 

binding affinity from nanomolar to picomolar range using the Error-prone approach is the 

development of Anticalin-based protein binder targeting human prostate-specific membrane 

antigen (PSMA) [167]. We believe that with improved affinities and lasting set specificity level 

can be our protein binders very promising in their further medical applications. 

Finally, here we present our concept of the methodical platform for creation of high specific 

binders. As initial step is advantageous to use ribosome display selection which is suitable for 

selection of the combinatorial libraries with the highest theoretical complexity [111]. Critical step 

was implementation of the yeast display after the 5th round of ribosome display selection. My 

suggestion for next selection process is that yeast display should be introduced after the 2nd round 

of ribosome display when is certain the complexity of the library can be covered by yeast display 
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selection. By implementation of the yeast display in initial rounds of procedure we discriminate 

the insoluble, bad folded and not fully-translated variants in further selections.  

Selected binders produced by these unconventional combination of cell-free and surface-based 

display methods should serve for next analyses to find out their potential in inhibition of the 

signalling pathway triggered by IL-9 connected with development of asthma and respiratory 

diseases. Protein binders might as well serve as detection molecules of overexpressed IL-9 

receptors as disease markers. There is well-known methodical approach for generation of 

fluorescent proteins by using non-canonical amino acids.  Non-canonical amino acids provided 

modified side chains that could be incorporated into protein binders sequence. Fluorescent 

molecules of various wave lengths could be easily attached to the side chains via so called click 

chemistry.  Elegance of use of non-canonical amino acid is that it can be easily incorporated into 

protein scaffold sequence during its expression in bacterial expression systems [168].  
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5 Conclusions 

 

This dissertation thesis describes the development of novel non-antibody small protein binders 

derived from originally developed scaffold protein molecules targeting medically important 

cytokines or their receptors. 

We successfully introduced two novel scaffold protein molecules called 57aBi and 57bBi. Ten 

amino acids of each scaffold were chosen for randomization. 57aBi scaffold showed its ability to 

be mutated on two different surface patches so that it is potentially able to bind two targets. The 

scaffold concept was proven by selection high affinity protein binders against human interleukin 

10 (IL-10) cytokine, where the combinatorial library of the 57aBi scaffold was selected by 

ribosome display. The potential ability to bind two target molecules by 57aBi was proven by 

developing bivalent binder mimicking the function of the human IFN-λ1 cytokine. Scaffold-based 

binders were trained to interact with both receptor subunits required to trigger the JAK-STAT 

signalization pathway. 

Finally, we extended the available pipelines of the directed evolution by combining cell-free 

ribosome display and cell-based yeast display. This methodologically unconventional combination 

of these two selection methods and their thoughtful modifications into one integrated pipeline 

enabled us to select binders of human IL-9 receptor subunit alpha of sub-micromolar affinity. The 

combination of both selection methods into one pipeline was motivated by the need to maximize 

specificity to the target protein. In the project, we succeeded in developing specific IL-9Rα binders 

derived from both 57aBi and 57bBi scaffolds. 
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