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Zusammenfassung und wissenschaftlicher Erkenntnisgewinn 
 

Monoklonale Antikörper (mAbs) haben sich über die letzten Jahre als eine der erfolgreichsten und am 

häufigsten verwendeten Biotherapeutika erwiesen. Für die Entdeckung von Antikörpern sind derzeit 

zwei Ansätze vorherrschend: Die Immunisierung von Tieren und Oberflächendisplay-Techniken, wie 

beispielsweise das Hefe-Display. 

 

Die erste Untersuchung im Rahmen der hier vorliegenden kumulativen Dissertation konzentrierte sich 

auf die Optimierung des Präsentationsnachweises beim Hefe-Display durch Umgehen der 

zeitaufwändigen Färbung von Protein-Anhängseln. Dies ist im konventionellen Hefe-Display nötig zur 

Verifizierung der Präsentation von Antikörperfragmenten in voller Länge ohne Insertionen oder 

vorzeitige Stoppcodons. Aus diesem Grund wurde eine ribosomale Überspringsequenz, die die 

Translation von zwei separaten Proteinen aus einem offenen Leserahmen ermöglicht, genetisch 

zwischen dem zu präsentierenden Antikörperfragment und einem grün fluoreszierenden Protein (GFP) 

als Reporterprotein eingebaut. Die Translation des zu präsentierenden Antikörperfragments und der 

ribosomalen Überspringsequenz (als 2A-Peptid bezeichnet) führt zur Freisetzung des N-terminal 

lokalisierten Antikörperfragments aus der Polypeptidkette und der Translokation auf die 

Zelloberfläche. Der 2A-Peptid-vermittelte ribosomale Sprung löst die Translation der GFP-kodierenden 

mRNA erneut aus. Folglich zeigen nur Hefezellen, die GFP-Fluoreszenz zeigen, das jeweilige 

Antikörperfragment in voller Länge. Die Kombination dieses Systems mit der von Haien abgeleiteten 

halbsynthetischen vNAR-Bibliothek erwies sich als ebenso effizientes Vorgehen wie das herkömmliche 

Verfahren mit den Vorteilen, dabei kostengünstiger und weniger zeitaufwändig zu sein. 

 

In der zweiten Untersuchung wurde die Anwendbarkeit des Hefedisplays in Kombination mit 

Fluoreszenz-aktivierter Zellsortierung (FACS) zur Isolierung hochaffiner und spezifischer Antikörper 

nach einer Immunisierungskampagne von Hühnern untersucht. 

Zu diesem Zweck wurden rekombinante Antikörperbibliotheken aus der mRNA der Milz von Hühnern, 

die mit dem epidermalen Wachstumsfaktor-Rezeptor (EGFR) und humanem Choriongonadotropin 

(hCG) immunisiert wurden, als single chain variable fragments (scFv) durch Overlap Extension PCR 

konstruiert. Eine Vielzahl von Antigen-bindenden scFvs wurde in einem geeigneten Screening-

Verfahren isoliert. Die Herstellung zielspezifischer Varianten als lösliche scFv-Fc-Moleküle ermöglichte 

die anschließende umfassende Charakterisierung durch Bestätigung der hohen Affinität, guten 

Spezifität, Thermostabilität und vielversprechender Aggregationsprofile. Darüber hinaus konnte die 

biotechnologische Anwendbarkeit von gegen beide Antigene gerichteten Bindemolekülen demonstriert 

werden. Für EGFR-Binder könnte dies durch spezifische zelluläre Bindung und für hCG-Binder im 

Rahmen eines Lateral-Flow-Tests erreicht werden, in dem hCG-bindende scFvs als Fänger-Antikörper 



 

 

für den Schwangerschaftsnachweis verwendet wurden. Zusammenfassend stellte die Strategie der 

Verwendung von Hefe-Display ein wirksames Instrument dar, mit dem das Repertoire an 

Displaymethoden für die Isolierung von Antikörpern nach Hühnerimmunisierungskampagnen erweitert 

werden konnte. 

 

Die dritte Untersuchung konzentrierte sich auf die Entwicklung der effektiveren Erstellung von über 

Hefe-Display präsentierten Fab Fragment Bibliotheken. Die konservative Methode für die 

Fab-Bibliotheksgenerierung beruht auf der Verwendung eines dreistufigen Protokolls, das einzelne 

Subbibliotheken der schweren und leichten Kette umfasst, die in haploiden Hefestämmen erzeugt 

werden, gefolgt von einer zufälligen Kettenkombination durch Anwendung von Hefepaarung. Die hier 

neu entwickelte Strategie basiert auf einem Golden Gate-Klonierungsansatz, der dazu führt, dass 

Diversitäten sowohl der schweren als auch der leichten Kette auf einem einzigen Plasmid unter 

Verwendung eines bidirektionalen Promotors effizient kombiniert werden. Die Anwendbarkeit dieses 

Systems konnte durch zwei erfolgreiche Einzelkampagnen bestätigt werden. Die erste Untersuchung 

ermöglichte die Isolierung hochaffiner humaner Antikörper aus immunisierten transgenen Ratten. 

Darüber hinaus konnte nachgewiesen werden, dass das Verfahren auch verwendet werden kann, um 

chimäre Huhn / Human-Antikörper nach der Immunisierung von Hühnern erfolgreich zu 

durchmustern und zu isolieren. Am Ende konnte gezeigt werden, dass das auf einem Golden Gate-

Verfahren basierende Ein-Schritt-Verfahren die Erstellung von Bibliotheken und die Isolierung von 

Antikörpern aus schweren und leichten Ketten mit vergleichbarer Qualität der konventionellen 

Methode ermöglicht, während es wesentlich weniger Zeitaufwand erfordert und weniger komplex ist. 

 

Im letzten Teil dieser Arbeit wurde die potenzielle Verwendung von Einzelketten-Antikörpern aus 

Haien (vNARs) für die spezifische Targetierung von Lymphomzellen untersucht. In früheren Studien 

konnte gezeigt werden, dass eine vom Hai stammende halbsynthetische Hefebibliothek sehr gut 

geeignet ist, Anti-Idiotyp-Binder zu isolieren, die ausschließlich das Paratop von mABs erkennen. 

Lymphomzellen könnten ein attraktives Ziel für anti-idiotypische vNAR-Moleküle sein, da B-Zell-

Lymphomzellen tumorspezifische und funktionell aktive B-Zell-Rezeptoren (BCR) aufweisen. Die 

Targetierung von BCRs für die Lymphomtherapie hat sich jedoch als anspruchsvoll erwiesen, da sich 

die BCRs von Patient zu Patient unterscheiden. Aus diesem Grund wurde in der vorgestellten Studie 

die schnelle und bequeme Isolierung spezifischer BCR-bindender vNARs aus der halbsynthetischen 

Bibliothek untersucht. Zu diesem Zweck wurden die BCRs der drei verschiedenen Lymphomzelllinien 

Daudi, SUP-B8 und IM-9 identifiziert. Anschließend wurden die variablen Domänen reformatiert und 

die resultierenden BCRs als monoklonale Antikörper exprimiert. Der SUP-B8-BCR wurde im Anschluss 

als Antigen in einer FACS-basierten Durchmusterung der auf Hefe präsentierten vNAR-Bibliotheken 

verwendet, was in einer Anreicherung mehrerer antigenbindender vNARs resultierte. Die weitere 



 

 

Charakterisierung der isolierten vNARs nach der Reformatierung als Fc-Fusionsproteine bestätigte eine 

affine und spezifische Bindung sowohl an die löslich rekombinant exprimierten BCR-Moleküle als auch 

an die originale Lymphomzelllinie. Anfängliche Experimente zur Ausnutzung der spezifischen BCR-

Bindung für das BCR-Clustering, gefolgt von der Induktion der Zellapoptose, zeigten keinen 

signifikanten Einfluss auf die Lebensfähigkeit der Zellen. Ein alternativer Ansatz, der die Erzeugung 

multivalenter vNAR-Konstrukte oder die Konstruktion von vNAR-Antikörper-Wirkstoff-Konjugaten 

einschließt, könnte jedoch in Zukunft eine vNAR-induzierte Abtötung von patientenspezifischen 

Lymphomzellen ermöglichen. 

 

 

  



 

 

Scientific novelty and significance 
 

Monoclonal antibodies (mAbs) emerged as one of the most successful and frequently used 

biotherapeutics over the last decade. For the discovery of antibodies, currently two approaches are 

predominant: Immunization of animals and surface display techniques.  

 

The first investigation in frame of the present cumulative study was focused on the optimization of 

yeast surface display by skipping the time-consuming staining of epitope tags required to verify full-

length presentation of displayed antibody fragments. For this reason a ribosomal skipping sequence 

enabling the translation of two separate proteins from one open reading frame was genetically 

incorporated between the displayed antibody fragment and a green fluorescent protein (GFP) as 

reporter protein. Translation of the protein of interest and the ribosomal skipping sequence (called 2A 

peptide) results in release of the N-terminally located antibody fragment from the polypeptide chain 

and secretion to the cell surface. The 2A peptide-mediated ribosomal skip re-initiates the translation of 

the GFP-encoding mRNA. Consequently, only yeast cells showing GFP fluorescence display the protein 

of interest. The combination of this system with the semi-synthetic shark-derived vNAR library 

emerged as a setup being efficient as the conventional procedure with the advantages of being more 

cost-efficient and less time-consuming.  

 

The second investigation evaluated the potential of yeast surface display (YSD) in combination with 

fluorescence-activated cell sorting (FACS) to isolate high-affine and specific antibodies derived from a 

chicken immunization campaign. To this end, yeast-displayed recombinant antibody libraries from 

splenic mRNA of chickens immunized with epidermal growth factor receptor (EGFR) and human 

chorionic gonadotropin (hCG) were constructed as single chain variable fragments (scFv) by overlap 

extension polymerase chain reaction. A plethora of antigen binding scFvs were isolated in a convenient 

screening process. The production of target-specific variants as soluble scFv-Fc molecules enabled the 

subsequent extensive characterization by confirming high affinity, good specificity, thermostability and 

promising aggregation profiles. Furthermore, the biotechnological applicability of binders directed 

against both antigens could be demonstrated. For EGFR binders this could be achieved via specific 

cellular binding and for hCG-binders in the context of a lateral flow test by utilizing hCG-binding scFvs 

as capturing antibodies for pregnancy detection. In summary, the strategy using yeast surface display 

emerged as a powerful tool being able to expand the repertoire of display methods for the isolation of 

antibodies resulting from chicken immunization campaigns. 

 

  



 

 

The third investigation was focused on the development of a more convenient generation of yeast-

displayed Fab libraries. The conservative method for Fab library generation relies on using a three-step 

protocol including individual heavy- and light chain sub-libraries generated in haploid yeast strains 

followed by chain combination using yeast mating. The herein newly developed strategy bases on a 

Golden Gate cloning approach resulting in diversities of both heavy and light chain being efficiently 

combined on one single plasmid using a bidirectional promoter. The applicability of this system could 

be verified by two individual successful screening campaigns. The first investigation enabled the 

isolation of high-affine human antibodies resulting from immunized transgenic rats. Furthermore, it 

could be proven that the method can also be used to successfully screen and isolate chimeric 

chicken/human antibodies after avian immunization. In the end it could be shown that the Golden 

Gate based one-step process enables the delivery of libraries and antibodies from heavy- and light 

chain diversities with comparable quality to the conventional method while being significantly less 

time-consuming and complex. 

 

The last part of this work elucidated the potential usage of shark-derived single chain antibodies 

(vNARs) to be used for specific lymphoma cell targeting. It could be shown in previous studies that a 

shark-derived semi-synthetic CDR3 loop randomized yeast library is suited pretty well to isolate anti-

idiotype binders recognizing exclusively the paratope of mABs. Lymphoma cells might be an attractive 

target for anti-idiotype vNAR molecules since B-cell lymphoma cells exhibit tumor-specific and 

functionally active B-Cell receptors (BCR). However, targeting BCRs for lymphoma therapy has shown 

to be demanding since the BCR differs from patient to patient. For this reason in the presented study 

we evaluated the rapid and convenient isolation of specific BCR-binding vNARs derived from the semi-

synthetic library. To this end the BCRs of three different lymphoma cell lines Daudi, SUP-B8, and IM-9 

were identified, followed by reformatting the variable domains and expression of the resulting BCRs as 

monoclonal antibodies. The SUP-B8 BCR was consequently utilized as antigen in a FACS-based 

screening of the yeast-displayed vNAR libraries resulting in the enrichment of several antigen-binding 

vNARs. Further characterization of the isolated vNARs after reformatting as Fc fusion proteins 

confirmed an affine and specific binding to both the soluble recombinantly expressed BCR molecules 

and the respective lymphoma cell line. Initial experiments to exploit the specific BCR-binding for BCR-

clustering followed by induction of cell apoptosis did not show a significant influence on cell viability. 

However, an alternative approach that includes the generation of multivalent vNAR constructs or the 

construction of vNAR antibody-drug conjugates might enable a vNAR-induced patient-specific 

lymphoma cell killing in the future. 
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Introduction   1 

1. Introduction 
 

Multicellular organisms are continuously exposed to the influence of microbial pathogens and viral 

infections. During evolution these organisms developed several defense mechanisms against 

pathogenic substances by evolving the ability to recognize infectious microbes and the subsequent 

establishment of an adequate defense response.1 The whole immune system can be devided into two 

separate entities, the innate immunity and the adaptive immunity. 

The innate immune system is a first line of defense for the recognition of intracellular and extracellular 

so-called pathogen-associated molecular patterns (PAMPs).2 Pattern recognition receptors (PRRs) 

encoded by the hosts germline enable the specific recognition of pathogenic molecules.3 PRRs are 

located on the surface of immune cells being responsible for the innate immunity, i.e. dendritic cells, 

neutrophils or macrophages. Determined by the molecular architecture of these PRRs is a broad 

spectrum of varying specificities for conserved microbial elements.4 Effective PRR-mediated 

recognition of PAMPs results in the activation of several complex signal cascades leading to the release 

of chemokines and inflammatory cytokines finally ending in the elimination of infectious agents. PRRs 

are able to recognize various substances of different classes including proteins, lipids, nucleic acids and 

carbohydrates. Since these receptors are present before first exposure with a pathogen, effector 

functions are immediately activated after first contact with the respective receptor.5 

Additionally to the PRR-mediated response several other mechanisms have been evolved. For example 

the mucosal innate immune system that is acting as both a physical and an immunological boundary 

and is, as a consequence taking a key role in the detection and elimination of pathogens. Besides the 

mucus layer covering the mucosal epithelium acting as a first physical and biochemical barrier an 

additional layer of physical protection against microorganisms is provided by a tightly interlaced cell-

to-cell network of epithelial cells. Different antimicrobial peptides synthesized by the epithelium are 

secreted into the mucosal lumen and enable consequently the elimination of invading pathogenic 

bacteria.6  

In contrast to the innate immune system, the adaptive immune system enables the specific recognition 

of a plethora of potential pathogens by sensing pathogen-specific features. It has evolved to provide a 

broader repertoire of recognition for both self- and nonself-antigens.7 The adaptive immunity utilizes 

B-cell receptors (BCRs) and T-cell receptors (TCRs), presented on the surface of lymphocytes being 

encoded by several hundred germline-coded elements. To obtain highly specific immune responses, the 

genetic elements are somatically rearranged enabling a de-novo generation of pathogen-specific 

receptors.8 A key element of the adaptive immunity is the generation of long-lived cells being able to 

elicit effector functions upon repeated exposure to the pathogen.9 The adaptive immunity can be 

further devided into the two groups of cell-mediated immune responses involving TCRs and the 

humoral immunity mediated by BCRs and their secreted forms.10  
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The humoral immune response is a part of the adaptive immune system in where antibodies, secreted 

from plasma B-cells enable the mediation of specific binding to target antigens and the activation of 

components of the immune system.7, 11 

The humoral immune response is initiated with the activation of immature B-cells being triggered by 

binding of the respective antigen to BCRs. These molecules consist of membrane-bound antibodies of 

the IgD and IgM isotypes. Antigen recognition leads to receptor-mediated endocytosis resulting in 

internalization and subsequent processing of the antigen. After proteolytic digestion of the antigen the 

respective fragments are presented on the surface of B cells by the aid of MHC class II molecules. These 

complexes are recognized by activated CD4+ helper T cells and the formation of an immunologic 

synapse triggers secretion of cytokines from helper T cells.12 Stimulation by these cytokines leads to B 

cells being proliferating and differentiating either into antibody-secreting plasma cells or memory 

cells.13 Memory cells do not carry out immune responses, but are more easily and rapidly induced to 

become effector cells when a repeated encounter with the same antigen occurs.14  

 

1.1. Antibodies – Structure and function 
 

Antibodies are a class of glycoproteins and take over a key role in acquired immunity. Being produced 

by plasma B cells they are able to non-covalently bind to antigens and participate in elimination of 

pathogens by induction of processes like opsonization. The antigen-binding domain of an antibody is 

referred to as paratope and is able to interact with structural motifs on antigens called epitopes.  

Antibody domains are used to be separated into variable regions that mediate antigen binding and 

constant domains that take over effector functions. In soluble antibody molecules, the variable domain 

of the heavy chain (VH) is fused with its C-terminus to the constant domains. On the other hand the 

variable domain of the light chain (VL) is solely attached to only one constant domain (CL: λ or κ).15 

The so-called hinge region located between the CH1 and CH2 domains acts as a linker, mediates the 

flexibility of the variable domains and connects the two heavy chains with inter-chain disulfide 

bonds.16 Antibody molecules can be further separated into the constant portion, the so-called fragment 

crystallizable region (Fc region) being composed of the hinge as well as CH2 and CH3 domains and, on 

the other hand, the fragment antigen binding region (Fab) being comprised of both variable domains 

and their adjacent constant domains CH1 and CL (Fig. 1). In the Fab region, both of each variable 

domains include three hypervariable loops, the so-called complementarity-determining region (CDRs). 
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Fig. 1: Schematic depictions of a full length IgG antibody (A) and a Fab fragment (B). Full length IgG is a 
heterotetrameric molecule that is comprised of two heavy chains and two light chains being assembled via 

disulfide bonds. The antibody Fc portion is recruiting effector functions, whilst the Fab fragment facilitates 
antigen binding via its complementary determining regions (CDRs). 
 

After assembly of heavy and light chains both variable domains are paired consequently enabling 

the formation of one antigen-binding site being composed of six CDRs. This assembled 

characteristic structure determines mainly the resulting binding affinity and specificity to the 

respective antigen.17 As a consequence, two identical paratopes are present in the final hetero-

tetrameric structure of antibodies of the IgG isotype. 

The Fc part consisting exclusively of constant domains of the heavy chain enables the recruitment 

of antibody effector functions after recognition of an antigen. These effector functions rely on the 

presence of binding sites for the complement-activation protein C1q as well as for the Fc γ 

receptors (FcγR) mediating complement-dependent cytotoxicity (CDC) or antibody-dependent 

cell-mediated cytotoxicity (ADCC).18-19 A further important feature of the Fc portion is the 

conserved glycan at position N297 in the CH2 domain enabling interactions with the protein 

backbone that results in a stabilization of the quaternary antibody structure. Furthermore, it was 

shown that the level of glycosylation is able to influence the ability to induce ADCC.15  

Altogether, five classes of different immunoglobulin (Ig) isotypes can be distinguished: IgA, IgD, IgE, 

IgM and IgG. The characteristic hetero-tetrameric assembly of two identical light and two heavy chains 

is shared by all isotype forms. However, the heavy chain determines the classification into one of the 

five different isotype classes, which in addition differ by their quaternary protein structure.  
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After initial contact of a B cell with an antigen has taken place the following differentiation into plasma 

cells mainly results in secretion of IgM antibodies. IgM is present either as a monomer or as a 

pentameric antibody multimer consisting of five bivalent IgM monomers. This multimeric structure 

contains ten paratopes involved in antigen binding and the resulting avidity effect leads to effective 

initial recognition of pathogenic agents. However, the binding affinity of these first-line IgM antibodies 

to the respective antigen is usually very low. This initial humoral immune response is followed by a 

more specific, secondary immune response that involves the predominant secretion of high-affinity 

antibodies belonging to the IgG isotype (KD=10-7- 10-11 M).2 Affinity maturation of antibodies involves 

genetic processes such as somatic recombination and hypermutation and is discussed in more detail in 

chapter 1.1.1. 

 

1.1.1. Antibody diversity in humans 

 

To elicit an immune response players of the immune system have to enable the recognition of a large 

number of potential antigens. Since the human genome only consists of about 20,000 genes, the nearly 

unlimited number of unique antigen receptors expressed by T- and B-cells cannot be completely 

genetically encoded.20 To adress this issue the antibody diversity is generated in two independent 

steps:  

The antibody diversity in humans is generated within a process called somatic V(D)J recombination 

that takes place in developing B lymphocytes in the absence of antigen stimulation. Random 

combination of different genes coding for light and heavy chain results in the potential generation of 

about 106
 unique antibodies, originating from a limited germline repertoire.21 This leads to the 

formation of low-affinity IgM and IgD antibodies of the primary repertoire. The arrangement of the 

respective variable (V), joining (J), diversity (D) and constant (C) gene segments encoded in 

chromosomal clusters is a key to the understanding of the recombination mechanism. Each Ig gene 

locus involves several copies of V, J and C exons, divided by short sections of non-coding DNA. For 

heavy chain loci, an additional set of D gene segments is present. Each assembled variable domain 

consists of three hypervariable CDRs being separated by four conserved framework regions (FR1-4). In 

variable domains of both heavy and light chains, the segments from the N-terminus to the N-terminal 

part of the CDR3, including CDR1-2 are encoded by the V gene segment. The J gene segment encodes 

for the C-terminal region of CDR3 and the remaining framework regions. In heavy chains one D gene 

segment that encodes for the middle portion of the CDR3 is incorporated between the V and J 

segments.22 Further extension of the human antibody diversity is generated after somatic 

recombination, in two processes called somatic hypermutation and gene conversion. This affinity 

maturation of existing rearranged antibody variants involves an enzyme called activation-induced 
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cytidine deaminase (AID).23 AID-mediated point mutations mainly take place in the CDRs and enable 

the generation of antibodies with increased affinity.24 Furthermore, the enzyme is being involved in 

class-switch recombination, the process that is responsible for isotype switching of antibody classes in 

mature B lymphocytes. In this class-switch recombination, the isotype of secreted antibodies is changed 

from low-affinity IgM and IgD to high-affinity IgG, IgE and IgA isotypes. When the affinity maturation 

process results in antibody variants showing higher affinities for the antigen (KD=up to 10 pM), the 

secreting B lymphocyte is preferentially selected to mature into a plasma cell.25 

To this end antibodies secreted by these plasma cells efficiently assist the adaptive immune system in 

the elimination of pathogens in several ways. The antigen-binding portion can compete with natural 

ligands leading to an antagonistic effect. Furthermore, specific antibody recognition of a receptor can 

result in an agonistic response leading to the activation of signaling pathways which consequently 

enable the induction of pro-apoptotic mechanisms.26 However, most of the inherent effector functions 

of an antibody rely on the Fc-mediated pathways as the recruitment of effector cells (ADCC) and the 

activation of the complement system (CDC).  

 

1.1.2. Single chain antibodies 

 

Additionally to the already mentioned hetero-tetrameric canonical antibodies composed of heavy and 

light chains, the adaptive immune systems of some jawed vertebrates like camelids and cartilaginous 

fish comprise heavy-chain only antibodies (HcAbs). These molecules are devoid of any light chain 

pairing partner and the antigen-binding is being mediated exclusively by one variable domain 

(Fig. 2).27-29 These variable domains are referred to as VHH for camelids and vNAR for cartilaginous 

fish, respectively. Both of these HcAbs lack of the normally present hydrophobic interaction sites at the 

interface between the variable domains of heavy and light chains. Instead they were shown to possess 

an increased number of charged and polar amno acids at the solvent-exposed regions. Consequently 

both VHH and vNAR domains are reported to be highly water-soluble.30 While conventional antibodies 

usually show a planar or concave antigen-binding site, the variable domains of HcABs domains are 

reported to bear a large diversity of different loop structures. This might lead to a significantly 

increased set of potentially available paratopes for example in clefts on proteins that are normally not 

tractable for recognition of conventional antibodies.31-32 The following chapter focuses on the 

characteristics of HcABs derived from cartilaginous fishes, more detailed reviews about HcABs from 

camelids can be found in the literature.33 Belonging to the class of cartilaginous fishes, sharks and 

skates are the earliest vertebrates with an adaptive immune system.34-35
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Fig. 2: 3D representation of IgG (A), camelid HcAb (B), and IgNAR (C) antibodies. Pdb entry 1IGT was used 
for the IgG structure and shows half of the molecule (heavy and light chain) in white color and the respective 
other identical half as colored ribbon representations with transparent surfaces of antibody domains (magenta: 
VL, red: CL, dark blue: VH, light blue: CH1, yellow: hinge region, cyan: CH2, and green: CH3). The camelid HcAb 
models representation and coloring is similar to that of IgG (dark blue: VHH, yellow: hinge region, cyan: CH2, and 
green: CH3). The IgNAR model was kindly provided by Prof. Dr. Michael Sattler and Dr. Janosch Hennig.36 The 
representation and coloring is analogous to that of IgG (dark blue: vNAR, light blue: CH1, cyan: CH2, green: CH3, 
dark green: CH4, and grey: hypothetical structure of CH5). Picture was rendered with POV-Ray and adapted from 
Könning, Zielonka, Grzeschik et al.

37
 

 

Additionally to IgW and IgM antibody isotypes, showing the conventional architecture of heavy and 

light chains, a homodimeric, heavy-chain-only isotype has co-evolved as an additional subclass that is 

found among all cartilaginous fishes.38-40 This isotype is referred to as the immunoglobulin new antigen 

receptor (IgNAR) with its corresponding variable domain termed vNAR. Discovered in 1995, the 

secretory form of IgNAR molecules is a dimer composed of two heavy chains with one V and five C 

domains devoid of light chains or other associated proteins.28
 Further studies revealed no dimerization 

of both heavy chains being necessary for high-affinity binding.41
 It has both a transmembrane and a 

secretory form and shows low serum concentrations of 0.1 1 mg/ml.42 In general, the corresponding 

variable domain termed vNAR consists of a conventional Ig fold.43 Nonetheless, caused by a deletion in 

the junction between FR2 and CDR2, the Ig domain consists of only 8 β-strands. This fact renders the 

vNAR domain as the smallest antibody-like antigen-binding domain known in the animal kingdom to 

this date.44 As a consequence, vNARs possess only two CDRs, CDR1 and CDR3 (Fig. 3). Despite this 

fact, two additional loops prone for mutations might contribute to antigen binding, referred to as 

hypervariable loop 2 (HV2), that wraps around the bottom of the molecule in a belt-like structure, as 

well as hypervariable loop 4 (HV4) that corresponds to an primary equivalent loop also present in T-

cell receptors.45-46 Most of the vNARs sequence diversity of the antibody repertoire was found in 

CDR3.46 
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CDR1, HV2 and HV4 seem to be involved in affinity 

maturation by somatic hypermutation in an antigen-

driven manner.45
 Further studies revealed the reduced 

number of amino acid residues located in flexible loops 

does not result automatically in a decreased affinity 

binding of antigens. Even vNAR variants from the 

primary repertoire that is predominantly driven by 

CDR3 were shown to bind their antigens with a 

nanomolar binding constant.48
 Studies in the past have 

reported the successful generation of high-affinity vNAR 

domains derived from different libraries, including 

naïve,49 immune50 and completely synthetic libraries.51 

In 2014 Zielonka et. al developed a semi-synthetic 

CDR3-randomized vNAR library for yeast surface display 

based on the natural vNAR repertoire of the bamboo 

shark (Chiloscyllium plagiosum).52 The library enabled 

the isolation of different antigen-binding vNARs specifically recognizing several disease-related 

proteins. Affinity Maturation by randomizing the adjacent CDR1 loop resulted in the generation of 

binders showing affinities in the single-digit nanomolar range. Further characterization of the 

generated variants revealed besides high affinity a very high thermostability and the potential to 

express the isolated variants in prokaryotic organisms. Additional studies rendered a histidine-enriched 

semi-synthetic vNAR library as very suitable for the isolation of pH-switchable vNARs to be used for 

tailor-made affinity ligands.53 Furthermore, it could be shown that the semi-synthetic vNAR library 

enables the fast and facile identification of anti-idiotypic vNAR domains specifically targeting the 

paratope of monoclonal antibodies.54 A more detailed summary of single chain antibodies and their 

interesting properties by Könning, Zielonka, Grzeschik et al. is part of this cumulative dissertation and 

can be found in section 3.1.37 

 

1.1.3. Chicken Antibodies 

Besides conventional antibody isotypes IgA and IgM birds possess an additional isotype termed IgY. 

For many years, this predominant isotype in avian serum was referred to as IgG. However, this isotype 

has a longer heavy chain than IgG antibodies and further deviant characteristics, e.g. a lower 

isoelectric point, higher carbohydrate content and the lack of a hinge region resulting in a less flexible 

binding scaffold in comparison to mammalian IgGs.55-56 For that reason it was suggested in 1969 to 

rename this isotype of avian antibodies. Based on studies revealing a high concentration of these 

antibodies in egg yolk the name IgY was proposed.57-58 One major difference to most conventional 

 

 

 Fig. 3: 3D depiction of vNAR antibody 
fragment (pdb entry 4HGK) showing a 
transparent surface combined with a ribbon 
representation. CDR1 (red) and CDR2 (blue) 
are highlighted. A disulfide bond is shown in 
yellow. Picture rendered with POV-Ray 
(www.povray.org). Picture adapted from 
Grzeschik et. al.47  
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mammalian antibodies is the diversity generation of the antibody repertoire. Mammalians comprise 

different V-, D- and J-gene segments that are recombined.59 In contrast, chickens possess uniform V-

gene segments being exclusively diversified based on somatic hypermutation and somatic gene 

conversion.60-62 Furthermore, CDR3 loops in IgYs favour to be longer and possess higher cysteine 

content compared to human or murine IgGs. This results in the potential generation of non-canonical 

disulphide bonds that increase the stability and complexity of CDR loops.63 However, despite the 

mentioned differences, the humanization of chicken antibodies is reported to be possible.64  

Furthermore, chickens as antibody hosts bring the advantage of a potentially high immunogenicity of 

particular antigens due to the phylogenetic distance from humans, making them promising candidates 

for the generation of antibodies recognizing conserved epitopes on mammalian molecules.65 

Consequently chicken antibodies are extensively used in the recent years especially for the generation 

of polyclonal antibodies that can be easily isolated from the egg yolk with reduced animal harm.55 For 

the generation of monoclonal antibodies (mABs), to this date multiple chicken-derived single-chain 

variable fragments (scFvs) against several targets have been generated and characterized using phage 

display technology.65-66 In contrast to the generation of antibody libraries with human origin chickens 

enable a facile generation of antibody libraries by using single primer pairs for the heavy and light 

chain, respectively, allowing a one-step PCR amplification of the variable domain gene repertoire.  

 

1.2. Generation of monoclonal antibodies and antibody engineering 
 

Based on the high diversity of 1011 to 1012 different variants coded by the genetic repertoire of the 

immune system, antibodies can be generated against a plethora of antigens.67 Their high target 

specificity enabled mAbs to become powerful tools for molecular biology and for therapeutic and 

diagnostic applications. As a consequence, several antibody fragments, formats and artificial scaffolds 

have been engineered for optimizing binding molecule characteristics, for example improved 

pharmacokinetics or enhanced effector functions. In 1986 the first FDA-approved therapeutic antibody 

muromomab (OKT3) came on the market. It was directed against the CD3 T cell co-receptor and was 

used for treatment of patients after organ transplants. The specific CD3-binding lowered significantly 

the risk of organ rejection after transplantation.68 The number of antibody therapeutics in late-stage 

clinical studies has substantially increased, to over 50 in the year 2017. Furthermore, in this year the 

annual number of antibody therapeutics permitted a first approval in either United States or the 

European Union reached double-digit numbers for the first time.69 First campaigns to generate 

antibodies directed against specific target proteins were performed by aid of immunization of animals. 

However, this strategy was not universally applicable since not every protein emerged to be suitable 

for immunization, for example toxic agents or molecules with high homology to human or mammalian 

species.70-71  
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The blood serum of immunized animals includes a variety of different antibodies against the respective 

target protein employed for immunization, referred to as polyclonal antibodies (pAbs). To enable the 

production of monoclonal antibodies (mAbs), an immortal cell culture of cells producing and secreting 

the desired antibody variant was needed. Isolated B cells are not able to be used in this scope since 

these cells undergo apoptosis in vitro after 30-40 passages. For that reason Köhler and Milstein 

developed in 1975 the so-called hybridoma technology. This relies on the fusion of immortalized 

myeloma cells with the respective isolated B-cells resulting in immortalized hybrid cells called 

hybridoma cells.72 A major drawback of this strategy is the often inefficient and time-consuming 

process of cell hybridization. 

Another disadvantage of immunization in combination with the hybridoma technology was the non-

human origin of the generated antibodies potentially leading to immunogenic responses when 

administered for therapeutic reasons. As a consequence anti-drug antibodies, for example human anti-

mouse antibodies can be developed in patients.73 First approaches were elucidating the potential of 

antibodies with non-human origin to be humanized. To this end only the murine variable domains 

were transferred on the human constant antibody part leading to chimeric antibodies.74 Further studies 

confirmed the possibility of grafting only the CDRs to the respective human framework regions 

resulting in humanized antibodies.75 Further strategies overcame the issue of generating antibodies 

being recognized by the human’s immune system by aid of generation of transgenic animals with fully 

human antibody repertoire.76 The native antibody repertoire in these transgenic rats, mice or chickens 

is exchanged against the human counterpart. A further limitation of hybridoma generation is the low 

number of antibody variants being able to be screened with this strategy. For this reason in the 

following years many studies examined the applicability of several antibody display technologies to 

enable a high-throughput screening of immune repertoires.  

 

1.3. Display technologies 
 

To enable the in vitro selection of antibodies from immune libraries, display technologies in 

combination with high-throughput screening technologies like fluorescence activated cell sorting 

(FACS) have been developed. The first display technology enabling the engineering of proteins was 

phage display. This technique involves filamentous bacteriophages being used for displaying the 

respective protein of interest being fused to a phage coat protein.77 The phage particles enable the 

infection of E. coli cells and the generation of libraries with high diversity. The antibody-coding 

information of the displayed variant is encapsulated in the respective phage particles which allowed 

for an efficient phenotype-genotype linkage. Selection of antigen-specific binders from phage libraries 

is performed through a multi-step in-vitro panning procedure, consisting of binding to the immobilized 

antigen, washing, elution, and enrichment of phages in E. coli, repeated in multiple cycles.  
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Phage display was used extensively and successfully for the isolation of several therapeutic antibodies 

approved by the U.S. Food and Drug Administration (FDA). However, this technique has several 

potential backdrafts: On the one hand the display of full-length IgG antibodies or Fab fragments is still 

a demanding task, on the other hand the phage display technology is relying on the bacterial 

expression, secretion and folding apparatus which might bias the processing of some structurally 

demanding variants.78 As a consequence the applicability of alternative display formats was 

investigated. These studies included other cellular display systems for example yeast display,79 

bacterial display 80-81 or mammalian display.82 Alternative approaches included the application of cell-

free systems like ribosomal,83 mRNA84 or DNA display.85 In general, cellular display systems are limited 

in the number of transformants yielded after library generation. Cell-free systems can overcome this 

issue with library sizes of more than 1014
 variants obviating the cellular transformation step.86 Hence, 

despite library sizes in general being smaller, cellular screening systems bring the advantage of on-line 

real-time analysis being possible.87 In summary, phage display is still the most commonly used 

technique for antibody engineering but yeast display has emerged to be a robust alternative display 

method enabling the engineering of antibody domains with even femtomolar affinities.88 Furthermore, 

studies reported of antibody libraries being more comprehensively sampled when employing yeast 

instead of phage display as screening method.89 Since the yeast surface display (YSD) technology was 

used extensively in this work the following chapter will focus on the history and technological aspects 

of this technology. 

 

1.3.1. Yeast surface display 

Firstly described in 1997 by Boder and Wittrup, YSD enabled the FACS-based isolation of antibody 

variants with enhanced affinities from combinatorial scFv libraries by using the a-agglutinin mating 

adhesion receptor system (Fig. 4).79 Previous to these studies the yeast Saccharomyces cerevisiae has 

already been used for many years as eukaryotic host for protein production. Especially proteins 

containing disulphide bonds like human antibodies and the respective fragments have shown to be 

produced and secreted into the culture medium by aid of the oxidative environment in the 

endoplasmatic reticulum and chaperones that mediate oxidative folding. To enable cell surface display, 

the protein of interest has to be coupled to the cell surface via fusion proteins containing a C-terminal 

glycosylphosphatidylinositol attachment signal (GPI anchor). The most prominent and extensively 

utilized anchor molecule today is the a-agglutinin-system. It has been shown to enable the successful 

application for display and engineering of various proteins like enzymes, cytokines, human growth 

factors and cell surface receptors. Furthermore, it was possible to isolate antibody fragments like scFvs, 

Fab fragments and scFab fragments and even whole antibodies with desired characteristics out of 

immune libraries.90-92 
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Fig. 4: Illustration of the yeast surface display system described by Boder and Wittrup.79 The respective 
protein of interest is fused to the C-terminus of the a-agglutinin yeast adhesion protein Aga2p enabling the 
assembly with the co-expressed Aga1p via two disulfide bonds. The chromosomally integrated Aga1p is 
covalently linked to β-glucan of the extracellular yeast cell matrix resulting in the protein of interest coupled to 
the yeast cell wall. Detection and quantification of the displayed fusion protein is enabled by immunostaining of 
the C- and N-terminally located epitope-tags. Expression of both Aga1p as well as Aga2p-fusion proteins is under 
control of inducible galactose 1 promotors. 
 

The A-agglutinin protein is one of the two agglutinins that mediate the cell–cell contact during yeast 

mating process.93 The heterodimeric complex is formed by the Aga1p subunit being linked to the 

smaller subunit Aga2p via two disulphide linkages. The Aga1p GPI-attachment-signal enables the 

covalent attachment of the whole complex to the cell wall. The mentioned modular architecture of the 

a-agglutinin allows for the protein of interest to be displayed to the C- or N-terminus of Aga2p.94 This 

can be of high importance for protein variants that require a free N- or C-terminus to be fully 

functional. The expression of chromosomally integrated AGA1p and the plasmid-encoded AGA2p-

fusion is induced by the Gal1-promoter and both monomers are associated and folded in the 

endoplasmatic reticulum. Induction of gene expression results typically in a copy number of 104 – 105 

fusion proteins displayed on the cell surface.79 Detection of surface-displayed fusion proteins can be 

achieved by staining of epitope tags. The detection is normally performed with the respective 

biotinylated antigen and secondary staining reagents such as streptavidin-conjugated fluorophores, or 

an alternatively labelled antigen. A significant advantage of yeast display compared to other high-

throughput display methods as phage display is the potential usage of FACS screening. This enables a 

high-throughput isolation of variants with desired properties and, as a consequence, the convenient 

screening of large libraries. This allows for the possibility to effectively enrich binding clones and to 

discriminate between different affinities of chosen clones.  
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FACS enables furthermore to normalize the fluorescence signals for protein display levels during the 

sorting process and to screen for protein stability.95-96  

First studies using YSD exclusively relied on monomeric proteins to be displayed on the yeast cell wall, 

e.g. scFv, single-chain antibodies or other monomeric proteins. Further improvements allowed for the 

parallel expression and presentation of dimeric proteins like Fab fragments.97 It could be recently 

shown that in comparison to scFvs or single chain Fab fragments the Fab format is the most efficient 

regarding the expression of functional antibodies on the yeast surface. It is tempting to speculate if 

these findings are caused by Fab fragments closer resembling the conventional antibody structure.98 

The classical approach for the generation of YSD Fab libraries is the individual generation of heavy and 

light chain plasmids in haploid yeast strains using a homologous recombination-based process called 

gap repair cloning. Afterwards, the plasmids for heavy and light chain are randomly combined utilizing 

yeast mating, resulting in diploid cells that display functional antibody fragments.99 

 

 

1.4. Antibodies for lymphoma targeting 
 

B cell receptors (BCRs) are transmembrane receptors being located on the surface of B lymphocytes. 

These molecules take over key roles in adaptive immune response by recognizing a plethora of 

different antigens and in the development of B cells.100 The maturation of B cells through the pre‑B cell 

stage for instance, is highly dependent of the expression of functional pre-BCR molecules.  

The specific recognition of foreign antigens via unique BCRs of mature B cells triggers the antigen-

specific antibody response and leads to the subsequent differentiation of B cells into plasma cells and 

memory B cells. After embryonic stage, B cells develop continuously through life from hematopoietic 

stem cells in the bone marrow. The respective development and differentiation are strictly regulated 

through the BCR. These molecules consist of a membrane-anchored surface Ig that is composed of two 

identical heavy chains and two light chains being interconnected by disulfide bonds. Similar to 

conventional antibodies the variable regions form the antigen binding sites. In a multi-step 

recombination of Ig variable region genes, B cells are generating a unique BCR. In brief, the transition 

from pro-B cells to pre-B cells depends on the generation of a µ heavy chain by rearranging Ig heavy 

chain variable (V), diversity (D) and joining (J) gene segments. In case of BCR-mediated antigen-

binding, B cells enter a second phase of genetic modifications that include the upregulation of 

activation-induced cytidine deaminase (AID) introducing point mutations in the VH and VL regions that 

further expand the Ig sequence repertoire in a process called somatic hypermutation.101 As a 

consequence of this process, B cells expressing high-affinity BCRs are positively selected and then 

expanded.  
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Additionally, a major fraction of germinal B cells undergo class switch recombination, replacing IgM 

and IgD with IgA, IgG or IgE. In the end, selected germinal B cells are able to develop either into 

memory B cells with high-affinity BCRs or antibody-secreting plasma cells.102 The activation of B cells 

after BCR stimulation involves signaling cascades being mediated by activated membrane-located 

kinases like spleen tyrosine kinase (SYK) or PI3Kδ, both being highly expressed in lymphocytes.103 

These kinases have consequently emerged to become attractive targets for kinase inhibitors, which 

have been utilized successfully over the recent years for therapies of patients with B cell 

malignancies.104-105 However, these therapies can lead to severe side effects since especially PI3Kδ is 

also involved in signaling of other surface receptors, like chemokine receptors and cell adhesion 

molecules.106-107 Furthermore, non-malignant cells in the tumor microenvironment also express these 

kinases and are consequently targeted, too.108-109 For these reasons the development of alternative 

approaches for therapy of B cell malignancies was of high interest. Another potential target for therapy 

against B cell lymphomas is the B-lymphocyte antigen CD20. A monoclonal antibody termed Rituximab 

directed against CD20 has shown to be very effective but can lead to severe side effects too. This is 

caused by multiple reasons, e.g. the fact that anti-CD20 antibodies are immunosuppressive and 

negatively influence the adaptive antitumor immune response. For that reason, a more targeted 

therapy would be a well-suited addition to the already existing approaches. One potential target is the 

BCR of malignant B lymphocytes, since it is unique in each clone of malignant cells and differs from 

the BCR molecules present on non-malignant B cells. A further advantage of choosing the BCR as 

target for lymphoma therapy is the fact that immature B cells were shown to undergo growth 

inhibition when a BCR stimulus occurs in the absence of other stimuli mediated by T-cells, Toll-like 

receptor ligation or cytokine signals.110 Therefore it was concluded that antibody-mediated BCR 

clustering on the cell surface can induce apoptosis.111 Several clinical trials have proven the potential 

of antibodies directed against the BCR to induce a complete lymphoma regression in patients.112-113 In 

contrast to most other antibodies directed against tumor-related targets, antibodies against the BCR 

seem to clear the tumor mainly through a direct effect on tumor cells mediated by the induction of 

BCR signaling rather than through ADCC or phagocytosis.114-115  

 

1.5. Ribosomal skipping 
 

In 1991 2A peptides were firstly described by Ryan et al. as a protein cleavage site in the foot-and-

mouth disease picornavirus polyprotein.116 Initially the authors interpreted it as a recognition sequence 

for proteinases being encoded by either the host organism or the picornavirus itself. Further studies 

revealed the potential to be used for cotranslation of two different proteins (chloramphenicol acetyl 

transferase and β-glucuronidase) from one single plasmid-encoded open reading frame in eukaryotic 

cells even though the mechanism was unknown.117  
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Further publications proposed a mechanism called "ribosomal skipping" since incorporation of the 2A 

peptide results in a highly inefficient peptide bond formation between glycine and proline, the last two 

amino acids of the 2A sequence.118-119  

In silico studies pointed out the 2A sequence forming an α-helix during translation with a reverse turn 

on the C-terminal side being positioned in the ribosomes exit tunnel.120 The peptidyl(2A)-tRNA is 

repositioned from the ribosomes A- to the P-site, enabling the entry of prolyl-tRNA. As a consequence 

of the sterical hindrance the prolyl-tRNA is not able to target the corresponding peptidyl(2A)-tRNAGly
 

ester, resulting in the peptide chain being released due to hydrolysis of the glycyl-tRNA ester bond.119 

This was further emphasized by the findings that mutations of the N-terminal proline residue prevent 

the cleavage, underlining the important role of this amino acid for the ribosomal skipping process. The 

small shift of the peptidyl-tRNAGly at the P site in the ribosome favors the hydrolysis of the peptidyl–

tRNAGly ester bond and simultaneously preventing the formation of a peptide bond of the peptidyl-

tRNAGly with the subsequent prolyl-tRNAPro. The translation of two separate proteins from only one 

open reading frame utilizing the 2A sequence has emerged to have great potential for several 

biotechnological applications. For a comparable system, internal ribosomal entry sites (IRES) it is 

reported that the expression levels of both proteins can differ significantly.121 In 2013 Ho et al. 

published a comparative study using both the 2A peptide and IRES for the expression of heavy and 

light chains of monoclonal antibodies resulting in a significantly higher expression rate for the system 

using the 2A peptide.122 In the recent years a plethora of different applications for 2A peptides 

emerged as elegantly reviewed by Luke et al..123 A lot of studies use the ribosomal skipping process for 

the quantitative generation of reporter proteins, e.g. in transgenic zebrafish.124 Further 2A peptide 

variants were discovered in other viruses, e.g.in the Porcine teschovirus-1, the Equine rhinitis virus or 

the 2A peptide of the Thosea asigna virus, termed T2A.125 The latter one showed the highest cleavage 

efficiency in CHO cells while being comprised of the shortest amino acid sequence pattern among all 

2A peptides.121 Felipe et al. could prove the successful applicability of the 2A peptide in Saccharomyces 

cerevisiae cells.126-127 In their study they performed the expression of a construct consisting of the 

membrane protein Pho8 fused to 2A-GFP. The approach resulted in an efficient cleavage and 

intracellular accumulation of GFP in the cytoplasm whilst Pho8 was incorporated successfully into the 

membrane. From these results it was concluded that the cleavage occurs during translation in the 

eukaryotic ribosome. The potential application of the 2A peptide in the scope of utilizing it as an 

alternative for the time-consuming staining of surface markers for yeast surface display is a part of this 

dissertation and is discussed in chapter 3.3. 
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2. Objective 
 

The objective of this work in the frame of a doctoral study was the evaluation and both 

biotechnological and diagnostic applications of several different antibody formats in combination with 

different methods to enable a more efficient hit discovery process of antibody variants in high-

throughput screening campaigns. 

 

At first this thesis aimed at the improvement of the yeast surface display (YSD) screening method. YSD 

represents a pretty well-established technology and was extensively used in the last decade for the 

rapid antibody hit discovery process. Compared to other common screening methods this technology 

benefits from its eukaryotic expression system, the potential high library diversities and the ability to 

use fluorescent-activated cell sorting (FACS) for the screening process. This enables a rapid, efficient 

screening process in combination with online control over the experiments. The conventional YSD 

setup relies on staining of C- or N-terminal tags to verify full-length expression and presentation of the 

respective antibody variants. To circumvent this issue we aimed at developing a modified YSD setup 

relying on utilizing a 2A ribosomal skipping sequence. Therefore the 2A peptide should be inserted 

between the genes coding for the protein of interest (a shark-derived vNAR in this study) and the gene 

coding for tGFP serving as reporter protein. The resulting ribosomal skip after translation of the 

protein of interest should enable the secretion and presentation of the protein of interest on the one 

hand and on the other hand the simultaneous intracellular accumulation of tGFP. As a consequence, 

when screening an antibody library, only yeast cells expressing full-length antibody variants should 

show a GFP-positive fluorescence signal which would allow to omit an additional staining of epitope 

tags. To proof the applicability of the system we planned to perform an affinity maturation of an 

existing vNAR variant using the new system and compare the results to a screening process that was 

performed using the conventional YSD setup. 

 

Another aspect of this work intended on developing a process using YSD as display platform to isolate 

monoclonal antibodies derived from immunized chickens. The generation of antibodies against chosen 

human antigens from immunized mammals like mice can remain a challenging task since many murine 

proteins share high homologies to their human counterpart. The phylogenetic distance from humans 

defines avian antibodies as a powerful tool for the generation of antibodies with high specificity 

against human antigens. Therefore in this work it should be assessed if a strategy using yeast surface 

display enables the isolation of antibodies resulting from chicken immunization campaigns. The 

isolated variants should be expressed recombinantly as single-chain variable fragments (scFv) followed 

by subsequent confirmation of their ability to be used in diagnostic lateral flow assays and for specific 

cell recognition.  
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In comparison to display of scFv molecules, the library generation and surface display of Fab fragments 

is a bit more sophisticated and a more time-consuming task involving multiple steps. The conventional 

three-step method of generating separate heavy- and light chain sub-libraries requires performing 

chain combination via yeast mating. To circumvent this issue a part of this work should evaluate the 

potential of a new method for Fab library generation based on Golden Gate cloning. The proposed 

method should include only a one-step process with genes for both heavy and light chains located on 

one single plasmid. It should be further assessed whether the resulting libraries deliver antibodies from 

heavy- and light chain diversities with comparable quality to the traditional method while being 

significantly less complex and time-consuming. 

 

A further part of this work should evaluate the potential of shark-derived single chain antibody 

fragments (vNARs) from a semi-synthetic library to be utilized for the specific recognition of B-Cell 

receptors (BCRs) on the surface of lymphoma cells. Previous studies have shown the ability of these 

libraries to be utilized for the rapid isolation of anti-idiotype binders exclusively recognizing the 

paratope of antibodies. To further evaluate this potential in this work 3 lymphoma cell lines should be 

used for recombinant expression of soluble BCRs followed by the subsequent screening for binders 

against these molecules. After isolation of affine and specific vNARs, the respective variants should be 

recombinantly expressed and analyzed for their potential for specific cell recognition. Furthermore, it 

should be analyzed if the generated variants are able to induce cell apoptosis by clustering of BCR 

molecules on the lymphoma cell surface. 

 

In summary the presented work aimed at enabling new strategies for a more convenient generation of 

antibody libraries and the subsequent high-throughput screening of these libraries. Furthermore, it 

should be evaluated if the isolation of chicken antibodies using YSD as screening technology followed 

by functional characterization of the variants and the usage of shark-derived single chain antibodies for 

specific lymphoma cell targeting is feasible. 

 



 

Cumulative Section  24 

3. Cumulative Section 

3.1. Camelid and shark single domain antibodies: Structural features and therapeutic 
potential 

 

Title: 

Camelid and shark single domain antibodies: Structural features and therapeutic potential 

 

Authors: 

Doreen Könning*, Stefan Zielonka*, Julius Grzeschik*, Martin Empting, Bernhard Valldorf, Simon 

Krah, Christian Schröter, Carolin Sellmann, Björn Hock, Harald Kolmar 

*Authors contributed equally 

 

Bibliographic data: 

Current Opinion in Structural Biology 

Volume 45, Special issue “Engineering and Design”, Pages 10-16 

Article first published online: 16 Nov 2016 | DOI: 10.1016/j.sbi.2016.10.019 

Copyright Elsevier. Reproduced with permission. 

 

 

Contributions by J. Grzeschik: 

 

 Wrote the manuscript together with D. Könning and S. Zielonka 

 Revised the manuscript 



 

Cumulative Section  25 



 

Cumulative Section  26 



 

Cumulative Section  27 



 

Cumulative Section  28 



 

Cumulative Section  29 



 

Cumulative Section  30 



 

Cumulative Section  31 
 



 

Cumulative Section  32 

3.2. Generation of Semi-Synthetic Shark IgNAR Single-Domain Antibody Libraries 
 

Title: 

Generation of Semi-Synthetic Shark IgNAR Single-Domain Antibody Libraries 

 

Authors: 

Julius Grzeschik, Doreen Könning, Steffen C. Hinz, Simon Krah, Christian Schröter, Martin Empting, 

Harald Kolmar, and Stefan Zielonka  

*Authors contributed equally 

 

Bibliographic data: 

Methods in Molecular Biology 

Volume 1701, Special issue “Phage Display: Methods and Protocols”, Pages 147-167 

Article first published online: 08 Nov 2017 | DOI: 10.1007/978-1-4939-7447-4_8 

Copyright © Springer Science+Business Media New York. Reproduced with permission. 

 

Contributions by J. Grzeschik: 

 

 Performed literature research 

 Wrote major parts of the manuscript  

 Revised the manuscript 

  



 

Cumulative Section  33 

 



 

Cumulative Section  34 
 



 

Cumulative Section  35 



 

Cumulative Section  36 



 

Cumulative Section  37 



 

Cumulative Section  38 



 

Cumulative Section  39 



 

Cumulative Section  40 



 

Cumulative Section  41 



 

Cumulative Section  42 



 

Cumulative Section  43 



 

Cumulative Section  44 



 

Cumulative Section  45 



 

Cumulative Section  46 



 

Cumulative Section  47 



 

Cumulative Section  48 



 

Cumulative Section  49 



 

Cumulative Section  50 



 

Cumulative Section  51 



 

Cumulative Section  52 



 

Cumulative Section  53 

 



 

Cumulative Section  54 

3.3. A simplified procedure for antibody engineering by yeast surface display: coupling 
display levels and target binding by ribosomal skipping 

 
Title:  

A simplified procedure for antibody engineering by yeast surface display: coupling display levels and 

target binding by ribosomal skipping  

 

Authors:  

Julius Grzeschik*, Steffen C. Hinz*, Doreen Könning*, Thomas Pirzer, Stefan Becker, Stefan Zielonka, 

Harald Kolmar  

* Authors contributed equally  

 

Bibliographic data:  

Biotechnology Journal  

Volume 12, Issue 2, February 2017, Article number 1600454  

Article first published online: 20 Dec 2016 | DOI: 10.1002/biot.201600454  

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.  

 

Contributions by J. Grzeschik:  

 

 Performed literature research, planned and initiated the project  

 Performed initial experiments 

 Supervision of the project together with D. Könning 

 Revised the manuscript  

 

 



 

Cumulative Section  55 



 

Cumulative Section  56 



 

Cumulative Section  57 



 

Cumulative Section  58 



 

Cumulative Section  59 



 

Cumulative Section  60 



 

Cumulative Section  61 



 

Cumulative Section  62 

 



 

Cumulative Section  63 

 

  



 

Cumulative Section  64 

3.4. Yeast surface display in combination with fluorescence‐activated cell sorting enables 
the rapid isolation of antibody fragments derived from immunized chickens 

 

Title:  

Yeast surface display in combination with fluorescence‐activated cell sorting enables the rapid isolation 

of antibody fragments derived from immunized chickens 

 

Authors:  

Julius Grzeschik*, Desislava Yanakieva*, Lukas Roth, Simon Krah, Steffen C. Hinz, Adrian Elter, Tina 

Zollmann, Gerhard Schwall, Stefan Zielonka, Harald Kolmar 

* Authors contributed equally  

 

Bibliographic data:  

Biotechnology Journal 

Article first published online: 20 Oct 2018 – electronic print ahead of print 

DOI: 10.1002/biot.201800466  

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.  

 

Contributions by J. Grzeschik:  

 

 Performed literature research, planned and initiated the project  

 Performed experiments: Library Generation, Screening Process, Antibody Characterization 

 Wrote and revised the manuscript  



 

Cumulative Section  65 



 

Cumulative Section  66 



 

Cumulative Section  67 



 

Cumulative Section  68 



 

Cumulative Section  69 



 

Cumulative Section  70 



 

Cumulative Section  71 



 

Cumulative Section  72 

  

  



 

Cumulative Section  73 

Supplementary Information 

 

Yeast surface display in combination with fluorescence-activated cell sorting enables the rapid 

isolation of antibody fragments derived from immunized chickens* 

 

Julius Grzeschik+1,4,Desislava Yanakieva+1,4, Lukas Roth2, Simon Krah2, Steffen C. Hinz1,4, Adrian Elter1,4, 

Tina Zollmann3,4, Gerhard Schwall3,4, Stefan Zielonka2, Harald Kolmar1,4 

+These authors contributed equally to this work 

1Institute for Organic Chemistry and Biochemistry, Technische Universität Darmstadt, Darmstadt, 

Germany 

2Protein Engineering and Antibody Technologies, Merck KGaA, Darmstadt, Germany 

3Science Relations, Merck KGaA, Darmstadt, Germany 

4Merck Lab @ Technische Universität Darmstadt, Darmstadt, Germany 

 

 

Correspondence: Prof. Harald Kolmar, Institute for Organic Chemistry and Biochemistry, Technische 

Universität Darmstadt, Alarich-Weiss-Strasse 4, D-64287 Darmstadt, Germany 

E-mail: kolmar@biochemie-tud.de 

 

  



 

Cumulative Section  74 

Table S1. Oligonucleotide primers used in this study 

Name Sequence (5‘ – 3‘) 

Variable 

heavy 

chain 

 

VH_gr_up GGTGGTGGTGGTTCTGGTGGTGGTGGTTCTGCTAGCGCCGTGACGTTGGACGAG 

VH_SOE_lo TCCGCCCCCCGACCCGCCGCCGCCTGAGCCGCCTCCCCCGGAGGAGACGATGACTTCGGT 

Variable 

light chain 

 

VL_SOE_up GGCGGCTCAGGCGGCGGCGGGTCGGGGGGCGGAGGGAGCGCGCTGACTCAGCCGTCCTCG 

VL_gr_lo CAAGTCCTCTTCAGAAATAAGCTTTTGTTCGGATCCTAGGACGGTCAGGGTTGTCCC 

Sequencing  

pCT_seq_u

p 

TACCCATACGACGTTCCAGACTAC 

pCT_seq_lo CAGTGGGAACAAAGTCGATTTTGTTAC 

pExp_seq_u

p 

GAGAACCCACTGCTTACTGGC 

pExp_seq_l

o 

CACGCCGTCCACATACCAGTTGAAC 

Expression   

pExp_NheI

_up 

GCGCGCGCTAGCCGCTGAGAACCTGTACTTCCAGAGCGCCGTGACGTTGGACGAG 

pExp_1_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAGTACAGGTTCTCTAGGACGG

TCAGGGTTGTCCC 

pExp_ApaI_

lo 

GCGCGCGGGCCCGCCCAGCAGTTCAGGGGCAGGGCAGGGAGGACAGGTGTGGGTCTTGTCGCAGC

TCTTGGGCTCGCTTCC 

Restriction enzyme sites and extra bases to enable homologous recombination or fusion PCR are underlined 
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Figure S1. Avian antibody responses to vaccination with EGFR (A) and cocktail of EGFR and hCG 

(B). Serum from chickens was analyzed using antigen-specific ELISA 35 d post initial 

immunization. Black: Serum titer against EGFR; Red: Serum titer against hCG. 

 

Figure S2. Surface presentation after yeast library generation. Surface display was assessed by 

indirect immunofluorescent labeling and flow cytometry 2 d after induction of gene expression. 

Dark green: cMyc staining of library from chicken immunized with EGFR; light green: cMyc 

staining of library from chicken immunized with EGFR/hCG; Red: negative controls labeled with 

secondary antibodies only. 
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Figure S3. Yeast library screening against EGFR (A) and hCG (B). Shown are sorting rounds 2 

with decreased antigen concentrations of 1 and 5 nM, respectively, the outcome of sorting round 

2 and the corresponding negative controls after round 2 in absence of target protein. Sorting 

gates, percentages of cells in gates and target concentrations are shown. Yeast cells were double 

labeled for simultaneous detection of antigen binding and surface presentation. Cells in the 

sorting gate after round 2 were sorted, grown and induced for the next round of selection. 
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Figure S4. Epitope analysis of hCG-binding variants after Round 2 sorted after incubation with 5 

nM hCG. Following incubation with 200 nM hCG antigen binding was detected by utilizing a 

detection antibody directed against the hCG beta subunit (A). In parallel cells were incubated 

with 1 µM biotinylated TSH sharing the same alpha subunit with hCG (B). Defined gates, 

percentages of cells in gates and target concentrations are shown. 
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Figure S5. Comparison of the amino acid sequences of the full-length chicken-derived VL and VH 

domains after FACS screening. The sequences are grouped according to the CDR3 alignments. 

Consensus of residues at each position is indicated by colored bars. Alignment was performed 

using Geneious Alignment, Cost Matrix (1.0/0.0), Gap open penalty: 12, Gap extension penalty 3 

and Refinement iterations 1 using Geneious 10.0.5 software (www.geneious.com). Variants 

chosen for further expression and characterization are highlighted. (A) Comparison of anti EGFR 

VH sequences. (B) Comparison of anti EGFR VL sequences. (C) Comparison of anti hCG VH 

sequences. (D) Comparison of anti hCG VL sequences. 

 

 

Figure S6. SDS-PAGE of six scFv-Fc constructs after expression in Expi cells and Protein A 

purification. Molecular weight of scFv-Fc molecules is approximately 52.5 kDa.  

 

 

Figure S7. Thermal shift assay for Tm calculation of three selected scFv-Fc constructs using 

SYPRO Orange. For each variant, measurements were performed in triplicates. Determined 

melting point values: E1: 57.2 °C; E2: 53.9 °C; H1: 58.4 °C. 
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Figure S8. Size exclusion chromatography (SEC) of variants E1-E3 and H1-H3. SEC was applied 

to determine the content of aggregates, monomers and fragments of scFv-Fc variants. 
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Figure S9. Binding kinetics of α-EGFR scFv-Fc (A) and α-hCG scFv-Fc (B) variants as determined 

using Bio-Layer Interferometry and an Octet® RED96 system. Anti-EGFR scFv-Fc variants and 

hCG-biotin were immobilized onto anti-human Fc or streptavidin sensor tips. Association with 

varying concentrations of EGFR (A) or anti-hCG scFv-Fcs (B) was measured for 300 s followed 

by dissociation measurement for 300 s. Fitting (red lines) of binding curves (colored lines) was 

calculated using a 1:1 binding model and Savitzky-Golay filtering. At least 3 concentrations were 

used for fitting. Utilized target protein concentrations for each kinetic measurement and the 

resulting binding constants are depicted on the bottom of each plot. 
  



 

Cumulative Section  85 

3.5. A Streamlined Approach for the Construction of Large Yeast Surface Display Fab 
Antibody Libraries. 
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3.6. Facile generation of antibody heavy and light chain diversities for yeast surface display 
by Golden Gate Cloning 
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3.7. Specific targeting lymphoma using semisynthetic anti-idiotype shark antibodies 
 
The following data were generated in the scope of this doctoral study. However, these data is not 

published yet but represent important contributions to the field of anti-idiotypic single chain antibodies 

and their subsequent application in therapeutic areas. 
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Abstract 

The B-Cell receptor (BCR) is a key player of the adaptive immune system. It is a unique part of 

immunoglobulin (Ig) molecules expressed on the surface of B-cells. In case of B-cell lymphomas, also 

referred to as blood cancers in lymph nodes, the tumor cells express a tumor-specific and functionally 

active BCR, also known as idiotype. Previous studies have shown shark-derived vNARs selected from a 

semi-synthetic CDR3-randomized library being well suited for the rapid generation of anti-idiotype 

binders. In this study we evaluated the potential of semi-synthetic vNAR libraries to generate binders 

against the idiotype of lymphomas. To this end the BCRs of three different lymphoma cell lines SUP-B8, 

Daudi and IM-9 were identified, followed by reformatting the variable domains and expression of the 

resulting monoclonal antibodies. The SUP-B8 BCR served as antigen in fluorescence-activated cell sorting 

(FACS) based screening of the yeast-displayed vNAR libraries which resulted after three rounds of 

screening in the enrichment of antigen-binding vNARs. Five vNARs were expressed as Fc fusion proteins 

and consequently analyzed for their binding to soluble antigen using Bio-layer interferometry (BLI). This 

revealed binding constants in the lower single-digit nanomolar range. Furthermore, these variants 

showed specific binding to the parental SUP-B8 cell line confirming a similar folding of the recombinantly 

expressed proteins compared with the native cell surface-presented BCR. First initial experiments to 

utilize the generated vNAR-Fc variants for BCR-clustering to induce apoptosis did not result in a 

significant decrease of cell viability. As an alternative approach the generation of multivalent vNAR 

constructs or the construction of vNAR antibody-drug conjugates might be feasible for patient-specific 

lymphoma cell killing in the future. 

 

1 Introduction 

In recent years monoclonal antibodies have emerged as therapeutics with exceptional relevance for the 

treatment of cancer, inflammatory and infectious diseases.1 The number of antibody therapeutics in late-

stage clinical studies has substantially increased, to over 50 in the year 2017. Furthermore, in this year 

the annual number of antibody therapeutics permitted a first approval in either United States or the 

European Union reached double-digit numbers for the first time.2 Being approved in 1997 the 

monoclonal antibody (mAB) Rituximab was worldwide the first mAB approved specifically for cancer 

treatment and was for a long time the largest-selling biologic drug in clinical oncology, and is active in a 

variety of human lymphomas and chronic lymphocytic leukemia.3 Rituximab is a chimeric mAB targeting 

the CD20 antigen found on both normal B cells and on most B-cell lymphomas.  

Today 5% of all newly diagnosed malignancies are lymphoma-related.4 More than 90% of adult 

lymphomas are mature B-cell non-Hodgkin lymphomas (B-NHL), with a large variety of histological 

subtypes.5  
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Besides Rituximab a plethora of different small molecules and mABs have been developed that either 

target different CD20 epitopes (for instance ofatumumab and obinutuzmab) or other B-cell specific 

antigens as CD19, CD22 and CD30. For B-cell targeting with increased efficacy the effect of antibody-drug 

conjugates (ADCs) is analyzed in clinical trials.6 The mentioned different antibody therapies share the 

properties of targeting B-cells in a non-specific manner. CD20 and other potential surface markers are 

present on B-cells regardless of the targeted cell being malignant or not. Thus, all of the approved 

therapeutics can lead to severe side effects.7 As a consequence, the specific targeting of tumor cells might 

emerge as beneficial for lymphoma therapies.8-9  

Most B-cell lymphomas express a cell surface immunoglobulin molecule referred to as B-cell receptor 

(BCR). The BCR consists of a membrane-anchored immunoglobulin (Ig) being associated with 

transmembrane proteins. The extracellular region of BCRs is an antibody normally serving as recognition 

site for foreign antigens.10 It takes over a crucial role in signaling after first encounter of a B-cell with its 

cognate antigen. Here the BCR mediates antigen internalization and the subsequent presentation of 

peptides to T-helper cells. This results in triggering of cell proliferation, differentiation and the generation 

of memory B-cells and antibody-secreting B-cells.11  

In general, B-cell lymphomas develop from clonal populations of precursor B-cells in different stages of B-

cell differentiation. Consequently, the BCR is different for each lymphoma patient since variable regions 

of BCRs are generated by random rearrangement of germ line immunoglobulin genes.12 During malignant 

transformation of a B-cell, each cell of the formed clonal population expresses the same unique BCR, the 

so-called ‘‘idiotype’’ (Id).  

Specific binding can not only be utilized for specific cellular targeting but for induction of anergy and 

clonal deletion of lymphoma cells. This occurs when B cells receive a BCR stimulus in the absence of T-cell 

help,13 Toll-like receptor ligation, or cytokine signals from accessory cells.14 Consequently, the BCR might 

act as both a tumor-specific and functionally active cell surface marker capable of triggering apoptosis. 

Previous studies have shown the general applicability of mABs directed against the patient-specific Ids in 

lymphoma studies.15 Although these studies have confirmed the safe administration and positive 

immunological effects in-vivo the strategy of Id-targeting has not emerged as a widespread therapy for 

lymphomas until now. The most important limiting factor was the requirement for generating tailor-

made mABs for every single patient. Hence, the application of classical hybridoma technology16 for 

producing individualized mABs was not feasible in a cost-effective process, consequently this strategy 

was not further investigated extensively in the following years. The group of Ron Levy, one of the 

pioneers of anti-Id mABs for lymphoma treatment,15, 17 brought the issue of anti Id-mABs back on the 

agenda: They published in 2016 a new concept for patient-specific lymphoma targeting based on anti-Id 

peptides.18  
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The respective peptides specifically recognizing the BCR were identified by screening a phage-display 

library 19, chemically synthesized, and then coupled chemically to the amino terminus of a premade IgG Fc 

protein. They clearly demonstrated the specific recognition of tumor cells in vitro, confirmed the 

triggering of tumor cell apoptosis and phagocytosis by macrophages, and effectively cleared human 

lymphoma cells in a murine xenograft model. However, utilizing peptides for specific BCR-binding might 

have some drawbacks, for example a low half-life in-vivo and their significant unspecific binding after 

administration that might occur in many cases. To evaluate alternatives to this strategy with fundamental 

difficulties we decided to use shark-derived antibody fragments for the generation of anti-Id binders.  

Compared to conventional antibodies from mammals, cartilaginous fish like sharks have a unique form of 

heavy-chain only antibodies, termed immunoglobulin new antigen receptor (IgNAR).20 Molecules of this 

isotype are devoid of any light chain but possess heavy chains comprised of five constant domains 

followed by the variable domain (vNAR) that is exclusively responsible for antigen binding. Since vNARs 

lack the hydrophobic VH-VL interface of a conventional antibody they are reported to have an increased 

water solubility.21-22 Furthermore, vNARs only possess two (CDR1 and CDR3) CDR loops leading to the 

fact vNARs with a size of 11-12 kDa are called the smallest antigen-binding antibody-like domain in the 

animal kingdom.23 However, the elongated CDR3 loop mediating primarily antigen-binding is at least 

partly able to compensate the lack of the CDR2 loop. Additionally, it is reported that vNARs based on their 

elongated CDR3 loop are able to interact with hidden, cleft-like epitopes not able to be recognized by 

conventional antibodies. Besides the isolation of vNARs directed against therapeutically relevant target 

proteins as TNFα 24, the malaria-related AMA protein 25 or EpCAM 26 it has been shown that vNARs can be 

engineered towards pH-sensitive antigen-binding 27 for application in biotechnological applications. 

Recently it was shown that screening of semi-synthetic and CDR3-randomized vNAR libraries in 

combination with yeast display allow the fast and convenient identification of anti-idiotypic vNAR 

domains directed against the paratope of mABs 28. The resulting anti-idiotypic vNAR variants were not 

cross-reactive towards unrelated antibodies and retained their excellent target recognition in the 

presence of human and murine serum. 

Based on these experimental experiences we planned to investigate in this study whether this strategy 

can also be applied to the isolation of anti-idiotype vNARs specifically recognizing the BCR of lymphoma 

cell lines (Fig. 1).  
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Figure 1. Concept overview. RNA of B-cells presenting a tumor-specific B-cell receptor is extracted followed by 

cDNA synthesis. After amplification of genes coding for variable domains soluble BCR molecules are expressed in 

mammalian cells. A semi-synthetic shark-derived vNAR yeast library is screened to identify anti-idiotype binders. 

After expression as vNAR-Fc molecules these candidates are analyzed for their specific cellular binding and their 

potential to induce apoptosis via crosslinking of B-cell receptors. 

 

To this end, we decided to analyze the applicability of this strategy for the three lymphoma cell lines, 

Daudi, IM-9 and SUP-B8. To evaluate the variable domains coding sequences of all three cell lines, total 

RNA was extracted followed by reverse transcription. After sequence analysis VH and VL domains were 

cloned in eukaryotic expression vectors for expression as conventional mABs. BCRs of all three cell lines 

were obtained easily, in good yields and with high purities which enabled the subsequent screening of 

vNAR libraries for anti-BCR binders.  

Yeast library screening for vNARs directed against the BCR of cell line SUP-B8 resulted after only three 

consecutive screening rounds in a set of vNAR variants showing specific receptor binding. After 

reformatting for expression as human antibody Fc fusions and production in Expi cells we could on the 

one hand confirm binding to the generated soluble BCR used for screening procedure. And on the other 

hand we could prove the vNARs mediating a specific and high-affine lymphoma cellular binding. 

However, we could not observe the induction of apoptosis via clustering of BCR molecules in first initial 

experiment. This might be explained by the chosen format as bivalent vNAR-Fc fusion, whilst the group of 

Levy et al. tested their peptibodies in a tetravalent format. 
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2 Materials and methods  

2.1 Cell lines, RNA isolation and cDNA synthesis 

Three immunoglobulin expressing lymphoma cell lines IM-9, Daudi (obtained from Merck KGaA, 

Darmstadt, Germany) and SUP-B8 (obtained from Prof. Levy, Standford, USA) were used for idiotype 

cloning. Daudi and IM-9 cells were grown in RPMI-1640 medium with 10% FBS and 2 mM glutamine. 

SUPB8 cells were treated the same way except using 15% FBS for cultivation. Extraction of total RNA 

from 1 × 107 human lymphoma cells was carried out after cell homogenization with QIAshredder 

(Qiagen) using the commercially available kit RNeasy Minikit (Qiagen) according to the suppliers 

protocol. Subsequently, cDNA-synthesis was carried out using 50 µl RNA extract, 10 µl random 

hexamer primers (50 ng/µl), 10 µl 50 µM dNTPs, 30 µl H2O, 40 µl 25 mM MgCl2, 20 µl 10x RT-buffer, 

20 µL 0.1 M DTT, 10 µl RNase OUT and 10 µl SuperScript III reverse transcriptase (all components 

from SuperScript III First-Strand Kit, Thermo Fisher Scientific). Incubation for 5 min at 25 °C was 

followed by incubation for 60 min at 50 °C and an inactivation step at 85 °C for 5 min. Subsequently, 1 

µl RNAaseH was added and the reaction was incubated for 20 min at 37 °C. The synthesized cDNA was 

stored at -20 °C. 

 

2.2 Expression of soluble B-cell receptors 

Variable antibody regions were amplified from cDNA in two separate PCR reactions using Taq or Q5 

Polymerase (NEB) in a reaction volume of 100 µl. For each cell line and chain the reactions were 

prepared using 1-2 µl cDNA. Amplification of VH and VL genes was performed using the primers listed 

in Tab. S1. A detailed overview about the amplification strategy can be found in a publication by 

Maleshko et al.29. For all reactions the following conditions were set: 95 °C for 30 s, 30 cycles of 20 s at 

95 °C, 30 s at 57 °C and 30 s at 68 °C, followed by 68 °C for 5 min. PCR products were purified via 

Wizard® SV Gel and PCR Clean-up System (Promega). Afterwards PCR products were sent for 

sequencing by the company Seqlab. For cloning of B-cell receptors of all used cell line VH genes were 

amplified using primers introducing restriction sites for BamHI and ApaI (Daudi_HC_BamHI_up / 

IM9_HC_BamHI_up / SUPB8_HC_BamHI_up and Daudi_HC_ApaI_lo / IM9_HC_ApaI_lo / 

SUPB8_HC_ApaI_lo). For light chain cloning of Daudi and IM-9 cell lines VL genes and the Cκ domain 

were amplified separately utilizing the primers Daudi_LC_BamHI_up/IM9_LC_BamHI_up and 

Daudi_LC_SOE_LO/IM9_LC_SOE_LO for VL genes on the one hand and 

Daudi_LC_SOE_UP/IM9_LC_SOE_UP with LC_kappa_NotI_lo for Cκ on the other hand. For the latter 

reaction a vector bearing the coding sequence for Matuzumab kappa light chain served as template. 

Afterwards fusion PCR was performed using the primer pair IM9_LC_up/ Daudi_LC_up and 

LC_kappa_NotI_lo. 20 ng of each domain was amplified using Taq polymerase for 15 cycles without 

addition of oligonucleotides with an elongation time of 50 s.  
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Subsequently, 15 PCR cycles were performed after addition of oligonucleotides. Afterwards the 

products were purified via Wizard® SV Gel and PCR Clean-up System. Light chain of SUPB8 was 

constructed in a similar way: After separate amplification of VL genes using the primers 

SUPB8_LC_BamHI_up and SUPB8_LC_SOE_lo and the Cλ domain using the oligonucleotides 

SUPB8_LC_SOE_up and SUPB8_Lambda_NotI_lo. For the latter reaction the vector 

pYD_lambda_constant with the coding sequence for lambda light chain served as template. Subsequent 

fusion PCR and purification was performed according to the generation of Daudi and IM9 light chains. 

Restriction of PCR products and vectors pTT5-hu425H/pTT5-hu425L (NRC Biotechnology Research 

Institute) with the respective restriction enzymes was followed by ligation and transformation into E. 

coli strain DH5α. After incubation overnight plasmids were isolated using the PureYield™ Plasmid 

Miniprep System (Promega) followed by sequence verification. After that Expi293FTM cells were 

transiently transfected using polyethylenimine (Polysciences) according to the instructions of the 

manufacturer (Thermo Fisher Scientific). After 5 days the respective culture supernatants were 

harvested, sterile-filtered (0.22 µm Filtropur S 0.2, Sarstedt) and purified using HiTrap Protein A HP 

columns (GE Healthcare) in combination with an ÄKTA purification system (GE Healthcare). This was 

followed by buffer exchange via dialysis against PBS using a membrane with a MWCO ~ 14 kDa. The 

purified proteins were stored at -80 °C. 

 

2.3 Yeast strains, media and reagents 

Saccharomyces cerevisiae strain EBY100 was utilized for yeast surface display.30 YPD medium was 

composed of 20 g/L dextrose, 20 g/L tryptone and 10 g/L yeast extract. SD-CAA medium was prepared 

using 8.6 g/L NaH2PO4 × H2O, 5.4 g/L Na2HPO4, 1.7 g/L yeast nitrogen base without amino acids, 5 

g/L ammonium sulphate, 5 g/L Bacto Casamino Acids and 20 g/L dextrose. SG-CAA medium was 

prepared the same way except for the substitution of glucose sugar with galactose. Phosphate-buffered 

saline (PBS) was prepared with 8.1 g/L NaCl, 1.13 g/L Na2HPO4, 0.75 g/L KCl, and 0.27 g/L KH2PO4. 

 

2.4 Yeast library construction 

The generation of semi-synthetic vNAR yeast display libraries was extensively described by Grzeschik et 

al.31and is therefore only described briefly. 

The PCR-amplified vNAR products from three non-immunized bamboo sharks were used as template 

for a consecutive three-step PCR. At first a cysteine in CDR1 was mutated to tyrosine to prevent the 

non-specific generation of disulfide bridges. In the second PCR, randomization of either 12, 14, 16 or 

18 amino acids in the CDR3 was performed using a codon-based trinucleotide mixture (EllaBiotech, 

Munich, Germany) that consisted of each amino acid-encoding trimer except the one for cysteine.  
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Performing the third PCR allowed for attachment of homologous sequences for gap repair cloning in 

yeast with the linearized pCT vector 30. PCR products were purified using the Wizard® SV Gel and 

PCR Clean-up System (Promega) according to the manufacturer’s protocol. The pCT plasmid used for 

gap repair cloning and surface presentation of vNAR variants was digested with the restriction 

enzymes NheI-HF and BamHI-HF and purified using the Wizard® SV Gel and PCR Clean-up System 

(Promega). Library generation in S. cerevisiae EBY100 cells was performed as described by Benatuil 

and colleagues.32 Each electroporation reaction consisted of 1.5 µg digested pCT plasmid and 4.5 µg 

insert. Altogether 10 transformation reactions per library were performed. Dilution plating was 

performed in order to determine the library size after three days.  

 

2.5 Yeast library screening 

Yeast cells were cultured as described.33 In short, transformed yeast cultures were incubated over night 

at 30°C in SD-CAA medium. Cells were collected via centrifugation, resuspended in SG-CAA medium at 

OD600 = 0.7 and cultivated overnight at 20°C. For staining, cells were harvested and resuspended in 

BPBS (PBS + 0.1 % BSA). In general, 107 cells were incubated in a volume of 20 µl and upscaled if 

necessary. For each staining a negative control in absence of target protein was included. For the first 

two sorting rounds cells were incubated with 1 µM SUP-B8 BCR and anti-c-myc-Biotin antibody 

(Miltenyi Biotec; 1:50 diluted) for 30 min on ice. After washing with BPBS, antigen binding was 

detected by application of anti-Human IgG Fc-PE conjugate (Affymetrix eBioscience; diluted 1:75) or 

Goat F(ab')2 Anti-Human Lambda-PE (Southern Biotech; diluted 1:80) in combination with 

Streptavidin conjugated to APC or PE (Affymetrix eBioscience; diluted 1:75). Afterwards, cells were 

washed once with BPBS, resuspended in PBS and analyzed with a BD InfluxTM cell sorter following 

the instructions of the manufacturer and analyzed via BD FACSTM Sortware v1.0. Setting of sort gates 

typically allowed 0.1 – 0.3 % false-positive cells as judged by control staining in the absence of 

antigen. After sorting cells were subsequently transferred to SD-CAA medium for further incubation at 

30 °C for 2 days. Further sorting rounds were performed with at least a 10-fold excess of cells sorted 

out in the previous round to guarantee a sufficient coverage of the enriched populations. After 

enrichment of antigen-binding variants yeast cells plasmid DNA from antigen-binding populations was 

isolated using Zymoprep Yeast Plasmid Miniprep Kit (Zymo Research) and transformed into DH5α 

competent E. coli cells. After incubation overnight plasmids were isolated and sent out for sequencing 

utilizing pCT_seq_lo and pCT_seq_up oligonucleotides.  
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2.6 Expression of selected vNAR-Fc variants 

For expression of soluble vNAR molecules, genes were reformatted via fusion to human IgG1 Fc region 

encoded in the mammalian expression vector pEXPR-IBA42 (CosmoBio). For ligation NheI and ApaI 

sites and parts of the IgG1 hinge region were introduced via PCR. After restriction of entry plasmids 

and vNAR genes with the respective restriction enzymes, sequencing of constructs was performed 

followed by transient transfection of Expi293FTM cells using polyethylenimine (Polysciences) according 

to the instructions of the manufacturer (Thermo Fisher Scientific). After 5 days culture supernatants 

were harvested, sterile-filtered (0.22 µm Filtropur S 0.2, Sarstedt) and purified using Protein A spin 

columns. Buffer exchange was carried out via dialysis against PBS using a membrane with a MWCO ~ 

14 kDa.  

 

2.7 Binding kinetics 

For evaluation of binding kinetics parameters measurements were performed on Octet RED96 system 

(FortéBio) at 30 °C and 1000 rpm agitation in 200 µl. SUP-B8 BCR molecules were loaded on Anti-

Human Fab-CH1 2nd Generation at 2 µg/mL in KB for 80 s. After that tips were transferred to kinetics 

buffer (KB; PBS, 0.1% Tween 20 and 1% BSA) for 60 s for sensor rinsing. Subsequently, association of 

varying concentrations from 2.4 nM to 200 nM of different vNAR-Fc variants were measured for 300 s 

followed by dissociation for 300 s in KB. In each experiment, a negative control was performed by 

incubating the captured BCR molecules with unrelated antigen or incubating tips loaded with 

unrelated antigen with soluble vNAR-Fc. Data fitting and analysis was conducted with FortéBio data 

analysis software 9.1 with a 1:1 Langmuir binding model after Savitzky–Golay filtering. 

 

2.8 Cellular binding  

Prior to analysis proteins were biotinylated using EZ-Link™ Sulfo-NHS-LC-Biotin (ThermoFisher) 

according to the instructions of the manufacturer. In scope of analyzing cellular binding cells were 

sedimented and washed three times with 1% BPBS followed by incubation with the respective 

biotinylated vNAR-Fc constructs (250, 50 or 10 nM vNAR-Fc in 1% BPBS) for 1 h. In the next step cells 

were washed and incubated with fluorescently labeled Streptavidin-APC (diluted 1:75) for 20 min and 

washed once again. In the end, cells were analyzed using a BD Influx flow cytometry device. 
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2.9 Cytotoxicity assay 

Cell viability after addition of vNAR-Fc variants was analyzed with the CellTiter 96® AQueous One 

Solution Cell Proliferation Assay. 10,000 cells were seeded per well in a 96-well plate in the 90 µl of 

RPMI 1640 medium with additional pen/strep solution and incubated for 24 h. The cells were then 

treated with 10 µl of vNAR-Fc to reach final concentrations of 12.2 pM up to 800 nM. After 24 h, 20 µl 

of the MTS solution were added per well and the plates were incubated for 2 h under standard 

conditions. Finally, the absorption of each well was measured at 485 nm in a Tecan reader. 

Proliferation of cells in reference wells with untreated cells was set to 100 %. 

 

3 Results 

3.1 Identification and generation of lymphoma cell-specific B-cell receptors 

Previous experiments revealed shark-derived vNARs having a great potential for specific idiotype 

binding of monoclonal antibodies. To evaluate the applicability of vNARs to target B-Cell lymphoma 

cells via specific binding of the B-Cell receptor, three campaigns utilizing the three different lymphoma 

cell lines Daudi, IM-9 and SUP-B8 were initiated. At first lymphoma cell-specific soluble BCR molecules 

were produced for their later use as antigen in a FACS-based selection process. To this end, cell lines 

were cultured, followed by RNA extraction and subsequent cDNA synthesis using random hexamer 

primers. Afterwards the synthesized cDNA served as template for amplification of VH and VL genes 

using primers as described previously (Tab. S1).29 The primers enabled the specific amplification of 

four possible immunoglobulin chain types IgM, IgG, IgK and IgL. After amplification of VH and VL 

domains showing the correct fragment size (Fig. 2A) purified PCR products were sent for sequencing. 

Resulting sequences were aligned to the published sequences of all three BCR variants 34-35 and can be 

found in Fig. S1. For all 3 cell lines the genes coding for the variable domains were in accordance with 

the published sequences. However, in some cases 1-3 mutations occurred, predominantly in the CDRs. 

The same mutations were present when the amplification of the variable domains was repeated after 

cDNA synthesis, corroborating the notion that deviations from published BCR sequences are indeed 

manifested in the cell lines used and not the result of PCR errors during amplification. Since we aimed 

at using the three BCRs as soluble antigen in FACS based screening process, the variable domains were 

grafted on the scaffold of human monoclonal antibody Matuzumab. For heavy chains VH domains of 

Matuzumab were exchanged against the identified BCR VH domains. Likewise for light chain 

expression, the VL of IM-9 and Daudi were fused via PCR to the CKappa domain, the VL of SUP-B8 to 

CLambda, respectively (Fig. 2A). 
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Figure 2. Generation of B-cell lymphoma-derived soluble BCRs. A: BCR-coding genes were amplified separately 
using different primers binding in the FR1 and CL/CH1 regions. For heavy chains VH domains of Matuzumab were 
exchanged against the identified BCR VH domains. For light chains, VL of Daudi and IM-9 were fused via PCR to 
CKappa domains, VL of SUP-B8 to CLambda, respectively. B: Reducing SDS-PAGE of BCRs after expression in Expi 
cells. Using Matuzumab as a scaffold, the respective VH and VL domains were exchanged against the identified 
BCR-derived variable domains. Purification was performed using Protein A spin columns. Molecular weight of 
heavy chains is approximately 55 kDa, of light chains ~26 kDa, respectively.  
 

After sequence verification all constructs were cloned into pTT5 vectors for expression in Expi cells. 

5 days after transient transfection cultures were harvested and the supernatant was purified using 

Protein-A spin columns followed by dialysis against PBS. Analysis using SDS-PAGE revealed the 

presence of all 3 BCR variants after purification (Fig. 2B). The BCRs of SUP-B8 and IM-9 showed the 

correct band pattern with heavy and light chain bearing the correct size. However, the BCR variant of 

Daudi cell line showed a smear in the gel for the band corresponding to the light chain which 

displayed a higher apparent molecular size than predicted. 

 

3.2 Yeast library screening 

In the next step we planned to evaluate the applicability of vNARs to target B-Cell lymphoma cells via 

specific binding of the B-Cell receptor. Therefore the BCR of cell line SUP-B8 was utilized as antigen in 

a FACS-based screening process using the semi-synthetic vNAR yeast display library with randomized 

CDR3 loops in different lengths of 12-18 amino acids.27 Consequently the libraries were screened by 

FACS for binders of recombinant SUP-B8 BCR protein. Target binding was identified by indirect 

antigen fluorescence staining according to section 2.5. vNAR surface display level was analyzed 

simultaneously by labeling of the c-terminally located cMyc tag. Negative controls in absence of 

antigen were carried out to evaluate the enrichment of binders directed against the staining reagents 

considered in the gate strategy. As depicted in Figure 3, it was able to enrich for a SUP-B8 BCR-

positive population within three consecutive screening rounds by employing 1 µM antigen. Moreover, 

no significant binding against secondary detection reagents was observed.  
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Figure 3. Shark-derived vNAR library screening against the BCR of cell line SUP-B8. Sorting gates, percentages of 
cells in the respective gate and target concentrations are shown. Anti-Human Fc-PE served as detection reagent. 
1 d after induction yeast cells were labeled for parallel detection of antigen-binding and surface presentation. In 
each round cells in the sorting gate were isolated, grown and induced for the next round of selection. After the 
third screening round clones of the enriched binding populations were sequenced.  
 

Polyclonal anti-Human IgG Fc-PE conjugate served as detection reagent in each round. However, to 

prevent the isolation of vNAR variants directed against this reagent the third sorting round was 

repeated using Anti-Human Lambda-PE, recognizing the CLambda domain of SUP-B8 BCR (Fig. S2). 

FACS analysis after library sorting showed for both campaigns predominantly antigen binding 

populations (Fig. 2/S2). To assess the specificity of the enriched binding population target binding to 

IM-9 BCR and Cetuximab was analyzed and revealed no significant binding (Fig.S3). 

From both binding populations 8 yeast clones were selected (termed F1-F8 and L1-L8 respectively) and 

consequently analyzed for their target-specific binding to SUP-B8 BCR using flow cytometry (Fig.S4). 

This resulted in 13 clones showing surface presentation and specific BCR binding. Afterwards 

sequencing was performed to evaluate the CDR3 loop sequences and to determine the clone diversity 

still present in this populations (Fig. 4).  
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Figure 4. Sequence alignment of vNAR-Fc variants binding the BCR of lymphoma cell line SUP-B8. Sequencing 
was performed with clones derived from population after 3 rounds of FACS screening using yeast display. CDR1 
and CDR3 binding sites are depicted in grey and red. 
 

Sequencing revealed the presence of 11 unique single clones showing different CDR3 loop lengths of 

12 to 16 amino acids. No variant comprised of 18 amino acids in CDR3 was enriched in the screening 

process.  

 

3.3 Generation of scFv-Fc variants and characterization 

 

For further characterization of the identified variants eight clones in total were chosen for reformatting 

based on reliable sequence patterns and expressed as vNAR-Fc fusion proteins in Expi293 cells. After 

production and purification using Protein A columns the proteins were assessed by SDS-PAGE, 

indicating for five clones bands with the expected molecular weight of approximately 40 kDa as well as 

a high purity (Fig. S5). For characterization binding kinetics of binders resulting from screening 

campaigns were measured using Bio-Layer Interferometry (BLI). This resulted for four clones in 

binding affinities ranging from low single-digit nanomolar to low double-digit nanomolar binding 

constants (Fig. 5). To assess the specificity of soluble vNAR-Fc variants binding to the BCR of cell line 

IM-9 was investigated. This resulted for the variants F2, F4 and L1 in mainly specific binding whilst 

one variant (F7) revealed significant binding intensity to the unrelated BCR of cell line IM-9 (Fig. S6). 

Finally, within this study we aimed to demonstrate the applicability of shark-derived vNAR antibody 

fragments selected via yeast surface display for specific targeting of lymphoma cells.  
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Figure 5. Binding kinetics of vNAR-Fc variants directed against the BCR of SUP-B8 cell line as determined using 
Bio-Layer Interferometry and an Octet® RED96 system. BCR molecules were immobilized onto Anti-Human 
Fab-CH1 2nd Generation sensortips. Association with varying concentrations of vNAR-Fc was measured for 300 
or 600 s followed by dissociation measurement for 300 or 600 s. Fitting (red lines) of binding curves (colored 
lines) was calculated using a 1:1 binding model and Savitzky-Golay filtering. Target protein concentrations for 
each kinetic measurement and the resulting binding constants are depicted in each plot. 

To this end cellular binding to SUP-B8 cells was analyzed to prove the binding not only to the 

recombinantly expressed BCRs used as antigen for screening procedure but also to the original surface-

presented BCR. Prior to analysis of cellular binding surface presentation of BCRs was verified by 

staining cells with Anti-Human Lambda-PE or anti-Human Kappa-PE (Fig. S7). Selective cellular 

binding was analyzed by comparing the binding to SUP-B8 cells with unspecific binding to BCR-

presenting IM-9 cells (Fig. 6).  

 

Figure 6. Specific cellular binding of vNARs to cell line SUP-B8. 4 generated vNAR-Fc variants were analyzed for 
their binding to B-cell lymphoma cell line SUP-B8 (A) and IM-9 (B) determined by flow cytometry. 2×105 cells 
were incubated with biotinylated vNAR-Fc variants followed by incubation with Streptavidin-APC. Red: only 
secondary reagent; blue: 250 nM vNAR-Fc; green: 50 nM vNAR-Fc; black: 10 nM vNAR-Fc. 
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This indicated for 3 variants F2, F4 and L1 a highly specific cellular binding in an idiotypic manner. 

Previous publications have shown the potential of BCR-binding peptibodies bearing four binding 

valences to kill tumor cells in vitro with specificity by inducing cell apoptosis by clustering the surface 

BCRs 18. Initial experiments utilizing the remaining three vNAR-Fc variants bearing only two binding 

valences have shown no significant cell killing effect on SUP-B8 cells so far (Fig. S 8). 

 

4 Discussion 

This study confirms the suitability of semisynthetic shark-derived vNAR antibodies for selective 

targeting of lymphoma cells. Furthermore, it was possible to establish a generic procedure for fast and 

efficient generation of soluble BCR from a lymphoma cell line via B-cell cloning of the variable 

domains followed by reformatting and subsequent expression of the recombinant idiotype as a full 

length antibody. For amplification of Ig genes in this study oligonucleotides were utilized that anneal 

to sequences at the 5’ end of VH and VL domains and at the 5’ end of constant domains 18. This lead to 

the fact, that a number of maximal two mutations were introduced in the FR1 region of variable 

domains. Although mutations in framework regions are not that critical as mutations in the CDR loops 

nevertheless a low number of mutations can lead to a significant loss of affinity and stability.36-37 This 

could have been circumvented by the application of primers that anneal in the leader sequences of 

variable domains.38 In this initial study this problem could be solved by comparison with the published 

sequences. However, comparing the resulting sequences to data from literature a low number of 1-3 

mutations could be identified, mainly in the CDR loops. We can largely exclude the possibility of 

mutations introduced in the amplification step since the same mutations became obvious in several 

independent amplification campaigns using cDNA as template. It is tempting to speculate whether this 

might be caused by partially incorrect sequences that were published or if these mutations arose in the 

cultivation steps after initial sequencing. A possible alternative to this procedure would have been the 

generation of hybridoma cell lines enabling the secretion of soluble BCR19 which would have been a far 

more time-consuming process. 

Furthermore, sequence analysis revealed for BCRs of cell lines Daudi and IM-9 comprising a kappa 

light chain whereas cell line SUP-B8 showed the sequence pattern of a lambda light chain. 

Consequently the VL domains were cloned on the respective constant domains to prevent the 

generation of molecules lacking stability.39 Cloning into pTT expression vectors enabled the production 

as full-length IgG bearing an IgG1 Fc and the subsequent purification via protein A columns. BCRs of 

SUP-B8 and IM-9 showed the expected band patterns with heavy and light chains with correct sizes. 

However, analyzing Daudi BCRs revealed a light chain with a smearing band corresponding to the 

light chain with a higher apparent molecular size than expected. This might be caused by the presence 

of two motifs (N-X-S/T) for glycosylation sites in the CDR loops of Daudi VL.
40  
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Some studies report of CDR loops in BCRs acquiring sequence motifs by somatic mutation that may 

serve as sites for N-glycosylation e.g. in follicular lymphoma.41  

Previous studies have shown the potential of vNARs to interact with the paratope of monoclonal 

antibodies in an anti-idiotypic manner.28  

This might be caused by anti-idiotypic vNARs being structurally able to engage interspaces at the 

interaction site of heavy and light chains of a monoclonal antibody, which could be attributed to their 

elongated CDR3 binding sites.  

The BCR of cell line SUP-B8 served as model antigen for FACS-based yeast surface display screening of 

semi-synthetic vNAR-libraries for anti-idiotypic binders. The resulting populations after enrichment of 

binders showed a high sequence diversity which enabled to select the most promising variants. 

Although no counter-screen using unrelated antibodies was implemented it could be shown that a 

majority of binders is recognizing specifically the antigen in an idiotypic manner. Furthermore, it has 

to be mentioned that all binders resulting from this study only bind via amino acid residues in the 

CDR3. Previous studies have shown that an affinity maturation of the adjacent CDR1 loop enables the 

isolation of variants with enhanced affinity and specificity 41. After cloning into pExpress expression 

vectors and subsequent expression in Expi cells vNAR-Fc constructs were purified utilizing Protein A 

columns. From eight variants five were able to be successfully produced in sufficient amounts for 

further studies. Evaluation of the vNAR affinity was performed by application of bio-layer 

interferometry which indicated binding constants in the single-digit nanomolar range. Specificity was 

assessed with soluble protein which resulted for three variants (F2, F4 and L1) in highly specific 

binding to the BCR of cell line SUP-B8. This was also true for binding to BCR presenting SUP-B8 cells 

clearly showing a specific cellular binding. This also indicated the recombinantly expressed BCR being 

folded similarly as the wildtype membrane-anchored BCR.  

Torchia et al. have reported anti-idiotype peptibodies bearing four binding valences to kill lymphoma 

cells in vitro with specificity via induction of cell apoptosis by clustering the surface BCRs18. Hence, the 

three vNAR-Fc variants were tested for the potential cell killing effect on SUP-B8 cells. This resulted in 

first initial experiments in no observable cell killing effect even in higher triple-digit nanomolar 

concentrations. It is tempting to speculate that this is mainly reasoned by the lack of potential BCR 

clustering triggered by vNAR-Fc molecules. In literature it has already been reported that constructs 

with only two binding valences show a significantly reduced receptor clustering.18, 42-43 Hence, 

increasing the constructs valency from two to four might improve BCR clustering and induction of 

apoptosis. For camelid single domain antibody domains (VHH) it is reported by Drabak et al. that it is 

feasible to generate tetravalent VHH-Fc molecules either comprising of two VHH domains n-terminally 

located of the constant domains or of two VHH domains located at both termini of the Fc part.44 This 

strategy could also be applied for the generation of tetravalent vNAR constructs.  
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Furthermore, it would be possible to use one of the several published scaffolds that enable multivalent 

conjugation of proteins e.g. verotoxin B 45-46 or the C4-binding protein47 to induce an even higher 

oligovalency. Independent of triggering apoptosis by BCR clustering it might be reasonable to 

investigate the killing effect of an antibody-drug conjugates (ADC). ADCs for treatment of B-cell non-

Hodgkin’s lymphoma and follicular or diffuse large B-Cell Lymphoma developed by Genentech/Roche 

are being investigated in actual Phase I and Phase II clinical trials.6  

Currently patients with B-cell lymphomas like Burkitt lymphoma and several other Non-Hodgkin 

lymphoma types are treated with a combination of extensive chemotherapy with Rituximab that binds 

selectively the B-lymphocyte antigen CD20. Although this therapy has shown to be very effective, 

especially utilizing Rituximab for treatment has several potential disadvantages. On the one hand 

Rituximab opsonizes all cells that express the tumor-associated antigen CD20. The resulting 

suppression of the whole immune system increases the risk of infections and viral reactivation.7 On the 

other hand it also removes a large population of antigen-presenting cells (APC) important for initiation 

of T-cell-mediated cellular immunity.48 Another risk is the development of lymphoma cells showing 

mutated CD20 protein on their surface. As a consequence cancer cells are not being able anymore to 

get targeted by Rituximab.49-50 The herein demonstrated versatile approach enables the generation of 

vNARs against patient-specific lymphoma cells in a time of less than six months from time point of 

starting with material of lymphoma patients. 
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5. Supplementary Information 

 

Table S1. Oligonucleotide primers used in this study 

Name Sequence (5‘ – 3‘) 

Amplification of BCR VH 

and VL 

 

VH1-5’clon CAGGTGCAGCTGGTGCAGTCTGG 

VH2-5’clon CAGGTCACCTTGAAGGAGTCTGG 

VH3-5’clon GAGGTGCAGCTGGTGGAGTCTGG 

VH4-5’clon CAGGTGCAGCTGCAGGAGTCGGG 

VH5-5’clon GAGGTGCAGCTGGTGCAGTCTGG 

VH6-5’clon CAGGTACAGCTGCAGCAGTCAGG 

Cµ-3’ CTCTCAGGACTGATGGGAAGCC 

Cµ-clon GGAGACGAGGGGGAAAAG 

IgG-3’ GCCTGAGTTCCACGACACC 

IgG-clon CAGGGGGAAGACCGATGG 

Vκ1-5’clon GACATCCAGATGACCCAGTCTCC 

Vκ2/3-5’clon GATATTGTGATGACCCAGACTCCA 

IgκC-3’ CCCCTGTTGAAGCTCTTTGT 

IgκC-clon AGATGGCGGGAAGATGAAG 

VL1_(51)_clon CAGTCTGTGTTGACGCAGCCGCCCTC 

VL1_(36-47)_clon TCTGTGCTGACTCAGCCACCCTC 

VL1_(40)_clon CAGTCTGTCGTGACGCAGCCGCCCTC 

VL2-clon TCCGTGTCCGGGTCTCCTGGACAGTC 

VL3-clon ACTCAGCCACCCTCGGTGTCAGTG 

VL4-clon TCCTCTGCCTCTGCTTCCCTGGGA 

VL5-clon CAGCCTGTGCTGACTCAGCC 

IGLC-3’ GTGTGGCCTTGTTGGCTTG 

IGLC2-7_clon CGAGGGGGCAGCCTTGGG 

IGLC1_clon AGTGACCGTGGGGTTGGCCTTGGG 

Cloning for Production 

of B-Cell Receptors: 

Variable heavy chain 

 

Daudi_HC_BamHI_up GCTGATGTTCTGGATCCCTGCTAGCTTAAGCGAGGTGCAGCTGGTG



 

Cumulative Section  159 

GAGTCTGG 

Daudi_HC_ApaI_lo GGGAAGACCGATGGGCCCTTGGTGGAGGCTGAGGAGACGGTGACC

AG 

IM9_HC_ BamHI_up GCTGATGTTCTGGATCCCTGCTAGCTTAAGCGAGGTGCAGCTGGTG

GAGTCTGGGGGAGGC 

IM9_HC_ ApaI_lo GGGAAGACCGATGGGCCCTTGGTGGAGGCTGAAGAGACGATGACC

AT 

SUPB8_HC_ BamHI_up GCTGATGTTCTGGATCCCTGCTAGCTTAAGCCAGATTCAGCTGGTG

CAGTCTGGAGGTGAG 

SUPB8_HC_ ApaI_lo GGGAAGACCGATGGGCCCTTGGTGGAGGCTGAGGAGACGGTGACC

A 

Cloning for Production 

of B-Cell Receptors: 

Variable light chain 

 

Daudi_LC_BamHI_up GCTGATGTTCTGGATCCCTGCTAGCTTAAGCGAGCTCCAGATGACC

CAGTCTCCATCCTCC 

Daudi_LC_SOE_LO GAAGACAGATGGTGCAGCCACAGTTCGTTTGTTGTCCACCTT 

Daudi_LC_SOE_UP AAGGTGGACAACAAACGAACTGTGGCTGCACCATCTGTCTTC 

IM9_LC_BamHI_up  

 

GCTGATGTTCTGGATCCCTGCTAGCTTAAGCGAGCTCCAGATGACC

CAGTCTCCTTCCACCCTG 

IM9_LC_SOE_lo GAAGACAGATGGTGCAGCCACAGTTCGTTTGATTTCCACCTTGGT 

IM9_LC_SOE_up ACCAAGGTGGAAATCAAACGAACTGTGGCTGCACCATCTGTCTTC 

SUPB8_Lambda_NotI_l

o 

CCTACAGAATGTTCGTAATAGGCGGCCGC AGATCCCCCGACCTC 

SUPB8_LC_BamHI_up GCTGATGTTCTGGATCCCTGCTAGCTTAAGCCAGTCTGTGTTGACG

CAGCCG 

SUPB8_LC_SOE_lo TGGCGGGAACAGAGTGACCGAGGGGGCAGCCTTGGG 

SUPB8_LC_SOE_up CCCAAGGCTGCCCCCTCGGTCACTCTGTTCCCGCCA 

SUPB8_Lambda_NotI_l

o 

GAGGTCGGGGGATCTGCGGCCGCCTATTACGAACATTCTGTAGG 

Sequencing  

pCT_seq_up TACCCATACGACGTTCCAGACTAC 

pCT_seq_lo CAGTGGGAACAAAGTCGATTTTGTTAC 

pExp_seq_up GAGAACCCACTGCTTACTGGC 

pExp_seq_lo CACGCCGTCCACATACCAGTTGAAC 
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Expression   

pExp_NheI_up GCGCGCGCTAGCCGCTGAGAACCTGTACTTCCAGAGCGCCGTGAC

GTTGGACGAG 

pExp_F1_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCAGAGTGGTGCCGCCTCC 

pExp_F2_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCAGAGTGGTGCCGCCCCCTTC 

pExp_F4_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCAGAATGGTCCCCCCTCC 

pExp_F7_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCACAGTGGTGCCCCCACC 

pExp_F8_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCAGAGTGGTCCCGCCGCC 

pExp_L1_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCACAGTGGTCCCCCCTCC 

pExp_L3_lo GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCCGCTCTGGAAG

TACAGGTTCTCTTTCACAGTCACAGTGGTGCCGCCACC 

pExp_ApaI_lo GCGCGCGGGCCCGCCCAGCAGTTCAGGGGCAGGGCAGGGAGGACA

GGTGTGGGTCTTGTCGCAGCTCTTGGGCTCGCTTCC 
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Figure S1. Sequence overview of 3 BCRs from 3 different lymphoma cell lines Daudi, IM-9 and SUP-
B8. After RNA extraction and cDNA synthesis BCR-coding genes were amplified separately using 
different primers binding in the FR1 and CL/CH1 regions. The resulting sequences were aligned to the 
published sequences, variations are depicted in red. The CDR boundaries are indicated above the 
sequence alignment. 
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Figure S2. Shark-derived vNAR library screening against the BCR of cell line SUP-B8. In addition to 
the third screening round stained with anti-Human Fc-PE the third round of screening was performed 
in parallel with antigen stained with anti-Human Lambda-PE. Sorting gates, percentages of cells in the 
respective gate and target concentrations are shown. 1 d after induction yeast cells were labeled for 
parallel detection of antigen-binding and surface presentation. After screening cells in the sorting gate 
were isolated, grown and induced for the next round of selection.  
 

 

Figure S3. Specificity of vNAR-presenting yeast population after two rounds of sorting for SUP-B8-BCR 
binding variants as determined via binding assays on the yeast surface. A negative control in absence 
of antigen was performed whilst off-target binding was validated against the unrelated antibody 
Cetuximab and the BCR of cell line IM-9. Surface presentation was detected by utilizing anti-myc 
biotin and SAPC, target binding was analyzed by using anti-human-FC PE conjugate. The percentage of 
cells localized in gate is depicted on each plot. 
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Figure S4. Single clone analysis after three rounds of sorting for SUP-B8 binding vNARs. Each 
respective single clone was measured after 1 d of induction. Cells were incubated with 500 nM SUP-B8 
BCR, anti-human-Fc-PE conjugate served as detection antibody. For each clone a negative control in 
absence of antigen was performed.  
 

 

Figure S5. SDS-PAGE of six vNAR-Fc constructs after Expression in Expi cells and Protein A 
purification. Molecular weight of vNAR-Fc molecules is approximately 40 kDa.  
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Figure S6. Raw Data of kinetics measurements of four vNAR-Fc variants F2, F4, F7 and L1 via Bio-
Layer Interferometry with an Octet® RED96 system. BCR molecules were immobilized onto Anti-

Human Fab-CH1 2nd Generation sensortips. Association with varying concentrations of vNAR-Fc was 

measured for 300 or 600 s followed by dissociation measurement for 300 or 600 s. In each plot a control 

measurement with IM-9 BCR immobilized to the tips was implemented. Target protein concentrations for 

each kinetic measurement are depicted in each plot. 

 

Figure S7. Confirmation of BCR surface expression of cell lines SUP-B8 (A) and IM-9 (B). Before 
measurement cells were treated according to section 2.1. Red: unstained cells; green: Anti-Lambda-PE 
conjugate (for SUP-B8 cells) and anti-kappa-PE conjugate (for IM-9 cells). Cells were incubated 30 min 
on ice with the respective detection antibody. 
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Figure S8. Cytotoxicity assay of vNAR-Fc variants F2, F4 and L1 using the MTS Cell Proliferation 
Assay. The plot shows data of cell line SUP-B8 treated with varying concentrations (12 pM – 800 nM) 
of each respective vNAR-Fc. The assay was performed in triplicate and the relative survival was plotted 
against the antibody concentrations.  
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