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Abstract  1 

1. Abstract 

1.1. Zusammenfassung 

Die vorliegende Arbeit beschreibt die vielseitige Generierung und Charakterisierung von aus 

dem Hai abgeleiteten anti-idiotypischen vNAR-Antikörpern für die Entwicklung von 

personalisierten Lymphom-Behandlungsstrategien. Dieser Ansatz stützt sich auf den B Zell-

Rezeptor (BCR) als funktionell aktiven und tumorspezifischen Zelloberflächenmarker. Seine 

variable Region, der so genannte Idiotyp (Id), ist für jede klonale B Zell-Population einzigartig. 

Somit unterscheidet sich das Molekül von BCRs, die von nicht-krebsartigen B Lymphozyten, 

aber auch von BCRs, die von Tumorzellen individueller Patienten exprimiert werden. Die 

derzeitige Standardbehandlung von Non-Hodgkin-Lymphomen und anderen hämatologischen 

Malignomen beruht auf einer Kombination aus intensiver Chemotherapie und der Gabe von 

CD20-gerichteten monoklonalen Antikörpern. Trotz ihrer hohen Wirksamkeit sind diese 

Therapien mit mehreren Nachteilen verbunden, die sich aus der mit der Behandlung 

einhergehenden Depletion sämtlicher B Lymphozyten eines Patienten und der daraus 

resultierenden tiefgreifenden Suppression des gesamten Immunsystems ergeben. Trotz hoher 

anfänglicher Ansprechraten erleiden viele Patienten schließlich einen Rückfall und erliegen 

ihrer Krankheit aufgrund der unvollständigen Depletion der Krebszellen und folgender 

Therapieresistenz. Seit den ersten Versuchen, anti-Idiotyp Antikörper als gezielte Therapie für 

hämatologische Neoplasmen vor über 30 Jahren einzusetzen, wurden signifikante 

technologische Fortschritte erreicht. Vielversprechende in vivo Ergebnisse wurden mit anti-

Idiotyp Antikörper-Therapien erzielt, die in exploratorischen klinischen Studien sogar zur 

vollständigen Rückbildung von Lymphomen in Patienten führten. Die daraus resultierende 

Notwendigkeit, eine maßgeschneiderte Therapie zu entwickeln, stellt jedoch eine ernsthafte 

technische Herausforderung dar, die den klinischen Einsatz von monoklonalen anti-Idiotyp 

Antikörpern als Standardbehandlung bisher verhindert hat.  

In Anbetracht der einzigartigen Eigenschaften von schwere-Kette-Antikörpern aus 

Knorpelfischen hat sich die Nutzung dieser Moleküle als eine vielversprechende Strategie für 

die Entwicklung neuer Therapeutika herausgestellt. Während früherer Arbeiten in unserer 

Forschungsgruppe wurden durch FACS-basiertes Screening einer halbsynthetischen, CDR3-

randomisierten Hefeoberflächendisplay-vNAR-Bibliothek verschiedene vNAR-Domänen, die 

spezifisch auf den IgM  B Zellrezeptor der humanen Burkitt-Lymphom-Zelllinie SUP-B8 

abzielen, isoliert. Nach der Expression der mutmaßlichen Leitkandidaten als vNAR-Fc-

Fusionsproteine und deren Charakterisierung wurden im Rahmen der vorliegenden Thesis 

verschiedene Strategien zur spezifischen Abtötung von malignen B Zellen evaluiert. Zunächst 

zielten wir auf die Apoptose-Stimulierung von Lymphomzellen bei BCR-Clustering auf der 

Zelloberfläche mittels anti-idiotypischer vNAR-Fc Fusionsantikörper. Es wurden mehrere 

Antikörperformate mit unterschiedlichen Valenzen, räumlicher Konfiguration, 

Interdomänenabständen und Fc-bezogenen Eigenschaften entwickelt, die jedoch keine 
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antiproliferativen Effekte auf Krebszellen zeigten. Daher strebten wir anschließend die 

spezifische Umlenkung von Immuneffektorzellen auf Krebszellen an. Anti-Idiotypische 

bispezifische Antikörper, die entweder auf FcRI (CD89), welcher von Neutrophilen und 

anderen Effektorzellpopulationen exprimiert wird, oder auf den T Zell-verwandten CD3-

Rezeptor abzielen, zeigten geeignete Bindungseigenschaften und ein robustes T Zell-

Aktivierungspotenzial, waren aber letztendlich nicht in der Lage, anti-Tumor-Aktivität zu 

vermitteln. Monospezifische, bivalente vNAR-Fc-Antikörper versagten ebenfalls bei der 

Vermittlung von zellulärer Zytotoxizität oder Phagozytose durch Rekrutierung von NK-Zellen 

bzw. Makrophagen. Als Alternative wurden Antikörper-Toxin-Konjugate generiert (ADCs). Die 

enzymatische MMAE-Konjugation von zwei vNAR-Fc-Leitkandidaten führte zu einer 

reproduzierbar spezifischen Lyse von Burkitt-Zellen bei picomolaren Konzentrationen. 

Aufgrund der herausragenden Spezifität, die durch die vNAR-Domänen vermittelt wird, zeigte 

die ADC-Behandlung keine zytotoxischen Effekte auf nicht verwandte CHO-Zellen sowie auf off 

target Lymphom-Zelllinien im gleichen Dosisbereich. Dieser Ansatz bietet somit ein breites 

therapeutisches Fenster für die personalisierte Lymphom-Behandlung und verhindert 

gleichzeitig eine allgemeine Immunsuppression, die sich aus der Ablation der gesamten B Zell-

Untergruppe bei Patienten ergibt. Diese Arbeit demonstriert die Machbarkeit der Generierung 

von aus dem Hai gewonnenen Immuntherapeutika gegen patientenspezifische Lymphomzellen 

auf eine kosten- und zeiteffektive Weise. Zukünftige Untersuchungen werden zeigen, ob aus 

dem Hai abgeleitete anti-Idiotyp Antikörper für die Entwicklung weiterer personalisierter 

Therapien zu Einsatz kommen können.  
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1.2. Abstract 

The present thesis describes the versatile generation and characterization of anti-idiotype shark-

derived vNAR antibodies for the development of personalized lymphoma treatment strategies. 

This approach relies on the B cell receptor (BCR) as a functionally active and tumor-specific cell 

surface marker. Since its variable region, referred to as the idiotype (Id), is unique for each B 

cell clonal population, this molecule differs from BCRs expressed by non-cancerous B 

lymphocytes but also from BCRs expressed by tumor cells of other patients. Current standard 

front-line treatment of several non-Hodgkin lymphomas and other hematological malignancies 

includes a combination of extensive chemotherapy with CD20-targeting monoclonal antibodies. 

Despite its high efficacy, these therapies involve multiple disadvantages derived from the 

concomitant depletion of all B lymphocytes of a patient and the resulting profound suppression 

of the whole immune system. Notwithstanding high initial response rates, most patients 

eventually relapse and succumb to their disease as a consequence of incomplete depletion of 

cancerous cells and subsequent treatment regimen resistance. Ever since the first attempts of 

using anti-idiotype antibodies as targeted therapy for hematological neoplasms over 30 years 

ago, dramatic technological advances have been made. Promising results have been achieved 

upon anti-idiotype antibody therapy in vivo, leading even to complete regression of lymphoma 

patients in clinical studies. Yet, the consequent need of developing a custom-tailored therapy 

represents a serious technical challenge that impeded the clinical utility of monoclonal anti-

idiotypic antibodies as standard of care. 

Due to the singular attributes of heavy-chain only antibodies from the cartilaginous fish, 

harnessing these molecules has emerged as an auspicious strategy for the generation of novel 

therapeutics. During previous work conducted in our research group, various vNAR domains 

specifically targeting the IgM  B cell receptor of the human Burkitt lymphoma cell line SUP-B8 

were isolated via FACS-based screening of a semi-synthetic, CDR3-randomized yeast surface 

display vNAR library. After expression of putative lead candidates as vNAR-Fc fusion proteins 

and its characterization, various strategies were evaluated within the scope of the present thesis 

for specific killing of malignant B cells. First, we aimed at the stimulation of lymphoma cell 

apoptosis upon cell surface BCR clustering by means of anti-idiotype vNAR-Fc fusion antibodies. 

Several antibody formats comprising varying valences, spatial configuration, interdomain 

spacing, and Fc-related characteristics were designed revealing, however, no antiproliferative 

effects on cancerous cells. Consequently, we next sought the specific redirection of immune 

effector cells towards cancer cells. Anti-idiotype bispecific antibodies targeting either FcRI 

(CD89) expressed by neutrophils and other effector cell populations, or the T cell-related CD3 

receptor revealed suitable binding properties and robust T cell activation potential but were 

finally unable to mediate anti-tumor activity. Monospecific, bivalent vNAR-Fc antibodies also 

failed at inducing cellular cytotoxicity or phagocytosis via Fc- dependent recruitment of NK cells 

and macrophages, respectively. As an alternative, we intended the generation of shark-derived 

antibody-drug conjugates (ADCs). Enzymatic MMAE-conjugation of two vNAR-Fc lead 

candidates resulted in reproducibly specific lysis of Burkitt cells at picomolar concentrations. 
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Due to the outstanding specificity mediated by the vNAR domains, ADC treatment showed no 

cytotoxic effects on unrelated CHO cells and on off-target lymphoma cell lines in the same dose 

range. Hence, this approach offers a wide therapeutic window for personalized lymphoma 

treatment while preventing overall immunosuppression derived from the ablation of the whole 

B cell subset in patients. This work demonstrates the feasibility of generating shark-derived 

immunotherapeutics against lymphoma cells unique to each patient in a cost and time effective 

manner. Future investigations will evaluate the feasibility of harnessing shark-derived 

antibodies for the development of further toxin-free personalized therapies.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Introduction  5 

2. Introduction  

2.1. Evolution and principles of the immune system 

The human body is home to trillions of microorganisms outnumbering human cells by possibly 

10 times (1). The human microbiome consists of communities of archaea, bacteria, and fungi 

that colonize many tissues and are of vital importance. A key function of our immune system is 

to differentiate between these commensal microorganisms and disease-causing pathogens. The 

skin and the mucosal epithelia build anatomic and chemical barriers that defend the human 

body against invading microbes. Pathogens that cross these defense mechanisms are met by the 

innate immune system. Innate immunity consists of a variety of distinct cell types specialized 

in detecting invariant molecular structures, so-called pathogen-associated molecular patterns 

(PAMPs), of pathogenic viruses, bacteria and archaea, fungi, and parasites (2). Dendritic cells 

(DCs), macrophages, natural killer (NK) cells, neutrophils, granulocytes, and mast cells are the 

sensor cells of the innate immunity responsible for the rapid recognition and degradation of 

invading pathogens, as well as for the initiation of an inflammatory response that activate 

further immune cells (3). The structures expressed on immune cells that allow for the 

engagement of PAMPs are referred to as pattern-recognition receptors (PRRs) (4). Upon 

infection, sensor cells of the innate immune system secrete cytokines and chemokines that 

recruit and activate the components of the adaptive immunity. In vertebrates, the most 

important characteristic of the adaptive immune system is the capability to develop precise 

antigen specificity and memory. These functions are essentially orchestrated by B and T 

lymphocytes (5).           

The T cell receptor (TCR) and B cell receptor (BCR), which are clonally expressed on T and B 

lymphocytes, respectively, play a pivotal role in antigen recognition. The initial repertoire of B  

and T cell receptors is generated by somatic recombination (6). Upon antigen exposure, the 

initial repertoire is further matured, leading to the generation of highly specific receptors.  B 

and T lymphocytes, however, recognize antigens in substantially different ways. B cells are 

capable of directly binding pathogenic antigens, eventually differentiating into memory cells 

and antibody-secreting plasma cells. By contrast, T cells normally recognize only degraded 

antigens that are presented as peptides linked with so-called major histocompatibility complex 

(MHC) molecules on the surface of dendritic cells and other antigen-presenting cells. Pathogen 

compounds that are synthesized in the cytosol, such as viral proteins, are engaged by MHC class 

I molecules, which in turn are recognized by CD8+ T cells. Exogenous antigens that are 

degraded in intracellular vesicles are presented on MHC class II molecules and subsequently 

recognized by CD4+ T lymphocytes (7). Thus, while the cell-mediated immunity is mainly 

orchestrated by T cells, antibodies produced by B cells are the key players of humoral immune 

responses in extracellular spaces.   
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2.2. Cancer – Etiology of hematological neoplasms 

With roughly 19.3 million new cancer cases and almost 10.0 million cancer-related deaths 

worldwide in 2020, cancer is, after cardiovascular diseases, the second leading cause of death 

globally (8). Regarding the annually cost of cancer care of approximately US$ 1.16 trillion and 

considering the raising incidence worldwide, cancer has emerged as a particularly important 

health burden (9). In 2021, almost 2 million new cancer cases and over 600,000 cancer deaths 

are projected to occur in the United States (Figure 1) (10). 

To undertake their physiological functions, healthy cells proliferate, divide and eventually die 

by apoptosis when they become senescent or damaged. Yet, when a cell or cell population loses 

the capability to regulate proliferation, a tumor or neoplasm evolves (11).  By definition, cancer 

is a complex family of diseases based on an abnormal growth of cells caused in an extensive 

multistep process including several genetic changes that result in dysregulated balance between 

cell proliferation and cell death (12). During carcinogenesis, normal cells progressively acquire 

a succession of hallmark capabilities including sustained proliferative signaling, evasion of 

growth suppressors, resistance to apoptosis, replicative immortality, activation of angiogenesis 

and induction of invasion and metastasis (13). According to the degree of aggressive growth, 

neoplasms can be either benign, when they grow locally and are noninvasive to adjacent tissues, 

or malignant, when the reveal invasive and metastatic characteristics. Remarkably, metastases 

spawned by malignant tumors are responsible for most cancer-related deaths (14).  Extensively 

research over centuries into cancer epidemiology and etiology revealed evidence that several 

risk factors are directly associated with an increase of cancer incidence. Some of the most 

important cancer risk factors comprise genetic predisposition, viruses and other infections, but 

also environmental factors and lifestyle. For example, cigarette smoking and other addictive 

substances represent a major causative factor. The incidence of cigarette smoking is clearly 

related to the incidence of lung cancer, which is the most common cancer worldwide (15, 16). 
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Figure 1 | Estimated new cancer cases and deaths in the United States in 2021. Numbers of new invasive cancer cases in 
both sexes (blue bars) and deaths (red bars) classified by cancer site estimated in the United States in 2021. Figure adapted 
from Siegel et al. (10).   

 

Although virtually every cell type can give rise to cancer, most tumors can be broadly divided 

in four major groups depending on their origin: epithelial, mesenchymal, neuroectodermal, and 

hematopoietic (14). Hematological malignancies may be further classified into leukemias, 

lymphomas, and myelomas. In accordance with the International Agency for Research on 

Cancer (IARC), over 5% of all newly diagnosed neoplasms are of hematological origin.  On the 

basis of their cell type and biological characteristics, lymphomas are classified as Hodgkin´s and 

non-Hodgkin´s lymphomas (NHL), whereupon more than 50 different non-Hodgkin´s 

lymphoma subtypes differing in cellular morphology, prognosis, and response to therapy have 

been identified (17). With a globally incidence of roughly 509 600 new cases in 2018, which 

represents 90% of all lymphomas, NHL is the 13th most common cancer type (18). NHLs are 

generally further divided by lineage into B cell neoplasms (85-90%) or natural killer (NK)/T 

cell neoplasms. Emerging evidence reveals several risk factors generally associated with NHL or 

to some specific subtype including genetic variations, immune alterations, bacterial or viral 

infections (e.g. Epstein-Barr virus [EBV] and hepatitis C virus [HVC]), autoimmune diseases, 

environmental or occupational exposures, and lifestyle factors (19). Plenty genetic events across 

the genome have been associated with different lymphoid malignancies, while few recurrent 

alterations in particular chromosomal regions have been identified among several lymphoma 

subtypes. For instance, alterations in the human leukocyte antigen (HLA) region are associated 

with risk of follicular lymphoma (FL), diffuse large B cell lymphoma (DLBCL), and marginal 

zone B cell lymphoma (MZL) (20). Abnormalities at chromosome 8q24 near MYC are associated 

with both DLBCL and follicular lymphoma as well as other non-hematological neoplasms (21, 

Estimated cancer incidence and morality, USA (2021)
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22). Genetic instability at chromosomes 3q27.3-3q28 are often found in European patients with 

follicular lymphoma (22) and Chinese subjects with DLBCL (23). Burkitt lymphomas are 

hallmarked by another genetic aberration, namely translocations within MYC and an 

immunoglobulin (IGH) genes (24). Burkitt lymphomas reveal inequal distribution worldwide 

as well as distinct incidence rates, most cases occurring in childhood and late adulthood and 

significantly more frequent in males (25).  

In contrast to lymphomas, leukemias arise from clonal myeloid or lymphoid populations with 

dysregulations at distinct stages of differentiation and are classified based on their lineage and 

chronicity in acute and chronic myeloid leukemias (AML and CML), and acute and chronic 

lymphocytic leukemias (ALL and CLL) (17). As for lymphomas, several chromosomal 

aberrations are shared across various leukemia subtypes. Identified first by Nowell and 

Hungerford in the seventies and later further investigated by Rowley, the t(9;22) translocation 

in the Philadelphia chromosome that results in a fusion gene bcr/abl coding for a proliferation-

promoting tyrosine kinase is often found in CML (26, 27).  

2.3. Origin of hematopoietic cancers 

An increasing body of evidence indicates that cells under homeostatic conditions are tightly 

regulated within a committed cell hierarchy where every step from stem cells down to fully 

differentiated cells is controlled by a complex and delicate balance between self-renewal and 

differentiation. Alteration of this homeostatic state can lead to severe diseases, for instance 

cancer. Already in the mid-19th century, pathologists realized broad phenotypic similarities 

between embryonic and tumor tissues, hypothesizing that cancer cells may originate from 

embryo-like progenitors. The concept that tumors eventually emerge from stem cells was first 

postulated in 1875 by Cohnheim (28) and later demonstrated with the identification of the 

leukemia stem cells (LSC) in acute myelogenous leukemia (AML) (29). Two decades later, the 

origin of leukemic stem cells is still not fully understood. Given the results of several studies 

(30-33), it appears that the evolvement of leukemic stem cells varies depending on 

hematological disease. For instance, leukemia stem cells in CML and AML may arise from a 

committed granulocyte-macrophage progenitor (29). A model regarding the origin of 

hematological neoplasms from healthy progenitors during hematopoiesis is schematically 

shown in Figure 2.  
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Figure 2 | Hematological cancer origin model. Under alteration of homeostatic state during hematopoiesis, cancerous stem 
cells may evolve. Upon accumulation of mutations, aberrant hematological stem cells maintain their self-renewal capacity, 
eventually giving rise to leukemic or lymphocytic clonal populations. Leukemia and lymphoma stem cells may derive from 
hematopoietic stem cells (HSCs), committed progenitor cells or even further differentiated cells that recover stem-cells 
features to generate and maintain tumors. Illustration adapted from Martinez-Climent et al. (34) with BioRender.com.  

 

Some key hallmarks of leukemia stem cells have been reported (29). Upregulation of multiple 

signaling pathways including Hox (35), Bmi-1 (36), and Wnt/ß-catenin (37) involved in self-

renewal roles in both normal and malignant cells have been shown to be implicated in the 

ability of leukemia cells to aberrantly self-renew and propagate. In addition to self-renewal, 

prevention of cell death as a consequence of either down-regulation of pro-apoptotic signals or 

up-regulation of anti-apoptotic signals represents a further hallmark of oncogenesis. For 

instance, hyperexpression of Bcl-2 is associated with protection from apoptosis and therefore 

elongated cellular survival in most human AML subtypes (38, 39). These findings are supported 

by the identification of upregulated Bcl-2 expression in early LSC precursors (40). A well-known 

example for down-regulation of apoptosis is represented by the proapoptotic Fas signaling 

pathway, where a nonfunctional Fas receptor (CD95) is often present in AMLs (41, 42). The 

third key feature of leukemic stem cells is their ability to escape immune surveillance by eluding 

the innate immune system, secreting immunosuppressive cytokines, or evading recognition by 

T lymphocytes upon down-regulation of the MHC class I presentation pathway (29). One 

prominent example is the integrin-associated protein CD47, also known as “don´t eat me” 

signal, which has been associated with immune evasion upon engagement of the inhibitory 
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signal regulatory protein  (Sirp ) expressed on phagocytes (43). Intriguingly, atypical high 

expression levels of CD47 have been identified in LSCs in human AML and CML (29).         

In contrast to leukemia, the existence of common lymphoma-originating progenitors harboring 

self-renewal abilities remains largely uncertain. Recent studies have reported particular genetic 

aberrations occurring in distinct lymphoma subtypes within the same patient, pointing to a 

common precursor B lymphocyte with later divergent differentiation (44, 45). The existence of 

a germinal center common malignant ancestral lymphocyte was further supported by another 

study revealing identical genomic alterations in an FL patient and his son after bone marrow 

transplantation (46). However, some differences can be realized depending of lymphocytic 

disease. It is thought that some B cell non-Hodgkin´s lymphomas evolve from B lymphocytes 

or a committed progenitor cell that suffer chromosomal alterations in the IG gene during 

maturation followed by acquisition of self-renew abilities that allow for the generation and 

maintenance of disease. In some cases, such as large B cell lymphoma and Burkitt´s lymphoma, 

pre-tumoral lymphocytes evolve from germinal center-derived cells that possess stem cell-like 

characteristics. Although normally further genetic changes occur, MYC rearrangements directly 

results in lymphoma-originating cells capable to maintain disease (34).   

To recapitulate, multiple lines of evidence are in accordance with the concept that one or 

multiple initial genetic alterations at distinct developmental stages need to take place to induce 

oncogenesis. As a consequence, an aberrant pre-malignant cell population with the ability to 

self-renew gradually evolves (29).    

2.4. Therapeutic treatment of hematological malignancies 

Great advances have been made in the treatment of hematological neoplasms within the last 

years. Bone marrow transplantation (BMT) in conjunction with targeted chemotherapy has 

achieved considerable results in cancer cure. Although leukemias as well as lymphomas 

generally show large responsiveness to chemotherapeutic agents, the effectivity varies strongly 

depending on neoplasm subtype (47). One of the first cases of successful targeted chemotherapy 

was accomplished in 1996 with imatinib (Gleevec), which inhibits the proliferation-promoting 

tyrosine kinase Bcr/Abl and shows remission and prolonged survival in CML patients (48). 

Despite apparent disease remission, many patients suffered cancer relapse upon therapy 

interruption (34). Indeed, many of these remissions are not complete and remaining malignant 

cells proliferate after time, leading in most cases to disease relapse, treatment resistance, and 

very poor prognoses (49). In addition to eventual cancer cell resistance, chemotherapy is often 

accompanied by induction of high levels of toxicity in non-malignant cells.  

Concurrently with the progress in chemotherapy, the revolutionary hybridoma technology for 

the generation of monoclonal antibodies (mAbs) developed by Köhler and Milstein in 1975 

opened a new field of targeted immunotherapy (50). Through the selective binding of tumor-

related antigens, antibodies have the potential to enhance the specificity of cancer therapy. 

Since then, the field of immunotherapy has expanded exponentially accompanied by plenty 
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Food and Drug Administration (FDA) approvals in the last years. Rituximab, targeting CD20 on 

the surface of B cells, showed excellent clinical efficacy in the treatment of non-Hodgkin´s 

lymphoma, becoming the first extensively used monoclonal antibody for B cell malignancies as 

well as several non-malignant immune disorders (51). In the last years, a great effort has been 

made to optimize the architecture and functionality of monoclonal antibodies. One approach 

includes engineering of the fragment crystallizable (Fc) to increase antibody-dependent cellular 

cytotoxicity (ADCC). The type-2 glycoengineered monoclonal antibody obinutuzumab revealed 

increased granulocyte and NK-cell-mediated cytotoxicity and phagocytosis due to its higher 

affinity for the activating FcRIIIA (CD16a) receptor (52). Encouraging results were also 

achieved with the use of the fully human monoclonal antibody ofatumumab (Arzerra, HuMax-

CD20), approved for the management of refractory CLL in 2009 (53). In addition to CD20-

based immunotherapies, different monoclonal antibodies were developed to target alternative 

B cell lineage antigens. The CD19-targeting monoclonal antibody tafasitamab (MOR208) 

demonstrated promising activity in phase 1 in CLL patients (54). Similar to obinutuzumab, the 

Fc fragment of this humanized antibody was also engineered for increased ADCC (55). 

Impressive response rates were achieved with the bispecific T cell engager blinatumomab 

(Blincyto). This antibody, composed of two single-chain variable fragments (scFvs) targeting 

CD19 and CD3, has been approved for the treatment of B cell precursor ALL (56). Recently, the 

antibody-drug conjugate brentuximab-vedotin (BV) directed against CD30 on B lymphocytes 

has revealed high efficacy in relapsed or refractory HL patients after high-dose chemotherapy 

and stem cell transplantation (57). Other promising antibodies and ADCs currently investigated 

in early trials are mogamulizumab, daratumumab, and polatuzumab (58). Extensive data 

regarding clinical efficacy of these therapeutics are reviewed by T. Marron and colleagues (51). 

Alongside with targeted monoclonal antibodies, outstanding response rates were achieved with 

the implementation of immune checkpoint inhibitors. The first checkpoint-blocking antibody 

used in the management of lymphoma was ipilimumab, a fully humanized mAb directed against 

the regulating T cell receptor CTLA-4 (59). Another successful and intensively investigated 

approach is the blockade of the T cell receptor PD-1 or its ligand PD-L1. Three prominent 

examples of PD-1 targeting mAbs are pidilizumab, nivolumab, and pembrolizumab (51).    

Great advances have also been made during the last years in the field of adoptive T cell therapy 

for the treatment of hematological neoplasms. Recent clinical studies with CAR-T cells 

expressing novel receptors targeting CD19 have revealed complete remission in ALL patients 

(60). The most promising advances were recently reported with the use of axicabtagene (KTE-

C19, Yescarta) and tisagenlecleucel (Kymriah), both technologies FDA-approved for treatment 

of various lymphoma diseases in 2017. Notably, the success of the CAR-T cell approach relies 

on the long-lasting therapeutic effects derived from the formation of tumor targeting memory 

T cells.      

Along all these advances, targeted chemotherapy in combination with anti-CD20 monoclonal 

antibodies is the main strategy for treatment of several hematological neoplasms. Despite 
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encouraging results, most patients inevitably suffer relapse and some indolent lymphomas still 

remain incurable (e. g. follicular lymphoma) (51). Another critical disadvantage is 

immunosuppression derived from the overall depletion of B lymphocytes from circulation. As a 

consequence, not only potential adaptive anti-tumor immune responses are substantially 

blunted, but patients become susceptible to infection.  

2.5. Antibodies as key players of the adaptive immune system 

It was in the beginning of the 20th century that Paul Ehrlich considered the idea of using 

antibodies to fight cancer cells (61). Several decades later, F. Macfarlane Burnet and Lewis 

Thomas postulated the “immune surveillance” hypothesis, which stated that the cells of the 

immune system would survey host tissues and recognize and destroy nascently cancer cells (62, 

63). Since then, tremendous progress in the field of immunoncology has been made.  

Today, the biopharmaceutical industry is dominated by therapeutic antibodies, which constitute 

a major class of biologics in treating many challenging diseases (64). Nowadays, over 80 mAbs 

have been successfully approved for a plethora of oncological, immunological, and infectious 

disease indications (Figure 3) (65). In comparison to drugs exerting a general effect on the 

immune system, such as hormones, cytokines, immunosuppressive agents and other small 

molecules, antibodies are characterized by their exquisite specificity and subsequent low direct 

toxicity.  

 

 

Figure 3 | Monoclonal antibody sales by therapy area. Estimated annual sales ($ millions) worldwide of monoclonal 
antibodies classified by therapeutic application field in 2021. Figure adapted from (66).    
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Antibodies or immunoglobulins are the secreted form of the B cell receptor (BCR) expressed by 

mature B lymphocytes (known as plasmablasts and plasma cells). Immunoglobulins are roughly 

Y-shaped. Depending on their heavy chain, antibodies can be classified in five major classes or 

isotypes (IgM, IgD, IgG, IgA, and IgE) with distinguishing attributes (i.e. structures and 

functions). Specific binding of pathogenic antigens and subsequent recruitment of immune cells 

and other molecules are the main functions of antibodies, building a crucial link between innate 

and adaptive immune system (67).   

With a molecular weight of approximately 150 kDa, the IgG antibody is by far the most 

abundant immunoglobulin subclass in human serum. IgG antibodies comprise two identical 

heavy and two identical light chains and can be divided in four subclasses (IgG1, 2, 3, and 4). 

Through the Fc region, composed of the CH2 and CH3 constant domains, antibodies engage 

immune cells mediating effector functions such as antibody-dependent cellular cytotoxicity, 

phagocytosis (ADCP) or complement-dependent cytotoxicity (CDC) (68). These effector 

functions are mediated through the engagement of Fc receptors expressed on immune cells. IgG 

antibodies are bound by a variety of Fc receptors with either activating (CD64, Cd32a, CD32c, 

CD16a, and CD16b) or inhibitory (CD32b) functions expressed on leukocytes of both the 

myeloid and lymphoid lineage (69).  In contrast, antibodies of the IgA isotype are bound by 

FcRI (CD89), which is constitutively expressed on immune effector cells of the myeloid 

lineage. Activation of effector cells via IgA antibodies by induction of ADCC, phagocytosis, and 

cytokine release, among others, has also shown outstanding efficacy in killing tumor cells (70, 

71).    

The variable domains of one heavy (VH) and one light (VL) immunoglobulin chain juxtaposed 

are responsible for specific antigen binding. Within the antigen-binding site, particular 

hypervariable regions form three loops that concentrate most of the antibody diversity, denoted 

complementarity-determining regions (CDR1, CDR2, and CDR3). With an estimated 

combinatorial diversity of at least 1012 unique BCRs, the naïve antibody repertoire in humans 

can virtually recognize any structure (72). This combinatorial germline diversity is the result of 

the RAG1- and RAG2-dependent recombination mechanism of the variable (V), diverse (D), 

and joining (J) segments from a pool of gene segments of the immunoglobulin gene clusters 

during of B cell maturation, a strictly organized process referred to as V(D)J-recombination 

(73). This recombination process begins with the expression of the heavy chain during the early 

pro-B cell stage in the bone marrow (Figure 4). The variable domain of the heavy chain is 

determined by the ordered rearrangement of the VDJ gene segments mediated by various 

transcription factors such as E2a, EBF, and Pax5 (74). After recombination and fusion to HC 

constant domains, an intact µ chain is expressed. Additional diversity arises in a terminal 

deoxynucleotidyl transferase (TdT)-mediated process termed junctional diversification by 

imprecise segment fusion (75). The proper functionality of the rearranged µ chains is verified 

with the aid of two invariant surrogate light chains, that together form the pre-B cell receptor 

(pre-BCR), and the cell becomes a pre-B cell (76). The signaling mediated by the pre-BCR 

enforces allelic exclusion and inhibits further HC locus rearrangement. A large pre-B cell 
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emerges, which subsequently proliferates to give rise to several small pre-B cells. Next, RAG 

proteins are expressed again, inducing the rearrangement of the light-chain locus, thus further 

enhancing the overall BCR diversity. The variable domain of the light chain (VL) emerges from 

the random recombination of only the V and J gene segments, a process that exhibits allelic as 

well as isotypic exclusion (i.e. the expression of either a  or  light chain) (77). Upon 

recombination of the functional light chain, an immature B cell bearing an intact IgM molecule 

emerges. The arbitrary combination of heavy and light chain results in the unique antigen 

binding specificity of each B lymphocyte, enlarging the antibody diversity of an individual (75). 

Upon antigen encounter of the IgM/IgD-expressing immature B cells within the germinal center 

(GC), class-switch recombination (CSR) results in the expression of a functional antibody 

isotype with defined characteristics (78). At this point, the expressed BCR specificity can also 

be further optimized via somatic hypermutation (SHM) (79). 

 

 

Figure 4 | Development of B cells and the B cell receptor. B lymphocyte progenitors arise from stem cells and proceed 
through several developmental stages marked by the rearrangement and expression of immunoglobulin genes. During B cell 
maturation, the RAG-dependent V(D)J recombination process gives rise to the combinatorial germline diversity. This phase 
needs interactions with bone marrow stromal cells but is antigen independent. In early pro-B cells in the bone marrow, no 
functional µ protein emerges from D to JH rearrangements, although transcription occurs (red arrow), as shown in the top 
panels. In late pro-B cells, VH to DJH rearrangements occurs. When a functional heavy chain is produced on one chromosome, 

µ chains are surface expressed in combination with a surrogate light chain composed of 5 and VpreB proteins. Together 

with the Ig and Igß chains, an immunoglobulin-like complex evolves, termed pre-B receptor. Pre-B receptor signaling 
mediates HC gene rearrangement arrest and the B lymphocyte proliferates towards the large pre-B cell stage and later to 
small pre-B cells (center panels). V to JL gene rearrangement initiates in the small pre-B cell stage. As soon as a functional LC 
is produced, a complete IgM complex can be surface expressed. The process of LC gene rearrangement is consequently 
ceased. Immature B cells interact with antigens in its environment. Self-reactive B cells die by negative selection and are 
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removed from the repertoire. Surviving B lymphocytes emerge into the periphery and become mature B cells (bottom panels). 
Illustration adapted from (5) with BioRender.com.  

 

In general, antibodies can elicit either direct anti-tumor effects, including apoptosis induction, 

inhibition of proliferation, and blockade of growth factors, or indirect effects. Indirect anti-

tumor effects are derived from interaction with proteins of the complement system or receptors 

expressed on immune effector cells to mediate antibody-dependent cytotoxicity or phagocytosis 

(80). Regarding their mode of action, antibodies can also be differentiated into entities 

targeting membrane-bound antigens, capturing soluble antigens, antibody derivates with single 

or multiple domains, and antibody-drug conjugates.  

Prompted with the development of the hybridoma technology, numerous monoclonal 

antibodies have been efficiently generated for a panoply of pursues, whereupon oncology 

applications dominate the pharmaceutical market with total global sales over $50 billion in 

2018 (81). Here, the TNF blocker adalimumab (Humira) developed by AbbVie, Merck and Co.´s 

PD-1 inhibitor pembrolizumab (Keytruda), and the HER2 binding trastuzumab (Herceptin) 

developed by Roche are some of the most important blockbusters in the current market (Figure 

5) (81).  

 

 

Figure 5 | Top ten best-selling monoclonal antibody drugs. Estimated annual sales ($ millions) of the top ten selling 
monoclonal antibody products worldwide in 2018. Figure adapted from (82). 

 

2.6. Multimeric antibody formats 

Despite their outstanding specificity to bind tumor-related antigens, single-target antibodies 

often do not completely reach the expected therapeutic effects. Hence, bispecific antibodies 
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(BsAbs) have gained increasing interest in the last decades not only as potential cancer 

therapeutics, but also for applications in diverse fields such as neurology, infectious diseases, 

metabolism, and regenerative medicine (83). To date, two bispecific antibodies are FDA-

approved (Hemlibra® and Blincyto®) and plenty other candidates are currently being 

investigated in clinical trials (84, 83). The success of bispecific antibodies relies mostly on the 

number of mechanisms of actions that are not provided by monospecific antibodies. One of the 

most important functions of bispecific molecules is the recruitment and redirection of immune 

effector cells such as cytotoxic T-lymphocytes, macrophages, NK cells, neutrophils, and 

granulocytes against tumor cells. For instance, blinatumomab (commercialized as Blincyto®), 

approved by the FDA in 2014, efficiently redirects the cytotoxic effect of T-cells against CD19+ 

B cells in ALL patients (85, 86). Other mechanisms of action of bispecific antibodies include 

blockade or induction of protein interactions, inhibition of proliferation, and induction of 

apoptosis (87).  

Over the years, several bispecific antibodies with distinct architectures have been engineered. 

These can be divided in three main categories, each of them with individual advantages and 

particular attributes:  IgG-like molecules, antibody fragment-based formats, and appended IgG 

formats (Figure 6 A). Due to the presence of an Fc fragment, IgG-like bispecific antibodies share 

the features of interaction with Fc receptors, extended serum half-life upon interaction with 

the neonatal Fc receptor (FcRn), advantageous physical and chemical properties and generally 

reduced immunogenicity (83). Depending on the intended application, however, the Fc 

fragment can be engineered in order to modulate individual characteristics such as 

extended/shortened half-life (88) or enhanced/prevented mediation of effector functions upon 

interaction with immune effector cells. For instance, the Fc domain of the DuoBody-CD3xCD20 

(GEN3013) recently reported by Engelberts et al. was silenced by introduction of mutations 

L234F L235E D265A to abolish FcR-mediated cytotoxicity (89). Another approach comprises 

the introduction of the so-called “PG-LALA” mutations (P329G L234A L235A). By introducing 

these mutations into the Fc domain of a tetravalent antibody, Brünker and colleagues 

completely abolished FcR and C1q binding, while retaining cross-linking activity of the 

molecule (90).        

The major challenge for the production of bispecific therapeutics is represented by the random 

association of chains, resulting in undesired side products. Beside chemical conjugation of 

antibody fragments, correct pairing of heavy chains was successfully overcome two decades ago 

with the development of the knob-into-hole (KIH) technology, described by Ridgway and 

colleagues (91). This approach is based on the insertion of sterically complementary mutations 

into interface residues within the CH3 domain, to promote extended heterodimerization of 

different heavy chains over the formation of homodimers. An elegant alternative for the correct 

pairing of different heavy chains was accomplished with the development of so-called 

SEEDbodies, as proposed by Davis et al. in 2010 (Figure 6 B) (92). This platform is based on 

the generation of complementary strand-exchange engineered domain (SEED) CH3 

heterodimers composed from alternating ß-strand segments of the human IgG and IgA Fc 
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fragments. These hybrid heavy chains are subsequently referred to as SEEG-GA and SEEG-AG. 

In contrast to IgA, human IgG antibodies are able to bind both FcRn and Protein-A upon 

interaction with solvent-exposed residues within the CH2 and CH3 domains, which are 

determinant for extended in vivo half-life and necessary for purification purposes, respectively. 

In order to conserve both features, relevant residues involved in FcRn as well as Protein-A 

binding of the SEED-AG chain were returned to the IgG sequence. The therapeutic efficacy of 

mono- and bivalent SEEDbodies was evidenced by direct comparison with the clinically 

validated anti-EGFR antibody C225, which revealed similar outcomes in terms of ligand 

binding, stability, half-life as well as mediation of effector functions including ADCC and CDC 

(93). Few years later, the SEED technology was further improved by introduction of a His tag 

to the C-terminus of the SEED-AG heavy chain, thus avoiding the formation of homodimeric 

molecules (94). In addition to the SEED technology, further mutations within the Fc fragment 

have been later established for the generation of bispecific antibodies, such as the RF-mutations 

(H435R, Y436F) (95), the “DEKK” substitutions (96), or the Fab-arm exchange technology (97),  

among others (98, 99). 

In addition to heavy chain mispairing, correct association of heavy and light chain needs to be 

ensured when generating bispecific antibodies. To solve correct HC-LC pairing, several 

technologies have been developed. One technology is provided by the in vitro annealing 

strategy, based on the independent expression and purification of the two parental antibodies, 

followed by the in vitro reassembly under mild conditions into the bispecific molecule. This 

approach is currently being used by Genentech for the redirection of T cells against leukemia 

and lymphoma cells in vitro and in vivo (100). Another approach relies on the use of a common 

light chain, as described by S. Krah and colleagues (94) and currently used by multiple 

companies such as Chugai (101) and Merus (96). In 2015, Smith et al. at Regeneron developed 

a novel bispecific antibody likewise based on the common light chain technology targeting the 

B cell marker CD20 and the CD3 component of the T cell receptor. This antibody showed higher 

efficacy for triggering T-cell-mediated depletion of B cells in mouse tumor models and 

cynomolgus monkeys than rituximab (102). In contrast to the common light chain as a driver 

for heterodimerization, different common heavy chain approaches have been used, for instance 

for the development of the so-called “ bodies” designed by Novimmune (103) and the 

CrossMab platform engineered by Roche, the latter one including a novel T-cell engager derived 

from the type II CD20 IgG1 obinutuzumab in a “2:1” fashion for NHL and CLL management 

(104).   
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Figure 6 | Structural features of bispecific antibodies (BsAbs). Depending on their design, bispecific antibodies can be broadly 
classified in IgG-like molecules, appended-IgG BsAbs, and antibody fragment-based formats (A). Orthogonal pairing of distinct 
heavy chains can be provided via SEEDbody technology, based on two complementary strand-exchange engineered domain 
(SEED) CH3 heterodimers comprising alternating ß-strand segments of the human IgG (colored red) and IgA (colored blue) Fc 
regions (B). Illustration adapted from (83) and (92).    

 

Alongside the IgG-like bispecific antibodies described so far, plenty additional formats have 

been developed over time upon fusion of antibody fragments such as Fabs, Fvs, scFvs, single 

domains antibodies, or alternative scaffolds either N- or C-terminal to the heavy or light chains 

of the regular IgG scaffold. A plethora of distinct mono-, bi- and multispecific antibody formats 

have been designed based on the CrossMab technology, as reviewed by Klein et al. (105). 

Noteworthy to this effect is a tetravalent IgG-like chimeric bispecific antibody targeting the CD5 

T-cell receptor and MHC-related receptor HLA-DR on B cells, which showed wide therapeutic 

activity in a xenograft model of human leukemia (106). One relevant example of antibody 

fragment-based bispecific antibodies was provided by Li and colleagues in 2018. They 

developed a novel bispecific antibody targeting CD20-positive tumor cells and CD89 (FcRI) 

bearing effector cells. The antibody was generated via knob into hole technology upon fusion 

of an anti-CD20 single-chain Fv to the C-terminus of the Fc fragment. The bispecific antibody 

was able to efficiently redirect tumor associated macrophages against Burkitt´s lymphoma cells 

in a transgenic mouse model (107). In other cases, an additional antigen binding side (VH/VL) 

is fused to the corresponding heavy or light chain via different linkers to generate multivalent 

dual-variable fragment immunoglobulins (DVD-IgGs), as engineered by AbbVie (108, 109).  

Yet, antibody fragments have also been used for the development of bispecific molecules in a 

non-IgG-like fashion. Some relevant platforms include the generation of diabodies (two crossed-

over variable domains tethered by a linker) (110), dual affinity re-targeting proteins (DARTs, 

basically a diabody stabilized via an additional inter-Fv disulfide bond) (111), tandem single-

chain Fvs (four variable domains expressed in a single polypeptide chain) (112), and TandAbs 
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(four variable domains fused by short linkers) (113). The list of available engineered molecules 

has been even further enlarged through the complementation of bispecific antibody fragments 

with an Fc, resulting in BiTE-Fc (114) or DART-Fc (115) antibodies with extended half-life, 

improved pharmacokinetic properties, modified structural conformation or enhanced valency. 

Further, the aforementioned anti-CD3/anti-CD19 bispecific T-cell engager (BiTE) 

blinatumomab, which belongs to the category of tandem scFv antibodies, is currently used with 

encouraging results for the treatment of ALL patients (85).     

Recently, the novel class of single-domain bispecific antibodies has been developed. These 

molecules are based on camelid VHH or shark-derived vNAR domains and have prompted 

interest for different applications as an interesting alternative. For instance, Li et al. described 

a NK cell-recruiting SS-Fc antibody generated upon fusion of two VHH domains targeting the 

receptors CD16 and CEA to a heterodimeric Fc fragment, which demonstrated efficient tumor 

regression in mouse xenograft models (116). Another novel class of trispecific T cell-engaging 

protein constructs, termed TriTacs, was lately described by Austin et al., comprising humanized 

VHH domains binding a tumor antigen and human serum albumin (HSA). These molecules 

showed high efficacy for treatment of solid tumors as well as enhanced half-life in a cynomolgus 

monkey pharmacokinetic study and are currently being tested in phase I clinical trials (117). 

vNAR domains have been also employed for the generation of bispecific molecules, as showed 

by the company Ossianix. The company has recently reported promising preclinical studies with 

distinct vNAR candidates targeting the transferrin receptor 1 (TfR1) and fused to the 

therapeutic antibody rituximab in different conformations. A series of bispecific molecules were 

developed via knob-into-holes technology, revealing great capability of crossing the brain-blood 

barrier (BBB) and thereby delivering a therapeutic agent into the brain for B cell lymphoma 

treatment. Of note, these bispecific antibodies retained Fc-mediated ADCC in in vivo mouse 

models (118, 119).   

2.7. Antibody-drug conjugates 

Despite their affinity and specificity, and with exception of some monoclonal antibodies (e.g. 

binding the tumor-related antigens CD20, EGFR, and HER2), solitary antibodies often show 

limited anti-tumor activity (120). As idealized long time ago by Paul Ehrlich with his concept 

of the “magic bullet” (121), the anti-tumor activity of antibodies has been accomplished by 

virtue of their excellent specificity upon conjugation with diverse effector molecules that induce 

cell death after specific antibody engagement and subsequent internalization by endocytosis. 

Traditionally, antibodies have been conjugated with distinct payloads including 

chemotherapeutic drugs, bacterial or plant proteins, and radioisotopes (e.g. alpha, beta or 

Auger emitters) (122).       

Immunotoxins are recombinant proteins comprising an antibody moiety fused to protein toxins 

such as diphtheria toxin, as in the case of denileukin diftitox, approved by the FDA in 1999 for 

the treatment of CD25-positive cutaneous T-cell lymphoma (123), or Pseudomonas exotoxin A 



 

 

Introduction  20 

(PE38), like moxetumomab pasudotox, recently authorized for the treatment of CD22-positive 

hairy cell leukemia (124). Recently, an improved version of the Pseudomonas exotoxin A was 

isolated by a combined rational design and screening approach. The novel engineered PE24 

immunotoxin revealed enhanced anti-tumor efficacy in vivo and diminished immunogenicity 

(125).  

Alongside with immunotoxins, antibody-drug conjugates are complex engineered therapeutics 

combining the high precision of antibodies towards tumor-associated antigens with the large 

potency of a conjugated drug, thus widening the therapeutic window of traditional 

chemotherapy. However, various aspects need to be considered for its sophisticated 

development. First, the antibody can be specifically directed to targets overexpressed either 

directly on tumor cells, or against tumor-associated cells within the tumor microenvironment 

(e.g. tumor stromal compartment) (126). Next, a suitable cytotoxic payload with potency in the 

subnanomolar range and proper chemical characteristics under physiological conditions may 

be selected to induce cell death upon internalization (127). Most drugs interact with tubulin, 

DNA, enzymes, or other cellular structures. Most of the clinically validated ADCs comprise 

microtubule inhibitors, such as auristatins and maytansinoids, as their active metabolite. 

Auristatins, such as monomethyl auristatin-E (MMAE) and monomethyl auristatin-F (MMAF), 

are highly potent synthetic analogs of dolastatin-10 that induce cell cycle arrest and subsequent 

death by inhibition of tubulin polymerization (128). MMAE and MMAF differ in their chemical 

properties, the former being more hydrophobic and therefore membrane permeable. Thus, 

MMAE may provide higher anti-tumor activity by the so-called “bystander” effect, while MMAF 

may be comparatively less toxic (129). Calicheamicins, duocarmycins, and 

pyrrolobenzodiazepines are DNA-damaging agents that target the minor groove of DNA causing 

DNA crosslinking or irreversible alkylation resulting in cell death (127). Other active 

metabolites inhibit RNA polymerases or topoisomerases, such as amatoxin analogues or SN-38, 

respectively (130).   

The cytotoxic payload is connected to the antibody by a linker which commonly reacts with 

either lysine or cysteine residues in the antibody backbone, and is essential for ADC stability 

during its distribution through circulation to the tumor site. In some cases, the linker (e.g. 

thioether linker) is non-cleavable and complete lysosomal proteolytic degradation of the 

antibody moiety is required for release of the cytotoxic payload (131). Most ADCs, however, 

include a labile linker which is cleaved after cellular uptake either in the lysosome compartment 

under acidic conditions or in the cytosol due to the reductive cellular milieu. Peptide linkers, 

such as citrulline-valine, are enzymatically digested by lysosomal proteases (132, 133). Linkers 

including polyethylene glycol spacers generally increase the overall solubility of the antibody-

drug conjugate (134). Due to the highly toxicity of the drug payload, ADC treatment can result 

in severe adverse effects, which in turn may be derived from non-specific systemic release of 

the cytotoxic agent upon premature degradation of the linker, Fc-mediated internalization of 
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the ADC by healthy cells, or as a consequence of a bystander effect in surrounding normal 

tissues after release of the drug (120) (Figure 7). 

 

 

Figure 7 | Schematic representation of the structure and mechanism of action of antibody-drug conjugates (ADCs). ADC 
commonly consist of a highly specific antibody (black), attached to a potent cytotoxic agent (red) by a linker (blue) (A). The 
general mode of action of an ADC includes the specific recognition of target cells after antibody distribution and tumor 
penetration, followed by ADC-receptor complex internalization by endocytosis. During trafficking within the endo-lysosome, 
the ADC becomes processed resulting in payload release and eventually cell death. This illustration depicts a microtubule 
inhibitor acting as active metabolite which elicits cell death upon inhibition of tubulin polymerization. Bystander killing of 
surrounding cancer cells may occur upon diffusion through the cell membrane (B). Figure adapted from (135) with 
BioRender.com.      

 

Despite early failures, important insights in terms of safety, manufacturability, and potency 

have been made over decades for the generation of antibody-drug conjugates with enhanced 

clinical activity over conventional antibodies (120). For example, ten years after its approval in 

2000, gemtuzumab ozogamicin, initially used for treatment of AML patients, was withdrawn 

from the market because of its low anti-tumoral efficacy (136, 137). Due to remarkable 

technological advancements, various antibody-drug conjugates have been approved in the last 

years. For instance, ado-trastuzumab emtansine consists of the HER2-binding antibody attached 

by a stable thioether linker to the tubulin inhibitor DM1. The conjugate was approved by the 

FDA in 2013 as therapeutic against metastatic breast cancer (138). The CD22-targeting ADC 

inotuzumab ozogamicin, covalently connected to the cytotoxic antibiotic calicheamicin, has 

recently been accepted by the FDA for treatment of adults with relapsed or refractory B cell 

precursor ALL (139). Another relevant example is brentuximab vedotin, a human chimeric anti-

CD30 antibody attached by a cleavable valine-citrulline linker to the potent microtubule-

disrupting agent monomethyl auristatine E (MMAE). Brentuximab vedotin was approved for 

treatment of refractory Hodgkin´s lymphoma and is currently being investigated for various T 

cell-derived malignancies (140, 141).   

Antibody-drug conjugates can be produced using either conventional conjugation methods or 

site-specific technologies. Conventional conjugation methods relying on the attachment to 
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lysine or cysteine residues across the antibody are more likely to yield heterogeneous products 

with varying drug-to-antibody ratios (DAR) and often cause more off-target effects (142). In 

contrast, next generation methods aim at the site-specific conjugation of drugs to unique and 

defined sites of the antibody moiety. Site-specific approaches include conjugation to specific 

amino acids, unnatural amino acids, short peptide tags, and glycans (143). Site-specific 

conjugation through specific amino acids, including cysteines (either unpaired cysteine residues 

or thiol bridges) and glutamines, enable the generation of ADCs in a relatively simple and stable 

manner. Instead of using chemical reagents, amine containing linkers can be coupled to the 

glutamine in position HC-Q295 of a deglycosylated antibody via microbial transglutaminase 

(mTG). Another approach for site-specific coupling of a drug payload to an antibody moiety is 

the use of unnatural amino acids, such as p-acetylphenylalanine (pAcF) (144), N6-((2-

azidoethoxy)carbonyl)-L-lysine (145), p-azidomethyl-L-phenylalanine (pAMF) (146), or 

selenocysteine (Sec) residues (147). The production of ADCs via unnatural amino acids has 

been extensively described by Qun Zhou (143). Antibody-drug conjugates have also been 

generated via glycoconjugation by coupling the cytotoxic agent to glycans of the CH2 domains 

at position N297. Glycoengineering methods at glycans such as galactose, fucose, sialic acid 

(SA), N-acetylgalactosamine (GalNAc), or N-acetylglucosamine (GlcNAc) offer the advantage 

of site-specific conjugation without the need to manipulate the natural amino acid sequence 

(143). 

As an alternative, several short peptide tags normally comprising four to six amino acids have 

been engineered for site-specific conjugation of cytotoxins to antibodies. The aforementioned 

microbial transglutaminase has also been used for specific recognition of the glutamine located 

in the LLQG tag developed by Strop et al. (148). Of interest within the scope of this work is the 

use of the recognition motif LPETG, normally located at the C-terminus of heavy or light chains, 

for the generation of ADCs via sortase A-mediated transpeptidation (149). In 2011, a sortase A 

variant with increased catalytic activity was engineered by Chen and colleagues via yeast 

display-based directed evolution (150). The novel engineered sortase A variant showed up to 

140-fold enhanced in vitro activity compared to the wild-type enzyme. 

2.8. Shark-derived IgNAR antibodies 

Although there are some exceptions, vertebrates generally generate their antibody repertoire 

upon the described process of V(D)J recombination. One of these exceptions is represented, for 

instance, by chicken, since the diversity of the heavy-chain locus is provided by integration of 

VH pseudogenes into the single set of rearranging V, J, D and C gene segments, rather than 

possessing several gene segment copies organized in clusters as in the case of human and mice 

(151). Another exception is found in the cartilaginous fish. Along with specific 

immunoglobulins, TCRs and MHC molecules, the cartilaginous fish is the most primitive jawed 

vertebrate found to have both innate and adaptive immunity. However, fundamental 

differences in the organization of immunoglobulin genes are found in the cartilaginous fish 

compared to higher vertebrates. In sharks, immunoglobulin genes are organized in discrete VH-
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DH-JH-CH and VL-JL-CL clusters and antibody diversity occurs upon RAG-mediated somatic 

rearrangement of the gene copies within the individual cassettes (5). 

In contrast to humans, IgM is the predominant antibody isotype in the cartilaginous fish. In 

addition, two other immunoglobulin isotypes not found in evolutionary later species have been 

identified in the cartilaginous fish: IgW, composed of six constant regions, and immunoglobin 

new antigen receptor (IgNAR), consisting of five constant domains devoid of light chain (152). 

IgNAR, as well as other antibody forms expressed by camelids including llamas and alpacas, 

belong to the group denoted heavy-chain-only IgGs (hcIgGs). The IgNAR, firstly identified in 

the serum of the nurse shark (Ginglymostoma cirratum) by Flajnik and colleagues in 1995 (153), 

consists of a homodimer with each heavy chain possessing one N-terminal variable domain 

which mediates antigen binding, referred to as variable new antigen receptor (vNAR), followed 

by five constant domains (Figure 8). The constant part of the IgNAR is stabilized by a disulfide 

bond between the C3 and C4 constant domains as well as by an additional salt bridge between 

C2 and C4, which render IgNAR antibodies particular stability (154). Despite the lack of a 

canonical hinge region, proper antigen binding is provided by the wide angle of the C1 

dimerization interface (155).  

 

 

Figure 8 | Representation of a human IgG antibody in comparison with an immunoglobulin new antigen receptor (IgNAR) 
from the cartilaginous fish. IgG antibodies comprise two identical heavy and identical light chains. Both heavy chains are 
connected by a hinge region (yellow) (A). By contrast, the shark IgNAR is a heavy-chain-only antibody devoid of light chains. 
The variable domain (vNAR) is composed of two complementarity-determining regions (CDR1 and CDR3) and two 
hypervariable loops (HV2 and HV4) (B). Figure adapted from S. Zielonka et al. (156, 155).    

 

In the case of IgNARs, the combinatorial diversification achieved upon heavy and light chain 

arrangement is not given. This restriction is compensated by an enhanced diversification within 

the CDR3 region. In contrast to the immunoglobulin gene organization in the translocon-format 

of mammals, IgNAR genes are organized in gene clusters, each of them composed of one V 
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segment, three D segments, one J segment, and one set of C segments. vNAR domains are the 

result of gene recombination exclusively within the single clusters, whereat the CDR3 region, 

emerging from the V-D-J interfaces, concentrates almost the entire primary diversity (157-159). 

It has been shown that further in vivo affinity maturation upon somatic hypermutation within 

the CDR3 and HV regions further expands the heterogeneity of the primary IgNAR repertoire 

(160).  

With a molecular mass of approximately 12 kDa, vNAR domains are still the smallest antigen-

binding antibody-derived domains identified to date. Since they lack of CDR2 region, vNAR 

domains own only two complementarity-determining regions CDR1 and CDR3, the latter region 

being predominantly responsible for the primary vNAR diversity and antigen binding. This is 

may be derived from the fact that vNAR domains exhibit significantly elongated CDR3 regions 

compared to the counterpart of human antibodies. The vNAR CDR3 normally comprises 

between 8 and 12 amino acids, whereat CDR3 binding loops with up to 34 amino acids have 

been reported (161). As conventional immunoglobulins, vNAR domains have a ß-sandwich fold, 

which is however composed of only 8 ß-strands due to the CDR2 deletion (155). In addition to 

the CDR1 and CDR3 binding sites, two mutation-prone hypervariable loops that confer 

additional diversity and contribute to antigen binding are found in vNAR domains, denoted 

HV2 and HV4, the latter corresponding with the homologous structure in TCRs (160, 162). 

Indeed, an evolutionary association between IgNAR antibody and TCR has previously been 

identified (163). The canonical stabilizing disulfide bond present in classical immunoglobulins 

is also found in vNAR molecules. Yet, based on the peculiar presence of additional non-

canonical cysteine residues that are not found in conventional antibodies, vNAR domains can 

be categorized in four classes (164). Type I vNAR domains carry additional cysteines in the 

framework regions 2 and 4, each of them forming a disulfide bond with cysteines in CDR3, as 

determined by means of crystallography studies (165). In type II and type III variable domains, 

CDR1 and CDR3 are held in close proximity by an intramolecular disulfide bridge. Both types, 

however, lack the disulfide bond between the CDR3 and the framework region, which confers 

the molecule a characteristic “finger-like” conformation (166). It is known that type III domains 

have a restricted diversity as a result of lacking one of the three diversity (D) gene segments 

(155). Type IV vNAR domains are characterized by a more flexible structure due to the absence 

of non-canonical disulfide bonds (159). With exception of type I vNAR domains, the antigen-

binding interface is composed of CDR3, CDR1 and HV4, while the HV2 loop is orientated to the 

bottom of the molecule. Only in type I vNAR domains the CDR3 is held tightly in the proximity 

of HV2, which may be therefore particularly implicated in antigen binding (165, 167). The 

structure and functionality of shark-derived IgNAR antibodies has been elegantly described by 

S. Zielonka et al. (155). 

Despite the obvious therapeutic and economic relevance of antibodies, their beneficial effect 

may be sometimes limited by their inherent characteristics such as large size and complexity. 

Low expression rates, constricted addressability of restricted epitopes, constrained tumor 

penetration, undesired internalization by healthy cells, and extended plasma half-life for in vivo 



 

 

Introduction  25 

imaging applications are some of the limitations of conventional antibodies under certain 

circumstances (168-170, 155). To overcome these restrictions, a number of antibody derivates 

and other binding protein scaffolds have been designed in the last years (171). Alongside their 

affinity, specificity and favorable physicochemical properties, vNAR domain possess, due to the 

atypically elongated CDR3 region, a wide variety of additional loop structures that considerably 

extend the repertoire of available binding molecules able to reach challenging targets. As well 

as camelid VHH domains, vNAR antibodies have prompted recent interest as a promising 

alternative to standard monoclonal antibodies and are currently being evaluated in pre-clinical 

trials for a variety of biomedical and biotechnological applications (169, 172). An increasing 

number of publications demonstrated the possibility to generate antigen-specific, high-affinity 

vNAR molecules against a multitude of targets, including toxins, viral particles, cytokines, and 

cancer-related antigens, among others (173, 172).    

For the isolation of antigen-specific vNAR fragments, libraries from naïve shark repertoires 

(174), immunized sharks (175, 176), semi-synthetic (156, 177), and synthetic vNAR libraries 

(178, 179) have been successfully generated. Subsequently, distinct display technologies such 

as phage display (178, 175), ribosome display (180), and yeast surface display (Figure 9) (156) 

have been used in order to screen established vNAR libraries. Several studies have shown the 

possibility to generate specific vNAR molecules with affinities from the low nanomolar range 

up to picomolar levels (175, 162, 176). Generally, isolated binders can be significantly further 

improved by in vitro affinity maturation methods, including error-prone PCR (181), 

mutagenesis with low fidelity RNA polymerases (180), or CDRs-randomization (156).  

 

 

Figure 9 | Schematic representation of the yeast surface display technology setup. A peptide epitope derived from the 
hemagglutinin antigen (HA) is attached to the carboxy terminus of the Aga2p subunit of the a-agglutinin heterodimer. The 
protein of interest is fused N-terminal, followed by the 10-amino acid epitope tag (c-myc). Both HA and c-myc tags allow for 
quantitation of fusion display on yeast cells. Large protein libraries can be used for high-throughput screening and 
identification of specific binders. Figure adapted from (177).    

 



 

 

Introduction  26 

As aforementioned, due to their inherent small size and structural topology, vNARs appear to 

be predisposed to get at cryptic and difficult to reach epitopes, such as active sites of enzymes 

or hydrophobic clefts (165, 182). Recent studies have shown the predisposition of shark vNARs 

to engage the idiotype of antibodies (183). As monomer, vNAR domains may be beneficial for 

in vivo diagnostic and therapeutic applications due to rapid renal-clearance and tumor 

penetration capabilities. Shark antibody fragments have also found application in the 

biotechnological field as diagnostic tool for the purification of molecules of interest when 

immobilized onto nanocellulose surfaces (184). In addition, it has been demonstrated that 

vNAR domains can be engineered towards pH-sensitive target binding, offering new possibilities 

for the development of affinity ligands for tailor-made chromatographic applications (185, 

186). With the isolation of various binders directed towards therapeutically relevant targets 

such as TNF (187), EpCAM (156), or the malarial AMA protein (181), vNAR domains have 

also emerged as beneficial molecules for biomedical research (183).  

The potential of vNARs is, however, not limited to its monomeric form. Variable shark domains 

have been successfully reformatted to generate dimeric and trimeric binding agents (188, 176). 

Further, vNARs can be combined with the Fc fragment of conventional antibodies to generate 

bivalent fusion proteins with increased in vivo half-life capable of mediating immune effector 

functions, e.g. ADCC or activation of the complement system (176). The complementation of 

vNAR domains with an Fc fragment additionally allows for enhanced protein expression in 

mammal systems. In 2016, the antibody engineering company Ossianix published promising 

data of an anti-BAFF vNAR domain isolated from a semi-synthetic phage display library 

preventing binding of B cell-activating factor to its receptor on B lymphocytes. This vNAR clone 

was also engineered as Fc fusion, proving its inhibitory potency in ex vivo and in vivo models 

(189). Very recently, the same company announced the successful use of a high affinity, species 

cross-reactive vNAR binder to the transferrin receptor 1 (TfR1) reformatted in a bivalent Fc 

fusion protein capable of crossing the blood-brain barrier for the delivery of biotherapeutics 

from blood to the brain (190).      

The variable domain of the IgNAR shows only little sequence similarity with the homologous 

VH region of conventional mammal antibodies (175). Various attempts have been carried out 

to reduce the potential immunogenicity of vNAR candidates, as shown firstly by Kovalenko and 

colleagues via humanization of framework regions (191) and later by Barelle and her group 

(192). Nonetheless, no significant immunogenicity has been reported in in vitro as well as in 

vivo experiments in mouse, rat, rabbit and cynomolgus monkey (176, 192, 161).  

2.9. Anti-idiotype antibodies – targeting the variable region of antibodies 

Anti-idiotypic antibodies are molecules directed towards the idiotype of another antibody, i.e. 

the variable domain of an immunoglobulin. Anti-idiotypic entities have found use for several 

technological, diagnostic and therapeutic applications including the characterization of 

antibody-based therapeutics (193), in vivo monitoring of drugs, purification of antibodies 
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(194), investigation of immunogenicity issues (193), or as cancer vaccine (195-197). All these 

applications share the prerequisite that the anti-idiotypic entity of interest needs to feature very 

high specificity in order to discriminate its target from competitor molecules present, for 

example, in patient serum (198).    

In terms of therapeutic applications, anti-idiotype antibodies have been intensively investigated 

for their use as cancer vaccines. Several anti-idiotypic molecules have been developed for this 

purpose, including monobodies, scFvs, nanobodies, or peptides (199-201, 195, 202). Besides 

their use as cancer vaccines, anti-idiotype molecules have long been employed for treatment of 

B cell malignancies. Indeed, anti-idiotypic antibodies were the first monoclonal antibodies to 

demonstrate anti-tumoral activity, as shown by Vadhan-Raj and colleagues in 1988 for 

management of melanoma patients (203) or by Vuist et al. in 1994 to treat lymphoma patients 

(204). As therapeutic agents, anti-idiotype antibodies are thought to function (i) via tyrosine-

kinase-dependent signaling upon binding of immunoglobulin receptors on malignant 

hematological cells, (ii) upon Fc-mediated recruitment of immune effector cells and proteins of 

the complement system to tumor sites, or (iii) by inducing intense cellular changes involved in 

proliferation and cell adhesion (205). 

The notion of employing anti-idiotype antibodies as therapy for hematological diseases rose 

long time ago. It was in 1972 when Lynch et al. demonstrated that mice immunized with 

myeloma proteins were able to produce “idiotypic determinants” able to suppress tumor growth 

(206). In 1976, G.T. Stevenson and co-workers were able to produce anti-idiotype serum from 

immunized sheep directed against human CLL cells (207). Considering these findings, they 

postulated that malignant B cells emerge from single clones, indicating that the idiotype of 

lymphocytic neoplasms represents a tumor-specific antigen, which is monoclonal and unique 

for each tumor. In a follow-up study, they reported transient regression of tumor burden in a 

CLL patient but associated with significant side effects (208). This was circumvented by the 

group of R. Levy by the use of highly purified monoclonal antibodies, resulting in complete 

lymphoma regression in patients (209). R. Levy became a pioneer in the use of anti-idiotype 

antibodies to monitor and investigate the biology of B cell neoplasms. He showed the general 

feasibility of immunizing mice with the idiotype of cancer B cells obtained from hybridomas. 

He also confirmed the safe administration and positive immunological activity of the isolated 

anti-idiotype in lymphoma and leukemia patients. Contrary to early thoughts, his studies 

revealed that the interaction of anti-idiotype antibodies with their cognate immunoglobulin 

triggers cell apoptosis upon stimulation of BCR signaling rather than by antibody-dependent 

cellular cytotoxicity or phagocytosis (204). Indeed, the direct antiproliferative effect of anti-

idiotype antibodies was shown to be dependent on surface immunoglobulin cross-linking and 

subsequent transmembrane signaling through inositol phospholipid hydrolysis, protein kinase 

C activation, and tyrosine phosphorylation (210). Despite this encouraging therapeutic 

progress, the requirement of generating tailored monoclonal antibodies for every patient 

represents a critical constraint on this approach. The classical hybridoma technology for the 
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production of anti-idiotype antibodies was not feasible in a cost-effective manner, emphasizing 

the necessity of a more straightforward procedure. 

In 1994, the group of R. Levy reported the isolation of anti-idiotype peptide ligands found by 

screening phage display libraries directed against the BCR of the human Burkitt lymphoma cell 

line SUP-B8 (211). Upon multimerization of biotinylated anti-idiotype peptides with tetravalent 

streptavidin, peptide polymers stimulated surface BCR clustering, eventually inducing specific 

cytotoxicity in lymphoma cells. Later experiments corroborated the eradication of lymphoma 

SUP-B8 cells as a result of BCR cross-linking and B cell activation, followed by signal 

transduction cascade and transient increase in extracellular acidification (212). Two decades 

later, in 2016, R. Levy proposed a novel strategy for patient-specific lymphoma treatment based 

on the same anti-idiotype peptides, now chemically attached to the amino terminus of a murine 

IgG2a Fc fragment (213). The so-called peptibodies proved the specific recognition of cancer 

cells in vitro, the induction of tumor cell apoptosis as well as mediation of phagocytosis by 

macrophages and complete clearance of human lymphoma in a murine xenograft model.    

Recently, the group of H. Kolmar demonstrated the feasibility of generating anti-idiotypic, non-

cross reactive vNAR domains against therapeutic relevant antibodies (183). Indeed, screening 

of semi-synthetic yeast displayed libraries resulted in the isolation of primarily anti-idiotype 

binders, suggesting that vNAR molecules may be predisposed to engage the variable domain of 

immunoglobulins. 

2.10. Target molecules 

2.11. The B cell receptor complex 

B lymphocytes, as well as T lymphocytes, are central to the immune system due to their crucial 

role in recognizing antigens in a highly specific manner. B lymphocytes in particular are key 

players of the humoral immune response, as they secrete antibodies that contribute to 

recognition, neutralization, and clearance of pathogens. In addition to the secretion of 

antibodies, B cells also express a membrane-anchored form of immunoglobulin (mIg) which 

together with the Ig-Igß heterodimer (CD79a-CD79b) forms the B cell antigen receptor (BCR) 

complex (214). The variable domains of the mIg are termed idiotype (Id). Each B cell expresses 

a unique idiotype that arises from the random process of V(D)J-recombination during B cell 

development described before. 

In the absence of antigen, the BCR is dispersed on the cell surface. Upon engagement of its 

cognate antigen, BCRs form clusters that induce cell survival and activation and mediate 

proliferation and differentiation into memory B cells and antibody secreting plasma cells (215, 

216). For lymphocyte activation, however, signaling by the fully functional antigen receptor 

complex and transduction into intracellular compartments are necessary. First, BCR cluster 

formation mediates the recruitment of the Src family kinases Lyn, Blk, and Fyn, which 

phosphorylate the immunoreceptor tyrosine-based activation motif (ITAM) of the Ig-Igß dimer 
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(217). Consequently, the tyrosine kinase Syk is recruited to the phosphorylated ITAM, an event 

that is significantly enhanced by co-engagement of the B cell co-receptor, consisting of the cell-

surface receptor complex CD19, CD21, and CD81. Recruitment of the tyrosine kinase Syk to the 

BCR in turn mediates the phosphorylation of the scaffold protein SLP-65, also termed B cell 

linker (BLNK) protein, and subsequently the activation of the phospholipase PLC-, among 

several other signaling proteins (218). Finally, the B cell-specific Tec kinase Bruton´s tyrosine 

kinase (Btk) mediates the formation of diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3), which together with calcium and the kinase Akt mediates metabolic changes as well as 

the activation of downstream transcription factors such as mTOR, eventually promoting cell 

survival and proliferation (Figure 10). Moreover, if the particular antigen is membrane-bound 

(e.g. on the surface of an antigen-presenting cell), its engagement leads to clustering of 

signaling complexes to the cell-cell interface of the immune synapse, promoting antigen uptake 

and its presentation on MHC complexes to CD4+ T-cells (219). 

 

 

Figure 10 | Schematic illustration of the signaling molecules involved in B cell activation. B lymphocytes express a 

membrane-anchored form of immunoglobulin, which together with the Ig-Igß heterodimer (CD79a-CD79b) forms the B cell 
antigen receptor (BCR) complex. The variable domains of the BCR are termed idiotype (Id), which is unique for each clonal B 
cell population. Upon specific antigen binding, BCR clustering drives the recruitment and activation of Src family kinases and 

the subsequent immunoreceptor tyrosine-based activation motif (ITAM) activation of the Ig-Igß dimer. Surface molecules 
CD19, CD21 and CD81 constitute the B cell co-receptor and enhance intracellular BCR signaling. Diacylglycerol (DAG) and 
inositol 1,4,5-trisphosphate (IP3) promote several calcium-dependent cellular events including transcription, metabolic 
changes, cell survival and proliferation. Figure created with BioRender.com. 

  

2.12. Cluster of differentiation 3 (CD3) 

The TCR-CD3 receptor complex expressed by T-lymphocytes is essential for protective immune 

responses to pathogens and malignant cells. The TCR-CD3 complex is composed of a 

genetically-diverse ß TCR heterodimer non-covalently associated with the invariant CD3 
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dimers CD3, CD3, and CD3. Analog to the TCR receptor, each CD3 ,  and  chain 

consists of an immunoglobulin-like ectodomain, a membrane-proximal connecting peptide 

(CP), a transmembrane (TM) region, and an elongated cytoplasmic tail. By contrast, the 

disulfide-linked CD3 homodimer has a short extracellular segment of nine residues attached 

to CP, TM, and cytoplasmic regions (220). The TCRß, CD3, CD3, and CD3 dimers are 

expressed on the T-cell surface in stoichiometric equilibrium (221, 222). Yet, due to reciprocal 

charge interactions, the different domains of the T cell receptor complex are assembled in an 

asymmetric configuration: the  chain of the TCR is thought to interact with the CD3:CD3 

dimer and one  dimer, while the ß chain interacts with the CD3:CD3 dimer. Proper 

association of the CD3 dimers to the  and ß chains confers stabilization and enables the 

transport of the TCR from the endoplasmic reticulum to the plasma membrane. As the B cell 

receptor, the TCR is endowed with excellent specificity and sensitivity. While the TCR mediates 

recognition of antigenic peptides bound on MHC molecules (pMHC) on antigen-presenting 

cells, the CD3 complex is responsible for signal transduction to the T cell. To date, the exact 

mechanisms of signal transduction remain poorly understood. Since the TCR subunits lack 

intracellular signaling motifs, signaling is transmitted by the ITAMs of the CD3 chains after 

pMHC engagement by the TCR. The cytoplasmic regions of the CD3 subunits , , and  

comprise each one ITAM, whereas the long cytoplasmic tails of the  chains contain three. Upon 

TCR engagement, the CD4 and CD8 coreceptors bind to the MHC class II and class I molecules, 

respectively, enhancing the phosphorylation of the T cell receptor ITAMs, primarily mediated 

by the Src tyrosine kinase Lck (223). The Lck activity is in turn regulated by the interactions 

with the tyrosine phosphatase CD45 and the C-terminal Src kinase (Csk). The signal is then 

transduced by the SH2 domains containing -chain-associated protein (ZAP-70) (224). When 

recruited, ZAP-70 phosphorylates the scaffold protein LAT (linker for activated T cell) and the 

adaptor protein SLP-76 and activates the PI-3-kinase. Following, a complex downstream T cell 

signaling cascade is initiated, including the activation of the proteins phospholipase C- (PLC-

), serine/threonine kinase Akt, ADAP, and Vav, resulting in modified calcium-dependent 

transcription (activation of NFAT and NFB transcription factors), metabolism, cell adhesion 

and actin polymerization (Figure 11) (225-227).      

In recent years, redirection of T cells to evoke an anti-tumoral activity has prompted promising 

results. In contrast to human leukocyte antigen (HLA)-dependent immune checkpoint 

inhibitors, CD3 bispecific antibodies and chimeric antigen receptor T cell (CAR-T cells) elicit T 

cell activation by imitating the cognate TCR/HLA-peptide interaction and artificially forming a 

T cell/target cell synapse. Within the immunologic synapse, the effector cell releases pore-

forming perforins, apoptosis-inducing granzymes and cytokines which finally lead to tumor cell 

lysis. Whereas triggering of CAR-T cell activation is achieved via CD3 domains, bispecific 

antibodies normally engage the extracellular CD3 domains (228). The most prominent 

bispecific T cell engager is the aforementioned CD19xCD3 binding blinatumomab (85), but 

further T cell redirecting antibodies and CAR-T cell technologies are currently being 

investigated (229).     
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Figure 11 | Schematic illustration of the signaling molecules involved in T cell activation. The highly diverse T cell receptor 

(TCR), composed of the  and ß chains, is non-covalently associated with the invariant CD3 dimers CD3, CD3, and CD3. 
The TCR is responsible for antigen recognition, while signaling transduction is mediated by the cytoplasmic immunoreceptor 
tyrosine-based activation motifs (ITAMs) of the CD3 complex. ITAM phosphorylation is regulated by the CD4 and CD8 co-
receptors and the tyrosine phosphatase CD45. Upon TCR engagement, a complex intracellular signaling cascade is initiated, 

eventually resulting in cellular events including calcium-dependent activation of NFAT and NFB transcription factors, 
metabolism, cell adhesion and polymerization. Figure created with BioRender.com.  

 

2.13. Cluster of differentiation 89 (CD89) 

Fc receptor I (CD89) is encoded by one single  gene located on in the leukocyte receptor 

cluster on chromosome 19, separate from the cluster on chromosome 1 where the genes for IgG 

(FcR) and IgE (FcR) receptors are located (230). FcRI orthologues are found in 

chimpanzees, macaques, cattle, horses, and rats, but interestingly not in mice (231). The  

chain of the receptor comprises two N-glycosylated Ig-like ectodomains (ECs), a transmembrane 

region, and a short cytoplasmic tail devoid of signaling motifs (232). By means of alternative 

splicing, multiple FcRI transmembrane isoforms with molecular weight varying between 55 

and 110 kDa have been reported (233). CD89 is constitutively expressed only on effector cell 

populations, such as monocytes/macrophages, eosinophilic and neutrophilic granulocytes, and 

interstitial dendritic cells (234). The receptor has an estimated average affinity of 5 x 107 

mol/L to its ligands IgA1 and IgA2, which can be increased upon exposure to granulocyte (-

macrophage) colony-stimulating factors (G-CSF/GM-CSF) (80).  

Naturally, the membrane distal ectodomain 1 interacts with the interface of the C2 and C3 

domains of the IgA immunoglobulin (235). Upon ligand engagement and receptor cross-linking, 

signaling is initiated by cytoskeletal association of the -chain cytoplasmic tail with the common 

FcR -chain. Subsequent ITAM phosphorylation of the -chain mediates further tyrosine kinase- 

and Mac-1-associated downstream signaling events (236). FcRI, as the major activating IgA 
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receptor on myeloid cells, mediates a wide range of biological responses including ADCC, 

phagocytosis, antigen presentation, calcium mobilization, superoxide generation, 

degranulation, inflammation, and cytokine release (237). In human blood and tissues, 

neutrophils constitute the major Fc receptor-expressing leukocyte population. Concretely, 

FcRI-expressing neutrophils represent the predominant effector cell population responsible for 

fungi defense and are also significantly involved in immunity to numerous bacterial pathogens. 

For therapeutic applications, bispecific antibodies simultaneously binding tumor-associated 

antigens and cytotoxic trigger molecules, such as Fc receptors, can be used to redirect the 

cytotoxic effect of immune cells to cancer cells. This therapeutic concept is referred to as reverse 

ADCC (80). Remarkably, FcRI has been proven to be more efficient in mediating anti-tumor 

activity by neutrophils than FcRI (238). 

2.14. Aim of the study 

Based on shark-derived vNAR domains directed against the idiotype of the human Burkitt 

lymphoma cell line SUP-B8 isolated during previous work (239), the present thesis aimed at 

the generation of anti-idiotype antibody derivates for the development of personalized 

treatment strategies for B cell malignancies. Various vNAR binders specifically recognizing the 

IgM  BCR of the SUP-B8 lymphoma cell line were isolated by J. Grzeschik by screening of a 

semisynthetic, CDR3-randomized yeast display vNAR library (239). Within the scope of this 

study, these anti-idiotype vNAR-Fc fusion proteins should be further characterized in terms of 

cellular specificity and impact on malignant B cells, including stimulation of signal transduction 

and antibody internalization.  

For the development of patient-specific lymphoma treatment strategies, we first intended the 

specific elimination of malignant B cells via clustering of surface B cell receptors and subsequent 

apoptosis mediation by means of multivalent antibody formats. In addition to direct induction 

of lymphoma cell killing, these investigations aimed at the recruitment and activation of a panel 

of immune effector cells. Anti-idiotype bispecific antibodies engaging FcRI (CD89), CD3, and 

activating Fc receptors should be designed for the redirection of effector cell populations 

including neutrophils, T lymphocytes, macrophages, and NK cells towards cancer cells. In this 

regard, the impact of Fc-mediated effector functions as well structural parameters such as 

antibody size, valence, spatial configuration, and interdomain distance should be investigated. 

As an alternative approach, the anti-tumor activity of antibody-drug conjugates should be 

explored. In this context, the feasibility of generating antibody derivates upon modification with 

immunotoxins as well as classic cytotoxic payloads should be analyzed.   
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3. Material 

All materials used within the scope of this present thesis are listed in the following lists and 

tables. 

3.1. Cell lines 

3.2. Bacterial stains 

Escherichia coli DH5α [F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ-] 

Escherichia coli SHuffle® T7 
Express (NEB) 

fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal λatt::pNEB3-
r1-cDsbC (SpecR, lacIq) ΔtrxB sulA11 R(mcr-
73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10 --TetS) 
endA1 Δgor ∆(mcrCmrr)114::IS10 

Escherichia coli TOP10 [F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 
nupG recA1 araD139 Δ(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1, λ-] 

Escherichia coli XL1-Blue (Agilent) recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB 
lacIqZΔM15 Tn10 (Tetr)] 

3.3. Mammalian cell lines 

Table 1 | List of cell lines used in this work. Cell type, culture properties and corresponding culture medium are listed for 
each cell line. All cell lines were cultured at 37°C with 5% CO2.   

Cell line Cell type/Origin Culture properties Culture medium 

A431 Human skin Adherent DMEM - high glucose 
+ 10% (v/v) FBS 
+ 1% (v/v) P/S 

BHK 
(FcRI+) 

Baby hamster kidney,  
FcαRI stable transfected 

Adherent RPMI-1640  
+ 11.7% (v/v) FBS  
+ 1.2% (v/v) NEAA  
+ 117% (v/v) Na-pyruvate  
+ 0.3% (v/v) MTX  
+ 2.3% (v/v) G418  
+ 1.2% (v/v) P/S 

Daudi Human B lymphoblast 
(Burkitt lymphoma) 

Suspension RPMI-1640 
+ 20% (v/v) FBS 
+ 1% (v/v) P/S 

Expi293FTM Human embryonic 
kidney 

Suspension Expi293FTM Expession 
medium  
+ 1% P/S 
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ExpiCHO-STM Chimese hamster ovary Suspension ExpiCHOTM Expession 
medium  
+ 1% P/S 

IM-9 Human B lymphoblast 
(multiple myeloma) 

Suspension RPMI-1640 
+ 20% (v/v) FBS 
+ 1% (v/v) P/S 

Jurkat Human T lymphoblast 
(T cell leukemia) 

Suspension RPMI-1640 
+ 10% (v/v) FBS 
+ 1% (v/v) P/S 

Raji Human B lymphoblast 
(Burkitt lymphoma) 

Suspension RPMI-1640 
+ 10% (v/v) FBS 
+ 1% (v/v) P/S 

SUP-B8 Human B lymphoblast 
(Burkitt lymphoma) 

Suspension RPMI-1640 
+ 20% (v/v) FBS 
+ 1% (v/v) P/S 

3.4. Plasmids 

Bacterial expression vectors: pET30a (Figure 33) 

 pET32c (Figure 34Fehler! 

Verweisquelle konnte nicht 

gefunden werden.) 

Mammalian expression vectors: pEXPR (Figure 35) 

 pTT5 (Figure 36) 

3.5. Enzymes and proteins 

ApaI New England Biolabs 

BamHI-HF New England Biolabs 

Blue Prestained Protein Standard, Broad Range   
(11 – 250 kDa) 

New England Biolabs 

Bovine serum albumin (BSA), fraction V Carl Roth GmbH & Co. K 

Color Prestained Protein Standard Broad Range  

(10 – 250 kDa) 
New England Biolabs 

DpnI  New England Biolabs 

HindIII-HF New England Biolabs 

NcoI-HF New England Biolabs 

NheI-HF New England Biolabs 

NotI-HF New England Biolabs 

NsiI-HF New England Biolabs 

OneTaq Quick Load DNA Polymerase New England Biolabs 

Phosphatase Inhibitor Cocktail Thermo Fisher Scientific 

Q5 High-Fidelity DNA Polymerase New England Biolabs 
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Q5 High-Fidelity DNA Polymerase New England Biolabs 

Shrimp Alkaline Phosphatase (rSAP) New England Biolabs 

Sortase A (eSrtA), recombinant In-house produced 

T4 DNA Ligase New England Biolabs 

Trypsin-EDTA Sigma Aldrich 

3.6. Antibodies 

Reference and control antibodies 

Rituximab   Merck KGaA, Darmstadt, Germany 

Rituximab-vc-PABA-PEG3-MMAE Merck KGaA, Darmstadt, Germany 

 

Antibodies for cell culture 

Anti-human CD3 (#130-093-387)   Miltenyi Biotec 

Anti-human CD28 (#130-093-375) Miltenyi Biotec 

 

Detection antibodies for flow cytometry 

Anti-human CD3 PE conjugate BioLegend® 

Anti-human IgA FITC conjugate Thermo Fisher 

Anti-human IgG Fc PE conjugate Thermo Fisher Scientific 

Anti-human IgM BIO-RAD 

Anti-mouse APC conjugate Thermo Fisher Scientific 

Anti-mouse IgG2a PE conjugate BioLegend® 

Penta-His Qiagen 

Penta-His Alexa Fluor 488 conjugate QIAGEN 

Phospho-Syk (Tyr525/526) (#2711) Cell Signaling 

 

Detection antibodies for Western Blot 

Anti-mouse IgG – Alkaline Phosphatase Sigma 

Penta-His QIAGEN 

3.7. Oligonucleotides 

Oligonucleotides were purchased from Sigma Aldrich. The ordered stock solutions were 

diluted 1:10 in water to a final concentration of 10 µM. 

Primers for sequencing  

pExp seq up GAGAACCCACTGCTTACTGGC 

pExp seq lo TAGAAGGCACAGTCGAGG 
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pTT5 seq up CTGCGCTAAGATTGTCAGT 

pTT5 seq lo CCATATGTCCTTCCGAGTG 

T7 promoter up TAATACGACTCACTATAGG 

T7 terminator lo GGCCCCAAGGGGTTATGCTAG 

vNARx4 (CH+LC)  

pTT5 HC NheI vNAR up GCGCAGTGCTAGCTTAAGCATGGCCGCACGGCTTGAA
CAAACA 

pTT5 HC vNAR S2 lo GGGAAGACCGATGGGCCCTTGGTGGAGGCTTTCACAG
TCAGAGTGGTGCCGCC 

pTT5 HC vNAR S9 lo GGGAAGACCGATGGGCCCTTGGTGGAGGCTTTCACAG
TCACAGTGGTCCCCCC 

pTT5 LC vNAR up GGTGCTGATGTTCTGGATCCCTGCTAGCTTAAGCATG
GCCGCACGGCTTGAACAAACA 

pTT5 LC SOE S2 lo GAAGACAGATGGTGCAGCCACAGTTTTCACAGTCAGA
GTGGTGCCGCC 

pTT5 LC SOE S2 up GGCGGCACCACTCTGACTGTGAAAACTGTGGCTGCAC
CATCTGTCTTC  

pTT5 LC SOE S9 lo GAAGACAGATGGTGCAGCCACAGTTTTCACAGTCAGA
GTGGTGCCGCC 

pTT5 LC SOE S9 up GGGGGGACCACTGTGACTGTGAAAACTGTGGCTGCAC
CATCTGTCTTC  

vNAR 2+2  

Hinge vNARx4 up GACAAGACCCACACCTGTCCTCCCTGCCCTGCCCCTG
AACTGCTGGGCGGGATGGCCGCACGGCTTGAAC 

LPETG Hinge x4 up CCCCGGCGGATCCCTGCCTGAAACAGGCGGAGGATCC
GAGCCCAAGAGCTGCGACAAGACCCACACCTGTCC 

vNARx4 S2 C-Term lo CTTAAGCTTATCATCATCATTTCACAGTCAGAGTGGTG
CCG 

vNARx4 S9 C-Term lo CTTAAGCTTATCATCATCATTTCACAGTCACAGTGGTC
CC 

hIgG1 vNARx4 N-term  

F2x4-mIgG2a up GTACAACGCTCACGGTTAAGCCACGAGGACCCACCAT
CAAG 

F2x4-mIgG2a lo CTTGATGGTGGGTCCTCGTGGCTTAACCGTGAGCGTT
GTACCTC 

L1x4-mIgG2a up GCACAACAGTCACCGTCAAGCCACGAGGACCCACCAT
CAAG 

L1x4-mIgG2a lo CTTGATGGTGGGTCCTCGTGGCTTGACGGTGACTGTT
GTGCC 

mIgG2a LPETG HindIII lo AAACTTAAGCTTATCATCATCACCCGCC 

hIgG1 vNARx4 N-term (PG-LALA)  

pExp LALA ApaI up GAAGCGGCTGGCGGGCCCAGCGTG 

pExp LALA ApaI lo CACGCTGGGCCCGCCAGCCGCTTC 

pExp P329G up CAAGGCCCTGGGAGCCCCCATCG 

mIgG2a vNARx4 N-term  

pExp PS vNAR up CCGGAAGGGCGCTAGCCGCT 

S2x4-mIgG2a up GTACAACGCTCACGGTTAAGCCACGAGGACCCACCAT

CAAG 
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S2x4-mIgG2a lo  CTTGATGGTGGGTCCTCGTGGCTTAACCGTGAGCGTT
GTACCTC 

S9x4-mIgG2a up GCACAACAGTCACCGTCAAGCCACGAGGACCCACCAT

CAAG 

S9x4-mIgG2a lo CTTGATGGTGGGTCCTCGTGGCTTGACGGTGACTGTT

GTGCC 

mIgG2a LPETG HindIII lo AAACTTAAGCTTATCATCATCACCCGCC 

Trx-C4BP-vNAR S2  

pET32b C4bp NcoI up CAGTCCATGGGCGCGCACATG 

pET32b C4pb NcoI lo AAGCCGTGCGGCCATGGAGCCAGAACCGATTAGTTCT
TTATCCAAAGTGGATTGTCTTGC 

pet32a vNAR C4bp GS up TAATCGGTTCTGGCTCCATGGCCGCACGGCTTGAAC 

pET32a vNAR S2 XhoI lo ATATAATCTCGAGTTATTTCACAGTCAGAGTGGTGCC 

pET32b vNAR S9 XhoI lo ATATATCTCGAGTTATTTCACAGTCACAGTGGTCCC 

SEEDbodies SUP-B8 x CD89  

pTT5 SP HindIII up CCACCATGAAGCTTCCTGTTAGG 

SEED AG NotI lo GGATCTGCGGCCGCTTATC 

SEED AG H aCD89 up CAGGTGCAACTGGTGGAGTCTG 

pTT5 SEED AG His lo TGCGGCCGCTTATCAATGATGATGATGATGATGTTTA
CCCGGGGACAGGCT 

pExp Fc ApaI up CGGGCCCAGCGTGTTCCTG 

pTT5 αCD89H AG vNAR up TGTCCCCGGGTAAACATCATCATCATCATCATATGGCC
GCACGGCTTGAACA 

pTT5 αCD89H AG S2 lo AGGTCGGGGGATCTGCGGCCGCTTATCATTTCACAGT
CAGAGTGGTGC 

pTT5 αCD89H AG S9 lo AGGTCGGGGGATCTGCGGCCGCTTATCATTTCACAGT
CACAGTGGTCC 

pTT5 αCD89H AG extension NsiI GCATGAAGCGTTGCACAACCACTACACCCAAAAGACA
ATAAGCCTGTCCCCGGGTAAACATCAT 

pEXP GA+anti-idS2 (vNAR) up ATAGAGGCGGATCCCTGCCTGAAACAGGCGGAATGGC
CGCACGGCTTGA 

pEXP GA+anti-idS2 (vNAR) lo CGGTTTAAACTTAAGCTTATCATCATCATTTCACAGTC
AGAGTGGTGC 

pEXP GA+anti-idS9 (vNAR) lo CGGTTTAAACTTAAGCTTATCATCATCATTTCACAGTC
ACAGTGGTCC 

pEXP GA del vNAR NheI up CCGGAAGGGCGCTAGCCGCTGAGCCCAAGAGCTGCG
ACAA 

pEXP GA del vNAR HindIII lo CGGTTTAAACTTAAGCTTATCATCATCA 

pTT5 αCD89H AG GS-L up TGTCCCCGGGTAAACATCATCATCATCATCATGGCGG
CGGCGGTAGCGGGGGGGGTGGCAGTGGC 

pTT5 αCD89H AG GS-L lo TTTGTTCAAGCCGTGCGGCCATGCTACCGCCGCCGCC
ACTGCCACCCCCCCCGCT 

pEXP SEED GA GS-L up TCCCTGCCTGAAACAGGCGGAGGCGGCGGCGGTAGC
GGGGGGGGTGGCAGTGGC 

pEXP SEED GA GS-L lo TTGTTCAAGCCGTGCGGCCATGCTACCGCCGCCGCCA
CTGCCACCCCCCCCGCT 

SUP-B8 x CD3 HV2 Bs vNAR  
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pEXP HV2 CD3 lo CATCCATTTACCGATTTTGAAAGCGGTGCCCTTTTTTG
TGAAATACC 

pEXP HV2 CD3 up ACCGCTTTCAAAATCGGTAAATGGATGGGCGGACGAT
ACTCGGACAC 

pEXP vNAR NheI up AAGGGCGCTAGCCGCTGAGAAC 

pEXP HindIII lo AACTTAAGCTTATCATCATC 

HV2 CD3 Seq/Col ACCGCTTTCAAAATCGGTAAATGGATG 

SEEDbodies SUP-B8 x CD3  

pTT5 PS NheI αCD3 up GATCCCTGCTAGCTTAAGCCAGATCGTGCTGACCCAG
TC 

pTT5 αCD3 TB Hinge lo AGTTTTGTCACAAGATTTGGGCTCTGATGAGACAGTG
AGTGTT 

pTT5 Hinge up GAGCCCAAATCTTGTGACAAAACTCAC 

pTT5 SEED AG NotI lo GGATCTGCGGCCGCTTATC 

BiTE-Fc SUP-B8 x CD3  

pEXP PS NheI up CCGGAAGGGCGCTAGCCGCT 

pEXP Hinge ApaI lo ACACGCTGGGCCCGCCCAGCAGTTCAGGGGCAGGGC
AGGGAGGACAGGTGTGGGTCTT 

mIgG2a SUP-B8 x OKT3 (2+2)  

pTT5 murine OKT3 LC HindIII up TGCTAGCAAGCTTATGGAAACCGACACACTG 

pTT5 murine OKT3 CL GS vNAR 
lo 

TGTTCAAGCCGTGCGGCCATTGAGCCGCCTCCCCCGC
ACTCGTTCCGGTTGAAGGAC 

vNAR GS murine OKT3 LC up CCTTCAACCGGAACGAGTGCGGGGGAGGCGGCTCAAT
GGCCGCACGGCTTGAACA 

pTT5 murine OKT3 LC S2 lo GGCCTCGAGCGGCCGCTCATTTCACAGTCAGAGTGGT

GCCG 

pTT5 murine OKT3 LC S9 lo GGCCTCGAGCGGCCGCTCATTTCACAGTCACAGTGGT

CCCC 

vNAR - Fc (A297N)  

Fc SDM glycosylation up GGAACAGTACAACAGCACCTACCGGGTGGTGTC 

Fc SDM glycosylation lo TCCCGGGGCTTGGTCTTGG 

vNAR – hIgG4 Fc  

hIgG4 vNAR_Hinge up TGACTGTGAAAGAATCTAAGTACGGACCACCTTGTCC
AAGCTGCC 

vNAR Hinge IgG4 lo TTGGACAAGGTGGTCCGTACTTAGATTCTTTCACAGT
CAGAGTGGTGCCG 

hIgG4 LPETG HindIII lo AAACTTAAGCTTATCATCATCATCCGCCTGTTTCAGGC
AGGGATCCTTTTCCGAGGCTCAGGCTCAG 

vNAR – hIgA Fc  

vNAR S2 Hinge IgA lo CAACAAGGTGGTGGGGGCGGTTTCACAGTCAGAGTG
GTGC 

vNAR S9 Hinge IgA lo CAACAAGGTGGTGGGGGCGGTTTCACAGTCACAGTGG
TCC 

S2 IgA2.0 Hinge up CGGCACCACTCTGACTGTGAAACCGCCCCCACCGCCC
TGT 

RF S9 IgA2.0 Hinge up GGGGACCACTGTGACTGTGAAACCGCCCCCACCGCCC
TGT 
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IgA2.0 LPETGG lo TCCGCCTGTTTCAGGCAGGGATCCGGTGCCGTCCACC
TCCGCCATG  

vNAR – mIgG2a Fc  

vNAR S2 Hinge mIgG2a up GCACCACTCTGACTGTGAAACCACGAGGACCCACCAT
CAAG 

vNAR S2 Hinge mIgG2a lo TTGATGGTGGGTCCTCGTGGTTTCACAGTCAGAGTGG
TGCC 

vNAR S9 Hinge mIgG2a up GGACCACTGTGACTGTGAAACCACGAGGACCCACCAT
CAAG 

vNAR S9 Hinge mIgG2a lo TTGATGGTGGGTCCTCGTGGTTTCACAGTCACAGTGG
TCCC 

Trx – vNAR – LAP  

vNAR NcoI up AAAAAACCATGGCCGCACGGCTTGAACA 

vNAR S2 LAP lo GGCGTCCAGGTCGTACCAAACTTTGTCGATCTCGAAG
CCTTTCACAGTCAGAGTGGTGCCGCCCCCTTC 

vNAR S9 LAP lo GGCGTCCAGGTCGTACCAAACTTTGTCGATCTCGAAG
CCTTTCACAGTCACAGTGGTCCCCCCTCCTTC 

LAP StreptII EcoRI lo AAAAAAGAATTCTTATTTTTCGAACTGCGGGTGGCTC
CAGGCGTCCAGGTCGTACCAAA 

Trx – vNAR S9 – PE24  

pET32a vNAR NcoI up GTACTTCCAGTCCATGGCCGCACGGCTTGAACAAAC 

pET32a vNAR SOE lo  GCTTGCTTTATGGGTTTTATCGGATCCTTTCACAGTCA
CAG 

pET32a PE24 SOE up GTGACTGTGAAAGGATCCGATAAAACCCATAAAGCAA
GCGGTGG 

pET32a PE24 lo AGCTTGAATTCTTAAGGCGGTTTACCAGGCTGGC 

3.8. Chemicals and reagents 

Chemical Supplier 

2-Mercaptoethanol Carl Roth GmbH & Co. KG 

7-AAD Viability Staining Solution BLD BioLegend 

Acetic acid Carl Roth GmbH & Co. KG 

Acrylamid/Bisacrylamid (37.5:1) Carl Roth GmbH & Co. KG 

Agar-Agar, Kobe I Carl Roth GmbH & Co. K 

Agarose Carl Roth GmbH & Co. K 

Ammonium persulfate (APS) Carl Roth GmbH & Co. K 

Ampicillin (sodium salt) Carl Roth GmbH & Co. K 

Arabinose Carl Roth GmbH & Co. K 

Bovine serum albumin (BSA) Carl Roth GmbH & Co. K 

Bromo-4-chloro-3-indolyl phosphate (BCIP) Carl Roth GmbH & Co. K 

Calcium chloride (CaCl2) Carl Roth GmbH & Co. K 

Citric acid Carl Roth GmbH & Co. K 

Coomassie Brilliant Blue G250/R250 Carl Roth GmbH & Co. K 

D-Biotin Sigma-Aldrich Co. LLC. 
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Dimethyl sulfoxide (DMSO) Thermo Fisher Scientific 

Dipotassium hydrogen phosphate (K2HPO4) Carl Roth GmbH & Co. K 

Disodium hydrogen phosphate (Na2HPO4) Carl Roth GmbH & Co. K 

Ethanol Carl Roth GmbH & Co. K 

Ethylendiaminetetraacetic acid (EDTA) Carl Roth GmbH & Co. K 

EZ-LinkTM Sulfo-NHS-LC-Biotin Thermo Fisher Scientific 

FICOLL PAQUE PREMIUM Ficoll Sigma 

Glycerol Carl Roth GmbH & Co. K 

HD GreenTM DNA stain INTAS Science Imaging 

Human IL-2 IS (#130-097-743) Miltenyi Biotec 

Hydrochloric acid (HCl) Carl Roth GmbH & Co. K 

Imidazole Carl Roth GmbH & Co. K 

Isopropanol Carl Roth GmbH & Co. K 

Isopropyl-β-D-thiogalactopyranoside (IPTG) Carl Roth GmbH & Co. K 

Kanamycin B (sulfate salt) Carl Roth GmbH & Co. K 

Lipofectamine® 2000 reagent Invitrogen™ by Life Technologies™ 

Magnesium sulfate (MgSO4) Carl Roth GmbH & Co. K 

M-CSF PeproTech 

Meliseptol® B. Braun Melsungen AG 

Mercaptoethanol Carl Roth GmbH & Co. K 

Methanol Carl Roth GmbH & Co. K 

Methotrexate Sigma-Aldrich 

GGG-vc-PABA-PEG3-MMAE Merck KGaA 

Penicillin-Streptomycin (P/S) Sigma-Aldrich 

p-Nitrotetrazolium blue chloride (NBT) Carl Roth GmbH & Co. K 

Potassium dihydrogen phosphate (KH2PO4) Carl Roth GmbH & Co. K 

Propidium iodide (PI) Invitrogen™ by Life Technologies™ 

Skim milk powder Carl Roth GmbH & Co. K 

Streptavidin APC Fisher Scientific 

Sodium chloride (NaCl) Carl Roth GmbH & Co. K 

Sodium dihydrogen phosphate (NaH2PO4) Carl Roth GmbH & Co. K 

Sodium dihydrogen phosphate dihydrate   
(NaH2PO4 · 2H2O) 

Carl Roth GmbH & Co. K 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. K 

Sodium hydroxide (NaOH) Carl Roth GmbH & Co. K 

Tetramethylethylenediamine (TEMED) Merck KGaA 

Transporter 5TM Transfection Reagent (PEI) Polysciences, Inc 

Tris-(hydroxymethyl)-aminomethane (TRIS) Carl Roth GmbH & Co. K 

Tris-HCl Carl Roth GmbH & Co. K 

Triton X-100 Carl Roth GmbH & Co. K 

Trypan Blue Solution 0.4 % Thermo Fisher Scientific 
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Tryptone/Peptone ex casein, granulated Carl Roth GmbH & Co. K 

TWEEN-20 AppliChem GmbH 

Yeast extract Sigma-Aldrich Co. LLC. 

3.9. Cell culture media 

For preparation of plates, 12 g/L agar-agar were added to the medium. For sterilization, 

media were autoclaved 20 min at 121°C and 2 bars. In case of selective media, antibiotics 

were added after sterilization and cooling of the solution. Heat labile solutions were sterile 

filtered using a syringe and a 0.2 µm filter.  

Media for bacteria cultivation  

Double concentrated Yeast Tryptone (dYT) medium  1.6 % (w/v) tryptone/peptone 
1 % (w/v) yeast extract 
0.5 % (w/v) NaCl 

Terrific Broth (TB) medium 17 mM KH2PO4 
72 mM K2HPO4 
1.2 % (w/v) tryptone/peptone 
2.4 % (w/v) yeast extract 
0.4 % (v/v) glycerol 

TYM medium 2% (w/v) tryptone/peptone 
0.5% (w/v) yeast extract 
0.1 M NaCl 
10 mM MgSO4 

Media and solutions for mammalian cell culture 

Dulbecco's Modified Eagle's Medium (DMEM)  
- high glucose 

Merck KGaA 

Expi293TM Expression Medium Thermo Fisher Scientific 

ExpiCHOTM Expression Medium Thermo Fisher Scientific 

Fetal bovine serum (FBS) Superior Merck KGaA 

Opti-MEMTM I reduced serum medium Thermo Fisher Scientific 

RPMI-1640 with L-glutamine and sodium bicarbonate Merck KGaA 

X-Vivo medium  Lonza 

3.10. Solution, media and buffers 

Medium / solution Composition 

Ampicillin stock solution (1000x) 100 mg/mL ampicillin (sodium salt), 

sterile filtered 
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AP buffer 

 

100 mM Tris-HCl, pH 9.1 

100 mM NaCl 

5 mM MgCl2 

Buffer BXT pH 8 100 mM Tris-HCl 

150 mM NaCl 

1 mM EDTA 

50 mM biotin 

Buffer W 100 mM Tris-HCl 

150 mM NaCl 

1 mM EDTA 

Coomassie Brilliant Blue staining solution 10% (v/v) acetic acid 

40% (v/v) methanol 

0.25% (w/v) Coomassie Brilliant Blue 

R-250 

IMAC A buffer 50 mM Tris-HCl, pH 8.0 

150 mM NaCl 

20 mM imidazole 

IMAC B buffer 50 mM Tris-HCl, pH 8 

150 mM NaCl 

500 mM imidazole 

Kanamycin stock solution (1000x) 50 mg/mL kanamycin, sterile-filtered 

Luciferase substrate Buffer (2x) 5 mM Tricine pH 7.8 

1 mM MgSO4 

0.02 mM EDTA 

4 mM DDT 

2% Triton-X 100 

4 mM ATP 

2 mM D-Luciferin 

PBS-milk powder 2% (w/v) milk powder in PBS 

Phosphate buffered saline (PBS) pH 7.4 140 mM NaCl 

10 mM KCl 

6.4 mM Na2HPO4 

2 mM KH2PO4 
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Protein A binding buffer pH 7.0 12 mM Na2HPO4 

9 mM NaH2PO4 

Protein A elution buffer pH 3.0 100 mM citric acid 

20 mM trisodium citrate 

Protein A neutralization buffer pH 9.0 1 M Tris-HCl 

SDS-PAGE 4x running gel buffer 3 M Tris-HCl, pH 8.8 

4 g/L SDS 

SDS-PAGE 4x stacking gel buffer 0.5 M Tris-HCl, pH 6.8 

4 g/L SDS 

SDS-PAGE Loading dye (5x) 250 mM Tris-HCl, pH 8 

7.5% (w/v) SDS 

25% (v/v) glycerol 

0.25 mg/mL bromophenol blue 

12.5% (v/v) β-mercaptoethanol 

SDS-PAGE Running buffer pH 8.8 50 mM Tris-HCl 

190 mM glycine 

1 g/L SDS 

Sortase reaction buffer 150 mM NaCl 
50 mM TRIS 
10 mM CaCl2 

pH 7.5 adjusted with HCl 

TAE buffer (50x) pH 8.0 2 M Tris-HCl 

1 M acetic acid 

50 mM EDTA 

TBS buffer pH 7.5 50 mM Tris-HCl 

150 mM NaCl 

10% (v/v) glycerol 

TBS-Tween 0.1% (v/v) Tween-20 in PBS 

TfB1 pH 5.8 30 mM potassium acetate 

100 mM KCl 

10 mM CaCL2 

50 mM MnCl2 

15% (w/v) glycerol 
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TfB2 pH 7 10 mM MOPS 

75 mM CaCl2 

10 mM KCl 

15% (w/v) glycerol 

3.11. Kits and consumable materials 

Material Supplier 

Amicon® Ultra - 0.5 mL Centrifugal Filter Device 
(3K, 10K) 

Merck KGaA 

Amicon® Ultra - 4 10 K Centrifugal Filter Device Merck KGaA 

CellTiter 96® AQueous One Solution Cell 
Proliferation Assay 

Promega 

ExpiFectamineTM 293 Transfection Kit Thermo Fisher Scientific 

ExpiFectamineTM CHO Transfection Kit Thermo Fisher Scientific 

InvitrogenTM CellTraceTM CFSE Cell Proliferation Kit Thermo Fisher Scientific 

Microcon – 10 kDa Centrifugal Filter Unit Merck KGaA 

pHAb Amine and Thiol Reactive Dyes Promega 

PureYieldTM Plasmid Midiprep System Promega 

ROTITEST® Annexin V Carl Roth 

T Cell Activation Biossay (NFAT) Promega 

Wizard® Plus SV Minipreps DNA Purification 
System 

Promega 

Wizard® SV Gel and PCR Clean-Up System Promega 

ZebaTM Spin Desalting Columns, 7K MWCO Thermo Fisher Scientific 

3.12. Equipment 

Device  Supplier 

ÄKTA Basic pH/C900 UV900 P900 Frac900 GE Healthcare 

ÄKTA Start GE Healthcare 

Autoclave HAST 4-5-6 Zirbus Technologies 

Autoclave V-150 Systec 

Balance, precision Electronic Balance AX2000 Shimadzu Europe GmbH 

Biospec-NanoTM Shimadzu Europe GmbH 

Centrifuge 3K30 Sigma 

Centrifuge 5804 R Eppendorf 

Centrifuge 6K15 Sigma-Aldrich 

Centrifuge Biofuge pico Heraeus 

Centrifuge MIKRO 120 Hettich Zerntifugen 

Centrifuge Multifuge 3L-R Heraeus 

Centrifuge Multifuge X1R Thermo Fisher Scientific Inc. 
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Chamber device Neubauer improved Paul Marienfeld GmbH & Co. KG 

CLARIOstar Plus BMG Labtech 

CO2 Incubator MCO-170AIC Panasonic 

Cuvettes Semi-micro cuvette (PS) Sarstedt 

Dialysis tubing Size No.3 - Dia20/32’’ -           
MWCO 14 kDa 

Medicell Membranes Ltd 

Electrophoresis power supply EPS 601 Amersham Biosciences 

Electroporation cuvettes Micro Pulser 0.2 mm Biorad 

Electroporation device Gene Pulser Xcell Biorad 

FACS laser 56CLC100 CVI Melles Griot 

FACS laser Cobolt Jive Cobolt 

FACS laser Sapphire 488 LP Coherent 

FACS tubes 5 mL BD (Becton, Dickinson and Company) 

Falcon™ tubes 15 mL/ 50 mL Sarstedt AG & Co. KG 

Fluorescence-activated cell sorter (FACS)        

inFlux v7 sorter #X64650000063 

BD (Becton, Dickinson and Company) 

Freezer (-20 °C) GUw 1213 Liebherr 

Freezer (-80 °C) UXF40086V Series Thermo Fisher Scientific Inc. 

Freezer (-80 °C) VIP™ Serie Revco Sanyo 

Freezing container Cryo 1°C/minute (NALGENE®) Thermo Fisher Scientific Inc. 

Gel chambers Multiple gel caster Hoefer 

Gel documentation UV transilluminator Olaf Waase 

Glassware Schott; VWR; Merck KGaA 

Gloves (latex and nitrile) Rotiprotect Carl Roth GmbH & Co. KG 

Greiner CELLSTAR® 96 well plates wells flat bottom Sigma-Aldrich 

Heating block Thermomixer compact Eppendorf 

Ice machine SP125 AS Nordcap 

Incubator (shaker) Certomat BS-1 Sartorius 

Incubator (shaker) G25 New Brunswick Scientific Co. 

Incubator (shaker) Labtherm Adolf Kühner AG 

Incubator Incucell Medcenter Einrichuntgen GmbH 

IncuCyte® Sartorius 

Liquid nitrogen storage arpege 110 Air Liquide S. A. 

Magnetic stirrer IKAMAK RCT IKA-Labortechnik 

Microliter-pipette 1 mL/ 200 µL/ 20 µL Gilson, Middleton, USA 

Microliter-pipette 2 µL Eppendorf 

Microtiter plates, round-bottom  Nunc 

Paper towels Sarstedt AG & Co. KG 

Paper towels Kimwipes Kimberley-Clark 

PCR machine MyCyclerTM Biorad 

PCR machine T100TM Biorad 
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PCR tubes Multiply®-μStrip Sarstedt AG & Co. KG 

Petri dishes 35mm/ 60 mm Sarstedt AG & Co. KG 

pH-meter PCPF WTW 

Photometer BioPhotometer Eppendorf 

pHrodo Thermo Fischer 

Pipette filter tips 10 µL/ 20µL/ 200 µL/ 1000 µL Biosphere® 

Pipette tips 10 µL/ 20µL/ 200 µL/ 1000 µL Sarstedt AG & Co. KG 

Pipetting controller Pipetus R standard Hirschmann Laborgeräte 

Plate centrifuge 5804 R Eppendorf 

Plate reader Tecan infinite 200Pro Tecan 

Polycarbonate Erlenmeyer Flask with Vent          
Cap 50 mL 

Corning 

Reaction tubes 1.5 mL/ 2 mL Sarstedt AG & Co. KG 

Serological pipettes 1 mL/ 5 mL/ 10 mL/ 25 mL Sarstedt AG & Co. KG 

Sterile workbench Biowizard SilverLine Kojair® 

Sterile workbench Unihood Clean Air Technik B.V. 

Syringe filter 0.20 µm/ 0.45 µm Merck Millipore 

TC 24-, 96-well plates Nunclon™ Delta Surface Thermo Fisher Scientific Inc. 

TC 48-well plates Sigma-Aldrich Co. LLC. 

TC 6-well plates Greiner Bio-One GmbH 

Tissue culture (TC) flask T25/ T75 Sarstedt AG & Co. KG 

Trans-Blot Turbo Transfer Western Blot    
#1704150 

Biorad 

Ultrasonic bath Sonorex RK 106 Bandelin 

Ultrasonic homogenizer SONOPULS HD 2070 Bandelin 

Vortex Genie 2 NascaCell 

Water bath Type 1003 GFL 

3.13. Software 

Software Supplier 

BD InfluxTM software BD Biosciences 

FlowJo (V10.7.1) 

Äkta UnicornTM Start 

FlowJo 

GE Healthcare 

Gel analysis software, Gel Jet Imager INTAS 

IncuCyte® software Sartorius 

SigmaPlot (version 12.5) Systat Software 

SnapGene® 4.3.5  Insightful Science 

Tecan Plate reader V4.08 Infinite Tecan 
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4. Methods 

4.1. Molecular biological methods 

4.2. Determination of DNA concentration 

According to the law of Lambert-Beer and considering the absorption of aromatic nucleobases 

within the DNA at the wavelength 260 nm, the nucleic acid concentration was determined by 

means of a spectrophotometer BioSpec-nanoTM (Shimadzu). The ratios A260/A280 and A260/A230 

were used to assess the purity of the nucleic acid solution and should be around 1.8 and 2.0-

2.2, respectively.   

4.3. Polymerase chain reaction 

Polymerase chain reaction (PCR) enables exponential and specific amplification of DNA 

employing DNA flanking, complementary oligonucleotides (240). PCR was used within this 

work for the generation of DNA fragments for cloning purposes as well as for analysis of single 

bacterial colonies after transformation with cloned vectors (colony PCR). For DNA fragment 

amplification, 10 ng of plasmid DNA were mixed with 10 µl 5x OneTaq Quick-Load Buffer®, 0.2 

µM forward and reverse primer, 200 µM dNTPs, 0.25 µl OneTaq DNA polymerase, and dH20 in 

a final volume of 50 µl. After initial denaturation at 94°C for 30 seconds, 30 cycles of 

amplification were carried out comprising 30 sec at 94°C for denaturation, 30 sec at 55°C for 

annealing, and 60 sec per kb at 68°C for extension. A final extension of 5 min at 68°C was then 

performed. The annealing temperature was adjusted to the melting temperatures of the used 

primer pair following NEB recommendations (online NEB Tm Calculator) (241). The elongation 

time was adjusted to the size of the amplicon. For analysis of single colonies after DNA cloning, 

colony PCRs were carried out. For this, 8-12 colonies were picked from an agar plate with a 

sterile pipette tip and transferred onto a new agar plate (master plate). Residual cells on the tip 

were transferred to a PCR tube containing 10 µl dH2O. Resuspended cells were subsequently 

lysed at 98°C for 15 min. A master mix solution containing remaining reaction components 

described before was prepared and split into new PCR tubes to a final volume of 25 µl. Wherever 

applicable, primer pairs flanking the inserted DNA fragment were selected so that parental and 

recombinant vectors could be distinguished by the size of the PCR products. After cell lysis, 0.5 

µl cell supernatant was added to the reaction mixture. PCR was performed according to 

aforementioned steps. PCR products were analyzed by agarose gel electrophoresis. Samples 

revealing expected DNA size were purified and sent for sequencing for verification.      

4.4. Agarose gel electrophoresis 

Agarose gel electrophoresis allows for DNA separation based on its length. In an electric field, 

negatively charged nucleic acid molecules migrate within the polymer matrix at a speed 

corresponding to the logarithm of their molecular weight. Usually, 1% (w/v) agarose gels were 
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prepared in TAE buffer (chapter 3.10) supplemented with INTAS HD GreenTM stain solution 

(1:40,000). DNA preximed with 6x loading dye was loaded onto the agarose gel. No additional 

DNA loading dye was necessary when DNA samples were diluted in OneTaq Quick-Load Buffer 

and 5 µl were directly loaded onto the gel. 5 µl 1kb Plus DNA Ladder were used as reference 

for size analysis. Electrophoresis was run for approximately 20-30 min at 120 V. DNA bands 

were visualized using an UV transilluminator. For preparative purposes, the desired DNA band 

was extracted from the gel with a scalpel.   

4.5. Purification of DNA 

After PCR or restriction reaction, DNA was purified removing enzymes, salts, and buffer from 

the samples. The Wizard® SV Gel and PCR Clean-Up System was used to purify the DNA samples 

following manufacturer´s protocol. Isolated DNA was eluted in 20-50 µl nuclease-free water 

and stored at -20°C.  

4.6. Enzymatic digestion and ligation of DNA 

Type II restriction endonucleases can be used for DNA fragmentation at defined sequences. 

Preparative digestion was carried out to linearize plasmids and digest linear DNA fragments 

generating compatible overhangs. Desired amounts of DNA were digested with two restriction 

enzymes in corresponding buffer in a final volume of 50 µl at the temperature optimum of the 

respective enzymes as specified by supplier. After DNA fragment amplification, PCR product 

was usually digested by addition of 1 µl DpnI and incubation for at least 1 h at 37°C in order to 

remove parental DNA vector. DpnI methylated GATC sites of plasmid isolated from bacteria. If 

desired, thermal inactivation was performed after digestion (in general 20 min at 65-80°C) and 

destination DNA vector was dephosphorylated upon addition of 1 µl shrimp alkaline 

phosphatase (rSAP) for 1 h at 37°C. rSAP removes 5´- and 3´-phosphate groups from DNA and 

prevents plasmid DNA religation. After restriction, digested DNA inserts were purified as 

described before. Linearized vectors were generally separated by agarose gel electrophoresis 

and extracted from the gel previous to DNA purification.  

For ligation, DNA inserts and destination plasmids containing compatible overhangs were 

diluted in 10x T4 DNA Ligase Buffer and nuclease-free water and ligated with T4 DNA ligase in 

a final volume of 20 µl as specified by supplier. Three-fold molar excess of insert were mixed 

with linearized and dephosphorylated DNA vector (200 ng for conventional ligation). The 

ligation mixture was incubated 15 min at room temperature or overnight at 16°C.      

4.7. DNA sequencing 

For DNA sequence verification, 12 µl plasmid DNA sample (50-100 ng/µl) were mixed with 3 

µl primer (chapter 3.7) and transferred to Microsynth Seqlab GmbH (Göttingen, Germany).  
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4.8. Microbiological methods 

4.9. Transformation of E. coli and plasmid preparation 

Cultivation of E. coli cells 

E. coli cells were culture in liquid dYT medium supplemented with corresponding antibiotics in 

shake flasks (50 ml) of culture tubes (4 ml) overnight at 37°C and 180 rpm. The concentration 

of the cell culture was determined by measuring the optical density (OD) at 600 nm using a 

spectrophotometer, assuming that an OD600 of 1 equals 8x108 E. coli cells/milliliter. For short 

term storage, cells were streaked on dYT agar plates containing corresponding antibiotics, 

incubated overnight at 37°C and stored at 4°C. For long term storage, cells were resuspended 

in cell culture medium supplemented with 10% (v/v) DMSO and frozen at -80°C.   

Generation and transformation of chemically competent E. coli  

Cloned DNA plasmids were amplified upon transformation of either chemically or 

electrocompetent E. coli cells. For generation of chemically competent cells, 5 ml E. coli XL1-

Blue culture was incubated at 37°C and 180 rpm overnight. Next day, 250 ml TYM medium 

were inoculated with the overnight cell culture adjusted to an OD600 of 0.1. Cells were culture 

under the same conditions until an OD600 of 0.5 – 0.7 was reached. All subsequent steps were 

performed at 4°C and cells were kept on ice. Cell suspension was centrifuged at 4,000xg for 15 

min. Supernatant was removed and cell pellet was resuspended in 50 ml chilled TfB1 solution. 

The wash step was repeated with following resuspension in 15 ml chilled TfB2 solution. Cell 

suspension was aliquoted (50 µl) in 1.5 ml tubes and transferred into liquid nitrogen. Cells were 

long-term stored at -80°C.  

For transformation of chemically competent E. coli XL1-Blue cells, an aliquot was thawed on ice 

for 20-30 min. Afterwards, 5 µl od DNA (1-100 ng) were added to the competent cells and 

mixed gently. The cell/DNA mixture was incubated on ice for further 30 min, followed by heat 

shock for 45 s in a water bath at 42°C. After 2 min incubation on ice, 1 ml dYT medium lacking 

any antibiotic was added and cells were incubated 45 min in a 37°C shaking incubator for 

recovery. Thereafter, cells were centrifuged for 3 min at 4,000 rpm. Supernatant was almost 

entirely removed. Cell pellet was resuspended in remaining medium and plated onto a dYT agar 

plate containing the appropriate antibiotic. Plate was incubated overnight at 37°C.      

Generation and transformation of electrocompetent E. coli  

Alternatively, electrocompetent E. coli cells generated for the amplification of plasmid DNA. To 

this end, 4 ml dYT medium were inoculated with E. coli TOP10 cells and incubated overnight 

under the same conditions. Next day, 50 ml dYT medium were inoculated with the preliminary 

bacterial culture, adjusted to an OD600 of 0.05 and incubated until an OD600 of 0.5 – 0.8 was 

reached. Afterwards, cells were centrifuged for 8 min at 4,000xg and washed tree times with 
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50 ml, 25 ml, and 10 ml ice cold water, respectively. Finally, cell pellet was resuspended in 0.5 

to 1 ml ice cold water. 50-100 µl aliquots were prepared for transformation or supplemented 

with 10% (v/v) DMSO and long-term stored at -80°C.  

Frozen aliquots were thawed on ice. Electrocompetent cells were mixed with 1-5 µl DNA (1-

100 ng) and incubated 5 min on ice. Competent cell/DNA mixture was transferred into a pre-

chilled 2 mm electroporation cuvette and electroporation was carried out at 200 Ω, 2.5 kV and 

25 µF for 5 msec. 1 ml dYT (without antibiotic) was added to the cells immediately after 

electroporation. Cell suspension was gently resuspended and incubated for 45 min at 37°C. 

After recovery, transformed cells were streaked onto a dYT agar plate supplemented with the 

corresponding antibiotic and incubated overnight at 37°C.  

Plasmid preparation from E. coli cells 

Single E. coli colonies harboring the desired plasmid was grown overnight in dYT medium 

supplemented with the corresponding antibiotic. Depending on the required DNA amount, 

plasmid DNA was isolated from up to 5 ml cell culture using the Wizard® Plus SV Minipreps 

DNA Purification System (Promega) or for yields of more than 10 µg DNA from 50 ml cell 

culture using the PureYieldTM Plasmid Midiprep System (Promega). Plasmid preparation was 

performed according to the manufacturer´s information. DNA elution was carried out with 50-

600 µl dH20.     

4.10. Expression of thioredoxin fusion proteins in E. coli shuffle T7 express 

vNAR-thioredoxin fusion proteins were expressed in SHuffle® T7 Express E. coli cells. This 

bacterial strain harbors an additional plasmid coding for the sulfhydryl oxidase (SOX) capable 

of oxidizing free sulfhydryl groups in proteins by means of molecular oxygen as an electron 

acceptor (242). Thus, this E. coli strain based in the T7 expression system exhibits enhanced 

capacity to correctly fold proteins containing multiple disulfide bonds in the cytoplasm.  

For antibody expression, electrocompetent Shuffle T7 Express E. coli cells were transformed by 

electroporation with the vector coding the protein of interest. Transformed cells were grown 

overnight at 37°C in 50 ml dYT medium supplemented with chloramphenicol (selection marker 

for the SOX plasmid) as well as with the corresponding antibiotic for the antibody plasmid 

(kanamycin for pET30a vector and ampicillin for pET32c vector). Next day, 1 L TB medium was 

inoculated with the overnight bacterial culture to an OD600 of 0.05 and grown until an OD600 of 

0.5 – 0.8 was reached. Protein expression was subsequently induced upon addition of 1% (w/v) 

L-arabinose and 30 min later 500 mM isopropyl ß-D-1-thiogalactopyranosid (IPTG) and 

incubation at 18°C and 150 rpm overnight. Cells were harvested by centrifugation at 5,000 rpm 

and 4°C for 20 min and cell pellet was resuspended in 25-30 ml IMAC A buffer. Cells were lysed 

three times by sonification and centrifuged once again at 13,000 rpm and 4°C for 20 min. Cell 

culture supernatant was sterile filtered using 0.45 µm syringe filters, followed by protein 

purification via immobilized metal affinity chromatography (IMAC) according to chapter 4.17. 
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Protein purification was subsequently analyzed by SDS-PAGE (cf. 4.19) followed by buffer 

exchange via dialysis (cf. 4.21).              

4.11. Cell biological methods 

Cultivation and handling of mammalian cells was performed under a laminar airflow cabinet 

to ensure sterile conditions. 70% (v/v) ethanol was used for disinfection purposes. Cell lines 

were maintained in the media specified before (3.3). Media were stored at 4°C and usually pre-

warmed in a water bath tempered to 37°C before usage. Cell confluency was assessed under 

the microscope before starting cell culture work. Cell viability was determined by trypan blue 

dye exclusion using a hemocytometer.  

4.12. Thawing and cultivation of mammalian cells 

Cryopreserved cell vials were briefly thawed by gently agitation in a 37°C water bath. After 

decontamination with 70% ethanol, cells were dilute in 10 ml of the appropriate medium and 

centrifuged 10 min at 250 x g and room temperature. Cell pellet was resuspended in the 

corresponding medium and cultured as follows.   

Cultivation of adherent cells 

Adherent cells were cultured at 37°C in a humidified atmosphere with 5% CO2 in T75 cell 

culture flasks containing 10 ml medium. Cells were passaged twice a week when approximately 

80% confluency was reached. Therefore, medium was carefully aspirated and cells were washed 

once with 1x PBS and trypsinized by adding pre-warmed 0.05% trypsin-EDTA solution (10% 

(v/v) of the working volume). After cell detachment, trypsinization was stopped by adding 

serum-supplemented growth medium. Subsequently, cell count and viability were assessed and 

split ratio was determined to prepare a fresh cell suspension at approximately 0.2x106 viable 

cells per ml (vc/ml).   

Cultivation of suspension cells 

Suspension cells were cultured at 37°C in a humidified atmosphere with 5% CO2 in T75 cell 

culture flasks containing 10 mL medium. Cells were split twice a week in 1:2 - 1:12 ratios to 

maintain a cell density of 0.2 – 1x106 vc/ml.  

Cultivation of HEK Expi293FTM cells  

HEK Expi293FTM cells were cultured following manufacturer´s indications in a total volume of 

30 ml Expi293TM Expression Medium in a 125 ml flask at 37°C on an orbital shaker rotating at 

110 rpm in a humidified atmosphere with 8% CO2. Cells were subcultured twice a week to 

maintain a cell density of 0.8 – 5x106 vc/ml. 
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Cultivation of ExpiCHO-STM cells  

ExpiCHO-STM cells were subcultured according to supplier´s indications in a total volume of 

30 ml in ExpiCHOTM Expression Medium in 125 ml flasks at 37°C on an orbital shaker rotating 

at 110 rpm in a humidified atmosphere with 8% CO2. Cells were passaged twice a week to 

maintain a cell density of 4x106 – 6x106 vc/ml.  

 

Cryopreservation 

To freeze cells, a cell suspension containing 5 – 10x106 vc/ml in complete growth medium was 

prepared. Cryogenic vials were filled with 900 µl cell suspension and 100 µl DMSO. Cells were 

frozen using a freezing container filled with isopropanol providing a controlled freezing rate of 

1°C/minute. Cryogenic vials were frozen to -80°C overnight and transferred to a tank filled with 

liquid nitrogen for long-term storage.   

4.13. Antibody expression in mammalian cells 

Antibody expression was carried out in HEK Expi293FTM cells. Cells were transiently transfected 

with either Transporter 5TM Transfection Reagent (polyethyleneimine) or via lipotransfection 

(GibcoTM ExpiFectamineTM 293 Transfection Kit). Before transfection with polyethyleneimine, 

cell density was adjusted to 2.5x106 vc/ml with Expi293TM Expression Medium in a final volume 

of 30 ml. A total of 50 µg plasmid DNA were mixed with 2.5 mL of a 150 mM NaCl solution. 

Afterwards, 200 μL Transporter 5TM Transfection Reagent were added and mixed by vortexing 

for 5 s. The solution was incubated for 20 min at room temperature and subsequently added 

dropwise to the cell culture whilst gently slewing. Cells were incubated at 37°C and 8% CO2 at 

110 rpm. Approximately 16-18 hours posttransfection, cells were fed by addition of 825 μL 20% 

(w/v) tryptone. Antibody harvest was usually performed 5 days post-transfection.  

Lipotransfection was carried out for complex transfections, e.g. transient co-transfection of 

three plasmids for SEEDbody expression. To this end, the GibcoTM ExpiFectamineTM 293 

Transfection Kit was used according to the supplier´s protocol and using the solutions provided 

by the manufacturer. Briefly, cells were adjusted to 2.5x106 vc/ml in a total volume of 25.5 mL 

Expi293TM Expression medium. A total of 30 μg of plasmid DNA were diluted in Opti-MEMTM I 

Reduced Serum Medium to a total volume of 1.5 m. In parallel, 80 μl ExpiFectamineTM 293 

Reagent were mixed with 1.5 ml Opti-MEMTM I Reduced Serum Medium and incubated for 5 

min at room temperature. Afterwards, DNA and transfection reagent containing dilutions were 

mixed to obtain a total volume of 3 ml. The mixture was incubated for 20-30 min at room 

temperature and added dropwise to the cell culture whilst gently slewing. Cells were incubated 

at 37°C and 110 rpm in a humidified atmosphere with 8% CO2. Approximately 16-18 hours 

post-transfection, 150 μL ExpiFectamineTM 293 Transfection Enhancer 1 and 1.5 mL 

ExpiFectamineTM 293 Transfection Enhancer 2 were added to the cells. Antibody was usually 

harvested 5-7 days post-transfection. 
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The ExpiCHOTM Expression System was used for the expression of the bispecific T cell engager 

blinatumomab. Transfection was carried out by using the ExpiFectamineTM CHO Transfection 

Kit following the standard protocol (protein harvest 8-10 days post-transfection) provided by 

the manufacturer.       

4.14. Biochemical methods 

4.15. Protein purification 

Unless otherwise indicated, expressed recombinant proteins were purified by different 

chromatography techniques 5-6 days post-transfection. To this end, cell culture medium was 

collected and centrifuged at 4,000 rpm for 10 min. The cell culture supernatant was 

subsequently sterile filtered and applied in a suitable chromatography for protein purification. 

Chromatography type was selected depending on the presence of Fc regions or specific tags. 

After elution, isolation of the desired protein was verified by SDS-PAGE. Elution buffer was 

exchanged against an appropriate buffer via dialysis. Finally, protein concentration was 

determined and, if necessary, samples were concentrated and stored at 4°C or for long-term 

storage at -80°C.   

4.16. Protein A affinity chromatography 

Protein A chromatography was applied for purification of antibody constructs containing an IgG 

Fc domain and carried out with an ÄKTA (GE Healthcare Life Science). The sterile filtered cell 

culture supernatant was mixed with 1/2 volume binding buffer and applied onto a prior 

equilibrated Protein A HiTrap purification column (GE Healthcare Life Science) with a flow rate 

of 1 ml/min. The column was washed with 5-10 column volumes of binding buffer until no 

material appeared in the effluent and the absorbance reached a steady baseline. Protein was 

recovered by isocratic elution in 1 ml fractions into reactions tubes containing 200 µl of 1 M 

Tris-HCl pH 9.0. Collected fractions were analyzed and, if required, buffer exchanged and 

concentrated. Protein A affinity column was washed with 20% ethanol and stored at 4°C.   

4.17. Immobilized metal ion affinity chromatography (IMAC) 

Hexa-histidine tagged proteins were purified by immobilized metal ion affinity chromatography 

(IMAC). Therefore, an ÄKTA and HisTrapTM HP purification column (GE Healthcare Life 

Science) were utilized. Prior to protein purification, the column was washed with water and 

equilibrated with at least 5 column volumes of binding buffer. The sample was loaded onto the 

column with a flow rate of 1 ml/min. Unbound samples was washed with binding buffer until 

the absorbance reached a steady baseline. Protein was recovered by linear gradient elution and 

collected in 10 fractions á 1 ml volume. Sample fractions were analyzed and if, required, buffer 

exchanged and concentrated. After protein purification, the affinity column was stripped with 
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100 mM EDTA pH 7.4, washed with binding buffer and water and recharged with 100 mM NiCl 

according to manufacturer’s instructions. Finally, the column was stored in 20% ethanol at 4°C.  

4.18. Streptactin chromatography 

Strep-tag appended proteins were purified by Strep-Tactin affinity chromatography. To this 

end, an ÄKTA system was equipped with a Strep-Tactin®XT Superflow® high capacity 

cartridge (IBA GmbH). After equilibration of the column with binding buffer (buffer W), the 

protein sample was applied. Unbound sample was washed with binding buffer until the 

absorbance reached a steady baseline. Protein was recovered by isocratic elution with buffer 

BXT and collected in 1 ml fractions. Protein samples were analyzed and, if necessary, buffer 

exchanged and concentrated. Affinity column was regenerated with 10 mM NaOH, equilibrated 

with binding buffer W and stored at 4°C.  

4.19. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) allows for protein 

separation by molecular weight in an electric field. For protein analysis, discontinuous SDS-

PAGE consisting in 5 % acrylamide stacking and 15 % acrylamide separating gels was 

performed. Protein samples were mixed with 5x SDS reducing sample buffer (when reduction 

of disulfide bonds was aimed) and denatured for 10 min at 98°C. A maximal volume of 15 µl 

protein sample were loaded onto the gel. Prestained protein standard was used as molecular 

weight reference. Electrophoresis was carried out at 300 V and 40 mA. Next, gels were subjected 

to coomassie staining.   

4.20. Coomassie staining 

Separated proteins by SDS-PAGE were directly visualized upon Coomassie staining. Gels were 

placed in staining solution and briefly boiled in a microwave. For destaining, gels were boiled 

with 10% acetic acid.  

4.21. Dialysis  

Undesired small molecular weight substances were removed upon buffer exchange by dialysis 

after protein purification. To this end, a dialysis membrane with a molecular weight cut-off 

(MWCO) of 14 kDa was utilized. First, the membrane was equilibrated for approximately 5 min 

in water and after assembling of a sealed dialysis tubing it was filled with protein sample. 

Dialysis was performed while gently stirring at 4°C overnight in desired buffer (usually 1,000 

times the volume of the sample). 
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4.22. Determination of protein concentration 

In proteins, aromatic amino acids absorb UV light of 280 nm wavelength. To assess the purity 

of the protein solution an absorption spectrum was recorded in the range of 220 nm to 320 nm. 

For protein quantitation, molecular weight and molar extinction coefficient were calculated 

with the ExPASy ProtParam online tool (243) and this data was inserted into the 

spectrophotometer. A BioSpec-nanoTM (Shimadzu) spectrophotometer was used for absorption 

measurement, whereupon the buffer in which the protein is solubilized served as a blank. 

4.23. Protein biotinylation 

Proteins were biotinylated using EZ-LinkTM Sulfo-NHS (N-hydroxysuccinimide)-biotin. 

According to manufacturer’s instructions, 50-200 µg protein were incubated with a 20-fold 

molar excess of EZ-LinkTM Sulfo-NHS biotin in PBS for 1 h at 4°C. If necessary, the reaction was 

quenched by adding 1 µl of 1M Tris pH 8 and 1 h incubation on ice. Residual reagent was 

removed utilizing ZebaTM Spin Desalting columns. 

4.24. Generation of vNAR antibody-drug conjugates 

vNAR antibody-drug conjugates were generated by enzymatic ligation of the antimitotic agent 

monomethyl auristatin E (MMAE). To this end, a carboxy terminal LPETGG extension 

genetically engineered into the Fc fragment was modified by an activity-optimized sortase 

variant (eSrtA) (150) from the Gram-positive bacterial strain Staphylococcus aureus as 

described elsewhere (244) . Briefly, vNAR-Fc fusion proteins were incubated in the presence of 

0.1 equivalents sortase A and 10 equivalents GGG-vc-PABA-PEG3-MMAE in reaction buffer (150 

mM NaCl, 50 mM TRIS, 10 mM CaCl2, pH 7.5 adjusted with HCl) for 1 h at 22°C. After protein 

modification, antibody-drug conjugates were purified via protein A affinity chromatography 

(GE Healthcare), buffer-exchanged and concentrated to required concentrations (Amicon® 

Ultra 15 mL, Millipore). 

4.25. Cell-based Assays 

4.26. Flow cytometry binding analysis 

Cellular binding of anti-idiotype vNAR-based antibodies was assessed by flow cytometry. In 

some cases, vNAR-Fc fusion molecules were previously biotinylated using EZ-Link™ Sulfo-NHS-

LC-Biotin (ThermoFisher) according to manufacturer´s instructions. For cell binding analysis, 

mammalian cells were sedimented 3 min at 300 xg and washed three times with 1% PBS 

followed by incubation with the corresponding antibody at desired concentrations for 1 h at 

4°C. Cells were subsequently washed and stained with the appropriate labelled secondary 

antibody for 20 min at 4°C in the absence of light. Cells were washed again and analyzed using 

a BD Influx flow cytometry device. 
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4.27. Cellular internalization assay 

vNAR-Fc fusion antibodies were conjugated with pHAb amine reactive dye (Promega) according 

to manufacturer's recommended protocol. Briefly, antibodies were reacted at lysine amino acids 

with a 20 molar excess of amine reactive pHAb dye for 1 h. Afterwards, unbound dye was 

removed using ZebaTM Spin Desalting columns (Thermo-Scientific). For internalization analysis, 

2×104 B cells were plated per well and treated overnight with pHAb conjugated vNAR-Fc 

antibodies at desired concentrations. Plates were read on a fluorescent plate reader at Ex/Em: 

532 nm/560 nm. 

4.28. Cell proliferation assay or cell cytotoxicity assay 

Antiproliferative effect of vNAR antibodies was evaluated by exposing on-target SUP-B8 

lymphoma B cells or off-target cells to varying antibody concentrations. Cell viability was 

analyzed 72 h after addition of vNAR-Fc variants with the CellTiter 96® AQueous One Solution 

Cell Proliferation Assay (Promega). Briefly, 1×104 cells were seeded per well in a 96-well plate 

in 90 µl RPMI 1640 medium and treated with 10 µl vNAR-Fc antibody to reach final indicated 

concentrations. After 72 h antibody treatment, 20 µl of MTS solution were added per well and 

the plates were incubated for 2 h under standard culture conditions. Finally, the absorption of 

each well was measured at 490 nm in a plate reader (Tecan). Cell proliferation in reference 

wells with untreated cells was set to 100 %. 

Specific mediation of apoptosis and necrosis in lymphoma B cells was verified in cell cytotoxicity 

assays. To this end, 3×105 cells were treated with 500 nM vNAR antibody-drug conjugate 

variants. After 24 h of incubation, cells were stained with Annexin V and propidium iodide (PI) 

following manufacturer´s protocol (Rottitest® Annexin V, Carl Roth) and analyzed by FACS.  

4.29. Isolation of human effector cells  

Human macrophages were generated by an adherence method utilizing monocyte-attachment 

medium (PromoCell, Heidelberg, DE). After 24 h incubation in serum-free X-Vivo medium 

(Lonza, Basel, CH), macrophage differentiation was induced upon M-CSF addition (PeproTech, 

Rocky Hill, CA, USA). Human MNC were isolated from peripheral blood of healthy volunteers, 

as previously described (245) using Ficoll® (GE Healthcare, Chicago USA). 

4.30. T cell activation assay 

Mediation of T cell activation upon CD3-engagement was quantified by either measuring the 

GFP fluorescence displayed by the Jurkat NF-B-GFP T cell line or using a T Cell Activation 

Bioassay (NFAT) supplied by Promega. This kit is based on a genetically engineered Jurkat T 

cell line expressing a luciferase reporter driven by a nuclear factor of the activated T cells 

(NFAT)-response element. Co-engagement of CD3 and CD28 receptors leads to a TCR-mediated 

intracellular signal resulting in measurable luminescence.  
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The assay was carried out according to manufacturer´s instructions with an effector-to-target 

cell (E:T) ratio of 4:1 in RPMI + 10% FBS. Target B cells were seeded in a 96 well microtiter 

plate at a density of 2.5 x 104 cells per well and incubated with serially diluted bispecific (Id x 

CD3) antibodies for 6 h or overnight. As a control, a (EGFR x CD3) antibody was applied to 

A431 cells. Daudi and IM-9 cells were used as off-target control cell lines. After antibody 

treatment, luciferase substrate buffer (2x) was added to the cells. After 30 minutes of 

incubation, luminescence was measured using a microplate reader. Signal background was 

determined by measuring the relative light units (RLU) of the outer plate wells containing only 

medium and substrate. T cell activation activity was expressed as fold activation and was 

calculated using the following formula: fold activation = RLU (experimental – background) / 

RLU (no Ab control – background). Fold activation was plotted against antibody concentration 

and data were fit using a four-parameter sigmoidal curve. Half maximal effective concentration 

(EC50) was determined by calculating the inflection point of the curves.   

4.31. T cell-mediated cytotoxicity assay 

Specific target B cell depletion by T cells using bispecific antibodies was quantified in a T cell-

mediated cytotoxicity assay. To this end, PBMCs were isolated from blood of healthy donors 

and T cells were subsequently activated with IL-2 and anti-CD28 and anti-CD3 antibodies. After 

72 hours, T lymphocytes were expanded upon cultivation in the presence of only IL-2. T cell-

mediated cytotoxicity was conducted by co-incubation of 2,5 x 104 effector T cells and 1,25 x 

105 CFSE-stained target lymphoma B cells in an E:T ratio of 5:1 and a final volume of 200 µl. 

Cell assay was started upon antibody addition at desired concentrations. After 4 hours of 

antibody treatment, cells were DAPI-stained for cell viability analysis. Relative specific 

cytotoxicity was plotted against antibody concentration.    

4.32. Chromium release assay 

ADCC of anti-idiotype antibodies was analyzed in [51Cr] release assays as described previously 

(245). Briefly, medium, effector cells, and antibodies were added to round-bottom microtiter 

plates (Nunc, Rochester, NY, USA) and the assay was started by adding target cells (effector to 

target ratio 40:1). After 3 h co-incubation at 37°C, [51Cr] release from triplicate samples was 

measured. Percentage of cellular cytotoxicity was calculated using the formula: percentage of 

specific lysis = (experimental cpm – basal cpm)/(maximal cpm – basal cpm) x 100; maximal 

[51Cr] release was determined by adding 2% v/v Triton-X-100 to target cells, and basal release 

was measured in the absence of sensitizing antibodies and effector cells.  

4.33. Phagocytosis assay 

ADCP was analyzed by high-throughput microscopy using the IncuCyte® (Sartorius, Göttingen, 

DE) system. Human macrophages served as effector cells in ADCP. For fluorescence staining, 

1×106 target cells were labelled with 0.5 µg/ml pHrodo (ThermoFisher, Waltham, MA) for 1 h 
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at room temperature. Thereafter, target cells were washed two times with PBS and diluted in 

either cell culture medium or 0.1 M glycine pH 3 as positive control. Afterwards, 0.4×105 target 

cells as well as macrophages were seeded per well, corresponding to an effector cell to target 

cell ratio (E:T ratio) of 1:1. After adding antibodies at various concentrations, ADCP was 

measured for 12 h at an interval of 30 min and analyzed using IncuCyte® software tools. 

4.34. Statistical analysis 

Statistical analysis was conducted using SigmaPlot 12.5 (Systat Software, Inc.). Data are 

presented as mean ± standard error of the mean (SEM) of at least three independent 

experiments unless otherwise indicated. Statistical significance was determined using a two-

way ANOVA test (Bonferroni t-test) or a one-way ANOVA test (Holm-Sidak test). p values 

<0.05 were considered to be statistically significant. 
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5. Results 

5.1. Previous work 

Based on the promising results obtained with anti-idiotype peptibodies reported by R. Levy, we 

aimed at the use of shark-derived antibody fragments for the generation of anti-idiotype 

binders. Considering their beneficial affinity and specificity as well as their proper 

physicochemical characteristics, and in view of the experimental experiences achieved with 

anti-idiotype binders by our research group, vNAR domains appeared to be suitable for the 

specific targeting of lymphoma cells. The studies and data generated within the scope of this 

thesis are based on previous work conducted by Dr. Julius Grzeschik (239, 177). Essentially, 

this comprised the application of a semi-synthetic, CDR3-randomized shark-derived vNAR 

library in combination with yeast surface display as technology platform for the isolation of 

anti-idiotype binders (Figure 12). The general workflow involved RNA extraction and 

complementary DNA synthesis of the tumor-specific B cell receptor of the lymphoma cell lines 

SUP-B8, Daudi and IM-9. Following, the DNA coding for the VH and VL genes was amplified and 

reformatted into the scaffold of a human IgG1 antibody. The resulting BCR-Fc fusion molecules 

served as antigen for the screening of the yeast-displayed vNAR library. After three rounds of 

fluorescent-activated cell sorting (FACS)-based screening towards the B cell receptor of SUP-B8 

cells, a population of antigen-binding vNAR candidates was enriched. After single-clone 

analysis, eight binders were reformatted as Fc fusion molecules and five of them were 

successfully expressed in mammalian cells. Finally, two vNAR-Fc candidates (termed S2 and 

S9) revealed binding to the soluble expressed SUP-B8 BCR in the single-digit nanomolar range, 

as assessed via biolayer-interferometry (BLI). More important, binding was B cell receptor 

specific, since the soluble BCRs of the unrelated lymphoma B cell lines Daudi and IM-9 were 

not bound by the vNAR candidates. This was also demonstrated for binding to BCR-expressing 

SUP-B8 cells, confirming cellular binding specificity by comparison with off-target cells. Based 

on these findings, vNAR-Fc candidates S2 and S9 were selected for the studies conducted in the 

present thesis. 
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Figure 12 | Concept overview: RNA of B cell lymphoma cell lines is extracted followed by reverse transcription. Genes coding 
for variable domains of the tumor-specific B cell receptor is amplified and cloned into the scaffold of a human IgG1 antibody. 
Soluble expressed BCR is used as antigen for screening of semi-synthetic yeast display vNAR libraries. Enriched vNAR binders 
are expressed as Fc fusion proteins and characterized for their specific anti-tumor activity against cancer B cells. Figure 
adapted from ref. (177) with BioRender.com. 

 

5.2. Induction of direct lymphoma cell death via BCR clustering 

5.2.1. Bivalent vNAR-Fc 

As an alternative approach based on the findings reported by Ron Levy, we first intended to 

induce apoptosis of human Burkitt lymphoma SUP-B8 cells via specific clustering of surface IgM 

 B cell receptor. vNAR-Fc candidates S2 and S9 selected during previous work were produced 

in HEK Expi293F cells expressed and affinity purified via protein A chromatography. The 

proteins were subsequently assessed by SDS-PAGE, indicating bands with the expected 

molecular weight of approximately 40 kDa (Figure 13 A). After verification of specific cellular 

binding (Figure 13 B), vNAR-Fc fusion antibodies were investigated in cell proliferation assays 

for their ability to induce lymphoma cell killing via B cell receptor cross-linking. To this end, 

on-target SUP-B8 as well as off-target Daudi and IM-9 lymphoma cells were treated with both 

vNAR molecules at varying concentrations. While bivalent anti-human IgM antibodies 

effectively induced BCR clustering-dependent cell killing of IgM+ SUP-B8 and Daudi cells with 

25 nM and 12 nM IC50 values, respectively, no significant lymphoma cell killing could be 

detected upon treatment with anti-idiotype shark antibodies (Figure 13 C). According to 
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expectations, anti-human IgM elicited no antiproliferative effect on IM-9, since this cell line 

express an IgG B cell receptor. vNAR molecules with an Fc fragment containing PG-LALA 

mutations preventing from FcR binding as well as experiments including vNAR-Fc 

multimerization based on biotin-streptavidin interaction or addition of secondary anti-human 

Fc antibodies were also unable to induce B cell apoptosis. Another attempt was made by 

blocking Fc receptors present on lymphoma cells upon incubation with excess of trastuzumab 

followed by anti-idiotype treatment, leading to similar results (Figure 37).   

 

 

Figure 13 | Characterization of vNAR-Fc antibodies. vNAR-Fc antibody variants S2 and S9 were expressed in HEK Expi293F 
cells, purified via protein A affinity chromatography and analyzed by SDS-PAGE under reducing conditions. Molecular weight 
of vNAR-Fc molecules is approximately 80 kDa (A). Specific cellular binding of vNAR antibodies to the B cell lymphoma cell 
lines SUP-B8, Daudi and IM-9 was evaluated by flow cytometry. 105 cells were exposed to biotinylated vNAR-Fc molecules 
followed by streptavidin-APC staining. Black: only secondary reagent; green: 10 nM vNAR-Fc; blue: 50 nM vNAR-Fc; red: 250 
nM vNAR-Fc (B). Cytotoxicity effect upon BCR clustering of vNAR antibodies was assessed in MTS cell proliferation assays. 
Lymphoma cell lines were treated with varying concentrations (12 pM – 800 nM) of vNAR-Fc molecules or goat anti-human 
IgM antibody for 72 h. The assay was performed in triplicate and relative survival was plotted against the antibody 
concentrations. Proliferation of untreated cells was set to 100% survival. Results are shown as mean ± SEM (C).       

 

5.2.2. Multimeric vNAR-hIgG1 Fc molecules 

According to literature, molecules comprising more than two valences mediate increased 

surface receptor clustering (246). In an effort to enhance the avidity effect for effective BCR 

clustering, various tetravalent vNAR-Fc constructs were designed. One antibody was generated 

by exchanging each variable domain of the heavy and light chains against a vNAR molecule 

(“vNARx4 (HC+LC)”, Figure 14A). Another construct included two N-terminal and two C-

terminal vNAR domains attached to the human IgG1 Fc fragment, respectively. Carboxy 

terminal vNARs were fused to the Fc fragment via an additional hinge region to provide 
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sufficient overall flexibility allowing proper target binding (“vNAR 2+2”, Figure 14 B). A third 

antibody comprised two vNAR domains in tandem linked by a glycine-serine (G4S)3 linker and 

fused directly to the human IgG1 Fc fragment by the corresponding hinge region (hIgG1 

vNARx4 N-term”, Figure 14 C). Of note, all three vNAR variants were prevented of FcR binding 

due to the mutation N297A within the Fc fragment. Moreover, a variant of the “hIgG1 vNARx4 

N-term” was generated by replacing the human Fc fragment by the counterpart of the murine 

IgG2a antibody (Figure 14 D).   

 

 

Figure 14 | Design of tetravalent anti-idiotype vNAR antibodies. Tetravalent antibodies were developed by genetically fusing 
vNAR domains to the scaffold of a human IgG1 antibody (HC: 48 kDa; LC: 24 kDa) (A), to the carboxy and amino terminus of 
a human IgG1 Fc fragment (HC: 55 kDa) (B), or in tandem to the amino terminus of a human IgG1 (HC: 54 kDa) or murine 
IgG2a (HC: 53 kDa) Fc fragment. Human Fc regions are colored black, while murine Fc fragment in depicted grey (C, D). 
Antibody expression was analyzed after protein A affinity purification by SDS-PAGE under reducing conditions. 

 

Tetravalent antibodies were cloned into mammalian expression vectors (pTT5 or pEXP) and 

expressed in HEK Expi293F cells. After protein A affinity purification, correct protein size was 

verified by SDS-PAGE under reducing conditions. Of note, gel electrophoresis analysis revealed 

low protein yields as well as the presence of impurities. Exposure of lymphoma B cells to the 

expressed vNAR-based antibodies revealed no significant restriction on cell proliferation. Even 

the application of triple-digit nanomolar antibody concentrations showed no antiproliferative 

activity on cancer cells. The results of a proliferation assay conducted on lymphoma cell lines 

with the tetravalent variant “vNAR 2+2 (S9)” is exemplary shown in Figure 15. Moreover, cell 



 

 

Results  63 

proliferation assays performed with tetravalent antibodies including additional PG-LALA 

mutation likewise precluding Fc/FcR interaction led to similar results (data not shown).   

 

Figure 15 | BCR clustering. Anti-tumor activity of tetravalent vNAR-Fc antibodies was assessed in MTS cell proliferation 
assays. Lymphoma B cell lines SUP-B8, Daudi and IM-9 were exposed to varying “vNAR 2+2” antibody concentrations (0.1 nM 
– 800 nM) for 72 h. Proliferation of untreated cells was set to 100% survival. Results are shown as mean ± SD (n=3).  

 

5.3. Investigation of receptor-mediated antibody internalization 

With the intention of identifying the mechanism for target cell resistance, antibody 

internalization by lymphoma cells was investigated. Antibodies bearing two vNAR domains in 

tandem, “hIgG1 vNARx4 N-term” and “mIgG2a vNARx4 N-term”, as well as “vNAR 2+2” were 

conjugated with pH sensitive dyes (pHAbs, Promega). A dye-labeled aglycosylated human IgG1 

Fc fragment devoid of any antigen-binding site was used as control protein. Conjugated dyes 

show minimal fluorescence outside the cells, while exhibiting dye fluorescence upon receptor-

mediated antibody internalization and trafficking in the acidic milieu of the lysosomal system 

(247). Experiments performed with vNAR variant S9 are exemplary shown. Antibody 

internalization assays revealed up to 31-fold higher uptake of vNAR molecules by target SUP-

B8 cells compared with solitary Fc fragment (Figure 16 A). Moreover, similar internalization 

levels were observed for both murine and human Fc antibodies comprising two tandem vNAR 

domains. Yet, significantly reduced internalization occurred when vNAR moieties were 

arranged in a 2+2 configuration. Up to 10-fold greater vNAR antibody uptake was also detected 

in off-target cell lines Daudi and IM-9 compared to solitary Fc fragment, evidencing unspecific 

vNAR-mediated internalization with increasing antibody concentrations (Figure 16 B and C). 

Overall, up to 4-fold greater antibody uptake was measured by target SUP-B8 cells compared 

with Daudi and IM-9 cells. Of note, all three cell lines revealed similar solitary Fc fragment 

internalization levels. These findings revealed that antibody/receptor complex internalization 

was mainly mediated by vNAR domains specifically binding its target surface B cell receptor.   
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Figure 16 | Internalization of vNAR antibodies. Lymphoma B cell lines SUP-B8 (A), Daudi (B), and IM-9 (C) were treated 
overnight with a concentration series of amine-pHAb conjugated tetravalent vNAR-Fc antibodies. Internalization of pHAb-
conjugated antibodies was quantified by means of increasing fluorescence at acidic pH within intracellular compartments. 
vNAR antibodies were conjugated with a 20 molar excess of pHAb dye and purified using a desalting column. Antibody 
internalization levels were monitored using a plate reader at Ex/Em of 532 nm/560 nm. Mean ± SD of triplicates are plotted. 

 

Heptameric vNAR – C4BP proteins 

Foregoing studies performed in our group reported the impact of inter-ligand distance, relative 

spatial configuration and copy number of receptor-binding moieties on receptor activation and 

cell killing. In a modular approach, Valldorf et al. developed a heptameric construct based on a 

short scaffold of a C-terminal oligomerization domain of human C4b-binding protein (C4BP), 

which showed remarkable proapoptotic activity on tumor cells (248). Based on this approach, 

a multivalent C4BP-derived scaffold bearing seven vNAR moieties attached to the carboxy 

terminus was designed. Development of heptameric vNAR proteins was performed in 

cooperation with Simon Reiners within the scope of a research internship. Expression and 

characterization of vNAR variant S9 are exemplary shown. The resulting anti-idiotype heptamer 

was expressed as a thioredoxin fusion protein in E. coli cells and purified by IMAC (Figure 17 

A). Cellular binding analysis revealed robust cancer cell binding. Of note, vNAR specificity 

towards its target idiotype was maintained in spite of the high level of multimerization (Figure 

17 B, top). Thioredoxin removal by TEV protease cleavage resulted likewise in strong B cell 

receptor binding (Figure 17 B, bottom). Yet, as opposed to findings reported by Valldorf et al., 

no apoptotic activity could be detected in cell proliferation assays conducted with thioredoxin-

C4BP-vNAR fusion proteins (Figure 17 C). Contrary, target SUP-B8 cells appeared to be 

remarkably activated upon receptor clustering resulting in cell proliferation rather than cancer 

cell killing. This effect occurred to a much lower extent in control Daudi and IM-9 cells.          
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Figure 17 | Characterization of heptameric C4BP-vNAR fusion proteins. C4BP-vNAR antibodies were expressed in E. coli cells 
and purified via IMAC. Proteins as thioredoxin fusion (37 kDa) of after thioredoxin removal by TEV protease cleavage (20 kDa) 
were analyzed by SDS-PAGE under reducing or non-reducing conditions (A). Binding properties were assessed by flow 
cytometry. 105 lymphoma B cells were incubated with varying protein concentrations. Thioredoxin-C4BP-vNAR molecules 
were stained with secondary mouse anti-His and tertiary anti-mouse-APC antibodies. TEV cleaved C4BP-vNAR proteins were 
biotinylated followed by streptavidin-APC staining. Black: only staining reagents; green: 10 nM antibody; blue: 50 nM 
antibody; red: 250 nM antibody (B). BCR clustering of heptameric molecules was evaluated in MTS cell proliferation assays. 
Lymphoma cell lines were treated with concentration series (450 nM – 30 µM) of thioredoxin-C4BP-vNAR fusion protein for 
72 h. Cell proliferation assays were performed in triplicate and relative survival was plotted against the antibody 
concentrations. Proliferation of untreated cells was set to 100% survival. Results are shown as mean ± SD (C). 

 

5.4. Immune effector cell-mediated lymphoma killing 

As an alternative to the employment of multivalent vNAR antibodies for direct BCR clustering 

and subsequent apoptosis induction, we next sought the mediation of lymphoma cell killing via 

redirection of immune effector cells. These investigations were carried out in cooperation with 

Katrin Schoenfeld during her master thesis. Cell treatment with bispecific antibodies might lead 

to the formation of an immunologic synapse between immune effector and cancer cell, 

eventually resulting in lysis of malignant cells. To this end, two different strategies were 

pursued. On the one hand, FcR-expressing effector cells, mainly neutrophils, might be 

recruited and specifically redirected towards BCR presenting lymphoma cells with the aid of 

bispecific antibodies targeting the CD89 (FcRI) receptor. On the other hand, various bispecific 
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T cell engager antibodies targeting the CD3 receptor on T lymphocytes and the lymphoma BCR 

were designed.     

5.4.1. Bispecific SEEDbodies targeting CD89 and SUP-B8 idiotype 

The potential of myeloid FcRI (CD89) as promising trigger molecule for bispecific antibody-

mediated immunotherapy was assessed by the group of Valerius long time ago (80). Later 

experiments reported effective lysis of malignant B cells upon recruitment of neutrophils with 

an (FcRI x CD20) BsAb (70). Based on the concept of redirecting neutrophils towards cancer 

B cells, we used the unique BCR solely expressed on SUP-B8 cells as specific target for (idiotype 

x CD89) bispecific antibodies. To this end, four vNAR antibodies with different valences and 

spatial configurations were designed (Figure 18). These bispecific antibodies were developed 

by means of the SEED technology, based on the insertion of alternating ß-strand segments of 

the human IgG and IgA CH3 domains. The sequence of the CD89 antigen binding site (VH and 

VL domains) are adopted from the human monoclonal antibody 14.1 (WO02/064634). For 

simplification purposes, expression and characterization of vNAR variant S9 are hereafter 

exemplary shown. 

A bispecific construct was composed of the CD89 binding unit attached to the SEED-AG chain, 

complemented with a penta-his tag at the carboxy terminus of the heavy chain to avoid the 

formation of heterodimeric molecules. Both heavy and light chains were cloned into the pTT5 

mammalian expression vector. Anti-idiotype vNAR domains were genetically fused to the amino 

terminus of the SEED-GA chain and cloned into the pEXP expression vector (“SEED SUP-B8 x 

CD89”). This antibody was expressed by co-transfection of HEK Expi293F cells with all three 

chains, followed by IMAC and protein A purification (Figure 18 A).  

Based on a bispecific (CD89 x CD20) described by B. Li et al. (107), an alternate antibody 

arrangement was designed by coupling the vNAR domain C-terminal of the SEED-AG chain in 

a cis-configuration to the CD89 binding moiety, referred to as “one-arm SEED SUP-B8 x CD89” 

(Figure 18 B). Here, the SEED-GA chain was devoid of any antigen binding site. Remarkably, 

the insertion of a glycine-serine (G4S)3 linker between the Fc fragment and the vNAR domain 

was necessary for the mediation of lymphoma cell binding. While the antibody revealed 

expected FcRI binding on baby hamster kidney (BHK) cells stably expressing the CD89 

receptor, no BCR binding was measured on SUP-B8 cells in the absence of a glycine-serine linker 

(Figure 38 A). Two reasons may be responsible for this effect. First, the linker confers additional 

overall flexibility to the molecule. Second, given that the antigen binding site of the vNAR 

located at the N-terminus is in very close proximity to the Fc fragment, target binding may be 

impeded by steric hindrance.  

In order to enhance cell-mediated lymphoma cell killing, two additional constructs bearing 

multiple vNAR moieties were designed. Hence, a trivalent bispecific antibody was generated by 

fusing a vNAR domain to the carboxy terminus of each heavy chain, termed “trivalent SEED 

SUP-B8 x CD89 (Figure 18 C). Finally, the additional fusion of another vNAR domain N-terminal 
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of the SEED-GA chain gave rise to a tetravalent bispecific antibody bearing three valences 

towards the SUP-B8 idiotype (tetravalent SEED SUP-B8 x CD89, Figure 18 D). These antibodies 

were likewise expressed in HEK Expi293F cells, followed by IMAC and protein A purification. 

Expression yields of all bispecific SEEDbodies were in a range of 70 mg/L to 180 mg/L. Analysis 

of the expressed antibodies after purification by affinity chromatography was assessed by SDS-

PAGE under reducing conditions.  

 

 

Figure 18 | Design and expression of (idiotype x CD89) bispecific antibodies. Bispecific anti-idiotype antibodies were 

developed as SEEDbodies composed of a FcRI binding moiety and a vNAR domain (CD89 HC: 50 kDa; CD89 LC: 24 kDa; vNAR 
HC: 41 kDa) (A). A one-arm SEEDbody was engineered by attaching the vNAR domain to the carboxy terminus of the HC by 
means of a glycine-serine linker (CD89-vNAR HC: 63 kDa; CD89 LC: 24 kDa; HC only: 27 kDa) (B). A trivalent SEEDbody was 
designed by inserting one additional vNAR domain to the carboxy terminus of the SEED-GA chain (CD89-vNAR HC: 63 kDa; 
CD89 LC: 24 kDa; HC-vNAR: 40 kDa) (C). Finally, a tetravalent antibody was developed by inserting an additional vNAR 
molecule to the amino terminus of the SEED-GA chain (CD89-vNAR HC: 63 kDa; CD89 LC: 24 kDa; vNARx2 HC: 54 kDa) (D). 
Antibody expression was evaluated after affinity purification by SDS-PAGE under reducing conditions.  

 

The specific binding of the different antibody formats was investigated by flow cytometry. On 

the one hand, the impact of the varying vNAR valences towards the unique BCR expressed on 

target SUP-B8 lymphoma cells was analyzed. Unrelated Daudi and IM-9 cell lines served as 

negative controls. On the other hand, binding to the FcRI was assessed on baby hamster kidney 

(BHK) cells stably expressing the CD89 receptor. In this case, EGFR-overexpressing A431 cells 

were used as negative control (Figure 38 B). Moreover, cell binding affinities were determined 

by incubating the respective cell lines with antibody concentrations ranging from 0.5 to 1000 

nM. As expected, all four BsAbs showed specific BCR binding on SUP-B8 cells (Figure 19). A 

clear correlation between vNAR valences and resulting binding affinities was observed.  In fact, 

higher vNAR valences led to a strengthened avidity effect on lymphoma cells, resulting in 

increased maximal binding (Table 2). Maximal binding was calculated as the mean fluorescent 

intensity (MFI) at 1 µM divided by the MFI in the absence of bispecific antibody:  
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𝑀𝑎𝑥. 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝑀𝐹𝐼1µ𝑀 𝑀𝐹𝐼0µ𝑀⁄  

Inversely proportional, increasing vNAR valences resulted in lower dissociation constants (KD). 

Binding affinities ranged from 123 to 19 nM. Remarkably, N- or C-terminal localization of the 

vNAR moiety did not have a significant impact on the binding properties of the molecule (Figure 

19 A, B). By contrast, a duplication of the vNAR moieties from one to two resulted in a 2-fold 

reduction of the dissociation constant (Figure 19 C). Additional insertion of a third vNAR moiety 

further diminished the binding affinity to 19 nM (Figure 19 D). Binding of the bsAbs to the 

unrelated lymphoma cell lines Daudi and IM-9 showed weak binding at saturating 

concentrations (Figure 38 C, D). Antibody binding to CD89-expressing BHK cells revealed 

unaltered maximal binding rates and constant binding affinities of approximately 9 nM 

regardless of antibody fashion. Binding of (SUP-B8 x CD89) SEEDbody towards BHK cells is 

exemplary shown (Figure 19 E). In this context, relation between binding affinity to cancer and 

immune cell might influence the formation of an immunologic synapse and eventually the anti-

tumor activity elicited by effector cells. For instance, Li et al. described an analog (CD20 x 

CD89) BsAb with target to effector cell affinity ratio of 2.9 exhibiting efficient anti-tumor 

activity in vivo (107). Of relevance in this regard, increasing vNAR valences within a molecule 

altered the target/effector cell affinity ratio. Antibodies bearing only one idiotype and one CD89 

binding site revealed target to effector cell affinity ratios of nearly 14. By contrast, antibodies 

bearing two and three vNAR domains showed significantly lower target/effector cell affinity 

ratios of 6.4 and 2.4, respectively.   
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Figure 19 | Development and characterization of (idiotype x CD89) bispecific antibodies. Specific cellular binding was 
evaluated by flow cytometry. 105 target SUP-B8 lymphoma cells (A-D) or CD89-expressing BHK cells (E) were incubated with 
concentration series of bispecific antibodies and stained with secondary mouse anti-His and tertiary anti-mouse-APC 
antibodies. Black: only secondary reagent; yellow: 1 nM; green: 10 nM; blue: 50 nM; red: 250 nM. Dissociation constants 
were assessed by plotting mean fluorescence intensities against antibody concentration and applying a sigmoidal 4-
parameter curve fit. 
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Table 2 | Evaluation of cellular binding properties of (idiotype x CD89) bispecific antibodies. Equilibrium dissociation 
constants (KD), maximal binding and target/effector cell affinity ratios determined for BsAbs towards target SUP-B8 
lymphoma cells and CD89 expressing BHK cells are shown.   

CD89 x Id SEEDbody 

(number of vNARs) 

SUP-B8 idiotype 

KD in nM        max. binding                       

MFI(1µM/0µM) 

CD89 

KD in nM     max. binding 

MFI(1µM/0µM) 

Target/effector 

cell affinity 

ratio 

Classic SEED body (1) 123 10 9 12 13.7 

One-arm + GS-linker (1) 130 12 9 16 14.4 

Trivalent (2) 51 21 8 9 6.4 

Tetravalent (3) 19 23 8 10 2.4 

 

 

Investigations in neutrophil-mediated (indirect) cytotoxicity 

On account of their suitable binding properties, the generated bispecific SEEDbodies were 

investigated for their capability to redirect FcRI-expressing immune effector cells and mediate 

lymphoma B cell killing. These investigations were carried out in cooperation with the research 

groups of T. Valerius and M. Peipp (UKSH Kiel). For this purpose, human polymorphonuclear 

(PMN) cells isolated from donor blood were co-cultivated with target SUP-B8 cells at an effector 

to target (E:T) ratio of 40:1 and treated with bispecific SEEDbodies at a saturating 

concentration of 66.7 nM. PMN cells were additionally stimulated with granulocyte-

macrophage colony-stimulating factor (GM-CSF) and additionally treated with the CD47-

blocking antibody 5F9-IgG2 Fc antibody. The immune checkpoint receptor CD47, which is often 

overexpressed by lymphoma cells, is known to interact with the inhibitory signal regulatory 

protein- (SIRP), mediating immune evasion by phagocytes (43). For unknown reasons, no 

antibody-dependent cell-mediated cytotoxicity on SUP-B8 cells was observed (Figure 20 A). As 

a positive control, PMN effector cells were co-incubated with lymphoma Raji cells and exposed 

to a CD20-targeting IgA antibody, resulting in effective lysis of malignant B cells (Figure 20 B). 

These control experiments clearly demonstrated that anti-tumor activity elicited by PMN 

effector cells was entirely dependent on FcRI as trigger molecule, since IgG1 antibodies 

targeting the B cell marker CD20 was unable to induce cancer cell cytotoxicity.      
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Figure 20 | ADCC mediated by (idiotype x CD89) bispecific antibodies. SUP-B8 lymphoma cells were co-incubated with GM-
CSF stimulated human PMNs and treated for 3 h with (anti-idiotype x CD89) BsAbs. Experiments were carried out in the 
absence (white bars) or in the presence of a CD47-blocking 5F9 antibody (black bars). SUP-B8 target cells were treated with 
(idiotype x CD89) SEEDbodies (A). Control experiments were performed with CD20+ Raji cells (B). Data are presented as mean 
± SD (n=3). Figure adapted from ref. (177)   

 

5.4.2. Bispecific antibody constructs targeting CD3 and SUP-B8 idiotype 

Alongside with the Fc receptor I, targeting the cluster of differentiation 3 (CD3) component 

of the T cell receptor to evoke anti-tumoral activity has shown very promising results with 

several bispecific antibodies (249). Most exciting clinical data for the management of 

lymphoma-derived malignancies have been reported by using the bispecific T-cell engager 

blinatumomab (250). Although only two bispecific antibodies have been approved by the U.S. 

FDA to date, a growing number of BsAbs are being tested in preclinical and clinical studies (5-

7). These antibodies exhibit a plethora of formats with varying size, valences, and interdomain 

configurations, resulting in antibodies with particular attributes. Given the negative results 

achieved with CD89-engaging molecules, we assessed the recruitment of cytotoxic T-cells to 

mediate lymphoma cells depletion. Four different (idiotype x CD3) bispecific antibodies were 

generated within the scope of this thesis. DNA sequences were cloned into pEXP or pTT5 

expression vectors and expressed in HEK Expi293F cells unless specified differently. 

Development of (idiotype x CD3) bispecific antibodies is hereafter exemplary shown for the 

vNAR S9 variant. 

Our working group demonstrated in 2015 the feasibility of engineering an additional paratope 

with moderate affinity against CD3 into the HV2 region of the vNAR scaffold, while retaining 

high affinity for its original target (164). An intrinsic bispecific (SUP-B8 x CD3) vNAR domain 

was engineered by transferring the anti-CD3 HV2 sequence of the published clone B1 into the 

scaffold of the BCR targeting vNAR (“SUP-B8 x CD3 HV2 Bs vNAR”, Figure 21 A). The novel 

bispecific vNAR domain was genetically fused to the Fc fragment of the human IgG1 antibody 

and purified by protein A affinity chromatography.  

A second T cell redirecting antibody comprised a SEEDbody bearing a vNAR moiety and an 

OKT3-derived anti-CD3 single chain Fv, referred in this work to as “SEED SUP-B8 x CD3” 
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(Figure 21 B). In contrast to the afore described “SEED SUP-B8 x CD89” molecule, the CD3 

binding site was composed of VL and VH domains connected by a (G4S)3 linker, adapted from 

the monoclonal antibody muromonab (251). Once again, the anti-CD3 scFv was fused to the 

SEED-AG chain appended with a penta-his tag, while the vNAR moiety was cloned to the SEED-

GA chain. SEEDbody was purified from cell culture supernatant via IMAC and protein A affinity 

chromatography and analyzed by reducing SDS-PAGE.  

Another BsAb was adapted from the (CD19 x CD3) targeting blinatumomab. This bispecific T 

cell engager comprises two scFvs coupled in tandem with a short peptide linker for the 

recognition of CD19 antigen overexpressed on several malignant B cells, and CD3 receptor for 

the activation of T cells. Inspired by this design, an anti-idiotype BiTE molecule was devised, 

termed “BiTE SUP-B8 x CD3” (Figure 21 C). For enhanced protein expression in mammalian 

cells, the T cell engager was armed with a human IgG1 Fc fragment via a his tag followed by a 

Tobacco Etch Virus (TEV) protease-cleavage site. The protein was gained by protein A 

purification, TEV protease cleaved from the Fc fragment, and purified again by IMAC.   

The impact of architectural parameters such as interdomain spacing, valency, or spatial 

configuration have been recently elegantly investigated by Santich and colleagues (252). 

Hence, they developed a symmetric dual bivalent BsAb with strong anti-tumor activity in vitro 

and in vivo. Importantly, they demonstrated that placing both tumor and T cell binding moieties 

on the same side of the BsAb (cis-configuration) separated by a single CL domain results in 

improved cytokine release and in vivo anti-tumor responses compared to other designs. These 

findings were implemented to the anti-idiotype platform, resulting in a symmetric dual bivalent 

antibody in cis-configuration (2+2) targeting both the SUP-B8 idiotype and the T cell receptor 

CD3. The molecule was adapted from the murine OKT3 monoclonal antibody and 

complemented with one vNAR domain at the carboxy terminus of each light chain by a short 

G4S linker (“mIgG2a SUP-B8 x OKT3 (2+2)”, Figure 21 D). The antibody was purified from the 

cell culture supernatant by protein A affinity chromatography and analyzed by reducing SDS-

PAGE.  

Finally, penta-his-tagged blinatumomab was cloned into the pEXP vector and expressed in 

ExpiCHO cells (Figure 39 A). Blinatumomab was purified by IMAC and served as positive 

control in following experiments.            
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Figure 21 | Development of (idiotype x CD3) bispecific antibodies. An intrinsic bispecific vNAR domain comprising a CD3 
binding moiety within the HV2 region (green loop) was expressed as Fc fusion protein (HC: 43 kDa) (A). A bivalent SEEDbody 
was composed of a CD3-targeting scFv (colored red) derived from the mAb muromonab (SEED-AG chain, 54 kDa) and a vNAR 
domain (SEED-GA chain, 41 kDa) (B). A (idiotype x CD3) BiTE antibody was expressed as Fc fusion protein followed by TEV 
protease cleavage (BiTE-Fc: 67 kDa; TEV-cleaved BiTE: 40 kDa) (C). A symmetric dual bivalent construct in cis-configuration 
(2+2) was designed by attaching a vNAR domain to the carboxy terminus of each LC of the murine OKT3 antibody. In contrast 
to the human counterpart, the murine IgG2a Fc region is depicted grey (HC: 52 kDa; LC: 38 kDa) (D). Antibody expression was 
assessed after affinity purification by SDS-PAGE under reducing conditions. Illustration constructed in cooperation with Katrin 
Schoenfeld.  

 

Binding properties of the expressed bispecific (idiotype x CD3) antibodies were then assessed 

by flow cytometry. Idiotype-specific binding was demonstrated on SUP-B8 lymphoma cells, 

while engagement of the CD3 receptor was monitored on Jurkat T cells. Once again, the 

unrelated Daudi and IM-9 cell lines served as negative controls. The novel CD3 specificity 

engineered into the HV2 region of the intrinsic bispecific vNAR domain could be verified, while 

the ability to bind the idiotype was retained. The new binding site involved, however, significant 

binding affinity reduction towards the target SUP-B8 BCR compared to the parental 

monospecific vNAR-Fc antibody (Figure 22 A). Binding behavior to CD3+ Jurkat T cells 

correlated with the published CD3 binding affinity of approximately 422 nM reported for the 

parental (EpCAM x CD3) vNAR clone B1 (164). (Id x CD3) SEED, BiTE-Fc and mIgG2a SUP-B8 

x OKT3 (2+2) bispecific antibodies showed expected specific idiotype binding on target SUP-

B8 cells in a concentration-dependent manner. Remarkably, the anti-CD3 moiety revealed very 

high affinity to its ligand independently of valency or spatial configuration, since strong binding 

was already reached at 10 nM (Figure 22 B-D). The antibody designed in a SEED format 

exhibited dissociation constants of 141 nM and 64 nM towards SUP-B8 idiotype and CD3 

receptor, respectively (Figure 39 C). This corresponded to an effector/target cell affinity ratio 

of 2.2. These findings were in correlation with binding affinities of 123-130 nM reported 

previously for the (Id x CD89) SEEDbodies bearing also one vNAR valency. Importantly, the 

designed anti-idiotype antibodies maintained their ability to discriminate the idiotype of target 

SUP-B8 cells from unrelated Daudi and IM-9 cells (data not shown). By contrast, positive 
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control antibody blinatumomab showed CD19-mediated engagement of all three lymphoma cell 

lines (Figure 39 B). 

 

 

Figure 22 | Characterization of (idiotype x CD3) bispecific antibodies. Specific cellular binding was assessed by flow 
cytometry. 2.5 x 105 target SUP-B8 lymphoma cells (left) or CD3-expressing Jurkat T cells (right) were incubated with 
concentration series of bispecific antibodies and stained with secondary labeled anti-human Fc antibody (A, C), anti-his 
antibody (B), or anti-mouse IgG2a Fc antibody (D). Black: only secondary reagent; green: 10 nM; blue: 50 nM; red: 250 nM. 
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Investigations in T cell-mediated (indirect) cytotoxicity 

T cell signaling is naturally initiated by the CD3 receptor complex upon peptide engagement 

presented on MHC molecules by the T cell receptor. In the absence of antigen-presenting cells, 

bispecific antibodies mimic the TCR/MHC interaction artificially creating an immune synapse 

between T and cancer cell and subsequently eliciting T cell activation. After verification of 

specific cell binding, BsAbs were investigated for their capability to mediate T cell activation. 

To this end, commercially available, genetically engineered Jurkat T cell lines exhibiting GFP 

fluorescence or bioluminescence upon activation of the NF-B or NFAT signal transduction 

pathways, respectively, were used (Promega). After Jurkat NF-B-GFP T cell line functionality 

validation with anti-CD3 and anti-CD28 antibodies as well soluble human TNF, the potential 

of the intrinsic bispecific vNAR-Fc fusion protein was assessed in fluorescence-based T cell 

activation assays. The Fc-fused vNAR domains containing a novel CD3-specificity within the 

HV2 region previously showing reduced overall binding properties revealed no significant T cell 

activation in preliminary in vitro assays (data not shown). Next, the potential of the remaining 

BsAbs was investigated in a T cell activation bioassay upon co-cultivation of Jurkat and 

lymphoma cells in an E:T ratio of 4:1 and antibody treatment at increasing concentrations. The 

bispecific antibody developed in SEEDbody format showed slight T cell activation compared to 

samples devoid of antibody treatment (up to 11-fold activation) (Figure 23 A). Furthermore, 

the (SUP-B8 x CD3) BiTE applied as Fc-fusion exhibited high T cell activation rates (up to 90-

fold) with a half maximal effective concentration (EC50) of 7.6 nM. High affinity and activation 

levels were also achieved with the dual bivalent (2+2) antibody, eliciting 60-fold maximal T 

cell activation and EC50 of approximately 0.10 nM. An analog dual bivalent 2+2 (CD3 x EGFR) 

antibody targeting EGFR+ A431 cells was used as positive control antibody. As expected, control 

experiments including unrelated IM-9 lymphoma cells elicited no effect on T lymphocytes 

(Figure 23 B). These investigations demonstrated the impact of antibody valency and spatial 

configuration on the potential to mediate immune cell activation. An asymmetric antibody 

configuration was clearly less effective than antibodies designed in a symmetric fashion. 

Furthermore, a correlation was observed between interdomain spacing and in vitro activity. 

While separation of antigen binding sites by a glycine-serine linker (BiTE format) induced 

strong T cell activation at high antibody concentrations, connection of the vNAR and CD3 

binding moieties by a CL domain exerted robust activity at notable lower antibody 

concentrations.       

  



 

 

Results  76 

 

Figure 23 | T cell activation activity of (idiotype x CD3) bispecific antibodies. Activation of a genetically engineered Jurkat T 
cell line by anti-idiotype bispecific antibodies was evaluated in a T cell activation bioassay. Jurkat cells were co-cultivated with 
target SUP-B8 or EGFR+ A431 cells (A) or off-target IM-9 cells (B) and exposed to anti-idiotype BsAbs overnight. Exhibited 
bioluminescence was measured at a plate reader. Sigmoidal 4-parameter fit was applied to the corresponding curves. Data 
are representative for two independent experiments.  

 

Considering the promising results ascertained with the engineered Jurkat cell line, the 

potential of the bispecific antibodies to mediate in vitro lymphoma cell cytotoxicity by T 

lymphocytes isolated from human donor blood was examined. These experiments were 

performed in cooperation with Philipp Wendel (Universitätsklinikum Frankfurt, Goethe-

Universität). Briefly, PBMCs were isolated from blood of healthy donors followed by T cell 

activation with IL-2 and anti-CD28 and anti-CD3 antibodies. After 72 hours, T lymphocytes 

were expanded upon cultivation in the presence of IL-2. T cell activation assay was conducted 

upon co-incubation of effector T cells and target lymphoma cells in an E:T ratio of 5:1. Three 

bispecific antibodies were investigated for ADCC activity: (i) SEEDbody SUP-B8 x CD3, (ii) 

dual-bivalent SUP-B8 x OKT3 (2+2), and (iii) in-house produced blinatumomab as positive 

control. For unknown reasons, no bispecific antibody-mediated killing of target SUP-B8 cells 

was observed (Figure 24 A). Experiments conducted on IM-9 cells revealed low unspecific cell 

cytotoxicity mediated by the SEEDbody and dual bivalent (2+2) antibodies (Figure 24 B). 

Blinatumomab targeting the B lymphocyte related CD19 receptor has been previously 

reported to mediate robust ADCC activity at concentrations ranging 0.2 – 2 pM at even lower 

effector to target ratios (253). Unexpectedly, blinatumomab only induced moderate killing of 

IM-9 cells (up to 17% cancer cell lysis), while no effect was detected on the SUP-B8 cell line, 

suggesting the existence of a cancer cell evasion or tolerance mechanism.  
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Figure 24 | T cell-mediated cytotoxicity of (idiotype x CD3) bispecific antibodies. ADCC activity of anti-idiotype BsAbs was 
assessed by co-incubation of activated human T cells with target SUP-B8 (A) or off-target IM-9 (B) lymphoma cells and 
antibody treatment for 4 h. Date are representative for two independent experiments.  

 

Given the impossibility to induce lymphoma cell killing by means of bispecific antibodies, we 

next intended to analyze the Fc-mediated cellular cytotoxicity and phagocytosis potential of 

vNAR-Fc fusion proteins to eliminate malignant B cells. Alongside with neutrophil and T cell 

recruitment through the Fc and CD3 receptors, respectively, NK cells and 

monocytes/macrophages can be employed for ADCC/ADCP mediation by targeting activating 

FcRI and FcRIII cell surface receptors. vNAR-Fc fusion molecules used so far were prevented 

from Fc receptor interaction via aglycosylation of the Fc fragment. Thus, FcR binding was 

restored by reinserting the N-glycosylation site at position 297 (A297N) via site directed 

mutagenesis. Cell binding experiments on lymphoma B cell lines conducted by flow cytometry 

validated previously described idiotype-specific binding characteristics for both vNAR 

candidates, as shown in Figure 25 A. Dissociation constants of 26 and 59 nM were measured 

for vNAR variants S2 and S9, respectively (Figure 25 B). Furthermore, binding experiments 

including primary B cells isolated from healthy donors demonstrated the ability of the vNAR-Fc 

fusion antibodies to discriminate the idiotype of the malignant clone from a multitude of 

idiotypes expressed by healthy B cells of an individual (Figure 25 C). Of note, flow cytometry 

experiments revealed higher cell surface BCR expression levels on lymphoma B cells compared 

with healthy primary B cells (Figure 25 D).  
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Figure 25 | Specific cellular binding of vNAR-Fc antibodies. After reinsertion of the N-glycosylation at position 297, both 
bivalent vNAR-Fc variants S2 and S9 were evaluated for their specific binding towards the idiotype of SUP-B8 lymphoma cells. 
Off-target Daudi and IM-9 lymphoma cells were used as negative controls. 105 cells were incubated with biotinylated vNAR-
Fc antibodies and stained with streptavidin-APC (A). Dissociation constants towards target SUP-B8 cells were assessed by 
plotting mean fluorescence intensities against antibody concentration and applying a sigmoidal 4-parameter curve fit (B). 
CFSE-labeled SUP-B8 cells were mixed with human B cells (ratio 1:1) and exposed to suturing 100-nM concentration of 
biotinylated vNAR-Fc molecules followed by incubation with streptavidin-APC. Black only secondary reagent; green: unrelated 
anti-matuzumab vNAR-Fc; blue vNAR-Fc (S2); red: vNAR-Fc (S9) (C). Cell surface BCR expression levels on lymphoma B cells 
and human primary B cells were analyzed by flow cytometry. Before analysis, cells were incubated 30 min with anti-lambda-
PE and anti-kappa-PE conjugates. Green: healthy B cells; black: SUP-B8 cells; red: Daudi cells; blue: IM-9 cells (D). Figure 
adapted from ref. (177) 

 

After verification of specific cellular binding, Fc-mediated effector functions of vNAR antibodies 

were investigated in 51chromium release assays. Cellular cytotoxicity (Figure 26 A) and 

phagocytosis (Figure 26 B) activities were assessed upon co-incubation of mononuclear cells or 

macrophages isolated from human blood with lymphoma B cells, respectively, followed by 

treatment with vNAR-Fc fusion antibodies at increasing concentrations. Once again, no relevant 

Fc-mediated cytotoxic effector functions could be observed.  
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Figure 26 | Fc-mediated effector functions of vNAR-Fc antibodies. Human mononuclear cells served as effector cells in ADCC 
assays against cancer B cells. Effector-cells were co-incubated with on-target SUP-B8 or off-target IM-9 cells and treated with 
increasing concentrations of vNAR-Fc fusion antibodies for 4 h. Rituximab and trastuzumab were used as positive and 
negative controls, respectively (A). Human macrophages were used as effector cells against lymphoma B cells in ADCP assays. 
Effector cells were co-cultivated with malignant B cells and exposed to vNAR-Fc antibodies for 2 h. Rituximab and an unrelated 
IgG1 antibody served as positive and negative controls, respectively (B). Results are shown as mean ± SEM of three 
independent experiments including three independent donors. Data were analyzed by two-way ANOVA, and significant 
differences (p ≤ 0.05) between control and specific antibodies are depicted by *.  Figure adapted from ref. (177)    

 

In order to further characterize the vNAR-Fc antibodies and gain insight into their impact on 

lymphoma B cells, both lead candidates S2 and S9 were investigated for their ability to trigger 

BCR signal transduction after idiotype clustering. Antibody treatment of lymphoma cell lines 

followed by flow cytometry analysis of intracellular Syk phosphorylation showed specific 

mediation of BCR signaling in SUP-B8 compared with control Daudi and IM-9 cells (Figure 27). 

Treatment with control anti-IgM antibodies induced BCR signaling in SUP-B8 and Daudi 

lymphoma cells, but not in IM-9 cells. This was according to expectations, since SUP-B8 and 

Daudi cells express IgM B cell receptors, while IM-9 cells exhibit the IgG counterpart (254).   
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Figure 27 | BCR signal transduction mediated by bivalent vNAR-Fc antibodies. Lymphoma B cell lines were treated with anti-
idiotype vNAR-Fc molecules at saturating 100 nM concentration for 5 min at 37°C. Cells were subsequently fixed with 
paraformaldehyde and permeabilized with ice-cold methanol. Intracellular Syk phosphorylation was detected upon staining 
with an anti-phospho Syk antibody (Cell Signaling Technology). Significant differences (p ≤ 0.05) between antibody and control 
treatment were determined using a one-way ANOVA test (Holm-Sidak test) and are depicted by *. Results are shown as mean 
± SD and are representative of three independent experiments. Figure adapted from ref. (177).  

 

Immune checkpoint receptors are immune regulators naturally exhibited by human cells. 

Cancer cells, however, often have the ability to activate different checkpoint pathways that 

harbor immunosuppressive functions on immune effector cells. Hence, one could suspect the 

activation of immune evasion mechanisms by SUP-B8 cells as an explanation for the incapability 

of described mono- as well as bispecific antibodies to mediate immune effector functions 

causing cancer cell lysis. Despite the existence of several further known immune-modulating 

receptor-ligand interactions between immune and cancer cells, PD-L1 (CD274) and FcRIIb 

(CD32b) have been reported to convey immune tolerance in B cell malignancies (255, 256). To 

evaluate the hypothesis of immune evasion, the expression of the low-affinity inhibitory FcIIb 

receptor and the immune checkpoint PD-L1 by lymphoma cells was ascertained by means of the 

mAbs 6G11 and durvalumab, respectively. Interestingly, the lymphoma cell lines SUP-B8, Daudi 

and IM-9 showed notably distinct immune checkpoint expression patterns. SUP-B8 and IM-9 

cells revealed very low FcRIIb expression, whereas high expression levels were observed on 

Daudi cells (Figure 28 A). By contrast, Daudi cells showed no PD-1 ligand expression, while 

moderate (2.9-fold) and high (3.7-fold) expression levels were measured on IM-9 and SUP-B8 

cells compared to unstained samples, respectively (Figure 28 B). These findings might support 

the reduced anti-tumor activity mediated by blinatumomab on IM-9 and especially SUP-B8 cells 

as well as the absence of cytotoxicity mediated by the anti-idiotype bispecific antibodies towards 

the target cells.    
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Figure 28 | Expression of inhibitory surface receptors by lymphoma B cells. Expression levels of inhibitory receptor FcIIb 
and immune checkpoint PD-L1 by malignant B cells was assessed by flow cytometry. Before analysis, 105 cells were incubated 
30 min with fluorophore-labeled anti-CD32b monoclonal antibody 6G11 (250 nM) (A) or anti-PD-L1 durvalumab (10 nM) 
followed by staining with an anti-human Fc-PE antibody (B). Black: only secondary reagent; red: treated cells.  

 

5.5. Antibody-drug conjugate-mediated lymphoma cell killing 

In view of the inability to induce neither direct lymphoma cell killing via BCR cross-linking nor 

indirect antibody-dependent cellular cytotoxicity/phagocytosis by means of NK cells or 

macrophages, nor by bispecific antibodies recruiting neutrophils or cytotoxic T cells, we next 

intended to generate vNAR-based antibody-drug conjugates to elicit payload-mediated tumor 

cell killing. Parts of this work have been performed in cooperation with Lukas Deweid and 

published (177). Cytotoxicity exerted by ADCs depends on receptor-mediated antibody 

internalization and subsequent drug release into the inner cell compartments. Hence, the 

impact of the reintroduced glycosylation site on Fc-dependent antibody internalization was 

analyzed as described before. Fluorescent dye-based internalization assays revealed strong 

cellular antibody uptake by target SUP-B8 cells in a dose-dependent manner (Figure 29). Both 

vNAR candidates showed similar internalization rates (up to 96-fold) when normalized to 

control samples in the absence of antibody. More important, antibody internalization was 

clearly idiotype-related, since protein endocytosis by target SUP-B8 cells was significantly 

higher than by unrelated Daudi and IM-9 cells (up to 2.8-fold). Considering the almost absent 

unspecific binding of the vNAR domains to the idiotypes of Daudi and IM-9 cells, however, 

antibody endocytosis might occur to a considerably extent due to Fc/FcR interaction allowed 

by the engineered antibody glycosylation.  
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Figure 29 | Internalization of bivalent vNAR-Fc fusion antibodies. vNAR antibodies were conjugated with a 20-molar excess 
of pHAb dye and purified using a desalting column. Lymphoma B cells were treated overnight with a concentration series of 
amine-pHAb conjugated vNAR-Fc antibody variant S2 (left) or S9 (right). Antibody internalization was monitored using a plate 
reader at Ex/Em of 532 nm/560 nm. Mean ± SD of triplicates are plotted. Results were analyzed by two-way ANOVA 
(Bonferroni t-test) and significant differences (p ≤ 0.05) between on-target SUP-B8 and control Daudi and IM-9 B cells are 
depicted by * and #, respectively. Figure adapted from ref. (177). 

 

Antibody-drug conjugates were generated by sortase A-mediated modification of the initial 

vNAR-Fc candidates S2 and S9 with the microtubule inhibitor monomethyl auristatin E (MMAE) 

(Figure 30 A). To examine the anti-tumor activity, target SUP-B8 cells as well as control Daudi 

and IM-9 cells were treated with MMAE-conjugated vNAR-Fc antibodies at concentrations 

ranging from 20 pM to 1 µM. Antibody-drug conjugates S2 and S9 effectively induced specific 

cytotoxicity in target SUP-B8 cells with IC50 values in picomolar range (517 pM and 136 pM, 

respectively) and similar maximal level of lymphoma cell lysis (up to 80 %) as determined by 

means of cell proliferation assays (Figure 30 B, C). A cytotoxic effect was observed in control 

Daudi and IM-9 cells with increasing antibody concentrations, showing, however, up to 345-

fold higher IC50 values. This effect was not surprising considering the Fc-mediated antibody 

uptake detected in previous internalization assays. Control experiments conducted with vNAR-

devoid Fc-MMAE molecules as well as isotype control (anti-matuzumab vNAR, AMV) antibodies 

supported the hypothesis of the cytotoxic activity on off-target Daudi and IM-9 cells as an Fc-

mediated rather than vNAR-associated effect (Figure 30 D, E). Moreover, these results clearly 

demonstrated the idiotype-dependent specificity of the ADCs mediated by the vNAR domains. 

Induction of specific cell death was additionally confirmed in a cell death FACS assay. 

Simultaneous cell staining with annexin V and propidium iodide verified that SUP-B8 

lymphoma cells undergo an intermediate process of apoptosis and necrosis as a consequence of 

ADC-treatment (Figure 30 F).  
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Figure 30 | Specific anti-tumor activity of vNAR antibody-drug conjugates. vNAR-based ADCs were generated by MMAE-
conjugation of the genetically LPETG-extended Fc fragment by means of a sortase. PABA: p-aminobenzoic (A). Target SUP-B8 
as well as control Daudi and IM-9 lymphoma cells were treated with varying concentrations of both MMAE-conjugated vNAR-
Fc variants S2 and S9 (B, C). Fc-mediated cytotoxicity levels were evaluated upon cancer cell treatment with MMAE-
conjugated solitary Fc fragment (D) and an unrelated MMAE-modified anti-matuzumab vNAR- Fc antibody (isotype control) 
(E). Cytotoxic effect was assessed based on cell proliferation after 72 h of antibody treatment. Proliferation of untreated cells 
was set to 100% survival. Results are shown as mean ± SEM and are representative of three independent experiments. 
Significant differences (p ≤ 0.05) between target SUP-B8 and control Daudi and IM-9 cells were determined using a two-way 
ANOVA test (Bonferroni t-test) and are depicted by * and #, respectively. Specific anti-tumor effect mediated by vNAR ADCs 
was verified based on the mediation of cell apoptosis and necrosis upon treatment of 3x105 cells with 500 nM of vNAR-ADCs. 
After 24 h of antibody treatment, cancer cells were stained with Annexin V and propidioum iodide (PI) (Rottitest® Annexin, 
Carl Roth), and analyzed by flow cytometry (F). Figure adapted from ref. (177).    

 

In an attempt to further widen the therapeutic window between target and off-target lymphoma 

cells, we next intended to reduce Fc-mediated antibody-drug conjugate internalization. 

Therefore, we first investigated the impact of (i) human IgG1 aglycosylated, (ii) human IgG4, 

(iii) human IgA, and (iv) murine IgG2a MMAE-conjugated vNAR-Fc fragments. Treatment of 

lymphoma cells with these ADC derivates in cell proliferation assays verified a vNAR-dependent 

mediation of anti-tumor activity in target SUP-B8 cells. Results of vNAR-Fc S9 ADC variants are 

exemplary shown (Figure 31).  Comparison of vNAR-containing antibody-drug conjugates (up 

to 194-fold higher IC50 values) with isotype control (AMV-Fc) and solitary Fc ADCs previously 

shown (up to 6-fold higher IC50 values) demonstrated vNAR-dependent cellular cytotoxicity 

(Table 3). Yet, IC50 values calculated indicated SUP-B8 cells being more susceptible to ADC 

treatment in comparison to control Daudi and IM-9 cells. This could be the consequence of 

higher FcR expression by SUP-B8 cells, in turn resulting in augmented antibody endocytosis. 

Although Fc fragment preventing FcR interactions resulted in increased half maximal 

inhibitory concentrations, the therapeutic window between target SUP-B8 and control Daudi 

and IM-9 could not be further widened. Moreover, experiments including human serum 

blocking FcR on B cells further reduced the cytotoxic activity of the antibody-drug conjugates 

and did not broaden the therapeutic window (data not shown). Of note, no relevant cytotoxicity 

could be detected on unrelated Chinese hamster ovary (CHO) cells (Figure 31 A). The tumor 

specificity introduced by the vNAR domains appeared even clearer by comparing the impact of 

MMAE-modified rituximab targeting CD20 receptor generally expressed B lymphocytes. MMAE-

conjugated rituximab elicited similar anti-tumor activity in all three cancer cell lines with IC50 

values in the picomolar range (Figure 31 E).  
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Figure 31 | Specific anti-tumor activity of vNAR antibody-drug conjugates. Multiple vNAR S9-based ADCs comprising an 
aglycosylated hIgG1 (A), hIgG4 (B), hIgA (C), or mIgG2a (D) were generated by sortase-based ligation with MMAE. In addition, 
MMAE-conjugated rituximab was used as a control (E). Target SUP-B8 as well as control Daudi and IM-9 cells were treated 
with increasing ADC concentrations. Cytotoxicity levels were evaluated based on cell proliferation after 72 h of antibody 
treatment. Proliferation of untreated cells was set to 100% survival. Results are shown as mean ± SEM.    
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Table 3 | Evaluation of cytotoxic levels elicited by vNAR-based antibody-drug conjugates on lymphoma B cells. Calculated 
IC50 values towards lymphoma cell lines SUP-B8, Daudi, and IM-9 are shown. vNAR-mediated specificity towards target SUP-
B8 cells is assessed by comparison to the cytotoxic effect induced in control Daudi and IM-9 cells. Results of vNAR S9 variant 
are exemplary shown as mean of triplicates. 

Antibody \ cell line SUP-B8 
IC50 (nM) 

Daudi 
IC50 (nM)      x-fold 

IM-9 
IC50 (nM)     x-fold 

vNAR-hIgG1 Fc 
(glycosylated) x MMAE 
(Figure 30 C) 
 

0.14 23.4 x 172 47 x 345 

vNAR-hIgG1 Fc (N297A) x 
MMAE 
 

8.9 117 x 13 98 x 11 

vNAR-hIgG4 Fc x MMAE 
 

0.96 186 x 194 49 x 51 

vNAR-hIgA x MMAE 
 

4.3 72 x 17 23 x 6 

vNAR-mIgG2a Fc x MMAE 
 

5.6 166 x 30 93 x 17 

hIgG1 Fc (N297A) x MMAE 
(Figure 30 D) 
 

37.8 184 x 5 233 x 6 

AMV-hIgG1 Fc (N297A) x 
MMAE (Figure 30 E) 
 

37.5 141 x 4 162 x 4 

Rituximab x MMAE 0.014 0.004 0.3 0.135 9 
 

 

In addition to the development of antibody-drug conjugates from vNAR-Fc fusion proteins, we 

conceived the direct modification of vNAR domains to generate monovalent nano-ADCs. These 

experiments were carried out in cooperation with Sebastian Bitsch and Juliane Kliehm. vNAR 

domains were produced in E. coli cells as thioredoxin fusion proteins separated by a TEV 

protease cleavage site and purified by IMAC. MMAE-conjugation of vNAR molecules by means 

of a lipoic acid ligase (LplA) recognizing a LplA´s 13-amino acid acceptor peptide (LAP) tag 

resulted in strong protein aggregation, impeding further development (data not shown). As an 

alternative, an immunotoxin comprising an anti-idiotype vNAR domain genetically coupled to 

the Pseudomonas exotoxin A-derived toxin PE24 was devised. The immunotoxin was likewise 

expressed as a thioredoxin fusion in E. coli cells and purified via IMAC. The immunotoxin vNAR-

PE24 was, however, unable to induce any cytotoxic effect in lymphoma B cells. Experimental 

results of vNAR S9 proteins are exemplary shown (Figure 32).   
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Figure 32 | Anti-tumor activity of monovalent thioredoxin-vNAR fusion proteins. Anti-idiotype vNAR domain S9 was 
expressed in E. coli cells as thioredoxin fusion protein (A) and genetically attached to the Pseudomonas exotoxin A-derived 
toxin PE24 (B) and purified via IMAC. Anti-tumor activity of both molecules was evaluated in cell proliferation assays for 72 
h. Proliferation of untreated cells was set to 100% survival. Results are shown as mean of triplicates ± SEM.      
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6. Discussion 

The employment of anti-idiotype antibodies as targeted therapy for hematological neoplasms 

has attracted wide attention long time ago. The fact that the B cell receptor is unique to each B 

cell clonal population makes this functionally active molecule an ideal tumor and patient-

specific cell marker. Dramatic advances have been made from the use of anti-serum isolated 

from animals to the directed development of monoclonal anti-idiotype antibodies via 

hybridoma technology. Indeed, clinical studies showed even complete regression of lymphoma 

in patients upon anti-idiotype antibody therapy (204). Yet, the requirement of manufacturing 

tumor-specific antibody therapeutics on demand for each patient hindered its implementation 

as standard of care.  

vNAR domains comprise highly variable CDR3 regions that often adopt protruding 

configurations presumably able to interact with cryptic cavities such as the interface between 

heavy and light chains of monoclonal antibodies. Indeed, previous investigations demonstrated 

the ability of vNARs to specifically engage the variable regions of monoclonal antibodies in an 

anti-idiotypic manner (183). The present study demonstrates the suitability of semisynthetic 

shark-derived vNAR antibodies for the development of a personalized B cell lymphoma therapy 

in a time efficient and inexpensive manner. Within previous work, recombinantly expressed 

immunoglobulin variable fragments of lymphoma cells were used as antigen for screening of a 

yeast-displayed, CDR3-randomized vNAR library generated from non-humanized bamboo 

sharks. In contrast to the generation of soluble BCR from established hybridoma cell lines (211), 

this strategy represented a considerably more time-efficient process. FACS-based screening 

allowed for the straightforward isolation of multiple vNAR domains specifically recognizing the 

idiotype of SUP-B8 Burkitt lymphoma cells (239). According to expectations, vNAR variability 

was essentially found within the CDR3 region. After reformatting in full-length IgG antibodies, 

expression in mammalian cells and binding analysis, two vNAR domains (S2 and S9) were 

selected as lead candidates. Biolayer interferometry and flow cytometry revealed binding 

constants towards soluble expressed and cell surface displayed target B cell receptor, 

respectively, in the low nanomolar range. Moreover, both vNAR candidates evidenced specific 

recognition of target SUP-B8 idiotype, since no significant interaction with BCRs of Daudi and 

IM-9 lymphoma cells could be observed (177). 

Based on these putative anti-idiotype vNAR domains, various strategies were pursued within 

the scope of this thesis for targeted killing of lymphoma cells. Previous studies have reported 

that naïve B cells may undergo apoptosis upon BCR stimulus in the absence of complementary 

T cell activation, Toll-like receptor ligation, or cytokine signals from accessory cells (213). 

Accordingly, we first sought to induce lymphoma cell death via BCR clustering. Preliminary 

experiments revealed the incapability of bivalent vNAR-Fc antibodies to mediate BCR 

crosslinking. The lack of apoptosis stimulation upon vNAR-Fc-mediated BCR clustering might 

be in part reasoned by bivalency pursuant to various investigations reporting that molecules 

with only two binding valences elicit considerably diminished receptor clustering (246). Yet, 
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efforts to cluster vNAR-Fc molecules via secondary anti-human Fc antibodies or biotin-

streptavidin interactions to increase the avidity effect on target BCR did not evoke lymphoma 

cell apoptosis. Intriguingly, cell treatment with bivalent antibodies directed against the 

invariant scaffold of the IgM BCR resulted in effective dose-dependent cell killing. In another 

study, an elementary approach was used by Zhang et al. by hyper-crosslinking the CD20 

targeting mAb rituximab with an anti-mouse secondary antibody resulting in significant 

mediation of lymphoma cell apoptosis (246). Indeed, CD20 receptor crosslinking led to the 

formation of lipid rafts and subsequently to the recruitment of Src-family kinases, eventually 

inducing cancer cell killing. Our results were not concordant with various studies published by 

the research group of R. Levy either, reporting direct antiproliferative effects in the same human 

Burkitt lymphoma cell line SUP-B8 by BCR cross-linking via dimeric and tetrameric anti-idiotype 

peptide ligands with IC50 between 40 and 200 nM (211). Given the viability of causing death 

of malignant cells via (i) anti-idiotype peptides, (ii) antibodies directed against constant regions 

of the IgM BCR, and (iii) CD20 receptor clustering, it remains unclear why highly specific and 

affine vNAR domains multimerized and arranged in several different formats were not able to 

elicit programmed cell death. It is tempting to speculate that apoptosis stimulation might 

depend on epitope-related prerequisites such as epitope location, structural configuration, or 

distance to the cell membrane. Alternatively, it might be reasoned that vNAR domains are no 

suitable molecules to this purpose in spite of being able to induce BCR transmembrane signaling 

and kinase phosphorylation.  

Torchia and colleagues recently described anti-idiotype peptibodies comprising four valences 

able to specifically induce programmed cell death in SUP-B8 cells by crosslinking the surface 

BCRs, to trigger tumor cell phagocytosis by macrophages, and to clear human lymphoma in a 

murine xenograft model (213). In an attempt to increase antibody avidity, four tetravalent 

constructs were conceived. Tetravalent antibodies were developed based on the existing 

bivalent constructs by affixing two additional vNAR domains either (i) to the carboxy terminus 

of the heavy chains, (ii) to the amino terminus of the molecule, resulting in two vNAR fragments 

in tandem at each heavy chain, or (iii) in a full length IgG1 like configuration by replacing the 

variable domains of the heavy and light chains by vNAR domains. Moreover, further alternative 

constructs were generated by incorporating murine as well as human Fc fragments prevented 

from FcR interactions via aglycosylation and insertion of PG-LALA mutations. This resulted in 

distinct tetravalent antibody formats comprising varying spatial configuration, interdomain 

distances and Fc-mediated properties. Moderate antibody yields were accomplished in a 

mammalian expression system, whereat expression of variants containing two tandem vNAR 

domains represented a challenging issue (3 - 18 mg/L). In spite of the increased avidity effect 

on target cells, tetravalent antibodies were not able to induce lymphoma cell death even at 

triple-digit nanomolar concentrations. Further investigations showed remarkable idiotype-

dependent antibody internalization in target SUP-B8 cells, independent of human or murine Fc 

fragment nature. Rapid antibody endocytosis and degradation promoted by either BCR 

engagement or interaction of Fc fragment of vNAR antibodies with Fc receptors present on 
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cancer cells might explain, in part, the incapability of idiotypic antibodies to elicit cell apoptosis 

(257). Along with bivalent and tetravalent antibody designs, an heptameric C4BP-vNAR fusion 

protein was developed. Far from arousing cell apoptosis, heptameric anti-idiotype proteins 

rather evoked strong lymphoma cell proliferation. These observations are in turn concordant 

with a recent study reporting activation and proliferation of certain murine precursor B cells in 

vivo after immunization with anti-idiotype antibodies multimerized with C4B-binding protein 

(258). Future work may shed light on the mechanisms arousing proliferative cellular events or 

rather anergy and clonal deletion. 

As an alternative approach to direct lymphoma cell killing upon BCR clustering, we next aimed 

at the recruitment of cytotoxic immune effector cells by means of bispecific antibodies. Both T 

lymphocytes as well as FcRI expressing immune cells, essentially neutrophils, have been 

reported to efficiently eliminate malignant B cells (80, 85). Subsequently, four bispecific 

antibodies targeting FcRI (CD89) comprising varying vNAR localization and valence number 

were developed based on the SEED technology, yielding acceptable expression levels (70 – 180 

mg/L). A clear dependency between number of vNAR valences and target affinity was 

ascertained, whereas dissociation constant towards CD89 receptor remained unaltered 

alongside the different antibody formats. Investigations evaluating interactions between target 

and effector cells evoked by bispecific antibodies demonstrated the relevance of antibody 

affinity towards the respective cell receptors (259). Appropriate antibody affinity may prevent 

extensive immune cell/target cell clustering, while facilitating immune effector cell mobility 

and formation of cytosolic synapses. Target to effector cell affinity ratios of 2.9 have been 

previously reported with analog (CD20 x CD89) BsAbs to be suitable for efficient anti-tumor 

activity in vivo (107). (Id x CD89) bispecific antibodies developed within the present work 

revealed specific and dose-dependent recognition of SUP-B8 B cell receptor with target to 

effector cell affinity ratios varying between 13.7 and 2.4 depending on copy number of vNAR 

moieties. No cytotoxic effect, however, could be detected in 51chromium release assays using 

human polymorphonuclear (PMN) cells as effector source against lymphoma cells. The fact that 

equivalent approaches targeting CD89 and the B cell related receptor CD20 revealed robust 

lymphoma cell clearance supports the notion that either the targeted epitope of the BCR 

idiotype is unfavorable for triggering of cell death or vNAR domains are not suitable molecules 

to this end. In this context, the application in upcoming studies of an alternative anti-idiotype 

vNAR-hIgA Fc fusion antibody for the specific redirection of PMN cells towards lymphoma cells 

might give a deeper insight in this regard.   

Given the failure of CD89 engaging antibodies to eliminate cancer cells, we pursued the 

recruitment of cytotoxic T lymphocytes. To this end, four novel anti-idiotype BsAbs targeting 

the T cell related CD3 receptor were designed. Once again, diverse antibody formats comprising 

varying valences and spatial orientation were developed, providing adequate protein yields (10 

– 30 mg/L). Previous studies conducted in our research group revealed the feasibility of 

introducing an additional antigen binding site into vNAR domains by engineering the HV2 

region (164). Based on these findings, we generated bivalent vNAR-Fc molecules carrying 
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intrinsic bispecific vNAR domains. Insertion of a novel binding site into the HV2 region resulted, 

however, in restrained binding affinity towards both target idiotype and CD3 receptor 

expressing cells and lack of potential to mediate T cell activation, indicating the essential 

contribution of the HV2 region to BCR binding. By contrast, BsAbs comprising discrete binding 

moieties towards BCR and CD3 exhibited promising binding properties. Moreover, T cell 

activation assays using an engineered Jurkat T cell line demonstrated pronounced potential for 

immune cell recruitment. Most promising results were reached with a symmetric dual bivalent 

bispecific antibody bearing both anti-idiotype and CD3 binding sites at the same site (cis-

configuration) separated by a single CL domain. A recent study reported impressive anti-tumor 

activity with an analog (GD2 x CD3) antibody construct in vitro and in vivo. An alternate BiTE 

molecule comprising two (vNAR-CD3) modules coupled to the human IgG Fc region revealed 

substantial T cell activation potential though at significantly higher antibody concentrations. 

On the contrary, an asymmetric SEEDbody bearing one binding moiety at each heavy chain 

exhibited only slight immune cell activation in spite of proper binding characteristics previously 

ascertained. These findings evidenced the impact of antibody architecture and interdomain 

spacing, being the separation by a solely CL domain the most beneficial as assessed by T cell 

activation assays with an engineered T cell line in vitro. Yet, discouraging results were achieved 

in cell killing assays using activated T lymphocytes isolated from human blood. Remarkably, 

FDA-approved monoclonal antibody blinatumomab binding CD19 and CD3 receptors 

accomplished moderate cytotoxicity in control IM-9 lymphoma cells but showed no anti-tumor 

effect on target SUP-B8 cells, suggesting the existence of immune evasion mechanisms.  

Recapitulating, lymphoma cell death could not be triggered either by direct BCR clustering via 

multivalent vNAR antibodies or by immune cell-mediated cytotoxicity in cancer cells using 

bispecific antibodies targeting CD89 or CD3 receptors. Alongside with polymorphonuclear cells 

and cytotoxic T lymphocytes, macrophages and NK-cells exhibit excellent anti-tumor activity 

upon engagement of activating cell surface Fc receptors. Consequently, we next intended the 

elimination of lymphoma B cells by recruitment of FcR-expressing immune cells. It is well-

known that Fc glycosylation is necessary for engagement to human Fc receptors and initiation 

of ADCC and ADCP. In order to promote Fc/FcR interactions, the core fucose at Asn-297 of the 

Fc region was reintroduced, thus generating effector function-competent bivalent vNAR-Fc 

fusion proteins. Cell binding specificity and affinity of the glycosylated lead candidates S2 and 

S9 were verified, yielding dissociation constants of 26 nM and 59 nM, respectively. 

Furthermore, this study ultimately demonstrated the potential of vNAR-Fc antibodies to 

discriminate the idiotype of a malignant B cell population from the plethora of different BCRs 

expressed by healthy B cells of an individual. Interestingly, lymphoma cell lines were found to 

express larger cell surface BCR levels compared to healthy B cells. This might be beneficial for 

lymphoma cell therapy with anti-idiotype antibodies and may reduce possible adverse effects 

on healthy B lymphocytes derived from unspecific binding. For unknown reasons, anti-idiotype 

vNAR-Fc antibodies were not able to activate human PBMCs or macrophages to mediate 

ADCC/ADCP against malignant B cells. Given the antibody production according to standard 
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procedures, it is unlikely that the inefficacy of the vNAR-Fc antibodies to induce antibody-

mediated cytotoxicity/phagocytosis arose from improper glycosylation patterns impeding FcR 

engagement of immune effector cells. It appears more likely that the lack of cancer cell death 

is related with the distance between target and immune effector cell preventing the formation 

of a cytolytic synapse. This, in turn, might be explained by either the molecular weight of the 

vNAR-Fc constructs, being considerably larger than the peptibodies described by Torchia and 

colleagues (213), or because the BCR epitope targeted by the vNAR molecules is located too 

distant from the B cell surface, thus hampering effector cell activation. In fact, the distance 

between tumor and effector cell in the antibody-mediated cytolytic synapse is known to be of 

critical relevance for cytotoxicity mediation (260). The space between the cells is primarily 

determined by the molecular weight of the bispecific antibody as well as the size of the targeted 

receptors expressed by effector and target cells. The potency of immune effector cell-mediated 

lysis by bispecific antibodies has been reported to essentially correlate with epitope distance to 

the target cell membrane and antigen size (261). Indeed, the IgM BCR accounting for 

approximately 218 kDa is considerably larger than common target receptors such as CD20 (35 

kDa) or CD19 (95 kDa) (262, 263). Ongoing investigations including an engineered SUP-B8 

BCR will increase our understanding of the impact of surface receptor as well as antibody size 

and configuration on cell response and mediation of immune effector functions.    

Concerned by the inability to recruit and activate immune effector cells from human donor 

blood via CD3, CD89 or activating Fc receptors as well as by the lack of apoptosis induction 

upon BCR clustering, the impact of bivalent vNAR-Fc antibodies on lymphoma B cells was 

deeper investigated. Previous studies reported that B cell activation is triggered upon antigen 

binding ultimately provoking conformational changes within the B cell receptor (264). Cell 

signaling experiments indicated specific triggering of intracellular Syk kinase phosphorylation 

in SUP-B8 cells upon exposure to bivalent vNAR-Fc antibodies. The reasons for the tumor cell 

resistance in spite of strong BCR cross-linking mediated by multimeric anti-idiotype proteins 

and obvious BCR downstream signaling still remain uncertain.  

Alternatively, the expression of possible immune evasion mechanisms was examined. With a 

growing body of evidence suggesting their efficacy against lymphoid malignancies, immune 

checkpoint inhibitors have recently prompted major interest. The use of checkpoint inhibitors 

to restore host immune mechanisms has demonstrated to be a very effective approach for 

various cancers, including hematological neoplasms. To date, blockage of T lymphocyte related 

receptors CTLA-4 and PD-1 has proven to be the most effective therapeutic strategy for several 

cancers (265). Indeed, PD-L1 (CD274) was reported to mediate immune evasion in B cell 

malignancies (256). Alongside with immune checkpoints, the low-affinity inhibitory FcIIb 

(CD32b) receptor is known to be a critical regulatory element in B cell homeostasis and has 

been found to be expressed in a variety of B cell malignancies (266). Expression investigations 

revealed lymphoma cell lines exhibiting largely distinct expression levels of both CD32b and 

PD-L1 receptors. Concretely, SUP-B8 target cells revealed remarkable PD-L1 expression levels. 

The ineffectiveness of bispecific antibodies redirecting effector functions of human T 



 

 

Discussion  93 

lymphocytes to mediate anti-tumor activity could be reasoned by these findings. In fact, the 

engineered Jurkat T cell line used for preliminary T cell activation experiments lacked PD-1 

receptor expression, possibly explaining the high T cell activation levels observed. The inefficacy 

of strategies to induce lymphoma cell death via apoptosis induction, recruitment of CD89-

expressing immune cells and mediation of ADCC/ADCP, however, cannot be explained by PD-

L1 overexpression.  

Consequently, we next intended the generation of anti-idiotype vNAR antibody-drug 

conjugates. While BCR clustering and consequently triggering of cell apoptosis might be 

impaired by antibody uptake and degradation, the cytotoxicity exerted by ADCs is to a large 

extent promoted by receptor-mediated antibody internalization followed by release of the toxic 

payload into the inner cell compartments (267). vNAR-Fc fusion proteins were found to be 

substantially internalized by SUP-B8 lymphoma cells upon idiotype engagement in a 

concentration-dependent fashion. Minor antibody internalization by control lymphoma cells 

might be derived from interaction with Fc receptors present on B cells rather than due to vNAR-

related unspecific binding. Enzymatic MMAE-conjugation of the vNAR-Fc candidates S2 and S9 

resulted in specific lysis of target SUP-B8 lymphoma B cells at picomolar concentrations. Further 

experiments confirmed the specific induction of apoptotic and necrotic events in lymphoma 

cells after exposure to anti-idiotype ADCs. By contrast, no cytotoxicity was observed upon ADC-

treatment of unrelated CHO cells or off-target Daudi and IM-9 lymphoma cells in the same 

picomolar range. Of note, increasing ADC concentrations resulted in death of control lymphoma 

cells, though showing up to 345-fold higher EC50 values compared to target SUP-B8 cells. 

Nonspecific cytotoxic effects caused by treatment of lymphoma cell with CD20-targeting 

antibody-drug conjugates in vitro have been reported by similar studies (268). As discussed 

before, this effect might be caused by ADC internalization through Fc/FcR interactions at 

increasing drug concentrations. This notion is supported by experiments conducted with an 

vNAR-unrelated isotype control antibody as well as MMAE-conjugated Fc domains devoid of 

any antigen binding site. Moreover, similar surface-expressed B cell receptor density was 

identified for all three lymphoma cell lines. Interestingly, SUP-B8 cells appeared to respond 

more sensitive to both isotype control and MMAE-modified Fc molecules. This might be 

explained by higher surface Fc receptor expression levels compared to off-target lymphoma 

cells, by an increased ADC/FcR complex uptake rate or by distinct intracellular processing after 

antibody-toxin internalization. These parameters were not further investigated within the scope 

of this work. Notwithstanding the cytotoxicity induced in off-target cells, the Fc fragment 

confers overall improved antibody stability and pharmacokinetic properties.  

Antibody-drug conjugates comprising fully functional Fc regions offered a wide therapeutic 

window for lymphoma treatment. Several modifications were made in an attempt to further 

broaden the therapeutic ratio by preventing Fc-mediated antibody internalization, including 

removal of glycosylation site or substitution of the human IgG1 Fc fragment against the human 

IgG4, human IgA, and murine IgG2a counterparts. Treatment of lymphoma cells with these 

alternate ADC constructs confirmed vNAR-related induction of cell cytotoxicity. Overall, a slight 
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ADC potency decrease in target SUP-B8 as well as control Daudi and IM-9 cancer cells was 

observed, resulting, however, in similar or narrower therapeutic windows. In addition to vNAR-

Fc antibody-drug conjugates, we also devised the generation of solitary, monovalent vNAR-drug 

conjugates. Attempts to modify vNAR-domains with MMAE via lipoic acid ligase resulted in 

strong protein aggregation, thus impeding further investigations regarding specific lymphoma 

cell binding and eliciting of anti-tumor effects. Furthermore, a vNAR-PE24 immunotoxin was 

developed. This molecule, however, revealed no anti-proliferative effect on cancer B cells. 

Future studies including internalization and signal transduction investigations might elucidate 

the underlying mechanisms.   

Upcoming experiments comprising further lymphoma cell lines might shed light on the 

apoptosis resistance and immune evasion mechanisms observed with the SUP-B8 cell line. 

Depending on the particular B cell malignancy origin, lymphoma cell lines may include distinct 

genetic properties and exhibit varying cytoplasmic and surface membrane bound BCR 

expression levels. Furthermore, lymphoma cell lines can express diverse BCR isotype classes, 

implicating different antigen size, configuration and characteristics. Moreover, studies 

including lymphoma and healthy B cells may provide deeper insights into cell surface receptor 

expression levels, antibody internalization, and intracellular ADC processing.          

In addition to FDA-approved brentuximab vedotin for management of refractory Hodgkin-

lymphoma (HL) and anaplastic large cell lymphoma (ALCL), various ADCs are being 

investigated in clinical trials for diverse hematological neoplasms (135). Current standard first-

line therapy of hematological malignancies comprises extensive chemotherapy in combination 

with CD20-targeting monoclonal antibodies (rituximab/obinutuzumab). Despite high efficacy, 

these therapy strategies have multiple drawbacks. First, CD20 and other tumor-associated 

antigens are mainly overexpressed by cancerous cells but are also present on healthy 

lymphocytes. The consequently opsonization of all B lymphocytes of an individual and the 

resulting profound suppression of the whole immune system leads to an increased risk of 

infectious complications as well as viral/fungal reactivation (269). Second, the eradication of a 

substantial population of antigen-presenting cells (APCs) hampers the mediation of T-cell 

dependent cellular immunity. Further risks are associated with mutation, downregulation or 

loss of CD20 expression of lymphoma cells. In spite of strong initial response rates, tumor 

recurrence and resistance occur in most cases due to incomplete cancer cell depletion (270, 

47).  

Given their particular characteristics, employing heavy-chain only antibodies from the 

cartilaginous fish may be beneficial for the generation of novel therapeutic antibodies. Yet, by 

reason of the significant evolutionary distance between cartilaginous fish and human, potential 

immunogenicity should be taken into consideration. Although no pronounced xeno-reactivity 

was reported in various in vivo trials, previous studies demonstrated the feasibility of 

humanizing vNAR domains in order to prevent immunogenicity (191).  
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In summary, this present study describes the straightforward generation of anti-idiotype vNAR 

antibodies for the development of personalized treatment strategies against B cell neoplasms. 

These approaches are based on the BCR as a tumor-specific cell surface marker which also 

differs from BCRs expressed by non-cancerous B lymphocytes. After evaluation of different 

methods to induce malignant B cell killing via BCR clustering as well as redirection of immune 

effector cells, a novel approach was developed for the cost and time effective generation of 

vNAR antibody drug conjugates against patient-specific lymphoma cells within a period of less 

than six months, with substantial acceleration possible. The outstanding specificity of vNAR 

antibodies provides a wide therapeutic window enabling the targeted eradication of lymphoma 

cells while sparing healthy B cells from undesired cytotoxicity and therefore avoiding overall 

immunosuppression in patients. Future investigations may deliver insight into the impact of 

physical and structural properties of vNAR antibodies and the interaction with their cognate 

BCR for the development of further toxin-free therapeutic molecules able to elicit apoptosis of 

lymphoma cells.   
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8. Appendix 

8.1. Supporting information  

 

Figure 33 | Vector map of the pET30a plasmid. Arrows indicate orientation of genetic elements. F1 ori: F1 bacteriophage-
derived origin of replication for E. coli; KanR: gene coding for aminoglycoside phosphotransferase (antibiotic resistance for 
selection); ori: origin of replication; lacI: lactose operon repressor; lac promoter: lactose operon promoter; lac operator: 
lactose operator; POI: protein of interest; RBS: ribosome binding site; TEV site: recognition site for tobacco etch virus (TEV) 
protease cleavage; Trx: gene coding for the thioredoxin protein. Vector map created with SnapGene software (Insightful 
Science).     

 

 

Figure 34 | Vector map of the pET32c plasmid. Arrows indicate orientation of genetic elements. F1 ori: F1 bacteriophage-
derived origin of replication for E. coli; AmpR: gene coding for ß-lactamase (antibiotic resistance for selection); ori: origin of 
replication; lacI: lactose operon repressor; lac promoter: lactose operon promoter; lac operator: lactose operator; POI: 
protein of interest; RBS: ribosome binding site; TEV site: recognition site for tobacco etch virus (TEV) protease cleavage; Trx: 
gene coding for the thioredoxin protein. Vector map created with SnapGene software (Insightful Science). 
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Figure 35 | Vector map of the pEXPRESS plasmid. Arrows indicate orientation of genetic elements. CMV promoter: human 
cytomegalovirus promoter; T7 promoter followed by signal peptide and protein of interest (POI). Hinge: coding for sequence 
for hinge region. hIgG1 Fc: coding sequence for domains CH2 and CH3 of human IgG. LPETGG located C-terminal for sortase-
mediated protein modification. Stop: triple stop codon. F1 ori: F1 bacteriophage-derived origin of replication. SV40 promoter: 
simian virus 40 promoter. APH: aminoglycosidase phosphotransferase from transposon Tn5. Ampicillin: gene coding for ß-
lactamase. Vector map created with SnapGene software (Insightful Science). 

 

 

 

Figure 36 | Vector map of the pTT5 plasmid. Arrows indicate orientation of genetic elements. CMV promoter: human 
cytomegalovirus promoter; Adenovirus TPL: tripartite leader; Signal peptide followed by the protein of interest (POI). Hinge:  
coding for sequence for hinge region. hIgG1 Fc: coding sequence for domains CH2 and CH3 of human IgG. 6xHis: polyhistidine 
tag for protein purification; Stop: triple stop codon; Rabbit beta-globin poly(A): polyadenylation signal; F1 ori: F1 
bacteriophage-derived origin of replication. SV40 promoter: simian virus 40 promoter; EBV oriP: Eppstein-Barr virus-derived 
origin of replication for human cells; Ampicillin: gene coding for ß-lactamase; pMB ori: orgin of replication. Vector map 
created with SnapGene software (Insightful Science). 
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Figure 37 | BCR clustering. Anti-tumor activity of bivalent vNAR-Fc fusion antibodies S2 (left) and S9 (right) was assessed in 

MTS cell proliferation assays. Fc receptors present on lymphoma B cell lines SUP-B8, Daudi and IM-9 were blocked upon 
incubation with 10-fold excess of trastuzumab followed by exposure to varying vNAR-Fc antibody concentrations for 72 h. 
Proliferation of untreated cells was set to 100% survival. Results are shown as mean ± SD (n=3). 

 

 

 

Figure 38 | Specific cellular binding of bispecific (SUP-B8 x CD89) antibodies. Specific binding of one-arm SEED (SUP-B8 x 
CD89) antibody lacking of glycine-serine (G4S)3 linker between Fc fragment and vNAR domain of the SEED-AG chain towards 
target SUP-B8 lymphoma cells was investigated by flow cytometry (A). EGFR-overexpressing A431 (B), Daudi (C) and IM-9 (D) 
cells were used as negative control for evaluation of specific binding of (SUP-B8 x CD89) SEED antibody (B). 105 cells were 
incubated with corresponding antibodies at varying concentrations and stained with secondary mouse anti-His and tertiary 
anti-mouse-APC antibodies. Black: only secondary reagent; green: 10 nM; blue: 50 nM; red: 250 nM.  
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Figure 39 | Characterization of bispecific antibodies. Penta-his-tagged blinatumomab expressed in ExpiCHOTM cells and 
purified by IMAC (55 kDa) (A). CD19-mediated binding of blinatumomab towards B cell lymphoma cell lines SUP-B8, Daudi, 
and IM-9, as well as T cell line Jurkat was investigated by flow cytometry. 105 cells were incubated with corresponding 
antibodies at varying concentrations and stained with secondary mouse anti-His and tertiary anti-mouse-APC antibodies. 
Black: only secondary reagent; green: 10 nM; blue: 50 nM; red: 250 nM (B). Dissociation constants of the bispecific antibody 
SEED SUP-B8 x CD3 towards target SUP-B8 and Jurkat cells were assessed by plotting mean fluorescence intensities against 
the antibody concentration and applying a sigmoidal 4-parameter curve fit (C).       

 

8.2. Abbreviations 

ADC    Antibody-drug conjugate 

ADCC    Antibody-dependent cellular cytotoxicity 

ADCP    Antibody-dependent cellular phagocytosis 

ALCL    Anaplastic large cell lymphoma 

ALL     Acute lymphocytic leukemia 

AML    Acute myeloid leukemia 

AMV    Anti-matuzumab vNAR 

APC     Antigen-presenting cell, Allophycocyanin 

APS     Ammonium persulfate 

BBB     Brain-blood barrier 

BCIP    Bromo-4-chloro-3-indolyl phosphate 

BCR     B cell receptor, B cell receptor, B cell receptor 

BHK     Baby hamster kidney 

BiTE    Bispecific T cell engager 

BLI     Biolayer interferometry 

BMT    Bone marrow transplantation 

BSA     Bovine serum albumin 

BsAb    Bispecific antibody 

Btk     Brutton´s tyrosine kinase 

BV     Brentuximab-vedotin 

C4BP    C4b-binding protein 
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CAR     Chimeric antigen receptor 

CD     Cluster of differentiation 

CDC     Complement-dependent cytotoxicity 

CDR     Complementarity-determining region 

CEA     Carcinoembryonic antigen 

CFSE    Carboxyfluorescein succinimidyl ester 

CHO    Chinese hamster ovary 

CLL     Chronic lymphocytic leukemia 

CML    Chronic myeloid leukemia 

CP     Connecting peptide 

Csk     C-terminal Src kinase 

CSR     Class-switch recombination 

Da     Dalton 

DAG    Diacylglycerol 

DAR     Drug to antibody ratio 

DART    Dual affinity re-targeting protein 

DC     Dendritic cell 

DLBCL    Diffuse large B cell lymphoma 

DMEM    Dulbecco´s Modified Eagle´s Medium 

DMSO    Dimethyl sulfoxide 

DVD     Dual variable domain 

dYT     Double Yeast Tryptone 

E:T ratio    Effector cell to target cell ratio 

EBV     Epstein-Barr virus 

EC     Ectodomain 

EDTA    Ethylenediaminetetraacetic acid 

EGFR    Epidermal growth factor receptor 

EpCAM    Epithelial cell adhesion molecule 

Ex/Em    Excitation/emission 

FACS    Fluorescence-activated cell sorting 

FBS     Fetal bovine serum 

Fc     Fragment crystallizable 

FcR     Fc receptor 

FcRn    Neonatal Fc receptor 

Fc RI    Fc alpha receptor 

FDA     Food and Drug Administration 

FITC    Fluorescein isothiocyanate 

FL     Follicular lymphoma 

GalNAc    N-acetylgalactosaminase 

G-CSF    Granulocyte-colony-stimulating factor 

GD2 receptor   Disialoganglioside 2 receptor 

GlcNAc    N-acetylglucosaminase 

GM-CSF    Granulocyte-macrophage-colony-stimulating factor 

HA     Hemagglutinin antigen 

HC     Heavy chain 

hcIgG    Heavy-chain-only IgG 

HER     Human epidermal growth factor receptor 

HL     Hodgkin lymphoma 

HLA     Human leukocyte antigen, Human leukocyte antigen 
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HSA     Human serum albumin 

HSC     Hematopoietic stem cell 

HV     Hypervariable loop 

HVC     Hepatitis C virus 

IARC    International Agency for Research on Cancer 

Id     Idiotype, Idiotype 

Ig    Immunoglobulin 

IGH     Immunoglobulin heavy chain 

IgNAR    Immunoglobulin new antigen receptor 

IMAC    Immobilized metal affinity chromatography 

IP3     Inositol 1,4,5-trisphosphate 

IPTG    Isopropyl-ß-D-thiogalactopyranoside 

ITAM    Immunoreceptor tyrosine-based activation motif 

KD     Equilibrium dissociation constant 

KIH     Knob-into-hole 

LAP tag    Lipoic acid ligase acceptor peptide tag 

LAT     linker for activated T cell 

LplA     Lipoic acid ligase 

LSC     Leukemia stem cell 

mAb    Monoclonal antibody 

MFI     Mean fluorescent intensity 

MHC    Major histocompatibility complex 

mIg     Membrane immunoglobulin 

MMA    Monomethyl auristatin 

mTG    Microbial transglutaminase 

MWCO    Molecular weight cut-off 

MZL     Marginal zone B cell lymphoma 

NBT     p-nitrotetrazolium blue chloride 

NFAT    Nuclear factor of activated T cells 

NF B    Nuclear factor kappa-light-chain-enhancer of activated B cells 

NHS     N-hydroxysuccinimide 

NK     Natural killer 

nm     Nanometer 

OD     Optical density 

P/S     Penicillin-Streptomycin 

PABA    p-aminobenzoic acid 

pAcF    p-acetylphenylalanine 

PAGE    Polyacrylamide gel electrophoresis 

pAMF    p-azidomethyl-L-phenylalanine 

PAMPs    Pathogen-associated molecular patterns 

PBS     Phosphate buffered saline 

PCR     Polymerase chain reaction 

PE     Phycoerythrin, Pseudomonas exotoxin 

PEG     Poly ethylene glycol 

PEI     Poly ethyleneimine 

PI     Propidium iodide 

PLC-     Phospholipase C gamma 

pMHC    Peptide bound on MHC molecule 

PMN    Polymorphonuclear 
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PRR     Pattern-recognition receptor 

RPMI medium   Roswell Park Memorial Institute medium 

rSAP    Recombinant shrimp alkaline phosphatase 

scFv     single-chain variable fragment 

SD     Standard deviation 

SDS     Sodium dodecyl sulfate 

Sec     Selenocysteine 

SEED    Strang-exchange engineered domain 

SEM     Standard error of the mean 

SH2     Src homology 2 

SHM    Somatic hypermutation 

Sirp     Signal regulatory protein alpha 

SOX     Sulfhydryl oxidase 

SrtA     Sortase A 

TAE buffer   Tris acetate EDTA buffer 

TB     Terrific Broth 

TBS buffer   Tris-buffered saline buffer 

TCR     T cell receptor 

TdT     Deoxynucleotidyl transferase 

TEMED    Tetramethylethylenediamine 

TEV     Tobacco Etch Virus 

TfR1    Transferrin receptor 1 

TM     Transmembrane 

TNF     Tumor necrosis factor 

TYM medium   Trypticase yeast maltose medium 

v/v     Volume per volume 

vc     Vial cell, Valine-citrulline 

VH     Variable domain of the heavy chain 

VL     Variable domain of the light chain 

vNAR    Variable new antigen receptor 

w/v     Weight per volume 
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