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Zusammenfassung und wissenschaftlicher Erkenntnisgewinn 

 
Die Vielseitigkeit von Antikörpern in den modernen Biowissenschaften oder auch der Medizin beruht nicht nur 

auf ihrer Fähigkeit, Antigene mit sehr hoher Affinität zu binden, sondern auch auf der intrinsischen Stabilität, 

die es ermöglicht, Antikörper mit maßgeschneiderten Eigenschaften zu erzeugen. 

Das erste Projekt, das in dieser Arbeit vorgestellt wird, konzentrierte sich auf pH-schaltbare bispezifische 

Antikörper (bsAbs) mit sweeping-Funktion. bsAbs haben - im Gegensatz zu herkömmlichen Antikörpern - zwei 

Antigenspezifitäten, die zur Erzeugung immunologischer Synapsen und nachfolgender Zielstrukturzerstörung 

genutzt werden können. Werden jedoch solide tumor-assoziierte Antigene anvisiert, kann antibody buffering 

die Wirksamkeit des bsAb minimieren, wenn das Antigen auch in löslicher Form im Blutstrom vorhanden ist. Ein 

Phänomen was insbesondere im Kontext von monoklonalen Antikörpern beschrieben wurde. In aktuellen 

Publikationen wird die Erzeugung von recycling- und sweeping-Antikörpern beschrieben, die eine pH- oder 

Kalzium-responsive Antigenbindung aufweisen, um antibody buffering zu umgehen. Zu diesem Zusammenhang 

wird der Antigen-Antikörper-Komplex von Endothelzellen internalisiert und bei Änderung der 

Kalziumkonzentration oder des pH-Wertes dissoziiert das Antigen. Während der Antikörper sezerniert wird und 

wieder in der Lage ist, Antigen zu binden, wird das Antigen im Lysosom abgebaut. Unser Ansatz beschreibt die 

erste Implementierung einer Recyclingfunktion in einen bsAb, welcher common light chains (cLC) besitzt. Zu 

diesem Zweck wurde eine Histidin-angereicherte cLC-Bibliothek generiert und auf Antigen-Bindung bei pH 7,4 

und Antigen-Freisetzung bei pH 5,0 durchmustert. Der parentale Antikörper wurde aus einer Immunisierung von 

OmniFlic Tieren mit den Kolorektalkarzinom-assoziierten Proteinen CEACAM5 und CEACAM6 generiert und in 

diesem Zusammenhang wurde auch die hier genutzt cLC entdeckt. Zusätzlich wurde beabsichtigt, die pH-

Responsivität nur für eines der Antigene – CEACAM5 – zu implementieren. Die isolierten Kandidaten wurden 

hinsichtlich Schmelztemperatur und Antigenaffinität charakterisiert und zeigten nur geringe Unterschiede im 

Vergleich zur parentalen cLC. Wichtiger noch, es wurde untersucht und bestätigt, dass die erzeugte cLC ihre 

Eigenschaften als cLC behält und für einen CEACAM5/CEACAM6-spezifisches bsAb verwendet werden kann. 

Diese Arbeit vermittelt tiefere Einblicke in cLCs und zeigt, dass cLCs detailliert auf Einzelanwendungs-spezifische 

Anforderungen zugeschnitten werden können. In der dargestellten Arbeit war dies die Etablierung von pH-

Responsivität für nur eine der beiden Antigen-Bindestellen.   

Die zweite Untersuchung konzentrierte sich auf die Erzeugung von Hühnerantikörperfragmenten im Format der 

single chain Fragment variable (scFv) basierend auf Hühnerimmunisierungen, um die Verwendung von 

Hühnerantikörpern als Affinitätsliganden in Proteinreinigungsverfahren zu untersuchen. Die 

Affinitätschromatographie ist ein leistungsfähiges Werkzeug zur Reinigung von Proteinen aus komplexen 

Lösungen. Insbesondere im Zusammenhang mit Antikörpern ermöglichen natürlich vorkommende Liganden wie 

Protein A nicht nur eine Vereinfachung, sondern auch eine Beschleunigung des Reinigungsprozesses. Jedoch ist 

die hohe Affinität von Protein A zu Immunoglobulinen zeitgleich ein entscheidender Nachteil während des 
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Reinigungsprozesses, da hierdurch harsche Elutionsbedingungen wie beispielsweise Puffer mit niedrigem pH-

Wert oder hoher Ionenstärke benötigt werden, welche Ausbeuteverluste durch Proteindegradation zur Folge 

haben könnten. Dies ist einer der Gründe, wieso für die Reinigung von Antikörpern oft Affinitätsliganden erzeugt 

werden, welche intrisische Responsivitätselemente aufweisen, die mildere Elutionsbedingungen ermöglichen. 

Wir wollten Affinitätsliganden auf der Basis von Hühnerantikörpern erzeugen. Hühner-Antikörper sind für eine 

einfache Bibliothekserzeugung und intrinsische thermische Stabilität bekannt und können durch einen 

einfachen Immunisierungsprozess erzeugt werden. Darüber hinaus sind Hühner keine Säugetiere, was die 

Chance erhöht, bei Immunisierung mit einem Säugetierprotein im Gegensatz zu Nagetierwirten eine 

Immunreaktion auszulösen. Für unsere Studien wählten wir das scFv-Format, um eine kostengünstige und 

einfache Herstellung durch bakterielle Expression zu ermöglichen. Unsere generierte Hühner-scFv-Bibliothek 

konnte verwendet werden, um eine Vielzahl verschiedener scFvs gegen unser Modellprotein - ein humaner IgG 

Antikörper - zu isolieren, die nicht nur eine hohe Affinität aufwiesen, sondern auch ein pH- und/oder 

Magnesium-responsives Bindungsverhalten zeigten. Dies sollte als zusätzliches Sortierkriterium milde 

Elutionsbedingungen in einem Downstream Processing Setup (DSP) ermöglichen. Nach der Kopplung der scFvs 

an ein voraktiviertes Festphase wurden Chromatographien durchgeführt, die sowohl die Spezifität als auch das 

pH-/Magnesium-responsive Bindungsverhalten in einem DSP-Setup bestätigten. Unser experimentelles Design 

erwies sich als ein sehr zeiteffizientes Verfahren zur Isolierung potenter Affinitätsliganden für die Reinigung 

menschlicher Proteine unter Anwendung milder Elutionsbedingungen. 

Der dritte Teil dieser Arbeit konzentrierte sich auf die Methode des Hefe-Displays selbst und dessen 

Verbesserung. Das Online-Monitoring bei der Sortierung von Hefe-Display-Bibliotheken wird durch 

Immunfluoreszenzfärbung ermöglicht. Aufgrund der Färbung muss vor der Sortierung Zeit für die Vorbereitung 

der Bibliothek aufgewendet werden. Um dieses Verfahren zu umgehen, haben wir ein Expressionssystem 

entwickelt, bei dem die Oberflächenpräsentation mit intrazellulärer tGFP-Expression gekoppelt ist. Zu diesem 

Zweck wurde eine ribosomale Skipping-Sequenz (auch als 2A-Peptid bekannt) genetisch mit dem 3'-Ende des 

präsentierten Proteins und dem 5'-Ende von tGFP verknüpft. Nach der Translation wird die Polypeptidkette bis 

zum letzten Codon des 2A-Peptidgens verlängert, wo ein Strangbruch stattfindet, ohne dass das Ribosom stoppt, 

sondern die Translation mit einer zweiten Polypeptidkette (in dieser Arbeit tGFP) fortgesetzt wird, bis ein 

Stoppcodon erkannt wird. Dieser Aufbau ermöglicht den Nachweis von Oberflächenproteinkonstrukten in voller 

Länge ohne Verwendung von immunologischer Färbung, was eine zeit- und kostenfreundlichere Alternative zur 

immunologischen Färbung darstellt. 
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Scientific Novelty and Significance 

 

The versatility of antibodies in modern life science or medicine is based not only on their ability to bind antigens 

with very high affinity but also on intrinsic stability, which allows for multiple protein engineering approaches 

to generate antibodies with tailor-made characteristics. This work focused on expanding the applicability of 

antibodies with responsive binding elements for in vitro and in vivo experiments while streamlining the 

screening process by optimizing the library preparation. 

The first project presented in this work focuses on pH-responsive sweeping bispecific antibodies (bsAbs). bsAbs 

comprise – in contrast to conventional antibodies – two antigen specificities that can be utilized to generate 

immunological synapses and subsequent target degradation. However, if solid tumor-associated antigens are 

targeted, bsAbs can suffer from antibody buffering if the antigen is also present in soluble form in the 

bloodstream, just as monospecific antibodies do. Recent publications describe the generation of recycling and 

sweeping antibodies which comprise pH-responsive or Calcium-responsive antigen binding in order to 

circumvent antibody buffering. This mechanism is based on the internalization of the antigen-antibody complex 

by endothelial cells and subsequent calcium concentration and pH change during vesicle maturation causing the 

antigen to dissociate. While the antibody is secreted and again able to bind antigen, the antigen is degraded in 

the forming lysosome. Our approach describes the first implementation of a recycling function into a bsAb 

equipped with common light chains. To this end, a histidine-doped common light chain library was generated 

based on the common light chain of a CEACAM5/CEACAM6 bsAb. This bsAb was isolated from an Omniflic 

immunization with the antigens CEACAM5 and CEACAM6, respectively, both relevant markers for colorectal 

cancer. As an additional goal, we aimed at introducing the pH-responsive binding solely for CEACAM5. The his-

doped cLC library was screened for antigen-binding at pH 7.4 and antigen-release at pH 5.0. Isolated candidates 

were characterized towards melting temperature and antigen affinity, only showing minor differences 

compared to the parental common light chain. More importantly, it was examined and confirmed that the 

generated common light chain remains a common light chain which can be used for a CEACAM5/CEACAM6 

specific bsAb. This work mediates more profound insights into the engineering of common light chains for tailor-

made binding characteristics resulting in a molecule where one antibody arm gains pH-responsive behavior 

while one arm remains pH-independent. 

The second investigation focuses on the generation of single chain Fragment variable molecules (scFvs) 

generated by chicken immunization as affinity ligands for affinity chromatography, expanding the utilization of 

chicken immunization derived antibody fragments. Affinity chromatography is a powerful tool to purify protein 

from complex solutions. Especially in the context of antibodies, naturally occurring ligands such as Protein A 

enable simplifying and accelerating the purification process. But the very high affinity of Protein A also comes 

with the drawback of requiring harsh elution conditions such as low pH or high ionic strength, resulting in 

antibody degradation during purification. Therefore, newly generated ligands for antibody purification are often 
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engineered to include responsive binding elements allowing mild elution conditions during purification. We 

aimed at creating affinity ligands based on chicken antibodies, which are known for easy library generation, 

intrinsic thermal stability, and can be generated by a simple immunization process. 

Additionally, chickens are not mammals increasing the chance of provoking an immune reaction upon 

immunization with a mammal protein, unlike rodent hosts. Our chosen format – scFv – should also allow easy 

and fast production in bacterial hosts to ensure favorable production. The generated chicken scFv library could 

be utilized to isolate a plethora of different scFvs against our model protein, a human IgG scaffold. The resulting 

variants showed high affinity and comprised pH- and/or Magnesium-responsive binding behavior, which was an 

additional sorting criterion to enable mild elution conditions in a DSP setup in the end. After coupling the scFvs 

to a solid support, chromatographies were performed confirming the specificity as well as the pH-/Magnesium-

responsive binding behavior in a DSP setup. Our experimental design proved to be a very time-efficient 

procedure to isolate potent affinity ligands enabling a mild elution purification of human proteins. 

The third part of this work focuses on the method of yeast display itself and the refinement thereof. The online 

monitoring during the sorting of yeast display libraries is enabled by immunofluorescent staining. Due to the 

staining, time has to be spent to prepare the library prior sorting. We developed an expression system where 

the surface presentation is entangled with intracellular tGFP expression to circumvent this procedure. To this 

end, a ribosomal skipping sequence (also known as 2A peptide) was genetically fused to the 3’ of the presented 

protein and 5’ of tGFP. Upon translation, the polypeptide chain is elongated until the last codon of the 2A peptide 

gene. A strand break occurs without causing the ribosome to stop but rather to continue translation with a 

second polypeptide chain (tGFP in this work) until a stop codon is recognized. This setup allows the detection of 

full-length surface protein constructs without utilizing immunological staining resulting in a more time- and cost-

friendly alternative to immunological staining. 
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1 Introduction 

Throughout millions of years, multicellular organisms developed defense mechanisms against microorganisms 

to which they are exposed to in nearly every natural habitat. More developed organisms, such as vertebrates 

and invertebrates, comprise defense mechanisms referred to as the immune system. This system is responsible 

for the identification of pathogens and subsequent neutralization thereof. To enable a fast response to a 

pathogen, some mechanisms of the immune system are immediately activated upon pathogen contact. The 

trade-off, however, is that the initial immune reaction is less pathogen-specific and, therefore, less efficient in 

pathogen neutralization. Still, it is capable of recognizing a wide range of pathogens by pathogen-associated 

molecular patterns (PAMPs) present on the surface of pathogens. This so-called innate immune system relies on 

i.a. macrophages, dendritic cells, and granulocytes [1-3] expressing pathogen recognition receptors (PRRs), 

which are evolutionary highly conserved [2, 4-7]. If a PAMP is identified and bound by a cell of the innate immune 

system, the reaction can lead to the pathogen's opsonization or the expression of antimicrobial peptides and 

inflammatory cytokines [8-10]. Different mechanisms of the innate immune system rely on natural killer cells 

(NK cells), which are activated upon pathogen binding [11, 12]. Not only molecular interactions are summarized 

as the innate immune system but also the physical barriers formed by mucosal surfaces and epithelial cells 

preventing pathogens from entering the host organism [13]. 

In contrast to the innate immune system, the second line of defense – the adaptive immune system – is only 

activated upon encountering pathogenic threats. Key components are lymphocytes called B-cells and T-cells. In 

contrast to the PRRs, antigen-recognition receptors present on B-cells and T-cells are not germline coded and 

comprise a very high diversity through recombination-activating gene-protein (RAG-protein) initiated somatic 

recombination events [14-16]. This allows the expression of tailor-made B-cell receptors (BCRs) or T-cell 

receptors (TCRs), respectively, specifically binding to imminent threats [17, 18]. This high diversity comes at a 

cost. During maturation of B-cells and T-cells and generation of BCRs and TCRs, the host has to circumvent the 

appearance of receptor variants targeting host-self antigens to prevent autoimmune reactions. This process, 

referred to as central tolerance, occurs during maturation of both cell types [19-21]. 

TCRs do not recognize solely soluble antigen but rather a pathogenic peptide (derived from a degraded 

pathogenic protein), which is presented by antigen-presenting cells (APCs) in complex with the major 

histocompatibility complex (MHC) receptor [22, 23]. Depending on the co-receptor on the T-cell – either CD4 or 

CD8 – the T-cell activation by TCR-signaling will lead to the secretion of cytokines and accumulation of immune 

system cells like phagocytes, natural killer cells and cytotoxic T-cells for cell killing or direct cell-killing by 

cytotoxic T-cells, respectively [16, 24-26]. 

Additionally, BCRs are responsible for inducing the humoral response of the adaptive immune system. 
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B-cell activation is initiated by antigen binding to the BCR either in as soluble antigen or in complex with MHC 

[27]. With the addition of a co-stimulatory signal of maturated and pre-activated T-cells, the B-cell can further 

differentiate into a plasma call and develop the ability to secrete soluble forms of the BCR called 

immunoglobulins or antibodies to “label” pathogens [16]. An alternative differentiation pathway will lead to the 

formation of memory cells, which serve as B-cells on hold, which can be reactivated very fast upon exposure to 

a known pathogen. 

1.1 Antibodies 

1.1.1 Structure and Diversity 

Antibodies are glycoproteins secreted by plasma cells. They are comprised of two heavy chains and two light 

chains, which are interconnected by disulfide bonds. Whereas the heavy chains of most antibodies contain one 

variable domain called VH and up to three constant domains termed CH1, CH2, and CH3, the light chain only 

comprises two domains: one variable domain named VL and one constant domain CL, respectively (Figure 1). 

Two different light chain variants are genetically encoded in humans, the κ and the λ light chain [28]. Early 

experiments with the protease papain showed that IgG-isotype antibodies could be cleaved between CH1 and 

CH2, resulting in a CH2-CH3 homodimer termed Fragment crystalline (Fc) and two heterodimers of the light chain 

domains VL-CL and the heavy chain domains VH-CH1 called Fragment antigen-binding (Fab). Additionally, the 

cleavage region is located in a spacer sequence termed Hinge since it facilitates the flexibility of the Fab arms 

[29].  

 

 

Figure 1.  Schematic depiction of an IgG antibody and its three-dimensional model in ribbon and surface presentation. Light chains 

are depicted in green and pink, respectively. Heavy chains are shown in olive green and coral, respectively. N-glycans are 

depicted as ball and sticks or indicated with cyan triangles on the schematic drawing. Additionally, the paratope, the hinge 

region, the Fab, and the Fc are indicated on the schematic IgG. Disulfide bridges are shown in yellow on the three-dimensional 

model, which is based on PDB entry 1igt. 
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The first steps of generating antibody diversity are the rearrangement of gene fragments coding for the either 

the variable domain of the heavy and the light chain. The gene fragments are categorized as variable (V), 

diversifying (D) or joining (J) segments, of which only V and J are utilized for VL generation [30]. These 

recombination events are initiated by the activation of RAG-1 and RAG-2, which are almost exclusively expressed 

in non-matured lymphocytes [31]. RAG proteins introduce double-strand breaks at designated recombination 

signal sequences (RSS) located between individual V, D and J segments, respectively [32]. These double-strand 

breaks are repaired by nonhomologous end-joining, which creates imprecise joins at the coding ends, serving as 

a template for the terminal deoxynucleotidyl transferase (TdT). The TdT is only expressed in human lymphocytes 

and it may add non-germline encoded nucleotides to the coding end of the recombination fragment [29], 

introducing an additional element of diversity. The locus for the κ light chain variable domain contains 40 V 

segments and 5 J segments located on chromosome 2p11.2 [28, 33]. The joining of V and J segments is located 

in the complementarity determining region 3 (CDR3) one of three CDR loops located in each variable domain 

responsible for antigen binding. The antigen recognition site – the paratope - is determined by the three CDRs 

of the variable domain of the light chain and three CDRs of the variable domain of the heavy chain. The λ locus 

exhibits a slightly different organization. It contains 32 V segments and, additionally, four fixed J-C segments, 

which also encode for the constant domain of the λ light chain [29]. 

The genetic organization of the heavy chain variable domain locus is considerably more complex. Located on 

chromosome 14q32.33, the locus is divided into 39 V segments, 27 D segments and 6 J segments [30, 34]. During 

recombination one D and one J segments are joint first, whereas the V segment is added last [35]. Due to the 

three-segment joining process, TdT-assisted nucleotide addition can occur between V-D and D-J, which increases 

the diversification significantly [29]. Each of the VDJ variable domains of the heavy chain can be juxtaposed to 

any of nine different constant domain genes [36], a process referred to as class switch recombination (CSR). 

These constant domain genes encode for specific constant domains and hinge regions, also giving the option of 

expressing a membrane-bound antibody or a secreted antibody upon alternative splicing. These different heavy 

chains are responsible for specific effector functions, which are discussed in the next paragraph. The switching 

of individual heavy chain genes (class switch recombination (CSR)) is mediated by the activation-induced cytidine 

deaminase (AID). This enzyme is also responsible for an additional element of antibody diversification, namely 

somatic hypermutation (SHM) [31, 37]. AID deaminates ssDNA cytidines during transcription in RGYW 

(purine/G/pyrimidine/A) motifs [38], which can be processed by several repair pathways. Base excision repair, 

mismatch repair as well as non-homologous end-joining (NHEJ) appear to be necessary for either CSR or SHM 

[39, 40]. The absence of AID activity leads to severe immunodeficiencies called Hyper-IgM syndrome, 

highlighting the importance of the immune system's aforementioned recombination processes [31]. All in all, 

the pool of possible antibody sequences is estimated to exceed 1 × 1012 [30]. 
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Figure 2.  Depiction of a full-length IgG antibody (A), Fab fragments (B) and scFv molecules (C). Light chains are depicted in green and 

pink, respectively. Heavy chains are shown in olive green and coral, respectively. CDRs of the light chains are shown in green 

tones, CDRs of the heavy chain in blue tones (D + E). The model is based on PDB entry 1igt with CDR annotation according to 

IMGT [41]. Scfv molecules are displayed without interconnecting linker sequences. 

 

1.1.2 Function 

The human heavy chain is encoded by one of nine heavy chain genes, each differing in hinge flexibility, tissue 

accessibility, glycosylation pattern and effector function of the antibody. Effector functions summarize the 

ability of antibodies to mediate pathogen neutralization pathways upon antigen binding. It can be distinguished 

between cellular-dependent and cellular-independent effector functions [42]. The antibody-dependent cellular 

cytotoxicity (ADCC) describes the neutralization of antigens after antibody binding and subsequent effector cell 

recruitment, such as NK cells and monocytes mediated by various Fc receptors [29, 43]. The effect of antibody-

induced phagocytosis is named antibody-dependent cell-mediated phagocytosis (ADCP), which is also cell 

dependent [44]. Cellular-independent effector functions rely on complement-dependent cytotoxicity (CDC) 

mediated by C1q binding to the Fc and subsequent target cell lysis.  

The default isotype being expressed first after antigen recognition and before SHM and CSR occur is IgM 

(encoded by Cµ) exhibiting only low affinity towards the antigen, which is compensated by its pentameric form 

resulting in ten antigen binding sites and therefore high avidity. Its size limits IgM mainly to the bloodstream 

and, to a lesser degree, to the lymph [30]. Due to the pentameric form, IgM shows very high complement system 

activation. IgD (encoded by Cδ) is also expressed early in the development of B-cells on B-cell surfaces 

simultaneously to IgM and seems to activate basophils [45] and can substitute to some extend low IgM 

expression levels [46]. The least abundant isotype is IgE (encoded by Cε), which mediates hypersensitivity and is 

often linked to allergic reactions. Infections with helminths and metazoan parasites also induce elevated IgE 
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production [47]. Due to its high affinity to the FcεRI and FcεRII, which are mostly found on mast cells and 

basophils, it can initiate the production of proinflammatory molecules like histamine and cytokines [48]. IgA can 

be subdivided into IgA1 and IgA2 (encoded by Cα1 or Cα2, respectively) and mainly exist in a dimeric form. This 

isotype activates effector functions to a low degree and is found primarily in secretory fluids such as breast milk 

and saliva and on mucosal surfaces [49]. The most abundant isotype in humans is the IgG isotype, which is 

subdivided into IgG1, IgG2, IgG3 and IgG4 (encoded by Cγ1, Cγ2, Cγ3 and Cγ4, respectively) [50]. It reaches 

concentrations up to 10 mg/ml in the blood plasma, representing 10-20% of total plasma protein [51]. IgG1 and 

IgG3 show higher complement activation [52] than IgG2 and IgG4, mainly caused by less efficient binding of C1q 

of the latter isotypes [53]. Accordingly, ADCC activation also differs between IgG isotypes. Whereas IgG1 and 

IgG3 show very strong ADCC activation, IgG4 and IgG2 fall significantly behind [54, 55]. Due to the binding to the 

neonatal Fc-receptor (FcRn), all IgG isotypes exhibit a significantly increased half-life of up to 21 days [56-59]. 

An additional effect of FcRn-binding is the transfer of IgG antibodies across the placenta, the blood-brain-barrier 

and epithelial barriers in general [60-63], emphasizing the importance of the IgG isotype for the immune system. 

The glycosylation of the antibody influences not only the effector function capabilities but also enhances the 

stability of the Fc-heterodimer [64, 65]. Individual antibody isotypes defined by the heavy chain gene and class 

differ significantly by their glycosylation pattern. The relative weight of the glycans can be as high as 12% w/w 

for IgE with six N-glycosylation sites in contrast to IgG with only one conserved N-glycosylation site [65, 66]. 

Additionally, it is reported that the glycosylation pattern can influence the secretion efficiency as well as the 

hinge flexibility [67, 68]. 

 

1.2 Antibodies in a therapeutic context 

The success story of antibodies is tightly connected to the history of cancer therapeutics. Almost eighty years 

ago, experiments were performed by Charles Huggins in order to treat prostate cancer with hormones [69], 

indicating that treatment might be possible for cancer indications. Further developments included studies 

performed during the second world war, which stated that alkylating agents such as mustard gas initiate non-

Hodgkin lymphoma regression [70]. However, side effects were severe and improvements during the following 

decades not only focused on the efficacy of fighting cancer but also on minimizing side effects caused by the 

treatment [71]. A promising way of reducing side effects is the utilization of targeted therapeutics, therapeutics 

that do not rely on diffusion into tissue and eventually face a cancer cell at some point but rather therapeutics 

that comprise cancer cell recognition sites that do not impact healthy tissue. Antibodies are naturally occurring 

molecules with such recognition sites and seemed to be promising tools for therapeutics in general, not limited 

to cancer indications. The first utilization of antibody-based therapeutics dates back to the late 19th century 

when Bering and Kitasato discovered that the sera from rabbits which faced a Clostridium tetani infection can 

be used to protect mice against infections with the very same pathogen [72, 73]. This discovery quickly led to 



 

  6 

the development of a diphtheria therapeutics made from horse sera used to treat diphtheria suffering children 

with great success [74]. However, side effects were severe and some children may have died due to anaphylactic 

reaction against the horse serum instead of diphtheria [75]. However, it took some more decades until protein 

engineering developed technics for the production of defined antibody therapeutics, which will be discussed in 

the following paragraph. 

Due to their highly versatile characteristics, antibodies are accepted and essential biomolecules in modern 

medicine. More than 80 antibody-based therapeutics were approved by the food and drug administration (FDA) 

in the USA, with many more to come in the following years for indications in the fields of oncology, immunology 

and hematology [76-78]. In total, more than 550 antibodies were evaluated in clinical studies with 62 being in 

late-stage studies in 2019 [79]. Additionally, antibodies are also used for analytical purposes such as labeling 

agents in enzyme-linked immunosorbent assay, lateral-flow devices, affinity ligands in affinity chromatography 

and Western Blots [80-83]. 

 

1.2.1 Monoclonal antibodies 

One of the most important techniques which allowed the utilization of antibodies in a therapeutic context was 

the development of the hybridoma technology by Köhler and Milstein in 1975. This technology relies on the 

fusion of an immortalized myeloma cell with an antibody-producing B-cell, resulting in an immortalized 

hybridoma cell that produces an antibody with defined specificity [84]. 

In 1986 the first antibody – muromonab - was approved by the FDA to enter the US market [85] to treat kidney 

transplant patients immune to steroid treatment. Thirty-two years later, the bestselling antibody adalimumab 

(Humira) reached a market capitalization of 19.34 bn $ [86]. First antibodies were generated by immunization 

of mice resulting in murine antibody therapeutics with potential immunogenicity risks [87, 88] and significantly 

reduced Fc-mediated effector functions due to the non-human Fc [89]. Even though the generation strategy did 

not change in the beginning, important changes were performed on antibody candidates for therapy to make 

the antibody “more human,” and therefore reducing the probability of encountering immunogenicity [90]. In 

1994 abciximab was approved for the treatment of platelet aggregation, and in contrast to muromonab, it was 

engineered to comprise only murine variable domains grafted onto human constant domains [91, 92]. The same 

was performed for rituximab, the first monoclonal antibody (mAb) approved for an oncologic indication [93]. 

One step further towards complete human antibodies was the grafting of murine CDRs onto fully human 

frameworks [94]. The first mAb utilizing this method was daclizumab, approved in 1997 by the FDA [90]. But still, 

immunogenicity was a problem due to the rise of anti-idiotypic antibodies that could recognize non-human CDR 

sequences [95, 96]. Besides the appearance of in vitro screening technologies, which will be discussed in section 

1.4, the engineering of transgenic animals allowed the generation of fully human antibodies [97-99] and 

subsequent approval of the FDA [100, 101]. To this end, the human immunoglobulin genes are inserted into the 
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genome of the animal, replacing endogenous immunoglobulin genes resulting in the expression of human 

antibodies upon immune system activation [102, 103]. A significant drawback of immunization-derived 

antibodies is the restriction to non-toxic target molecules and low immunogenicity against proteins with high 

homology in mammals [104, 105]. 

 

1.2.2 Novel antibody formats and novel modes of action 

Besides utilizing antibodies resembling the natural-occurring IgG format, many different antibody-based formats 

have been developed throughout the years. To facilitate better tissue penetration and reduce steric hindrance, 

Fab and single chain variable fragment (scFv) molecules have been engineered, which comprise a drastic 

reduction in molecule size [106-108] (Figure 2). An scFv consists of only VH and VL domains connected by a 

flexible linker sequence devoid of any constant domains of a conventional antibody molecule. Engineering of 

the Fc to obtain decreased or increased effector function activation is also described in literature [109-111]. 

Additionally, these small antibody-based molecules are easier to produce in prokaryotic expression systems due 

to their less complex structure [112]. However, the small size comes with a drawback, namely renal clearing. 

With approx. 28 kDa in size, scFv molecules show half-lives in the blood of 10 min, the utilization of Fabs 

only increases the half-live to 28 minutes [113]. To circumvent renal clearance, the multimerization of 

small antibody-based molecules can increase the overall molecular size as well as the attachment of 

polymers like e.g., polyethylene glycol (PEG) to elongate circulation duration [112, 114-116].  

Other strategies utilize the antibody as a carrier protein. In antibody-drug conjugates (ADCs), the antibody 

mediates the highly specific binding to tumor-associated antigens while the antibody-conjugated payload 

is responsible for tumor cell neutralization. This payload can be toxins [117, 118], radionucleotides [119] 

or cytokines [120, 121] for regiospecific effector cell accumulation. 

Alternative approaches focus on implementing novel modes of action like sweeping and recycling antibodies to 

counter the accumulation of antigen-antibody complexes in the bloodstream. This phenomenon is restricted to 

soluble antigens and is also known as antibody buffering [122-124]. In order to prevent antibody buffering, 

sweeping and recycling antibodies can be utilized to degrade antigen by binding it and “directing” it into the cell 

for lysosomal degradation (Figure 3). Sweeping antibodies require the engineering of the Fc as well as the 

paratope. Sweeping antibodies comprise an alternative Fc-scaffold with an increased affinity to either FcRn or 

FcγRIIb [125, 126]. 

Additionally, the binding of the antigen to the antibody needs to be pH-dependent in order to release the antigen 

at pH <6.5. Upon binding of the antigen-antibody complex to the Fc receptor and subsequent uptake into an 

endothelial cell, the antigen is released due to the incremental acidification of the forming sorting endosome. 

The soluble antigen is subsequently degraded by the lysosome. In contrast, the Fc receptor-antibody complex is 
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brought back to the cell surface where the antibody can bind again a new antigen. This cycle can be performed 

multiple times [127]. In contrast to sweeping antibodies, a recycling antibody does not comprise an alternated 

Fc molecule but only a pH-responsive paratope [128]. This allows utilizing the antibody for soluble antigen 

depletion while retaining its ability to move through the bloodstream to reach the tumor site. Additionally, it is 

reported that this strategy can be used to deplete soluble antigen, which would block and therefore prevent the 

antibody from reaching its site of action [129]. Alternative approaches have been undertaken with calcium-

responsive antibodies instead of pH-responsive antibodies because endosome formation also results in 

increasing calcium levels [130]. 

Besides Fc-mediated effects, antibodies can also act as an antagonist by either binding to the ligand or the 

respective receptor denying the interaction thereof and as agonist by binding and clustering of receptors, which 

can lead to apoptosis [131]. 

Besides developing next-generation monospecific antibodies, engineering approaches enabled the production 

of antibodies that comprise two specificities, i.e., target a different epitope with each Fab arm. These bispecific 

antibodies have gained a lot of attention in recent decades and will be discussed in the following paragraph. 
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Figure 3. Mechanism of sweeping and recycling antibodies. The endothelial cell is depicted in dark red. Upon binding the antigen 

(pink), the antibody (green tones) is internalized. Acidification leads to the dissociation of the antigen from engineered IgGs 

and the association of the IgG to Fc receptors. The antigen is degraded in the formed lysosome while the antibody is recycled 

to the cell surface capable of binding new antigen either as soluble antibody (C) or bound to the Fc receptor (B). 

 

1.3 Bispecific antibodies 

A plethora of different strategies has been developed in order to generate bispecific molecules. In 2019, 57 

bsAbs constructs were in clinical trials underlining the importance of this format [132]. Most simple strategies 

involve the linkage of monospecific antibodies or antibody fragments which was done for the bispecific T-cell 

engager (BiTE) molecules where two scFvs are linked by a peptide chain [133]. Its mechanism relies on 

recognizing a tumor cell-associated antigen such as EpCAM or CD19 and the simultaneous binding of an effector 

cell-associated antigen like CD3 located on T-cells. This close proximity leads to the formation of an 

immunological synapse and, subsequently, tumor cell neutralization [134]. The success of the BiTE technology 

quickly led to the development of additional T-cell engaging bispecific antibodies against hematological, solid 

tumor and other indications [135-137]. One of the major characteristics of BiTE is the lack of an Fc, which is a 

shared feature for “non-IgG”-bispecifics including DART, TandAb, F(ab`)2 molecules and others [138]. However, 

the lack of the Fc prevents the molecule from mediating effector functions and the recycling mechanism of the 
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FcRn receptor, drastically decreasing its half-life in serum [139, 140]. The first approved full-length IgG-like bsAb 

was catumaxomab in 2009 for the treatment of malignant ascites [141]. The first production strategies of IgGs 

relied on the fusion of an antibody-secreting B-cell with an immortalized myeloma cell resulting in a hybridoma 

cell producing soluble antibody [84]. Applying this expression strategy to bsAbs involves the subsequent fusion 

of two hybridoma cell lines forming hybrid-hybridoma cells. However, hybrid-hybridoma cells will produce not 

only the desired bsAb but also a mixture of LC/HC variants which do not comprise desired properties (Figure 4A) 

[142]. With only 12.5% of all possible variants, the desired product would have to face an inefficient and 

uneconomical manufacturing process. The first experiments to improve the production of correctly assembled 

bsAbs were undertaken in 1995 with the quadroma technology [143]. This method relies on the fusion of a 

mouse hybridoma and a rat hybridoma cell line since LC/HC pairing was found to be species-specific. In order to 

avoid the chain-mispairing issue on fully human IgGs, engineering approaches have resulted in technologies for 

guided heavy chain heterodimerization. In 1996, Ridgway and coworkers developed the Knobs-into-holes (KiH) 

technology which is based on mutation of single amino acids in the CH3 domain [144]. These mutations create a 

“knob” in one CH3 by replacing threonine with tyrosine (T366Y) and a “hole” by replacing a tyrosine residue with 

threonine (Y407T) on the opposite CH3. However, the heterodimerization is not perfect and homodimers of hole-

HC is commonly observed which is not true for the knob-HC [145]. For increasing the chance of purifying only 

correctly assembled variants, Protein A variants – a naturally occurring Ig-binding protein that will be discussed 

in chapter 1.6.2 - have been engineered to discriminate between heavy chain homo and heterodimers. This is 

achieved by introducing two amino acid exchanges in the CH3 domain changing HY to RF, significantly reducing 

Protein A affinity and allowing clean separation by applying a pH-gradient during elution [146]. Alternative 

approaches have focused on more complex exchanges in order to achieve dimerization. The strand-exchanged 

engineered domains (SEED) technology utilizes the inability of IgA and IgG antibodies to form dimers. By 

exchanging β-strands from IgG CH3 and IgA CH3 asymmetrically, heavy chains are formed that preferably dimerize 

with their asymmetric counterpart [147]. This results in a heterodimerization platform with unaltered Fc-

receptor interaction characteristics [148]. Alternative approaches have been made to generate new heavy chain 

scaffolds with preferable heterodimerization capabilities [149, 150]. However, correct arrangement of heavy 

chains in bsAbs increases the yield of correctly assembled antibodies only to 25%, which is still not sufficient 

for large scale production of therapeutics. Consequently, technologies for the correct assembly of light 

chains have been developed. The CrossMab platform developed by Roche is based on the exchange of CL 

and CH1 domains resulting in a VL-CH1 light chain and a VH-CL-CH2-CH3 exploiting the inability of CH1 and CL 

domains to form homodimers [151] (Figure 4C). However, it is known that the association of LC and HC can 

be driven by the VL and VH interaction. In that case, CrossMab cannot be used to solve the LC/HC 

mispairing problem. Lewis and coworkers published a strategy to circumvent the mispairing by 

introducing amino acid exchanges in the dimerization interface of VH-CH1 and VL-CL [152]. Based on SEED-

Abs, Dietrich et al. recently showed that the replacement of CL and CH1 with CH3 domains can also result in 
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correct LC-HC association [153]. Alternatively, light chains can be used that show promiscuous binding 

behavior and can act as common light chains (cLCs) shared between heavy chains. CLCs can be generated 

by utilizing screening technologies with restricted light chain repertoires [154, 155] or by testing HC/LC 

combinations for retained antigen binding [156]. Emicizumab, a cLC bsAb, was approved by the FDA in 

2017 [157]. Ideally, the combination of Fc-heterodimerization and guided light chain association can result 

in yields of up to 100% of correctly assembled bsAbs. 

 

 

Figure 4. Possible products during production of bispecific antibodies without heterodimerization techniques and schematic 

depiction thereof. (A) Representation of all possible products during bsAb manufacturing without guided LC/HC pairing, the 

correctly assembled antibody is highlighted in red. (B) Possible products during bsAb manufacturing with implemented heavy 

chain heterodimerization methods. The correctly assembled antibody is highlighted in red. (C) Depiction of two different 

heterodimerization strategies for HC assembly (SEED + KiH) as well as two approaches to circumvent LC mispairing (CrossMAb 

+ cLC). 

 

1.4 Antibody discovery 

Generating monoclonal antibodies started as a labor-intensive and time-consuming process. Upon 

immunization, the host's immune system generated antigen-specific antibody-secreting B-cells that were 

isolated from the animal’s spleen after sacrifice. The isolated B-cells are subsequently utilized to generate 

hybridoma cells, with each hybridoma cell producing a single antibody species. Single hybridoma cells are 

isolated by dilution, and secreted antibodies are subsequently screened for antigen binding. Positive clones can 

be sequenced and used for antibody production [84, 158]. A negative characteristic is the tedious and 

cumbersome screening procedure with very low throughput.  

Alternatively, screening technologies for monoclonal antibodies have emerged which utilize extracted B-cell 

mRNA, which is used to amplify VL and VH genes and convert them into cDNA [159]. This cDNA can be used in 

multiple screening setups, which will be discussed in the following paragraph. 
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The first high throughput screening technology was developed by McCafferty and coworkers in 1990. This phage 

display technology is based on the genetic fusion of VL and VH fragments as scFv to a phage coat protein on the 

surface of filamentous bacteriophages [160]. Phage display libraries are extended by infecting Escherichia coli 

cells and soluble phages are applied to a matrix with immobilized antigen. By washing the matrix, unbound 

phages are eliminated and binding phages can be eluted separately. Since the DNA of the displayed antibody 

fragment is wrapped in the very same phage, which displays it, the so-called genotype-phenotype coupling 

allows obtaining the antibody sequence of the bound antibody. Already in 1991, the repertoire of phage display 

was extended by Fab molecules by simultaneous expression of coat protein-fused HC and periplasmic expressed 

LC [161]. Although very powerful, the display of sophisticated proteins like antibodies or antibody fragments 

remains challenging in a bacterial expression set-up [162]. Alternative approaches have been developed in the 

past decades, including cell-free display systems such as ribosomal [163], mRNA [164] and DNA display [165], as 

well as cell-based display systems utilizing different host cells of insect [166], bacteria [167], mammalian [168] 

and yeast cells [169]. In general, cell-free display systems allow the utilization of larger library sizes compared 

to cell-based display systems. They therefore enable the screening of antibody diversities up to 1 × 1014 [170], 

but only cell-based systems allow for a convenient ultra-high throughput real-time analysis [171]. Even though 

phage display remains a key technology up to this date for antibody discovery, yeast display was able to establish 

itself as a strong competitor allowing the isolation of antibodies with femtomolar affinities [172]. In contrast to 

prokaryote-based display systems, yeast cells comprise advantageous properties with regards to providing 

rudimentary glycosylation of displayed proteins [173, 174] as well as comprising post-translational modifications 

that allow for correct protein folding and disulfide bridge formation [170]. 

When it comes to targeting difficult-to-address antigens, alternative binding scaffolds have been examined. This 

includes antibodies derived from bovines, which comprise extremely elongated CDR3 loops in the VH domain of 

up to 70 amino acids providing unique antigen-binding surfaces [175, 176]. In contrast to conventional 

antibodies, camelids possess additional antibody isotypes devoid of light chains. The antigen-binding domain of 

these heavy chain-only antibodies are called VHH domains and comprise excellent production properties in 

bacterial expression setups and excel with their small size [177, 178]. Heavy chain-only antibodies have also 

been found in cartilaginous fish. With approx. 12 kDa, the variable domain of this antibody isotype – the so-

called variable new antigen receptor (vNAR) - is the smallest known binding domain in the animal kingdom. The 

structural basis for the small size is the deletion of the CDR2 loop. However, a highly diverse and elongated CDR3 

can compensate for the missing CDR loop since the non-planar binding surface allows for the binding of cryptic 

epitopes [179-181].  

 

1.4.1 Antibody discovery with yeast display 

Yeast display utilizes the surface-exposed protein Aga2p, which is covalently linked by two disulfide bonds to 

the GPI-anchored Aga1p on the cell wall (Figure 5). The Aga1p-Aga2p heterodimer is a naturally occurring 



 

  13 

protein of Saccharomyces cerevisiae and it is involved in mating events and also referred to as a-agglutinin [182]. 

In yeast display (also known as yeast surface display; YSD), the peptide or protein which should be presented on 

the cell surface is genetically fused to either the N- or C-terminus of Aga2p as demonstrated by Boder and 

Wittrup [169, 170]. In this setup, Aga1p is encoded in the yeast genome, while Aga2p is encoded by the 

respective gene on a plasmid. This enables the fast and easy fusion of genes 5’ and 3’ of AGA2P by commonly 

used cloning methods like homologous recombination or restriction cloning. Both AGA1P and AGA2P are 

controlled by an inducible GAL1 promoter enabling the expression of both proteins upon galactose 

supplementation of the cultivation medium. Upon induction of surface presentation, up to 1 × 105 Aga2p-fusion 

molecules are displayed on a single yeast cell [169]. To ensure genotype-phenotype coupling, a single copy origin 

of replication (ori) is utilized [183, 184].  

Non-different to competing display methods, YSD allows for the in vitro selection of naïve, immune and synthetic 

antibody repertoires [185]. In order to achieve very large libraries, Benatuil and coworkers developed a scalable 

transformation protocol for the generation of libraries easily surpassing 1 × 109 transformants [186].  

Additional epitope tags flanking the protein of interest (POI) are implemented to verify surface presentation by 

immunofluorescent staining. Especially C-terminal tags help to identify non-frameshifted full-length variants 

acting as a quality control. The same methods apply for the verification of antigen-binding by the displayed 

antibody-fragment. Convenient staining strategies detect tags on the antigen used for antigen purification, such 

as His-tag and Strep-tag [173, 187, 188]. Alternatively, the antigen can be modified in vitro by conjugation with 

agents like NHS-Biotin conjugates, enabling the detection with fluorophore-streptavidin conjugates. Also, the 

direct conjugation of the antigen with a fluorophore is a valid strategy. After the staining process, the yeast cells 

exhibit a certain fluorescence signal depending on the bound fluorophores. This can be detected by flow 

cytometry and utilized for cell sorting by fluorescence-activated cell sorting (FACS). During cell sorting, cells with 

positive fluorescence signals for antigen binding and surface display are collected and submitted for cell 

expansion before subsequent sorting rounds. After approx. 3-5 sorting rounds, the cell population is utilized for 

plasmid rescue and the antibody genes can be reformatted for expression [189, 190]. 

New staining strategies can be utilized not only for the isolation of highly affine antibodies but also to identify 

variants with increased thermal stability, switchable binding behavior, and the expression profile [191]. 

Recently, 2A peptides have been introduced into YSD. 2A peptides can be used to entangle the expression of 

two proteins [192]. To this end, the 2A peptide gene is genetically fused in between the two protein genes. Upon 

translation of the mRNA, the formation of the 2A peptide leads to the termination of the polypeptide chain 

without stopping the ribosome from translating the second gene [193, 194]. This mechanism was implemented 

in order to substitute for surface display immunostaining by entangling Aga2p-POI and eGFP expression [195, 

196] and also for enabling simultaneous surface presentation and secretion of soluble protein by utilizing an 

inefficiently cleaving 2A peptide [197]. 



 

  14 

 

Figure 5.  Schematic depiction of yeast surface display. The displaying yeast cell is depicted as a brown circle with the GPI-anchored 

Aga1p-Aga2p protein (green) on the cell wall. The scFv molecule (PDB: 4p48) is depicted in blue with the CDRs shown in 

orange. Bound antibody is shown in blue (HCs) and green (LCs) with glycosylation shown as balls and sticks (PDB: 1igt). Tags 

for verification of surface presentation are highlighted in violet. Labeling agents are shown as incomplete circles with attached 

stars that resemble the fluorophores (green, pink, blue). 

 

1.4.2 Generation of responsive antibodies 

As already mentioned in the context of sweeping/recycling antibodies, antibody engineering focuses not only 

on the generation of high affinity antibodies but rather on a plethora of different properties, enabling tailor-

made antibodies with custom characteristics. YSD has been utilized to develop antibodies that can be switched 

from antigen-binding to antigen-nonbinding by external factors such as temperature, pH, and supplementation 

of chemicals [129, 195, 198]. Therapeutic applications can benefit from binding-finetuning since pH values differ 

across tissues. The tumor microenvironment is a good example, with potential pH values reported being as low 

as pH 5.9 [199, 200]. This enables to target antigens specifically within certain tissues conveying regiospecificity. 

As already mentioned in the context of recycling and sweeping antibodies, pH-switches allow new modes of 

action for antigen depletion to avoid antigen buffering [122]. The implementation of pH-switches can be 

achieved by multiple strategies, explained in the following paragraphs. A common theme for many of them is 

the focus on histidine residues, since histidine comprises an averaged pKa value of 6.6 (±1.0), which translates 

into a charge change upon slight acidification [201-203]. 
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Positions that can be addressed by amino acid exchange to implement histidine residues can be identified by 

structure-guided approaches, in particular, if protein-protein interaction surfaces are known [204]. However, 

success is not guaranteed since small changes in proximity to the histidine side chain can influence the 

protonation state [205]. Combinatorial histidine scanning libraries utilize a more general approach to identify 

possible positions for implementing histidine residues, which does not rely on in-depth knowledge of the 

protein-protein interaction surface [128]. Additionally, amino acid substitutions can also be implemented in the 

protein framework, which is not involved in antigen binding. Upon acidification, the histidine residues will 

mediate structural changes leading to interruption of protein-antigen binding [128, 201, 206]. Murtaugh et al. 

identified synergistic effects of histidine residues in close proximity emphasizing pH-responsive behavior, which 

was shown for the engineering of a pH-responsive RNase A binding VHH antibody fragment [202]. 

Alternative approaches utilize ultra-high throughput display technologies like phage or yeast display to identify 

pH-responsive antibodies in complex libraries with more than 1 × 108 different antibody variants [207, 208]. 

Since this methodology can also be used for semi-synthetic and synthetic antibody/antibody fragment libraries, 

a plethora of different screening methods can be applied in order to isolate pH-responsive proteins only limited 

by either the library diversity or the creativity of the experimenter. Usually, these screening approaches start 

with the enrichment of antigen-specific antibodies. This pool is subsequently subjected to negative sorting 

rounds, which differ from “regular” screening round by an additional wash step after incubation with the target 

protein. This wash step is performed at a pH value where the antibody should not encompass antigen binding. 

After this wash step, the immunofluorescent staining of epitope tags for surface presentation is continued. If 

the displayed antibody comprises pH-responsive binding behavior, the displaying-entity should only exhibit 

surface presentation but no antigen-binding [83, 204, 209]. To accelerate the isolation procedure, histidine-

doped libraries have been created for phage display and yeast display, which comprise higher than average rates 

of histidines in randomized binding loops. This strategy was implemented in the screening process of scFvs and 

alternative binding scaffolds such as vNARs (variable new antigen receptor) [207, 208]. Similar to the generation 

of pH-responsive binding behavior, antibodies have also been engineered from naïve and immune libraries to 

comprise calcium- and magnesium-responsive binding modalities by adjusting the screening methods 

accordingly [83, 130, 210-214]. Besides developing pH-switchable antibodies for therapeutic applications, these 

strategies can also be used to isolate affinity ligands for chromatographic applications, which will be further 

discussed in chapter 1.6.2.  

 

1.5 Antibodies against human proteins 

To prevent the formation of self-host reactive antibodies, developing B-cells undergo clonal selection in which 

self-host reactive receptors lead to inactivation of the B-cell [215, 216]. Genetic mutations can lead to an 

interruption of this sorting process, causing severe autoimmune diseases [217]. However, this phenomenon has 
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also to be considered during immunization campaigns since it will inhibit the generation of antibodies if the 

antigen comprises high homology to host-self proteins, which has been reported for mouse (Mus musculus) 

immunization [218-220]. Subsequent methods have been tested where the murine homolog protein was 

specifically knocked out to overcome immune tolerance. Furthermore, the utilization of immune-deficient mice 

has been reported to enable the generation of antibodies recognizing highly conserved antigens [221-223]. The 

fusion of highly conserved antigens with immune response enhancers such as peptides based on diphtheria and 

tetanus toxins did show positive results in mice and allowed subsequent target-specific antibody isolation [224]. 

An example of orthogonal approaches is the immunization of chickens (Gallus gallus domesticus) to generate 

antibodies against highly conserved epitopes on proteins in mammalians. A major consideration of utilizing 

chicken for immunization is the phylogenetic distance between mammals and chickens, increasing the 

probability of raising antigen-specific antibodies against highly conserved mammalian proteins [225, 226]. Also, 

favorable characteristics like enhanced stability due to elevated cystine levels and elevated body temperature 

in avians are described in the literature [227, 228]. Additionally, advantageous is the easy isolation of VH and VL 

genes due to the genetic arrangement of the antibody genes enabling the isolation of the respective gene 

fragment by defined primer pairs [229, 230]. 

 

1.6 Production of antibodies 

The commercial success of antibodies led to a demand for economical large-scale production. This need was not 

satisfied with initial hybridoma production setups due to the instability of the hybridoma cells [231]. Alternative 

cell lines for the production of monoclonal antibodies have been developed like HEK293, NS0, PER.C6 and CHO, 

each capable of producing antibodies in the range of > 1 g/L [232-236]. In 2014, 84% of all commercially 

available antibodies were produced in CHO cells [237]. This is caused by the fact that CHO cells enable easy cell 

line engineering, fast and versatile adaption to a wide range of cultivation conditions, high cell densities in 

combination with high productivity, and human-like post-translational modifications [238]. Even though non-

mammalian cell system can be utilized for the production of antibodies such as plant [239], yeast [240], 

insect [241], and bacterial cells [242], the vast majority of production processes are still relying on 

mammalian cells for the production of antibodies due to post-translational modifications such as 

glycosylation [243, 244]. Besides choosing the correct cell lines for production, main considerations 

comprise the scale and setup of the cell culture during upstream processing (USP) and the purification 

strategy, usually referred to as downstream processing (DSP). 

 

1.6.1 Upstream processing 

After choosing a cell line for expression, the production process is tailor-made for every produced antibody. 

Critical parameters in cell culture are pH, temperature, seeding density, oxygen transfer rate, and glucose 

concentration, among others [245, 246]. Additionally, amino acid concentrations and supplemental chemicals 
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(e.g., dextran sulfate, copper, cysteine, ascorbic acid) are known for influencing the yields of active antibody 

species [245, 247-249]. All these variables can be tested in small scale format prior to upscaling in multititer 

plate formats with cell culture volumes of less than 1 mL [250, 251]. In the next stages, bioreactors with volumes 

of several liters to hundreds of liters are used to confirm and polish production conditions before inoculating 

production bioreactors, which can comprise several thousand liters of cell culture with optimized yields of up to 

20 g/L [246, 252].  

 

1.6.2 Downstream processing 

After harvest, the antibody has to be extracted and purified from the cell culture supernatant, referred to as 

downstream processing (DSP). This is done by several chromatographic steps starting with affinity 

chromatography to reduce impurities and also sample volume [253, 254]. Multistep purification of antibodies is 

the major cost-driving factor during the whole production with up to 90% of total costs [255, 256] with Protein 

A affinity chromatography contributing 25% of total DSP costs [257]. Additional chromatographic steps such as 

ion-exchange chromatography are commonly applied to reduce host proteins (HCP), DNA and other impurities 

[258]. Early affinity chromatography resins for antibody purification utilized immobilized Protein A. Protein A is 

a protein produced by Staphylococcus aureus to evade degradation by the immune system by binding to a broad 

range of antibody isotypes and render them non-functional[259, 260]. 

Interestingly, Protein A does not only comprise affinity to its main binding site located in the junction of CH2 and 

CH3 but also to family 3 VH domains [261, 262]. In general, Protein A chromatography is performed by loading 

the antibody-containing solution onto a chromatography column. Impurities are removed by wash steps and 

the bound antibody is subsequently eluted by applying elution buffer. A shared characteristic for Protein A 

chromatography is the required pH shift during elution. Commonly used buffers such as glycine buffer or citrate 

buffer comprise pH values in the range of 2.8-3.5 for elution. However, strongly acidic elution conditions may 

lead to irreversible damage to the purified protein and, eventually, protein loss, which is further enhanced by 

low pH virus inactivation steps [263-267]. Besides protein aggregation, deamidation events, as well as 

succinimide formation with subsequent amino acid isomerization or even backbone cleavage can occur but 

depend strongly on the individual antibody amino acid sequence [268-270]. Virus inactivation can be achieved 

by alternative methods such as UV radiation, heat treatment or even membrane filters, omitting the need for 

harsh potential protein-damaging virus inactivation steps [271]. 

For more than three decades, engineering approaches enabled the improvement of Protein A to become more 

acid/base stable, show less leakage and allow for shorter contact times during purification [272-274]. This 

includes depletion of all domains of Protein A but antibody-binding domain B (also known as Z-domain), which 

shows superior stability against NaOH while simultaneously allowing higher ligand density and, therefore, higher 

binding column capacity [275]. The stability against NaOH is a very important factor in the context of resin 
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lifetime since NaOH is utilized to sanitize and clean the column material between runs [276-278].  But also, the 

suboptimal elution conditions have been addressed. Gülich et al. elongated loop regions of the Z-domain, which 

resulted in reversible pH-dependent unfolding and subsequent affinity loss against IgG, allowing purification at 

pH 4.5 with a recovery of 97% [279]. Structure-guided approaches, either in combination with histidine scanning 

phage libraries or without library-assisted screening methods, did result in the isolation of Protein A variants 

with superior elution conditions at pH 5.0 [280, 281]. Watanabe et al. were able to isolate Z-domain mutants 

enabling an efficient elution at pH 5.0 while retaining NaOH-resistance [282]. Alternatively, elution based on 

temperature-dependent Protein A derivatives has been described [198]. Upon the incorporation of a calcium-

binding loop between two of the three Z-domain helices, a calcium-dependent Z-domain was generated that 

binds antibodies only while calcium ions are present [283, 284]. Subsequent elution can be achieved by utilizing 

an EDTA-containing solution at pH 5.5.  

In addition to engineering scaffolds based on Protein A, scientists developed orthogonal purification platforms 

relying on either proteins with naturally occurring antibody affinity (Protein G/Protein L) or engineered semi-

synthetic proteins (i.g. affimers). In comparison with Protein A, Protein G is also derived from Staphylococcus 

aureus and shows a slightly higher affinity against human IgG antibodies. However, the unique selling 

proposition of Protein G is the high affinity towards murine antibodies, which can be purified with ease, whereas 

Protein A exhibits only a low affinity to murine antibodies [285]. The higher affinity comes with the drawback of 

requiring even lower pH for elution, but protein engineering allowed the generation of pH-switchable Protein G 

variants that enable elution at pH 4.5 [286, 287]. 

Additionally, antibody-derived molecules such as VHHs have been engineered to comprise IgG-specificity and 

switchable binding characteristics. Upon camelid immunization, a plethora of variants has been isolated, 

enabling the purification of multiple antibody isotypes and formats [214, 288, 289]. Of these VHH variants, the 

variants specific for IgA-CH1 and IgG-CH3 (named FcXL) can be used for mild elution upon addition of either high 

concentrations of magnesium chloride of 2 M (IgA-CH1) or supplementation of the elution buffer with 

magnesium chloride (1 M) and propylene glycol (40%). Publications suggest the suitability of vNAR proteins to 

comprise pH-responsive binding behavior as well as the capability of recognizing antibodies isotypes and even 

idiotypes [188, 207, 290]. Shark-derived single domain antibodies (vNARs) are not yet commercially available for 

purification of antibodies. 

Similar approaches have been made with non-immunoglobulin scaffolds. Affitins are based on Sso7D, a naturally 

occurring protein in hyperthermophilic crenarchaea, which binds DNA but can be engineered for altered 

specificity. Variants have been identified by YSD, which could be used for small-scale DSP experiments at an 

elution pH of 4.5 [201, 291]. In this work, chicken-derived antibody fragments and their suitability for DSP 

applications were examined. 
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2 Objective 

 
The objective of this doctoral thesis was the development of responsive antibody scaffolds either for therapeutic 

application or for downstream processing applications utilizing yeast display. Additionally, improvements of the 

screening procedure should also be considered and implemented.  

The first project presented in this work will focus on pH-responsive sweeping bispecific antibodies (bsAbs). To 

increase the manufacturability of correctly assembled bsAbs, heterodimerization strategies for the heavy chains, 

as well as the light chains can be implemented. The chosen parental molecule – a CEACAM5/CEACAM6 specific 

bsAb – utilizes the knob-in-hole (KiH) strategy for heavy chain- and the common light chain (cLC) technique for 

light chain heterodimerization. Assuming the targeted antigen is located on a solid tumor but also occures in the 

blood stream, antibody therapeutics can be intercepted by the soluble antigen and will not be able to make an 

impact at the tumor site – a phenomenon called antibody buffering. However, implementing a pH- or calcium-

responsive binding element at the antibody will support antigen degradation, as shown by recent publications, 

usually referred to as antibody sweeping. This concept is based on the dissociation of the antibody-antigen-

complex during lysosome formation. This is caused by changes in pH and calcium concentration after the 

complex was internalized into endothelial cells. The objective of this part of the thesis will be the implementation 

of a sweeping function into the mentioned parental common light chains, but it should only compromise pH-

responsive binding for one of both antigens proven the engineerability of cLCs in general while retaining high 

affinity and stability.  

The second investigation will focus on the generation of affinity ligands for affinity purification of human 

proteins. One of the best protein purification methods is affinity chromatography due to the very high specificity 

between protein-of-interest and the ligand, often omitting the need for several chromatography steps. 

Especially in antibody purification, naturally occurring ligands such as Protein A and Protein G enable fast 

purification. But neither Protein A nor Protein G are free from drawbacks. Necessary harsh elution conditions 

can result in lower antibody yield due to protein degradation. Therefore, the generation of new affinity ligands 

with tailor-made elution conditions is an attractive alternative approach. However, the generation of an affinity 

ligand can be cumbersome and time-intensive. Therefore, we decided to generate affinity ligands based on 

chicken antibodies since immunization of chicken and subsequent library generation is cost-effective and easy 

to perform. Additionally, during affinity chromatography, mild elution conditions would be beneficial for 

proteins prone to aggregation, wherefore we also wanted to include pH-responsive behavior with non-binding 

at pH 5.0. The screening should be performed accordingly and the isolated variants should be expressed in a 

bacterial host, immobilized on a solid support, and then tested towards chromatographic characteristics. 

An additional effort was put into setting up an improved version of yeast display. One of the advantages of yeast 

display is the online-monitoring of the sorting process possible due to immunofluorescent staining of epitope 
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tags. The staining has to be performed prior to the sorting and can include multiple steps according to the 

number of stained epitope tags. Since the library preparation requires time and consumes – sometimes 

expensive – staining agents, we aimed at simplifying the detection of surface presentation by entangling 

intracellular tGFP expression with surface presentation. To this end, we aimed at utilizing a ribosomal skipping 

sequence (also known as 2A peptide) genetically fused in between the genes of the protein of interest, which 

should be displayed and tGFP. Due to the properties of the 2A-peptide, two separate polypeptide chains are 

translated during translation. This is caused by the helix-like structure of the translated amino acid sequence 

favoring polypeptide chain formation termination without stopping the ribosome's translation process, which 

continues with translation until facing a stop codon. Upon generating the 2A-peptide construct for yeast display, 

a proof of concept sorting campaign should be performed against EpCAM and isolated variants should be 

compared to isolated variants derived from a classical library. This comparison would include thermal stability 

and binding kinetics.  

In summary, the presented work aims at generating pH-responsive antibodies that can either be used in a 

therapeutic context, enhancing the efficacy of a bispecific antibody in vivo or for purification of antibodies with 

favorable elution conditions resulting in less protein loss due to degradation. Also, the screening procedure's 

efficacy should be improved by implementing a 2A-tGFP system omitting the need for immunofluorescent for 

surface presentation in yeast display.  
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