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 Abstract V 

2. Abstract 
 

The fundamental prerequisite of therapeutic efficacy of antibody drug conjugates (ADCs) in solid tumors is 

the exposition of cancer cells to a therapeutically active dose of drug. One prominent strategy to maximize 

drug exposure, is to increase tissue penetration by smaller sized drug conjugates that extravasate faster and 

distribute deeper into the tumor. 

Fc antigen binding fragments (Fcabs) are engineered homodimeric 50 kDa Fc regions that incorporate all 

essential immunoglobulin G (IgG) functionalities such as neonatal Fc receptor (FcRn)-mediated recycling and 

antigen binding at only one-third of the size. The combination of reduced size and favorable 

pharmacokinetics makes Fcabs an attractive alternative to the conventional IgG scaffold employed in ADCs, 

with potentially improved tissue penetration capabilities. In the present study, Fcabs were explored for the 

first time as a novel scaffold for ADCs. 

For proof-of-principle, HER2- and EGFR-targeting Fcabs were selected, coupled to a pH sensitive dye, and 

subsequently tested for receptor-mediated endocytosis on tumor cells. Target-dependent cellular binding 

and uptake confirmed the suitability of the selected Fcabs for targeted intracellular drug delivery. Moreover, 

Fcabs were conjugated to cytotoxic monomethyl auristatin E (MMAE) employing site-specific enzymatic or 

cysteine coupling. The feasibility of Fcab-drug conjugates could be demonstrated by retained binding to 

target receptor and half-life prolonging FcRn, conjugation site dependent serum stability and target-

mediated cell killing at sub-nanomolar to double digit nanomolar concentrations. Moreover, HER2-targeting 

Fcab-dye constructs were tested in a tumor cell spheroid model and showed elevated penetration compared 

to a 150 kDa Fcab derivative with unrelated Fab arms or to the clinically validated HER2-targeting antibody 

Trastuzumab. 

 

Overall, this study demonstrates the applicability of the Fcab format as targeting scaffold for the generation 

of drug conjugates and emphasizes the potential of Fcab-drug conjugates for improved tumor penetration in 

solid cancers. 
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3. Zusammenfassung 
 

Die Grundvoraussetzung für die therapeutische Wirksamkeit von Antikörper-Wirkstoff-Konjugaten (ADCs) 

bei soliden Tumoren ist die Exposition der Krebszellen gegenüber einer therapeutisch wirksamen Dosis des 

Wirkstoffs. Eine mögliche Strategie zur Maximierung der Wirkstoffexposition besteht darin, die 

Gewebepenetration durch Verwendung kleinerer Wirkstoffkonjugate zu erhöhen. Diese extravasieren 

schneller und können sich tiefer im Tumorgewebe verteilen. Hier stellen Fc-Antigenbindungsfragmente 

(Fcabs) eine attraktive Alternative zu dem, in ADCs üblicherweise als Targetierungseinheit verwendeten, 

Immunglobulin G (IgG) dar. 

Fcabs sind gentechnisch veränderte, homodimere Fc Fragmente, die alle wesentlichen IgG Funktionen wie 

die Antigenbindung und das neonatale Fc-Rezeptor (FcRn) vermittelte Recycling in einem Molekül vereinen. 

Dabei weisen die 50 kDa schweren Fcabs nur ein Drittel der IgG Größe auf. Durch die Kombination aus 

geringerer Größe und guter Pharmakokinetik besitzen Fcabs eine potentiell verbesserte Gewebepenetration. 

In der vorliegenden Studie wurden Fcabs erstmalig als Targetierungseinheit für ADCs untersucht. Hierzu 

wurden verschiedene Fcabs ausgewählt, die an epidermale Wachstumsfaktorrezeptoren (HER2 oder EGFR) 

binden. Um deren Aufnahme in Tumorzellen zu untersuchen, wurden sie an einen pH sensitiven Farbstoff 

gekoppelt. Die rezeptorvermittelte zelluläre Aufnahme bestätigte die Eignung der ausgewählten Fcabs für 

die gezielte intrazelluläre Pharmakotherapie. Dementsprechend wurde durch ortsspezifische, enzymatische 

Konjugation oder Cystein-Kopplung der zytotoxische Wirkstoff Monomethyl-Auristatin E (MMAE) an die Fcab 

Moleküle konjugiert. Dabei blieb die Bindungsfähigkeit der erzeugten Fcab-Wirkstoffkonjugate an deren 

Zielrezeptor und den halbwertszeitverlängernden FcRn Rezeptor erhalten. Die Fcab-Wirkstoffkonjugate 

zeigten eine Target-vermittelte Zytotoxizität im subnanomolaren bis zweistellig nanomolaren 

Konzentrationsbereich und eine konjugationsstellenabhängige Serumstabilität. Darüber hinaus wurden 

HER2-targetierende Fcab-Farbstoffkonjugate in einem Tumorzell-Sphäroid-Modell getestet. Diese zeigten 

eine höhere Penetration im Vergleich zu einem 150 kDa Fcab-Derivat mit nicht targetierenden Fab-Armen 

oder dem klinisch zugelassenen HER2-targetierenden Antikörper Trastuzumab. 

Die vorliegende Arbeit erbringt den Machbarkeitsnachweis für die Anwendung des Fcab-Formats als 

Targetierungseinheit in Wirkstoff-Konjugaten. Die Studie zeigt außerdem das Potential von Fcab-

Wirkstoffkonjugaten für eine verbesserte Tumorpenetration bei soliden Krebserkrankungen auf. 
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8 Introduction 

4. Introduction 
 

This doctoral thesis is settled in the exploration of novel targeted therapeutics aiming for an improved solid 

tumor therapy.  

To elucidate the targeting concept, special attention was given to tumor biology, the structure of solid tumors 

followed by a short overview on general aspects in cancer treatment. Herein, the use of monoclonal 

antibodies, antibody-drug conjugates for relevant solid tumor targets is outlined, including the limitations of 

these targeted therapy forms and current solution strategies. Finally, Fc antigen binding fragments are 

highlighted due to its special importance for this work. 

 

 

4.1. The Biology of Cancer 

Cancer is a generic term describing a plethora of genetic diseases related to an abnormal and rapid cell 

growth. Cancer can affect any part of the body, form local masses called neoplasm or tumors and potentially 

invade other tissues or organs developing new settlements, termed metastases.1 The formation of 

metastases cause the majority of all human cancer cell deaths and discriminates malignant tumors from 

benign tumors which do not spread to distant parts of the body.1,2 Cancer develops slowly. It has been 

estimated that for most human solid tumors, there can be 20-years between initial carcinogen exposure and 

detection of the tumor.3 To understand how cancer develops, the multistep process of tumorigenesis and 

common characteristics of cancer cells are described in the following section. 

 

4.1.1. The Transformation of Normal Cells to Cancer Cells 

Cancer results from a combination of various mutations into central genes of the genome. The affected genes 

are classified into oncogenes and tumor suppressor genes. Oncogenes promote cell growth while tumor 

suppressor genes inhibit cell growth. During tumorigenesis, a cell acquires mutations in these genes which 

reconfigure its capabilities. Weinberg and Hanahan postulated that cells must acquire a set of eight common 

capabilities, “The Hallmarks of Cancer” in order to transform into cancer cells: (1) sustained proliferative 

signaling, (2) evading growth suppressors, (3) resisting cell death, (4) enabling replicative immortality, (5) 

inducing angiogenesis, (6) activating invasion and metastasis, (7) reprogramming of energy metabolism and 

(8) evading immune destruction.4,5 According to Weinberg and Hanahan these hallmarks underlie most types 

of cancer and their acquisition is made possible by two enabling characteristics: (1) genomic instability and 

(2) tumor promoting inflammation.5 

Genomic instability refers to the elevated mutability in cancer cells which drives tumorigenesis to 

completion. In hereditary cancers, genomic instability originates from germline mutations in DNA repair 
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genes, which result in an increased frequency of base-pair changes upon loss of the remaining wild-type 

allele.6 Prominent examples are the BRCA1 or BRCA2 genes in which certain mutations lead to improper 

function of the respective DNA repair proteins and an increased risk of developing breast cancer up to 80% 

by age 70.7,8 By contrast, the cause of genomic instability in sporadic cancers is less well understood.6 Tumor 

sequencing studies revealed that mutations in classical DNA repair genes are less frequent in early cancer 

development.9–12 Alternatively, an oncogene-induced DNA replication stress model was proposed to explain 

genomic instability.13 Activated oncogenes such as ras or myc can induce stalling and collapse of DNA 

replication forks which lead to DNA double strand breaks (DSBs). DSBs result in activation of the DNA damage 

response machinery (DDR) including DNA damage checkpoint gene p53 – the “guardian of the genome”.14 

p53 preserves genomic stability by activating DNA repair proteins, arresting the cellular cycle to give these 

proteins time for repair or by inducing senescence or apoptosis if DNA damage is irreparable. DSBs increase 

selective pressure on p53 mutations which fundamentally accelerate cancer development due to the 

outstanding role of p53 for cellular health.15,16 Its importance for the development of cancer is emphasized 

by the fact that p53 is one of the most frequently mutated genes in sporadic cancers.17,18 

Another enabling characteristic is tumor-promoting inflammation.5 Tumors represent a chronic site of 

inflammation and can be seen as “wounds that do not heal”.19 Consequently, immune cells invade the tumor 

site where they fulfill tumor antagonizing and, counterintuitively, tumor-promoting roles. Subclasses of 

macrophages, neutrophils and myeloid progenitors stimulate mistakenly cancer cell proliferation by releasing 

wound healing factors such as epidermal growth factor (EGF), angiogenesis promoting vascular endothelial 

growth factor A (VEGF-A), inflammation promoting cytokines and matrix modifying proteases.5,19 

In the following the 8 hallmark capabilities will be discussed in more detail.4,5 

In normal tissues cell growth and cell death rates are kept in balance by the strict regulation of mitogenic 

growth signals. Cancer cells can bypass this regulatory mechanism and are capable to sustain proliferative 

signaling in different ways. They may synthesize their own growth factor ligands or stimulate adjacent normal 

cells of the supporting tumor-associated stroma to provide needed growth factors.20,21 Alternatively, cancer 

cells may upregulate growth factor receptors displayed on their surface. For example, the epidermal growth 

factor receptor (EGFR) is overexpressed in many types of solid tumors such as head and neck cancer or colon 

and rectum cancer, while levels of human epidermal growth factor receptor 2 (HER2) are increased in breast 

(~ 15% of all breast cancers22,23), bladder esophageal and gastric cancer.24,25 

In addition to growth promoting signals, tissue homeostasis can be also maintained by antiproliferative 

signals and cell death. Cancer cells must evade growth suppressing signals and apoptosis which typically 

involve the action of tumor suppressing proteins like the cell cycle controlling p53. Mutations in the p53 gene 

allow cancer cells to continuously proliferate and evade apoptosis even if DNA is severely damaged due to 

hyper proliferation.5 
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Another hallmark is replicative immortality. Normal cells can undergo only a limited number of successive 

cell growth and division cycles before they enter a nonproliferating but viable senescent state and eventually 

cell crisis resulting in apoptosis.26 The key enzyme in circumventing the finite replicative potential of cells is 

the reverse transcriptase telomerase. Telomerase restores telomere repeat sequences at the end of 

chromosomes which protect chromosomal DNA but continuously shorten during consecutive cell division 

cycles thereby defining a cells’ lifespan. Telomerase is almost absent in somatic cells but expressed in 90% of 

tested primary tumors.27 

The progressive tumor growth makes an infrastructure necessary that supplies the tumor with oxygen, 

nutrients and removes metabolic waste and carbon dioxide. This is accomplished by the induction of 

angiogenesis. The sprout of new blood vessels into the tumor mass is almost constantly activated by hypoxia- 

or oncogene-induced upregulation of VEGF-A expression in cancer cells.28 The structure of tumor vasculature 

is described in more detail in section 4.1.2. 

Vascularization is also required for the metastatic process. At some stage in cancer development, tumor cells 

leave the primary tumor site and spread to secondary locations. This is often associated with a 

downregulation or loss of cell adhesion molecules such as E-cadherin or claudin.29,30 The invasion-metastasis 

cascade typically starts with local invasion, followed by intravasation of tumor cells into close-by blood and 

lymphatic vessels, circulation within the hematologic and lymphatic vascular system and extravasation into 

distant tissues where tumor cells form micro-metastases and eventually a macroscopic tumor which 

reinitiate the cascade.31 

Most macroscopic tumors have regions where little vascularization results in a permanent or transient 

hypoxic state. Cancer cells counter this state of low oxygen supply by reprogramming their energy 

metabolism to glycolysis. Compared to oxidative phosphorylation under aerobic conditions, ATP production 

is 18-fold less efficient. Cancer cells compensate lower energy yield by upregulating glucose transporters and 

other enzymes of the glycolytic pathway.5 Paradoxically, proliferating cancer cells still derive most of their 

energy from glycolysis even under oxygen sufficiency (Warburg effect).5 It is assumed that this energy-

economically irrational behavior may be beneficial to cancer cells as it allows them to redirect glycolytic 

intermediates into biosynthetic pathways of macromolecules and organelles required for assembling new 

cells.32 

Finally, cancer cells can be characterized by their capability to evade immune destruction. The interaction of 

cancer cells with the host immune system is summarized in the “three E’s theory” comprising three steps: 

1) Elimination of the developing tumor by the innate and adaptive immune system at an early stage, 

2) Equilibrium when the host immune system controls but not fully extinguish tumor cells that have survived 

the initial elimination phase (this phase probably occurs over many years in humans), and 3) Escape when 

tumor cells selected in the equilibrium phase have acquired resistance to immune detection and/or 
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elimination and become clinically detectable.33 One example for such an escape strategy is the 

overexpression of the programmed death-ligand 1 (PD-L1) on the surface of cancer cells. After a cytotoxic 

T-cell has recognized a cancer cell, PD-L1 binds the programmed cell death protein 1 (PD-1) on the surface of 

the T-cells and the tumor cell evades its destruction by inhibiting T-cell proliferation and cytotoxic cytokine 

secretion.34 

 

4.1.2. The Architecture of a Malignant Solid Tumor 

Solid tumors are complex organ-like structures. They consist not only of malignant tumor cells but also of 

stromal and immune cells, vasculature and an extracellular matrix (ECM). The non-malignant tumor 

components are summarized as the tumor microenvironment (TME). A tumors’ TME composition is highly 

heterogenous and dynamic. It varies during tumorigenesis, at different tumor stages/ between different 

tumor types and as response to therapeutic interventions.35,36 

In the following, the components of a solid tumor and its TME are described in more detail. 

 

Tumor Cells and Intratumoral Heterogeneity 

Cancer development is a highly dynamic process driven by genomic instability and subjected to evolutionary 

pressure. Even after a single tumor cell has acquired all 8 hallmark capabilities, it continues to evolve. As a 

result, the number of genetically distinct tumor-cell subpopulations within a tumor mass grows over time – 

the tumor becomes more heterogeneous. The appearance of different subpopulations in one patient does 

not have to follow a linear evolution where a new clone outcompetes its ancestral clones (temporal 

heterogeneity). Especially solid tumors adopt a branched pattern of evolution where multiple subclonal 

populations emerge from a common ancestral clone.37 Clonal subpopulations can distribute across different 

regions within the primary tumor mass and/or across different metastatic sites (spatial heterogeneity). They 

do not necessarily outcompete each other but might even cooperate for tumor propagation.38 

Intratumoral temporal and spatial heterogeneity complicate treatment of cancer as distinct molecular 

signatures of clonal subpopulations lead to different responsivity. Moreover, the selection pressure built up 

by targeted therapies, chemotherapies, or immunotherapies inevitably causes cancer cells to escape from 

growth suppression fostering the development of drug resistant clones.37 

 

Stromal cells in the tumor microenvironment 

During tumorigenesis cancer cells recruit stromal cells (e.g. endothelial cells, pericytes, cancer-associated 

fibroblasts, adipocytes, stellate cells) from surrounding tissues to promote cancer progression.36,39 For 

example, tissue-resident fibroblasts can be activated by TGF-β and inflammatory modulators of the perpetual 

inflammatory state of a tumor to become cancer-associated fibroblasts (CAF). CAFs are often found in the 



 

12 Introduction 

invasive margins of a solid tumor and shape the tumor microenvironment in different ways. CAF induce 

angiogenesis and tumor growth by secreting growth factors such as VEGF-A, produce extracellular matrix 

remodeling enzymes (e.g. matrix proteases) that promote cancer invasion and metastasis and maintain the 

chronic inflammatory tumor state by the release of numerous cytokines and chemokines.40 

 

Immune cells in the tumor microenvironment 

The persistent inflammatory state of a tumor causes infiltration by different adaptive and innate immune 

cells, namely T-cells, B-cells, natural killer (NK) cells as well as macrophages, neutrophils and dendritic cells.36 

As already described in section 4.1.1. immune cells in the TME can either suppress or promote tumor growth. 

 

Tumor vasculature 

Fast growing tumor tissue causes several structural abnormalities of tumor blood vessels compared to 

normal vasculature. Typically, new blood vessels form by splitting or sprouting from a pre-existing vascular 

network, a process termed as angiogenesis. In adults, normal physiological angiogenesis occurs during wound 

healing or the female reproductive act but is otherwise very rare.41 The single layer of endothelial cells lining 

blood vessels are low proliferative and their estimated turnover times are in the order of years.42 In contrast, 

endothelial cells in solid tumors proliferate 50 – 200 times faster due to the excessive secretion of pro-

angiogenic factors (mainly VEGF-A) by hypoxic cancer, stromal and immune cells.42,43 VEGF-A binds to the 

VEGF receptor on endothelial cells of nearby blood vessels and initiates angiogenesis. The excess of VEGF-A 

impairs adequate maturation of newly formed blood vessels. As a result, the morphology of the tumor 

vasculature is rather chaotic and loses a hierarchical branching pattern of arteries, capillaries and veins. 

Vessels are irregularly shaped, dilated, tortuous, abnormally branched, compressed by proliferating tumor 

cells and end abruptly.41 Abnormal vessel growth and tortuosity tend to increase blood flow resistance 

leading to ineffective delivery of oxygen and drugs, even when the tumoral vascular network is rather 

dense.44,45 Endothelial cells lining blood vessel walls form only loose cell contacts causing vascular leakiness 

and an increased permeability.42,46 In addition to morphological changes, endothelial cells reprogram their 

energy metabolism to glycolysis during angiogenesis and increase their metabolic activity similar to tumor 

cells.47  

The vascular network consists not only of blood vessels, but also of lymphatic vessels. Lymphatic vessels are 

structured like blood vessels. They collect excess interstitial fluid, immune cells and macromolecules that 

have extravasated from blood vessels into tissues and return them via lymph nodes to the circulatory system. 

In solid tumors, lymphatic vessels play an important role for metastasis but are often collapsed within the 

tumor mass.48 Functional lymphatic vessels are found only at the tumor margin (defined as < 100 µm from 

the tumor edge)49 where their surface is often increased due to lymphangiogenesis stimulated by the 
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overexpression and release of VEGF-C and VEGF-D from tumor cells themselves, stromal cells, tumor-

inflitrating macrophages or activated platelets.50–53 Increased vessel surface only in the tumor periphery, 

seems to be sufficient for lymphatic metastasis.49 Furthermore, lymphatic deficiencies limit the drainage of 

fluid from the tumor which consequently increases the interstitial fluid pressure (IFP) uniformly within the 

tumor mass (except at margin).54,55 The hyperpermeability of tumor blood vessels and the dense extracellular 

matrix of the tumor interstitial space increase tumor IFP additionally.54 The consequences of an elevated IFP 

for drug delivery are further elucidated in section 4.5. 

 

Extracellular matrix in the tumor microenvironment 

The tissue space in between blood vessels and cells is termed as tumor interstitial space and comprises the 

ECM as well as fluids with soluble biomolecules (interstitial fluid). The ECM comprise the non-cellular solid 

components of a tissue that provide structural support and integrity, namely collagen, fibronectin, elastin, 

proteoglycans, laminins and hyaluronic acid.36,56 Its composition, organization and amount differs 

significantly between tumors and normal tissues. In many solid tumors the ECM contributes up to 60% to 

tumor mass.56 ECM molecules render a tumor more rigid and contribute to the palpability of solid tumors. 

They are mainly deposited and remodeled by CAFs but also by tumor cells themselves.40 The ECM influences 

tumor growth and metastasis via epithelial-to-mesenchymal transition and ECM stiffness.57,58 In this context, 

matrix metalloproteinases (MMPs) are critical for ECM degradation, remodeling and thus tumor progression. 

Furthermore, the ECM serves as a deposit for cytokines and different proangiogenic factors such as VEGF and 

TGF-β.36 

 

 

4.2. From Conventional Cancer Therapy to Targeted Cancer Therapy 

In order to put the therapeutic approach presented later in this thesis into a larger context, current treatment 

approaches for cancer will be briefly discussed in the following section. 

 

4.2.1. Cancer Treatment at a Glance 

Several types of cancer therapies were developed over the last 150 years.59 Treatment approaches can be 

divided into local therapies (surgery, radiation therapy) or systemic therapies affecting the whole body 

(chemotherapy, endocrine/ hormone therapy, immunotherapy, targeted therapy).1 

These therapeutic approaches rely on different previously mentioned characteristics of cancer. For example, 

a localized primary solid tumor and affected associated lymphatics can be efficiently treated by surgical 

removal in combination with preceding (neoadjuvant) or subsequent (adjuvant) radiation or chemotherapy 

to decrease tumor size or to minimize the statistical risk of relapse due to remaining micrometastases.60,61 
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In the case where a tumor has already metastasized to several distant parts of the body and removal by 

surgery no longer seems possible, a systemic therapy is often chosen. For example, chemotherapy seems 

most promising for treating rapidly growing cancers. Chemotherapeutic agents affect mainly fast dividing 

cells and include DNA damager62 (e.g. doxorubicin, cyclophosphamide, irinotecan), antimetabolites63 (e.g. 

5-fluorouracil, methotrexate) and microtubule inhibitors64 (e.g. vincristine, docetaxel). Typically, 

chemotherapeutic agents with distinct modes of action and different side effects are administered in 

combination to minimize the probability that cancer cells become resistant to the therapy.65 

Chemotherapeutics are relatively non-specific and must be administered at the maximum tolerated dose 

(MTD) to achieve a therapeutic effect. As a consequence, they induce severe side effects due to the damage 

of other fast-dividing cells, such as blood cells or hair follicles.66 

Within the last decades considerable progress was made to understand underlying molecular mechanisms 

of cancer pathogenesis. This led to the development of systemic treatments which act on specific targets 

associated with cancer cells or within the TME. Such treatments, termed targeted therapies, are more 

selective than chemotherapy. A higher selectivity of a drug results in a higher MTD and a lower minimum 

effective dose (MED). Thus, the dose range in which the drug has a therapeutic effect but no toxic effect, also 

termed as the therapeutic index (TI), is increased (Figure 1). Consequently, targeted therapies and 

immunotherapies can be administered at doses where less severe side effects are observed compared to 

chemotherapy.67 

 

 

Figure 1. Therapeutic index. Schematic representation adapted from Tarcsa et al. to illustrate the improvement of therapeutic index 
from small molecule chemotherapeutics to targeted therapeutics (e.g., small molecule inhibitors, monoclonal antibodies or antibody-
drug conjugates (ADCs)).68 

 

In the following, examples are given of how selectivity is achieved in targeted therapies. For instance, 

immunotherapy reverses a cancer’s capability to evade immune destruction redirecting immune cells to 

attack tumor cells again. Recently, immune checkpoint inhibitors attracted great attention in this context.69 

They bind for example PD-L1 which is overexpressed on the surface of many cancer cells or PD-1 on the 
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surface of immune cells and block the interaction between these two proteins thereby preventing tumor 

cells from masking themselves as non-altered self.70 Other targeted therapeutics confer tumor selectivity by 

acting on oncoproteins which are involved in essential signaling pathways for tumor growth and survival.59 

Molecular targets include growth factor receptors such as overexpressed HER2 or EGFR, mutated tyrosine 

kinases such as FLT3 and angiogenic ligands and receptors such as VEGF and VEGFR to name only a few.71 

Currently, two classes of molecules are applied in targeted therapy: monoclonal antibodies (mAbs), which 

are designed to target specific receptors and ligands expressed on the surface of cancer cells and small-

molecule inhibitors, which can cross cell membranes and block signaling pathways intracellularly.59 In the 

scope of this work, mAbs and epidermal growth factor receptors are of special relevance and will be discussed 

in more detail in the following sections. 

 

 

4.3. Monoclonal Antibodies as Targeted Therapeutics 

In principle, antibodies can attack tumors by three general mechanisms: (1) opsonization, which induces 

killing by immune cells, (2) blocking proliferative signaling pathways and processes, or (3) delivery of cytotoxic 

drugs. Before mechanism (1) and (2) are described in section 4.3.2, the general structure and function of 

antibodies should be explained first. Afterwards, mechanism (3) will be presented in section 4.4. 

 

4.3.1. Structure and Function of Antibodies 

Antibodies or immunoglobulins (Ig) form a class of proteins that are produced as part of the body’s humoral 

immune response to bind and neutralize pathogens. These ~ 150 kDa proteins are composed of two identical 

light chains (LC; ~ 25 kDa) and two identical heavy chains (HC; ~ 50 kDa) arranged in a LC-HC paired 

heterodimer (Figure 2A, B). LC and HC as well as both HCs are bridged by interchain disulfide bonds conferring 

additional stability to the non-covalent interactions that hold HC and LC together. Both LC and HC can be 

structurally divided into variable domains (VL and VH) responsible for antigen binding and the constant 

domains (CL and CH1, CH2, CH3) that specify effector functions of the antibody. In mammals, the LC can consist 

either of a κ or λ chain whereas the HC consists either of an α, γ, δ, ε, or μ constant domain and defines the 

isotype or class of an antibody (α: IgA; γ: IgG; δ: IgD; ε: IgE; μ: IgM). The IgG class is the most common in 

human serum (~ 75%) and can be further split into four IgG isotype subclasses, IgG1, IgG2, IgG3 and IgG4. 

The isotype of an antibody provides different biological properties and can be switched in order to alter 

effector functions while antigen specificity is maintained. Within the HC, a spacer hinge region separates the 

CH1 and CH2 domains and contributes flexibility to the antibody structure resulting in its characteristic 

bivalent Y-shaped form. The hinge region also contains various protease cleavage sites. For example, papain 

cuts in the upper hinge region giving rise to the ~ 50 kDa fragment crystallizable (Fc) and two ~ 50 kDa 
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fragment antigen binding (Fab). The Fc portion consists of a hinge interchain disulfide-bridged CH2-CH3 

homodimer whereas Fab fragments include the variable domains VH, VL as well as the interchain disulfide-

bridged CH1 and CL domains. On the other hand, pepsin digests the Fc portion into small fragments and cuts 

within the lower hinge region yielding an interchain disulfide-bridged ~ 100 kDa F(ab’)2 fragment. Besides 

classical Ig-based antibodies found in nature or enzymatically derived fragments, there are several other 

antibody-based formats currently in clinical or exploratory use such as Fabs, diabodies or single domain 

antibodies (sdAbs) (Figure 2C). 

 

 

Figure 2. Antibody structure. (A) Schematic representation of IgG structure comprising two heavy (depicted in dark grew) and two 
light chains (depicted in light grew), assembled via disulfide bonds (depicted as yellow lines). Hypervariable CDR regions forming the 
antigen binding site are marked in red. The glycosylation site (N297) is highly conserved across IgG subclasses. In humans and rodents 
the core glycan consists of N-acetylglucosamine and mannose units.72 (B) Murine IgG2 crystal structure (PDB: 1IGT73). The binding 
sites of its natural ligands at the Fc portion and hinge region are indicated by arrows.74 (C) Schematic representation of selected 
antibody-derived formats. F(ab’)2 and Fab can be accessed via enzymatic digestion of IgG. HC antibodies lack an associated LC and 
occur naturally in camelids and cartilaginous fishes. The HC variable domain is characterized by high stability and can be expressed 
as a single domain antibody (sdAb), also known as nanobody. Diabodies, single chain variable fragments (scFv), scFv-Fc fusions or 
minibodies are generated by genetic antibody engineering. 
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A special feature of antibodies or related Fab and F(ab’)2 fragments is that they can specifically bind a target 

antigen structure with high affinity. The binding site of an antibody (also referred to as paratope) is 

predominantly formed by three hypervariable CDR loop structures in the VL and three CDR loops in the VH 

domain (Figure 2A, B). Binding to an antigen involves non-covalent interactions between residues of the CDRs 

and residues of the binding site on the antigen (epitope). It is noteworthy that an antibody is a bivalent 

molecule meaning that it has one paratope in each Fab arm and can potentially bind two antigens. 

Besides specific binding, another main feature of an antibody is to activate components of the immune 

system by its effector functions. This includes antibody-dependent cellular cytotoxicity (ADCC) and 

complement-dependent cytotoxicity (CDC). ADCC implies that antibody-coated antigens recruit Fcγ receptor 

(FcγR) presenting effector cells, e.g. natural killer cells or monocytes, to destroy the antibody-decorated 

target. In contrast, CDC is dependent on the binding of C1q to the antibody which activates the classical 

complement pathway to destroy the target cell. Both, FcγR and C1q bind to overlapping epitopes in the upper 

CH2 domain and the hinge region (Figure 2B). Thus, differences between the Ig classes and IgG subclasses are 

mostly located in this region. In addition, ADCC and CDC activity was shown to be significantly dependent on 

the glycan composition at the conserved asparagine 297 (N297).72 

For the IgG class, extraordinal long plasma half-lives are observed. For example, the half-life of human IgG1, 

IgG2 and IgG4 is approximately 21 days at normal IgG serum levels (~ 12 g/L).75 IgG half-life extension can be 

attributed to the neonatal Fc receptor (FcRn) which is expressed in endothelial cells lining the blood vessels 

(Figure 3).76 Due to the large surface area of endothelial cells in the body (> 1000 m²), IgG, serum albumin 

and other proteins are continuously and efficiently internalized into endothelial cells through unspecific 

pinocytosis (Figure 3A).75 Typically, internalized soluble proteins are transported from the endosome to the 

lysosome, where they are degraded. Soluble IgG and serum albumin are captured by the membrane 

associated FcRn at the slightly acidic pH (< 6.5) in the endosome and are recycled in receptor bound state 

back to the cell surface where they dissociate from the FcRn at the neutral pH (7.4) of blood.76,77 In this way, 

approximately two thirds of IgGs taken up into endosomes bypass lysosomal degradation.78 The efficiency of 

the FcRn-mediated recycling was illustrated in FcRn-/- deficient mice where the circulatory half-life of IgG is 

reduced from 9 days (FcRn wild type) to only 1 day.76 Similarly, reduction in circulatory half-life can be 

observed when residues of the FcRn binding site at the CH2-CH3 interface of the Fc portion are mutated and 

FcRn cannot bind anymore (Figure 3B). Shah and coworkers found in a mouse tumor PK model that half-life 

of Trastuzumab dropped from 9 days to 7 hours for an FcRn non-binding (I253A, H310A, H435A) 

Trastuzumab.79 

In the next section, two clinically relevant solid tumor targets for monoclonal antibody therapy are described 

before the mode of action of corresponding mAbs is illustrated using these targets as an example. Both solid 

tumor targets as well as the corresponding mAbs are of special interest for this work. 
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Figure 3. IgG half-life extension by FcRn. (A) FcRn recycling mechanism in endothelial cells lining blood vessels. Serum proteins are 
taken up via fluid phase pinocytosis and travel in vesicular transport carriers to the endosome where IgG and serum albumin are 
bound by the FcRn at acidic pH (< 6). Approximately two thirds of IgG are returned to the plasma membrane in FcRn-bound state 
where they are released into the extracellular fluid upon dissociation from FcRn at neutral pH. About one-third of IgGs is degraded 
in the lysosome together with other FcRn non-bound proteins. (B) FcRn binding site at the Fc CH2-CH3 interface. Three residues 
(His435, Ile253, His310) that were identified to be most critical for binding at acidic pH are highlighted in red.80 (PDB: 4N0U81). 

 

4.3.2. Human Epidermal Growth Factor Receptors (HER) as Important Solid Tumor Targets for 
Targeted Monoclonal Antibody Therapy 

As mentioned in section 4.1.1, in many epithelial solid tumors the epidermal growth factor receptor (EGFR, 

also HER1, ErbB-1) and the human epidermal growth factor receptor 2 (HER2, also ErbB-2) are subjected to 

a number of genetic changes such as receptor overexpression, kinase domain mutations and coexpression of 

receptors and associated ligands. Each of these changes leads to constitutive activated downstream signaling 

that triggers nuclear gene activation and eventually promotes cancer development via sustained cell 
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proliferation.82 In the following, the biology of HER receptors is briefly outlined before targeted therapy 

options are discussed. 

 

 

Figure 4. HER receptors, ligands and major downstream signal transduction pathways. HER2 does not have any known ligand but 
is the preferred association partner of all other HER receptors. Here, intracellular signaling pathways controlled by the activation of 
EGFR and HER2 are shown. Further details are given in the text. AR – amphiregulin; BTC – betacellulin; EGF – epidermal growth factor; 
EPG – epigen; EPR – epiregulin; HB-EGF – heparin-binding EGF; MAPK – mitogen-activated protein kinase; NRG – neuregulin; PI3K – 
phosphatidylinositol 3,4,5-kinase; TGF-α – transforming growth factor α. Adapted from Ciardiello and Tortora.83 

 
EGFR and HER2 belong to a family comprising four homologous receptor tyrosine kinases: EGFR (HER1), HER2, 

HER3 and HER4 (Figure 4). The 180 – 190 kDa sized HER receptors are located at the cell membrane and 

consist of an extracellular ligand binding domain, a lipophilic transmembrane segment and a cytoplasmic 

tyrosine kinase domain. Upon ligand binding the four monomeric receptors can associate with each other to 

form more stable homo- or heterodimers.84 To date, several growth factor receptor ligands are known. They 

all share an EGF-like domain and possess different specificity towards the four HER receptors. EGF, 

transforming growth factor α (TGF-α), amphiregulin (AR), and epigen (EPG) bind specifically to EGFR; 

betacellulin (BTC), heparin-binding EGF (HB-EGF) and epiregulin (EPR) bind both EGFR and HER4; the 

neuregulins NRG-1 and NRG-2 bind HER3 and HER4; and NRG-3 and NRG-4 bind only HER4. HER2 does not 

have any known ligand but is the preferred association partner of all other HER receptors.85 Consequently, it 
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can be activated upon heterodimerization with another ligand-bound receptor. In tumors, many of the same 

signaling pathways as in normal cells are stimulated by activated EGFR and HER2. Autophosphorylation 

triggers the RAS–RAF–MEK–MAPK pathway, which controls gene transcription, cell-cycle progression from 

the G1 phase to the S phase, and cell proliferation. Furthermore, the PI3K–Akt pathway is triggered, which 

activates a cascade of anti-apoptotic and pro-survival signals.82,83 

Although HER receptors reside at the cell surface, they undergo constant trafficking between the plasma 

membrane and endosomal compartments (Figure 5). In the absence of ligands, constitutive trafficking of 

EGFR and HER2 seem to be very similar.86 For example, inactive EGFR is internalized relatively slowly 

(t1/2 ~ 20 – 50 min)87–89 and rapidly recycled back to the cell surface (t1/2 ~ 5 min) resulting in the predominant 

localization (80 – 90%) of EGFR at the cell surface.86 

 

 

Figure 5. Trafficking of HER receptors. Activated EGFR homodimer and EGFR-HER2 heterodimer internalize quickly in clathrin-coated 
pits via receptor-mediated endocytosis. Inactive HER receptors internalize relatively slowly by a smooth pit pathway. Given are the 
approximate mean times for the specific trafficking processes. Time constants for heterodimerization and formation of multivesicular 
bodies are unknown. Time for lysosomal fusion includes the time for multivesicular body formation. Further details are explained in 
the text. Adapted from H. Wiley.86 

 

In addition to this major rapid recycling pathway, some EGFR recycles via sorting endosomes in a more 

prolonged pathway (t1/2 ~ 20 min) back to the surface.86 Through this sorting endosomal route, a small 
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fraction of EGFR ends up in the late endosome and the lysosome where it is degraded. In low to moderate 

EGFR expressing cells (< 200,000 copies /cell), inactivated EGFR undergoes metabolic turnover with 

t1/2 ~ 6 – 10 h90,91, whereas in EGFR overexpressing cells (e.g. human epidermoid carcinoma A431), t1/2 is 24 h 

or longer.92 Consequently, during its life span a receptor shuttles and recycles dozens of times through the 

cell before it is finally degraded. 

In contrast to inactivated EGFR, internalization of ligand activated EGFR is 5 – 10-fold increased (t1/2 ~ 4 min)87 

whereas its lysosomal degradation is 3 – 4-fold enhanced.93 Interestingly, ligand-induced internalization or 

degradation is not observed for other members of the HER family probably due to the absence of specific 

internalization sequences in their cytoplasmic domains.86,93 As a consequence, most signaling from activated 

EGFR comes from endosomal compartments while other HER family members generate signals mostly from 

the cell surface.86 

Currently, there are two approved anti-EGFR mAbs (Cetuximab and Panitumumab) and two approved anti-

HER2 mAbs (Trastuzumab and Pertuzumab) on the market. Cetuximab is a human-mouse chimeric IgG1 that 

received FDA approval for advanced colorectal cancer in 2004 and for squamous cell carcinoma of the head 

and neck in 2006.94 Cetuximab binds to the extracellular domain of EGFR with twice the affinity of the natural 

ligands, thereby blocking ligand binding and subsequent receptor dimerization and activation (Figure 6C).67 

In analogy to natural ligand binding, cetuximab induces receptor internalization (Figure 6A) and 

degradation.95 Interestingly, receptor degradation with natural ligand is faster than with cetuximab 

engagement (EGFR turnover t1/2 on A431 cells decreases from 17.8 h to 5.6 h upon addition of EGF and to 

8.5 h in response to addition of Cetuximab murine precursor mAb 225).96 Moreover, Cetuximab’s IgG1 

scaffold could elicit host immune response including antibody-dependent cell mediated cytotoxicity (ADCC) 

resulting in recruitment of immune effector cells which induce tumor cell lysis (Figure 6B). 

In contrast to chimeric Cetuximab, Trastuzumab is a humanized IgG1 which was first approved by the FDA in 

1998 for patients with metastatic HER2 overexpressing breast cancers.97 It binds to the juxtamembrane 

region of the extracellular HER2 domain and blocks receptor dimerization, autophosphorylation and 

downstream signaling pathways (Figure 6D). Furthermore, Trastuzumab binding prevents proteolytic 

shedding of the extracellular domain which would leave a truncated membrane bound and phosphorylated 

HER2 fragment (p95) with increased kinase activity (Figure 6E).98 

To which extent Trastuzumab induces HER2 degradation (Figure 6A) depends strongly on HER2 expression 

levels. HER2 high expressing human cancer cell lines (e.g. SKBR-3, HCC-1954, BT-474) exhibit efficient HER2 

recycling and only a small fraction of Trastuzumab-HER2 complexes enter the lysosomal pathway. By 

contrast, in HER2 low expressing cells (e.g. LNCaP, HCC-2185) the lysosomal pathway appears to be the major 

trafficking route for Trastuzumab-HER2 complexes and Trastuzumab treatment substantially reduces HER2 

levels.99 
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Figure 6. Cetuximab and Trastuzumab mode of action. (A) Both Cetuximab and Trastuzumab induce EGFR and HER2 internalization 
and lysosomal degradation which result in decreased number of surface receptors and reduced signal transduction. For Trastuzumab, 
the rate of degradation depends strongly on the HER2 surface density.99 (B) Furthermore, binding of Cetuximab and Trastuzumab 
leads to ADCC causing tumor cell lysis by released perforins and granzymes from immune effector cells. (C) As Cetuximab binds to 
the EGFR ligand binding site at domain III with higher affinity than natural ligands, it blocks ligand binding and subsequent receptor 
activation. (D) Trastuzumab inhibits HER2 heterodimerization and downstream signaling by binding to the HER2 region IV. (E) In 
addition, Trastuzumab blocks proteolytic shedding of the extracellular HER2 domain which would leave a truncated membrane bound 
and phosphorylated HER2 fragment (p95) with increased kinase activity.83,100 CDR regions of Cetuximab- and Trastuzumab-Fab crystal 
structures are colored in red. EGFR-HER2 heterodimer crystal structure and kinase domains were arranged manually for illustration. 
(PDB: Cetuximab-Fab-tethered EGFR: 1YY9101; EGFR inactivated kinase domain: 1M14102; extended EGFR-EGF: 3NJP103; Trastuzumab-
HER2: 1N8Z104; HER2 inactivated kinase domain: 3PP0104). 
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Furthermore, ADCC appears to play also an important role in the mode of action of Trastuzumab (Figure 6B). 

For example, in mice with suppressed immune effector NK cells, Trastuzumab inhibited tumor growth only 

by 29% whereas in mice with intact NK cells, 96% tumor growth inhibition was observed upon Trastuzumab 

treatment.105 

The great success and selectivity of monoclonal antibodies led to the development of antibody-drug 

conjugates as another therapeutic modality for cancer treatment which is described in the following. 

 

 

4.4. Antibody-Drug Conjugates as Targeted Therapeutics 

Antibody-drug conjugates (ADCs) are one of the fastest growing classes of targeted anticancer therapeutics 

with alone six new ADCs approved by the FDA between 2019 and April 2021.68,106 ADCs link the great 

selectivity of monoclonal antibodies with cell killing abilities of cytotoxic drugs and expand the therapeutic 

index by guiding these highly potent toxins to tumor cells (Figure 7). 

 

4.4.1. Structure and Mode of Action 

ADCs are composed of a cytotoxic drug (often referred to as payload or warhead) attached via a cleavable or 

non-cleavable linker to a humanized or fully human mAb (Figure 7A). 

 

 

Figure 7. ADC structure and mode of action. (A) Schematic representation of an IgG-based ADC. (B) The ADC binds via the mAb 
selectively to its target antigen on the membrane of a cancer cell (1). After receptor-mediated endocytosis and travelling to the 
endosome (2), a fraction of receptor bound ADC returns directly back to the plasma membrane (3) while unbound ADC and the other 
fraction of receptor bound ADC travel to the lysosome (4). There, ADCs release their toxic payload by linker cleavage or mAb 
degradation. The released toxic drug diffuses into the cytoplasm and nucleus where it disrupts microtubules (5) or induces DNA 
damage (6). Moreover, hydrophobic drugs can diffuse out of the (dying) cancer cell and enter and kill adjacent tumor and healthy 
cells (7). This effect is known as “bystander effect” in the literature.107 
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ADCs act in analogy to a Trojan horse (Figure 7B): Once the antibody has bound selectively to its target on a 

tumor cell, it is internalized via receptor-mediated endocytosis. Depending on the target receptor, a certain 

fraction of receptor bound ADC can be recycled from early endosomes back to the cell surface while the 

other fraction, including soluble ADCs, may end up in lysosomes. Herein, the payload is liberated by e.g., the 

action of hydrolytic enzymes which can either specifically cleave the linker motif or degrade the antibody in 

its entirety. Finally, the cytotoxic drug is released into the cytoplasm where it interferes with critical cellular 

machinery inducing cell apoptosis. A special feature of ADCs carrying hydrophobic payloads is that a cell does 

not necessarily have to be exposed to the intact ADC itself as released hydrophobic payload from a targeted 

neighboring cell can cross membranes and diffuse into non-targeted cells (Figure 7B). This “bystander effect” 

increases exposure and induces cell killing in adjacent target positive and negative cells paying also tribute 

to tumor heterogeneity.108,109 

The individual components of ADCs were already extensively reviewed elsewhere.110–114 In the following 

some of the most recent advancements in the ADC field are highlighted. 

 

4.4.2. Advancements in the ADC Field 

First and second-generation ADCs were mainly manufactured using random lysine coupling chemistry or 

interchain cysteine conjugation to link the payload to the antibody.115 The resultant products were highly 

heterogeneous mixtures of ADCs having varying numbers of payloads attached at different positions. ADC 

subgroups typically have different stability properties, with some subgroups showing unfavorable 

pharmacokinetics or premature payload release and thus, reduced effectiveness and possibly toxicity.116–118 

It was soon recognized that site-specific conjugation yielded more homogeneous ADCs with defined physical 

properties and enhanced preclinical therapeutic indices.119 For example, the genetically incorporation of 

cysteine residues at specific positions in the antibody scaffold allowed for selective chemical conjugation of 

maleimide- and disulfide-based linkers. Several positions were identified (e.g. S239C, D265C) where 

conjugation was highly efficient and generated ADCs had low aggregation tendency without showing 

premature drug release in circulation.116,117,119–123 

Another site-specific conjugation technique involves the enzyme microbial transglutaminase (mTG). mTG 

catalyzes the formation of isopeptide bonds between glutamine residues and substrates possessing amino 

groups, e.g. lysines. Reactive glutamines where either genetically incorporated, often by LC or HC 

C-terminally fused tags (e.g. LLQGA), or were uncovered within the native mAb structure (Q295) by enzymatic 

or genetic removal (N297A) of glycosylation at position N297.124 Recently, Dickgiesser et al. published 

genetically engineered mTG variants which enable efficient site-specific conjugation to position Q295 of 

native, fully glycosylated antibodies.125 This method allows to use off-the-shelf antibodies and makes 

antibody engineering or processing before conjugation obsolete. Other recent site-specific conjugation 
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techniques include for example, genetically encoded non-natural amino acids126, glycan conjugation127 and 

non-covalent affinity peptides128,129 and ligands130. 

In addition to the conjugation site, the linker structure can confer stability to an ADC and prevent premature 

drug release as well.131 Widely applied valine-citrulline (Val-Cit) linkers can be efficiently cleaved by lysosomal 

cathepsines overexpressed in tumor cells but also by extracellular murine carboxylesterase 1c (mCes1c), 

which complicates preclinical development (Figure 8A).132,133 Several groups showed that structural 

modifications at the position prior to Val did not drastically alter cathepsin cleavage but prevented Val-Cit 

linkers from mCes1c-mediated cleavage in mouse serum (Figure 8B).133–135 Besides improving established 

linker structures, other enzymatically-cleavable linkers were explored in the ADC context such as 

β-glucuronidase136,137, β-galactosidase138 or legumain139 cleavable linkers (Figure 8C). Moreover, linkers for 

non-internalizing ADCs were recently reported.140,141 

 

 

Figure 8. ADC linker structures. (A) Conventional Val-Cit linker with monomethyl auristatin E (MMAE) as applied in approved ADCs 
Brentuximab vedotin, Polatuzumab vedotin and Enfortumab vedotin. Val-Cit linkers are not only cleaved by lysosomal cathepsin B 
(CatB) but also equally efficient by lysosomal cathepsin S (CatS) and less efficiently by lysosomal cathepsins K and L (CatK, CatL).132 In 
mouse serum, murine carboxylesterase 1c (mCes1c) cleaves Val-Cit at the same position as cathepsins thereby interfering with proper 
preclinical ADC assessment in this species.133 (B) Several groups found that linker modifications (a133, b134, c135) at the position prior 
to Val prevented cleavage by mCes1c while cathepsin linker processing was not affected. (C) β-glucuronidase sensitive linkers are 
more hydrophilic than Val-Cit linkers and exhibit great plasma stability in humans and preclinical species.136,137 

The overwhelming majority of ADC payloads currently in use are DNA damaging agents and tubulin inhibitors. 

Other payload classes with a different mode of action include, e.g. amanitins and proteolysis targeting 
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chimeras (PROTACs) (Figure 9). Of these, the naturally RNA polymerase II inhibiting amanitin from the green 

death cap mushroom Amanita Phalloides is more advanced as ADC payload with one amanitin-ADC candidate 

already at the gate to enter clinical development.142 In contrast, PROTACs are the newcomers in the ADC 

payload field143–147 and in drug discovery at all.148 PROTACs are fully synthetic small molecules without 

relation to natural products. They bind to a protein of interest (POI) and an E3 ligase, thereby forming a 

ternary complex in which the E3 ligase transfers ubiquitin onto the POI. Subsequently, the ubiquitinylated 

POI is degraded by the proteasome and the unmodified PROTAC is released, ready to initiate another protein 

degradation cycle. PROTACs are currently causing a lot of excitement because their mode of action promises 

to expand the target space for the drug discovery process.148 Attaching PROTACs to antibodies would allow 

for targeted delivery since they are not cell-type selective.143–147 

 

 

Figure 9. Novel ADC payloads. α-amanitin with cleavable Val-Ala linker as employed in preclinical ADC HDP-101.142 Bromodomain-
containing protein 4 (BRD4) degrading PROTAC GNE-987 with disulfide-containing linker attached via a carbonate to the von-Hippel 
Lindau (VHL) E3 ligase recruiter VH032.143 POI – protein of interest. 

 

Most ADC payloads possess a hydrophobic nature and highly toxin-loaded, hydrophobic ADCs are prone to 

aggregation and accelerated undesired non-specific uptake via normal cells.149 Therefore, highly hydrophilic 

polymeric polyol-150 and dextran polysaccharide151 scaffolds were developed to achieve high DAR loadings 

and enhanced efficacy without compromising physicochemical and pharmacokinetic properties. 

To date, clinically approved ADCs and the vast majority in clinical and pre-clinical development consist of a 

monoclonal IgG for targeting.111 However, several other antibody- or antibody-like formats were recently 

explored, mainly with the objective to increase solid tumor penetration. These small-format drug conjugates 

are discussed in more detail in section 4.6. At this point, the use of bispecific antibodies (bsAbs) in ADCs 

should be mentioned. De Goeij et al. could demonstrate that a bispecific ADC targeting HER2 and the 

lysosome-associated membrane glycoprotein 3 (LAMP3 or CD63) showed superior in vivo efficacy compared 

to monospecific HER2 and LAMP3 ADC constructs due to enhanced lysosomal trafficking.152 Furthermore, 

bsAbs can enhance the tumor specificity of ADCs as recently shown for the first-in-class bispecific ADC 
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M1231.153 M1231 binds to solid tumor targets MUC1 and EGFR and also showed higher efficacy compared to 

monospecific EGFR and MUC1 ADCs in patient-derived xenograft (PDX) models.153 

Classical ADCs are directed against internalizing targets since their mode of action requires lysosomal 

degradation for efficient payload release. However, Neri and coworkers demonstrated that ADCs targeting 

non-internalizing antigens (e.g. fibronectin, tenascin-C) are also therapeutically active when linkers can be 

cleaved in the extracellular space.140,154–156 

The highly complex interplay between the individual components of an ADC and external factors such as 

target biology led to modelling and simulation approaches to better understand and assess the impact of 

design parameters on pharmacokinetics and pharmacodynamics. Especially the academic research of Aman 

P. Singh and Dhaval K. Shah as well as Greg M. Thurber should be mentioned here. They built up several 

mechanistic models based on experimentally accessible kinetic rate constants (e.g. internalization, payload 

lysosomal liberation, payload cellular efflux) to simulate for example the in vitro potency157,158 but also the in 

vivo efficacy159–161 or the biodistribution108,162,163 of ADCs. Moreover, the developed models were validated 

with experimental data. Other groups from industry seem to adopt to modelling and simulation approaches 

to guide their ADC design and development.164,165 

 

4.4.3. Clinically validated ADCs 

To date, ten ADCs have been approved by the FDA (Table 1). The first ADC, Gemtuzumab ozogamicin, was 

initially approved for the treatment of relapsed acute myeloid leukemia (AML) in 2000. It consists of an acid-

labile hydrazone linker which is attached via random lysine coupling to the anti CD33 IgG4 Gemtuzumab. 

Since then, the understanding of ADC design parameters increased tremendously, resulting in more 

homogeneous ADCs such as Brentuximab vedotin or Trastuzumab deruxtecan. In both ADCs, a cathepsin B 

cleavable linker-payload is site-specifically attached to reduced interchain cysteins yielding a defined drug-

to-antibody ratio (DAR) of 4 or 8. 

Compared to conventional chemotherapy, ADCs have an improved tolerability. However, new ADC-

associated toxicities have emerged and their origin is not always fully understood.166,167 Toxic effects are 

typically driven by the payload, but target and linker may specify the organ where toxicity is observed.166 

Dose-limiting toxicities prevent currently approved ADCs from reaching their full potential leading to only 

moderate efficacy and improvements in overall survival. However, the results of the last years are promising 

as those ADCs for which important findings have been considered in ADC design and development are still 

ahead of approval. Nevertheless, several factors that limit the success of ADCs are still not sufficiently 

considered in the current design of advanced clinical candidates. In the next section limited exposure is 

outlined as one mayor limiting factor for the success of antibody-based therapies.168 
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4.5. Limitations of Antibody-based Therapies 

 

4.5.1. Solid Tumor Exposure and Efficacy 

The fundamental prerequisite of therapeutic efficacy of mAbs or ADCs in solid cancers is the exposition of 

cancer cells to cytotoxic doses of antibody or payload. The obvious assumption to increase exposure by 

administering higher doses is generally true but cannot be applied for any drug including the class of ADCs 

due to dose limiting toxicities (DLTs). The major factor limiting exposure of antibody-based therapeutics is 

incomplete penetration into the tumor. Consequently, cancer cells in the core of a solid tumor survive 

treatment or may even develop resistance to therapy due to exposure to non-efficacious drug doses. Figure 

10 illustrates schematically the fundamental relationship of solid tumor penetration/ exposure, efficacy, 

administered dose and DLT by plotting drug concentration against tumor depth. Here, drug A (grey line) 

shows an unfavorable solid tumor penetration profile and remains mainly in the outer periphery of the 

tumor. Increasing the dose of drug A (red line) exposes more tumor cells to therapeutically active drug 

concentrations but induces also toxic side effects since the MTD is exceeded (filled red area). Drug B (black 

solid line) shows a more homogeneous and favorable penetration profile exposing additional tumor cells to 

an efficacious dose while preventing dose limiting toxicities. 

 

 

Figure 10. Solid tumor exposure and efficacy. Another factor influencing efficacy is the time which cells need to be exposed to a 
certain concentration to achieve a pharmacodynamic effect. For the sake of simplicity, the time factor has been neglected in the 
graph above. MTD – maximum tolerated dose; TI – therapeutic index. 

 

The tumor penetration profile of a drug is governed by multiple factors such as the biological properties of 

the tumor and the target as well as the physical and pharmacokinetic properties of the antibody construct.169 

This will be explained in more detail in the following section. 
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4.5.2. Solid Tumor Penetration – A Complex Interplay of Various Factors 

Antibody targeting of solid tumors is a complex process that involves extravasation across tumor blood 

capillaries, diffusion and binding within the tumor interstitial space, endocytotic uptake and catabolism in 

tumor cells as well as systemic clearance (Figure 11).170–172 

 

Figure 11. Factors influencing antibody tumor penetration. Tumor penetration depends on a variety of different factors including 
properties of the antibody, the antigen and the tumor microenvironment. Antibody extravasation and diffusion drive tumor 
penetration while antigen binding, endocytotic and systemic clearance prevent tumor penetration. c – antibody concentration; D – 
diffusion coefficient; kdeg – antigen degradation rate; kel – antibody plasma elimination rate; kint – antigen internalization rate; koff – 
antibody binding off rate; kon – antibody binding on-rate; krecycle – antigen recycling rate; P – permeability coefficient; p – pressure; pI 
– antibody isoelectric point. 
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The interplay of all these factors results in a dynamic, tumor penetrating boundary with high antibody 

concentrations on one side and almost no antibody present on the other side. This boundary shifts towards 

the center of the tumor until the opposing rates that either drive or prevent tumor penetration are in 

equilibrium. If an equilibrium is reached before the tumor is fully penetrated, the boundary apparently gets 

stuck leaving tumor regions unexposed – an effect also referred to as binding site barrier. This situation 

occurs when extravasation and diffusion are limited by target binding and antibody degradation inside tumor 

cells or by systemic clearance.170,171 

In the following the molecular background of these processes is explained in more detail. 

 

Extravasation 

After intravenous infusion, antibodies distribute in the human body into a volume approximately equal to 

the plasma volume (Vc 0.045 L/kg). When reaching steady state, the overall volume of distribution 

approximately has doubled (Vd,ss 0.1 L/kg), reflecting only limited distribution into extravascular space.75,169 

In normal tissues the extravasation process of antibodies mainly relies on convective transport driven by a 

blood-tissue hydrostatic gradient.75 In contrast, in solid tumors the leaky blood vasculature and poor 

lymphatic drainage elevate the interstitial fluid pressure (see also section 4.1.2) neutralizing or even inverting 

the hydrostatic gradient.172 Consequently, antibodies must diffuse against the pressure gradient to 

extravasate across the vessel wall into solid tumors. However, the leakiness (e.g. pore size) of tumor blood 

vessels and the lack of lymphatics also facilitate the accumulation and retention of macromolecules > 45 kDa 

in solid tumors.169 This phenomenon is termed the enhanced permeability and retention (EPR) effect and is 

responsible for tumor accumulation of even untargeted macromolecules such as serum albumin.173,174 It is 

evident that the more vascularized a solid tumor is, the higher is the amount of drug that can extravasate 

into the tumor and the shorter is the distances a drug must travel within the tumor for complete penetration 

(typically intercapillary distances are between 100 – 200 µm in the tumor core175). 

Extravasation can be characterized by the vascular permeability coefficient P: 

 

     𝐽𝑒𝑥𝑡𝑟𝑎𝑣𝑎𝑠𝑎𝑡𝑖𝑜𝑛 = 𝑃 ∙
𝜕[𝑑𝑟𝑢𝑔]

𝜕𝑥
     (1) 

 

where J is the molar flux of antibody across the capillary wall and ∂[drug]/ ∂x is the antibody concentration 

gradient across the capillary wall. P is a function of antibody properties (e.g. size, shape and charge) and the 

vessel wall (e.g. pore size).176 In the context of solid tumor penetration the inversely proportional relationship 

between P and the molecular size was modeled and fitted to experimental data demonstrating clearly that 

reducing drug size increases permeability P and extravasation J.79,177 
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A tumor pharmacokinetic model of Thurber and Weissleder demonstrated that tumor penetration by 

macromolecules such as antibodies is typically limited by permeability and blood vessel surface area, even in 

tumors with fenestrated vessels.178 As a result, typical antibody plasma concentrations of 1 µM correspond 

to only 1 nM at the capillary surface in contact with the tumor tissue after extravasation.170 

 

Diffusion 

After successful extravasation, the antibody moves away from the capillary surface and penetrates the 

extracellular matrix of the tumor tissue. In contrast to normal tissues, tumor penetration is governed by 

diffusion as the pressure gradient in tumors is negligible. The process of diffusion where molecules move 

from regions with high concentration to regions of lower concentration can be described by Fick’s law:  

 

        𝐽𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = − 𝐷 ∙
𝜕[𝑑𝑟𝑢𝑔]

𝜕𝑥
     (2) 

 

In analogy to the extravasation process, the molar flux J is characterized by a diffusion coefficient D and a 

concentration gradient ∂[drug]/ ∂x as main driving force.171 D is inversely proportional to molecular size and 

transport barriers within the densely packed ECM. It can be modeled as a function of molecular size177 or 

approximated by the more descriptive Stokes-Einstein equation for diffusion of spherical particles in a liquid: 

 

      𝐷 =
𝑘𝐵∙𝑇

6∙𝜋∙𝜂∙𝑟𝐻
      (3) 

 

where kB is Boltzmann’s constant, T is the absolute temperature, η is the dynamic viscosity and rH is the 

hydrodynamic radius of the spherical particle. 

In addition to size, i.e. rH, the shape and the charge of a macromolecule impacts diffusivity. For example, a 

150 kDa IgG molecule diffuses more slowly than a more globular-like 150 kDa dextran molecule.169 

Furthermore, molecules with an isoelectric point (pI) between 5 and 9 show superior tumor penetration 

compared to molecules with a pI outside that range.169 

 

Target Binding 

As soon as the antibody diffuses into the tumor tissue, it encounters a tumor cell and binds the target antigen 

on its surface. The interaction of the antibody and the antigen is characterized by the affinity of the antibody 

usually expressed as dissociation constant KD (KD = koff/kon). The affinity of an antibody must balance several 

competing processes: (1) It must be high enough to retain the antibody in the tumor tissue and (2) allow the 

antibody to remain sufficient time in receptor-bound state to trigger its pharmacodynamic effect. 
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Simultaneously, affinity must be (3) as low as possible to allow for substantial dissociation and tumor 

penetration. 

Adams et al. studied tumor uptake and retention of five radiolabeled mutant scFv fragments targeting the 

same HER2 epitope with varying affinities (KD 10-7 – 10-11 M) in normal and anephric mice after 24 h.179 While 

the lowest affinity variant (KD 3.2 ∙ 10-7 M) only showed appreciable retention after elimination of the fast 

clearance term by rendering the mice anephric, maximum tumor retention was obtained with the KD 10-9 M 

affinity variant in both normal and anephric mice. Higher affinity (KD 10-10 – 10-11 M) did not result in better 

tumor retention.179 Computational model data from Wittrup and coworkers support the existence of the 

KD ~10-9 M affinity threshold for 25 kDa sized scFv tumor uptake and retention.177,180 Their model data 

demonstrate also that the affinity threshold is size dependent, with smaller molecules (particularly < 50 kDa 

renal clearance cutoff) requiring higher affinity to be retained in the tumor.177 This is due to their faster 

systemic clearance and higher permeability that facilitates unbound molecules to diffuse back from the 

tumor into the circulation once the circulatory concentration has dropped below the tumor concentration.177 

That lower affinity leaves more molecules in unbound state and reduces retention was also demonstrated 

experimentally by Thurber and Wittrup in a tumor spheroid model applying scFvs with varying affinities 

(KD 8 nM and 30 pM).181 Antibody retention can not only be increased by higher affinity but also by bivalency 

as shown for scFv dimers or diabodies.182,183 This becomes obvious when considering avidity as the 

accumulated strength of multiple affinities. 

The off-rate (koff) of an antibody determines its residence time at the target receptor and thus the time to 

trigger the pharmacodynamic effect (e.g. ADCC, signal inhibition, internalization).169 Generally, it does not 

make sense to prolong receptor residence time beyond the time necessary for the therapeutic effect, as this 

would just prevent homogeneous tumor penetration. This was also comprehensively demonstrated in a 

study by Rudnick et al.184 They showed for a set of four mutant IgGs targeting the same HER2 epitope with 

different affinities that the amount of internalized and degraded antibody does not increase under receptor 

saturating conditions when koff < kint.184 Instead, tumor penetration distance from blood vessels was 

increased for antibodies with KD in the order: 0.6 nM < 7 nM < 23 nM < 270 nM.184 These results indicate that 

for efficient drug delivery by ADCs, the off-rate should be equal or slightly slower than the internalization 

rate to prevent ADC dissociation before the receptor is internalized. However, depending on the potency of 

the drug, internalization and lysosomal degradation of only a fraction of receptor bound ADC may be 

sufficient for efficient cell killing.169 In this case, an off-rate in the range of the internalization rate could 

provoke an “overkilling” of cells and unnecessarily limit tumor penetration. 

That lower affinity or monovalency results in more homogeneous tumor penetration was repeatedly 

demonstrated for antibodies in vitro181 and in vivo184–187. More recently it was shown that lower affinity drug 

conjugates showed superior efficacy in xenograft models possibly due to their improved tumor 
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penetration.188,189 In addition, lower affinity ADCs seem to be beneficial for drug safety as they do not mediate 

strong toxic effects in non-cancerous cells expressing only low levels of the target.190,191 

When choosing the appropriate affinity for an antibody, the applicable antibody dose and antigen density 

must also be considered. For example, when the antibody-based therapeutic can only be administered at 

low doses or when antigen density is high, a lower affinity seems more appropriate to prevent a binding site 

barrier in the tumor periphery. 

 

Local Endocytotic Clearance 

Endocytotic uptake and degradation is indispensable for the mode of action of a classical ADC but represents 

also a significant sink for antibody clearance in the tumor tissue if koff < kint and if receptor recycling rates are 

low. Consequently, tumor penetration is enhanced when endocytotic clearance is low. Endocytotic clearance 

and antibody net uptake is reduced when intact antibody is recycled back to the surface in receptor bound 

state and prevents binding of another antibody.171 This is typically observed for Trastuzumab in HER2 high 

expressing cell lines.99 In contrast, high antigen turnover rates can set an inherent limit to tumor penetration 

of antibodies as demonstrated by Ackerman et al. in tumor spheroid experiments with cells expressing 

targets with different metabolic turnover half-lives.192 If the antigen is replaced at a rate similar to the 

diffusion of the antibody, complete penetration may be impossible.192 Besides antigen turnover, the antigen 

density has significant impact on tumor penetration. Several groups demonstrated in tumor spheroids with 

different target expression levels that higher antigen density decreases antibody penetration distance.192,193 

Antigen expression above levels necessary for the therapeutic effect, only negatively impact tumor 

penetration. 

Higher dosing is a general strategy to overcome endocytotic clearance and to increase tumor penetration 

but is less applicable for highly toxic ADCs. Groups around Greg M. Thurber and Dhaval K. Shah pointed out 

two possible solutions of this dilemma: (1) lowering the DAR so that higher ADC doses can be administered 

at equal payload doses108 or (2) increasing the number of target binders and lowering the effective DAR by 

co-administering unconjugated antibody together with high DAR ADC161,194,195. Recently, another group 

reported an alternative strategy to overcome endocytotic clearance of ADCs by co-administration of anti-

idiotypic nanobodies which transiently competitively inhibit the ADC-antigen binding thereby increasing 

tumor penetration.196 All strategies aim to “match the single-cell potency with single cell delivery” to 

maximize ADC efficacy.194 

 

Systemic Clearance 

Besides local endocytotic clearance in the tumor, solid tumor penetration is also reduced by systemic 

clearance in kidneys, liver or endothelia. Systemic clearance from the plasma decreases the antibody 
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concentration gradient that drives extravasation into the tumor and diffusion within the tumor. Whether a 

tumor can be fully penetrated depends on whether this is achieved before the antibody is cleared from 

circulation. As repeatedly mentioned, antibodies have long circulatory half-lives mainly due to FcRn-

mediated salvage recycling maintaining a sufficiently high plasma-tissue concentration gradient over several 

days. In contrast, smaller proteins and antibody fragments below the cutoff size of glomerular filtration (~ 60-

70 kDa) lacking FcRn binding, are cleared rapidly through the kidneys.177,197 Resultant half-lives in the range 

of minutes mean that the concentration gradient can only be maintained for a short time. Consequently, 

long-living IgGs or 100 kDa sized F(ab’)2 fragments usually outcompete the initial fast tumor accumulation of 

smaller short-living antibody fragments by higher overall tumor uptake in the long term.169,185,186,198 

 

Semiquantitatively Scaling Relationships of Tumor Penetration 

The complex interplay and interdependencies of all above-mentioned factors makes it difficult to understand 

the impact of a single factor on tumor penetration without the help of computational modeling. 

Nevertheless, the qualitative influence of key factors and the overall limiting process can be estimated by the 

help of dimensionless numbers proposed by Thurber, Schmidt and Wittrup.170,171,199 These numbers compare 

either endocytotic or systemic clearance rates with the transport rates into the tumor (diffusion or 

extravasation) to predict whether an antibody can saturate a tumor up to a certain distance R or whether it 

will be cleared prior to reaching R. 

 

The Thiele modulus ϕ² compares the time to saturate a tumor (tsat) up to the distance R with the characteristic 

time for endocytosis (tint = 1/kint) in the absence of any systemic clearance. In case that diffusion limits 

transport into the tumor and not extravasation, the diffusion-limited form of ϕ² is given as:171 

 

     𝜑2 ≡
𝑘𝑖𝑛𝑡𝑅2([Ag]/𝜀)

𝐷([Ab]𝑠𝑢𝑟𝑓+𝐾𝐷)
=  

𝑡𝑠𝑎𝑡

𝑡𝑖𝑛𝑡
     (4) 

 

where D is the antibody diffusion coefficient; [Ab]surf is the antibody concentration at the surface of the tumor 

after extravasation; kint is the effective internalization rate; [Ag] is the concentration of antigen; and ε is the 

tumor void fraction accessible to antibody. Only when diffusion is faster than endocytotic consumption 

(ϕ² ≤ 1) the moving antibody front will successfully saturate the antigen up to the distance R.171 The antibody 

continues to penetrate into tumor tissue until reaching a steady state where the diffusion rate and the 

effective internalization rate are equal. In this situation is ϕ² = 1 and the maximum penetration distance R 

can be solved: 
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      𝑅 ≈ √
𝐷([Ab]𝑠𝑢𝑟𝑓+𝐾𝐷)

𝑘𝑖𝑛𝑡([Ag]/𝜀)
     (5) 

 

Equation (5) clearly shows that tumor penetration can be increased by: (1) increasing the diffusion coefficient 

D, i.e. making the antibody smaller; (2) increasing the antibody concentration at the tumor surface [Ab]surf by 

increasing the dose or (3) by increasing the extravasation, i.e. again by reducing the antibody size. (4) 

Lowering the antibody affinity KD; (5) selecting a slowly internalizing (kint) and (6) low expressed target antigen 

in (7) a less densely (ε) packed tumor would also increase tumor penetration.171 It should be noted that the 

square-root relationship between penetration distance and above-mentioned factors indicate that, e.g. a 

4-fold increase in antibody concentration only doubles R. 

 

For the case that extravasation is the transport limiting rate into the tumor and not diffusion, Thurber et al. 

derived an extravasation-limited form of ϕ²:171 

 

     𝜑2 ≡
𝑘𝑖𝑛𝑡𝑅2([Ag]/𝜀)

2𝑃𝑅𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦[Ab]𝑝𝑙𝑎𝑠𝑚𝑎
=  

𝑡𝑠𝑎𝑡

𝑡𝑒𝑥𝑡
    (6) 

 

where text is the time for extravasation; P is the permeability coefficient; Rcapillary is the blood vessel radius; 

and [Ab]plasma is the antibody concentration in the plasma. 

 

To estimate whether systemic clearance limits tumor penetration and not endocytotic clearance, the 

clearance modulus Γ compares the time tsat to saturate a tumor with the radius R and the time for systemic 

clearance tclear. Given are the diffusion- (7) and extravasation-limited (8) form of Γ:171 

 

     𝛤 ≡  
𝑅2([Ag]/𝜀)

𝐷([Ab]𝑠𝑢𝑟𝑓,0+𝐾𝐷)(
𝐴

𝛼
+

𝐵

𝛽
)

=  
𝑡𝑠𝑎𝑡

𝑡𝑐𝑙𝑒𝑎𝑟
    (7) 

 

     𝛤 ≡  
𝑅2([Ag]/𝜀)

2𝑃𝑅𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦[Ab]𝑝𝑙𝑎𝑠𝑚𝑎(
𝐴

𝛼
+

𝐵

𝛽
)

=  
𝑡𝑠𝑎𝑡

𝑡𝑐𝑙𝑒𝑎𝑟
   (8) 

 

where [Ab]surf,0 is the initial antibody concentration at the surface of the tumor after capillary extravasation; 

and α, β, A and B describe the systemic antibody clearance by a typical biexponential decrease in antibody 

plasma concentration: 

 

    [Ab]𝑝𝑙𝑎𝑠𝑚𝑎 = [Ab]𝑝𝑙𝑎𝑠𝑚𝑎,0(𝐴𝑒−𝛼𝑡 + 𝐵𝑒−𝛽𝑡)    (9) 
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Γ > 1 describes the situation where the antibody will have cleared before reaching the distance R, while Γ ≤ 1 

denotes the situation in which the antibody persists sufficient time in the plasma to saturate the tumor to 

the distance R. Typically, α and β are small for IgGs and IgG-based ADCs and Γ is often << 1 indicating that 

systemic clearance usually does not limit their tumor penetration. However, the time an IgG or ADC needs 

to fully saturate a tumor up to the distance R can be very long. 

 

 

4.6. Small Format-Based Drug Conjugates 

Beside clinically successful IgG-based ADCs, small format-based drug conjugates were explored aiming for a 

broader therapeutic window by a combination of better efficacy through enhanced solid tumor penetration 

(smaller size) and reduced adverse effects mediated by faster systemic clearance.200–204 The different drug 

conjugates that fall under this classification can be categorized into antibody-based (Figure 12) and non-

antibody-based small format drug conjugates (Figure 13). In this section, the recent literature is reviewed. 

 

4.6.1. Antibody Fragment-Based Binding Scaffolds 

Fab fragments are probably the most easily accessible antibody-based scaffolds for the generation of smaller 

drug conjugates. Zhou et al. and Badescu et al. used 50 kDa Fab fragments from papain digested CD20 and 

HER2 targeting IgGs and coupled doxorubicin to reduced hinge cysteines (DAR 2.0), or MMAE via a re-bridging 

Val-Cit linker construct to reduced interchain cysteines between LC and HC (DAR 1.0).205,206 Ruddle et al. 

addressed the same reduced LC/HC interchain cysteines of an anti-HER2 Fab and conjugated a highly toxic 

pyrrolobenzodiazepine (PBD) dimer via an alternative re-bridging Val-Ala linker (DAR 1.0).207  

 

 

Figure 12. IgG- and antibody fragment-based drug conjugates. Approximate molecular weight of scaffold is given. Renal clearance 
cutoff at approximately 60 – 70 kDa is indicated. sdAb - single domain antibody (e.g., nanobody, humabody). 
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That not only cysteine conjugation is possible, but also enzymatic conjugation, was shown by Liu and 

coworkers. They generated a DAR ~ 1 anti-CD20 Fab-Val-Cit-MMAE conjugate by sortase A (SrtA) coupling to 

a genetically incorporated SrtA tag (LPETG) at the C-terminal end of the HC.208 CD20 and HER2 targeting Fab-

drug conjugates were evaluated together with corresponding IgG-drug conjugates in xenograft studies but 

could not show superior efficacy or tolerability compared to the 150 kDa IgG constucts.206,208 

Like Fab fragments, diabodies are similar in size (50-55 kDa) but have two antigen binding sites. Here, CD30 

and oncofetal antigen 5T4 targeting diabody-drug conjugates were generated via site-specific cysteine 

conjugation of Val-Cit-auristatin or a non-cleavable PBD dimer construct.209,210 

Variable fragments (Fv) are the next smaller antibody-based fragments (~ 25 - 30 kDa). Numerous single chain 

Fv (scFv) drug conjugates (DAR ~ 1) are reported where different auristatins and the DNA-damager 

duocarmycin SA were attached by cysteine coupling techniques.211–213 Although scFv-drug conjugates showed 

potent cell killing in vitro they were not further investigated in animal models. It should be mentioned that 

in 2018 the FDA approved an anti-CD22 Fv Pseudomonas exotoxin A (PE38) recombinant fusion protein for a 

rare form of B-cell leukemia. Strictly speaking, the 63 kDa sized immunotoxin is not a drug conjugate, but its 

clinical elimination half-life of t1/2 1.4 h in humans seems worth to be mentioned here. Recently, even smaller 

HER2-specific immunotoxins based on 15 kDa sized single domain nanobodies and a less immunogenic 

version of PE38 were reported.214 

 

4.6.2. Alternative Binding Scaffolds 

In contrast to antibody-based scaffolds, non-antibody based alternative binding scaffolds were explored for 

drug conjugate generation (Figure 13). They can be subdivided into (1) antibody mimetic proteins215–218, (2) 

aptamers219–222, (3) peptide-like scaffolds223–227 and (4) small molecule ligands228–232. 

 

 

Figure 13. Small drug conjugates based on non-antibody alternative binding scaffolds. Approximate molecular weight of scaffold is 
given. 
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Antibody mimetics are artificial proteins that can specifically bind antigens with high affinity but are not 

structurally related to antibodies. In this context, a HER2 targeting affibody (~ 6 kDa) maytansine derivate 

DM1 conjugate216,218 and an EpCAM-targeting Designed Ankyrin Repeat Protein (DARPin) (~ 19 kDa) MMAF 

conjugate217 were recently described. Both proteins were conjugated via maleimide chemistry to C-terminal 

cysteine residues and showed target selective activity in vitro and in vivo.216–218 

Peptidic-like scaffolds are even smaller and from this subgroup bicycle-drug conjugates (~ 4 kDa) attracted 

much attention.225,226 Bicycles are chemically stabilized bicyclic peptides whose constrained structure gives 

rise to antibody-like high binding affinities and selectivity. Moreover, bicycles can be displayed on phages 

which allows for rapid binder identification from large bicycle libraries (> 1015).225 The preclinical profile of 

the EphA2-targeting bicycle (KD 1.9 nM) MMAE conjugate (DAR 1) BT5528 indicated a good balance between 

tumor accumulation and plasma clearance which justified its recent entry into clinical development.226 

Of all the formats presented here, small molecule-drug conjugates (SMDCs) are the smallest (~ 1 – 2.5 kDa). 

SMDCs consist of a targeting ligand (e.g. folic acid) which is attached via a cleavable or non-cleavable linker 

to a cytotoxic payload.233 Due to the smallest size, SMDCs possess the highest diffusion coefficient. However, 

the good diffusion properties come at the cost of a short half-life which is for SMDCs typically in the range of 

minutes to few hours.230 Fast elimination makes a high affinity of the targeting ligand necessary to achieve 

sufficient retention at the tumor. For example, the tumor targeting folic acid ligand in the approved SMDC 

Vintafolide binds to the folate receptor with subnanomolar affinity (KD ~ 0.1 nM).229 

 

4.6.3. Binding Scaffolds with Half-Life Extension 

As repeatedly mentioned, in vivo efficacy of small format-based drug conjugates was moderate to inferior 

compared to IgG-based drug conjugates.189,206,208 This may relate to the absence of the Fc domain and its half-

life extending function as detailed in section 4.5. To improve the pharmacokinetic profile of small format-

based drug conjugates, two strategies were applied so far: (1) Increasing the hydrodynamic radius by 

PASylation217 or polymer attachment209,221 to bypass renal filtration or (2) fusing the construct to albumin 

binding domains189,198,209,216,234–237, serum albumin238 or Fc portions215,220,239–241 which allows for FcRn-

mediated recycling (Figure 14). Contradictorily, both strategies increase the hydrodynamic radius which 

limits the tumor penetration. 

Brandl et al. reported that the half-life of EpCAM targeting DARPins could be improved from t1/2,β 11 min up 

to t1/2,β 17 h depending on the length of the attached linear Pro, Ala and Ser (termed PAS) polypeptide.238,242 

The corresponding apparent molecular weight (MWapp) increased from 29 kDa to 807 kDa.242 Recently, Brandl 

et al. demonstrated in a xenograft study (100 mm³ starting tumor volume) that PASylated EpCAM targeting 

(KD 0.06 – 0.26 nM) DARPin-MMAF conjugates with MWapp 284 kDa and 591 kDa showed better efficacy than 

a larger MWapp 807 kDa construct while the 29 kDa variant lacking PASylation showed no efficacy at all.217 As 
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extravasation played only a minor role in their tumor model (well fenestrated tumor vasculature), they 

deduced that this effect was a compromise of serum half-life and diffusion within the tumor.217 Similarly, Li 

et al. improved the half-life of their anti-oncofetal antigen 5T4 diabody from t1/2 40 min to 33 h by attaching 

two branched 20 kDa PEG chains. In a tumor xenograft model (200 mm³ starting tumor volume), a PEGylated 

diabody-PBD conjugate showed moderate but improved efficacy compared to a diabody-PBD conjugate.209 

In the same study, Li et al. included also a diabody with two albumin binding domains attached (t1/2 45 h). 

When administered at the same dose, the albumin-binding diabody-PBD conjugate induced greater tumor 

growth suppression than the PEGylated version.209 

 

 

Figure 14. Small format-based drug conjugates with half-life extending function. Two strategies were applied to improve 
pharmacokinetics of small-format based drug conjugates: (1) Increasing the hydrodynamic radius and (2) incorporation of domains 
that allow for FcRn-mediated recycling. Approximate molecular weight and terminal half-life (mouse) of scaffold is 
given.189,209,215,235,239,242,243 

 

Besides albumin binding diabody-drug conjugates209, also albumin binding affibody-216, nanobody-234,235,244 

and humabody-drug conjugates189 were reported. In these studies affinities for serum albumin were 

relatively high (KD 0.6 nM216, 5.8 nM235 and 52 nM189, respectively). To date, it is not fully understood whether 

or to what extent permanent albumin binding plays a role in albumin-binding constructs and how an 

additional 67 kDa albumin appendage would affect extravasation and tissue diffusion.198 In a recent study by 

Xenaki et al., the presence of albumin did not negatively impact the spheroid penetration of an albumin-

binding nanobody-drug conjugate.244 

The most comprehensive study for albumin-binding constructs was published by Nessler et al.189 They 

generated fusions of either one or two distinct fully human, anti PSMA single heavy chain variable (VH) 

domains (Humabody) and an albumin binding domain. The 31 kDa mono- and 45 kDa biparatopic constructs 
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had half-lives of t1/2,β 10 h and 11 h. They were site-specifically conjugated to a monoimine 

indolinobenzodiazepine alkylator (DAR 1.0) and compared to a biparatopic construct lacking the albumin 

binding domain (31 kDa, t1/2,α 0.2 h) as well as a full-length IgG-based ADC (150 kDa, t1/2,β 28 h) in a xenograft 

study (250 mm³ starting tumor volume). The albumin binding mono- and biparatopic conjugates showed best 

efficacy in this model probably due to a combination of favorable tumor penetration and increased half-life. 

Furthermore, targeting scaffolds can be fused to 50 kDa Fc portions to improve half-life. This was realized 

e.g. for affibodies215, peptides239,240 and aptamers220. Half-life of peptides or other small fragments after Fc 

fusion is usually in the range t1/2,β 40 – 90 h.239 

Among the small format drug conjugates mentioned above, abdurin-drug conjugates have a special position 

because they fit in several groups. Abdurins are IgG-derived, disulfide stabilized CH2 domains with an 

engineered binding site in the loop region and a retained FcRn binding site.245,246 This targeting scaffold 

combines by design a relatively long FcRn-mediated half-life (t1/2,β ~ 8 – 16 h) with a small size of 12.5 kDa.243 

Conjugation of Val-Cit-MMAE (DAR 2.0) to an EphA2 binding abdurin (KD 3.2 nM) resulted in a 10-fold 

reduced affinity for EphA2 and FcRn binding.247 Nevertheless, the molecules showed efficacy in a xenograft 

model (100 mm³ starting tumor volume).247 
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4.7. Fc Antigen Binding Fragments (Fcabs) as Novel Drug Conjugate Scaffold 

Another antibody-fragment based format that incorporates a smaller size and an Fc-mediated half-life 

extension and, to the best of our knowledge was never explored as drug conjugate, is the Fc antigen binding 

fragment (Fcab). 

 

4.7.1. Structure and Function of Fcabs 

Fcabs are 55 kDa sized IgG1-based homodimeric Fc regions that combine Fc effector functions with two 

engineered antigen binding sites located at the C-terminal structural loops in each CH3 domain (Figure 

15A).74,248,249 The structural loops form part of the most flexible region within the Fc portion and each CH3 

domain contains three (AB, CD and EF loop) (Figure 15B, C). In Fcabs, mainly the adjacent AB (residues 358 – 

362) and EF loop (residues 413 – 422) harbor mutated and, in some cases, additional amino acids to enlarge 

the potential binding surface (Figure 16). The CD loop (residues 383 – 391) is unmodified in most Fcabs due 

to its spatial distance to the AB and EF loop. But there exist also examples where an engineered, extended 

CD loop forms part of the paratope of VEGF250,251 and EGFR252 targeting Fcabs. Engineered loop structures 

form one of two Fcab antigen binding sites at each HC (Figure 15D). Compared with the Fab antigen binding 

sites of a typical IgG, Fcab binding sites are closer together (20 – 40 Å versus 120 – 170 Å) and relatively 

inflexible.74 This raised the question whether an Fcab can bind one or two of its antigens. A structural analysis 

performed by Lobner et al. revealed that the HER2 targeting Fcabs H10-03-6 and STAB19 can bind two HER2 

molecules in a negative cooperative binding mode (Figure 15E).249 Isothermal titration calorimetry indicated 

that the first HER2 molecule is bound with higher affinity (KD1 0.07 μM) than the second HER2 (KD2 1.1 μM).249 

Superimposition of the crystal structures of unbound STAB19 and STAB19 in complex with HER2 showed no 

significant structural changes suggesting that allosteric mechanisms within the STAB19 molecule are not 

responsible for the negative cooperativity. Alternatively, Lobner et al. proposed that steric hindrance for the 

second HER2 molecule could be a reasonable explanation.249 However, whether soluble Fcab is able to 

simultaneously interact with two membrane-bound HER2 molecules on cells remains unknown. 
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Figure 15. Fcab structure and binding. (A) Schematic representation of Fcab. The engineered binding site in the CH3 domain is marked 
red. The asparagine at position 297 in the CH2 domain carries the glycan. (B) IgG1-Fc monomer with CH3 AB, CD and EF loop marked 
in pale red, yellow and red. Glycosylation is not shown for clarity. (C) Fcab STAB19 HC monomer with engineered CH3 AB and EF loop. 
Compared to IgG1-Fc the EF loop of STAB19 is expanded by 5 additional amino acids that enlarge the binding surface. Glycosylation 
is not shown for clarity. (D) Three distinct perspectives of Fcab STAB19. Glycosylation at position N297 is shown as well as engineered 
CH3 AB and EF loop (both marked in red). (E) Crystal structures of Fcab STAB19-HER2 complexes illustrating the negative cooperative 
binding of STAB19 and HER2 extracellular domain IV.249 The first HER2 receptor is bound with higher affinity than the second. (PDB: 
IgG1-Fc: 5JII249; STAB19: 5JIH249; STAB19-HER2: 5K33249). 
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In contrast to antigen binding that solely takes place at the CH3 domains, interactions with Fc natural binding 

partners involve mostly the N-terminal site of the CH2 domain (e.g., C1q, FcγRI – III) or the CH2-CH3 interface 

(e.g., FcRn, protein A) (see also Figure 2B). It was repeatedly shown for several Fcabs that binding to 

recombinant FcγRI - III252–256, FcRn255,256 or protein A253,254,256 was not impaired by the engineered antigen 

binding site. Moreover, it could be shown that Fcabs induce selective cell killing via FcγR-mediated ADCC.252–

254,257 The retained FcRn binding of the Fcab mediates extraordinary long half-life (t1/2,β 60 – 85 h in mice) for 

a 55 kDa molecule, similar to human wildtype Fc (t1/2,β 40 h).248,255 

 

 

 

Figure 16. Amino acid sequence of human IgG1-Fc and HER2 targeting Fcabs H10-03-6, STAB19 and FS102.248,255,258 Mutated and 
additional amino acids (a – e) within AB (residues 358 – 362) and EF loop (residues 413 – 422) forming the paratope of Fcabs are 
marked in red. Positions are numbered according to EU numbering. Figure adapted from Lobner et al.249 
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4.7.2. Generation and Screening of Fcabs 

To date, Fcabs against six different targets have been published (Table 2). Of these variants, some were used 

in this work and are therefore described in more detail here. 

The first incorporation of an antigen binding site into a human IgG1 Fc fragment was reported by Wozniak-

Knopp et al. in 2010. The reported Fcab H10-03-6 (KD 23 - 69 nM248,258) was an affinity maturated HER2 binder 

from a yeast surface display (YSD) library of IgG1 Fc regions containing randomized AB and EF loop 

sequences.248 H10-03-6 showed reduced thermostability and was subsequently stabilized by either 

incorporation of additional disulfide bonds yielding, e.g. H10-03-6 CysP2 Cys259,260 or by applying a YSD-based 

directed evolution heat shock protocol261,262 resulting in stabilized variants with altered affinity, e.g. STAB5 

(KD 19 nM) and STAB19 (KD 109 nM)258. In contrast to parental H10-03-6, both STAB5 and STAB19 showed 

largely unchanged SEC profiles after 4 weeks at 22 or 37°C indicating for an acquired resistance to 

aggregation. 

Furthermore, Traxlmayr et al. demonstrated that YSD can be used to screen for Fcabs with pH-dependent 

binding sites.263 They generated a YSD library of H10-03-6 with softly re-randomized AB and EF loops and 

isolated a clone with an 8-fold higher KD at pH 6.0 by alternating selection rounds for binding at pH 7.4 and 

non-binding at pH 6.0.263 In addition, Traxlmayr et al. showed that it is possible to generate integrin binding 

Fcabs by grafting a known αvβ3 binding peptide motif into the CD or EF loop.256 

 

Table 2. Overview of published and characterized Fcab variants. Lower Tm represents melting point of CH2 domain, whereas higher 
Tm characterizes the melting temperature of the CH3 domain. Due to engineered CH3 loop regions melting temperature decreases 
resulting in only one visible thermal transition. Terminal half-life was determined in Balb/c mice. *adjacent but not overlapping 
epitope with Trastuzumab; **no overlapping epitope with Trastuzumab; ¥Lower Tm for CH2 domain due to P. pastoris glycosylation 
pattern; †measured at pH 6.0; ‡no overlapping epitope with Cetuximab, but blocks EGF binding; n.r. – not reported. 

Fcab target 
KD target 

[nM] 
target 

epitope 
Tm [°C] 

FcRn 

binding 
FcγR 

binding 
t1/2,β 

[h] 
PDB ID ref. 

H10-03-6 HER2 69 domain IV* 68 x x 86 5JIK, 5KWG 248,249 

H10-03-6 CysP2 Cys HER2 69 domain IV* 64, 81 n.r. n.r. n.r. - 260 

H10-03-6 P1 HER2 152/1201† domain IV* 65 x n.r. n.r. - 263 

STAB19 HER2 109 domain IV* 71, 76 x n.r. n.r. 5JIH, 5K33 249,258 

STAB5 HER2 19 domain IV* ~ 72 x n.r. n.r. - 258 

FS102 HER2 0.8 n.r.** 71, 76 x x 60 - 255 

Fc-RGD-CD-EF αvβ3 ~ nM n.r. ~ 63¥ x x n.r. - 256 

448 VEGF 26 known 70 n.r. n.r. n.r. 5K64 250,251 

CT6 VEGF 4 known 70, 75 x n.r. n.r. 5K65, 5O4E 250,251 

FS18-7-9 LAG-3 0.056 n.r. n.r. n.r. n.r. n.r. - 264,265 

FS1-60 EGFR 2.6 ‡ n.r. n.r. x n.r. - 
252 

FS1-65 EGFR 0.7 ‡ n.r. n.r. x n.r. - 
252 

FS1-67 EGFR 1.3 ‡ n.r. n.r. x n.r. - 
252 

TV TfR 120 known n.r. x n.r. n.r. 6W3H 266 

human Fc - - - 71, 82 x x 40 5JII 248,249 
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4.7.3. Application and Therapeutic Use of Fcabs 

Since the HER2 binding Fcab H10-03-6 elicit ADCC, its anti-tumor activity was tested in a BT-474 xenograft 

model. Although H10-03-6 slowed down tumor growth, its efficacy was only moderate.257 One year later very 

promising preclinical results of another HER2 binding Fcab, FS102, were reported.255 FS102 was developed 

by F-star Therapeutics and contained 5 amino acid substitutions in the AB loop and 4 in the EF loop.267 It 

bound recombinant HER2 with high affinity (KD 0.8 nM) at a non-overlapping epitope with Trastuzumab or 

Pertuzumab and exhibited biophysical properties similar to an IgG1 Fc portion.255 In HER2 high expressing cell 

lines FS102 induced profound HER2 internalization and degradation leading to apoptosis. Moreover, FS102 

showed also a superior antitumor effect over Trastuzumab or a combination of Trastuzumab and Pertuzumab 

in several PDX models.255 This led to the phase I clinical evaluation of FS102 in patients with HER2 

overexpressing solid tumors (NCT02286219). 

At the moment, Fcabs are primarily developed as bispecific “mAb²” for therapeutic use by F-star 

Therapeutics.268 A mAb² is a 150 kDa IgG molecule in which the Fc region has been replaced by an Fcab 

bearing a second distinct antigen binding site. For example, Kraman et al. published preclinical data of the 

dual immune checkpoint inhibitor FS118.265 FS118 is a mAb² combining a human LAG-3 binding Fcab264 with 

two human anti-PD-L1 Fab arms. It is currently being evaluated in a phase I clinical trial in patients with 

advanced malignancies (NCT03440437). 

Other examples of recent use of the Fcab format include another IgG-based bispecific format where the Fab 

CH1/CL domains are replaced by VEGF-binding CH3 domains or a bispecific blood-brain barrier transport 

vehicle.266,269 Moreover, a tetravalent biparatopic HER2-binding antibody based on Pertuzumab Fab arms and 

a HER2-specific Fcab was reported that showed a stronger anti-proliferative effect than the mixture of 

Pertuzumab and the parental Fcab.270 
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5. Objective of this Work 
 

The presented work aims to evaluate Fc antigen binding (Fcab) fragments as novel targeting scaffold for the 

generation of antibody-based drug conjugates with improved solid tumor penetration capabilities. In the ADC 

field an improvement in tumor penetration is of special interest because it allows more cells to be exposed 

to cytotoxic doses of payload, aiming at an increased therapeutic efficacy (Figure 17). 

Fcabs are engineered homodimeric Fc portions that 

incorporate all essential IgG functionalities such as 

antigen binding and FcRn-mediated half-life 

prolongation at only one third of the size. In contrast 

to IgG-based ADCs, Fcabs’ smaller size holds promise 

to improve solid tumor penetration of Fcab-based 

drug conjugates by enhancing the extravasation from 

the circulation into the interstitial space and increasing 

diffusion rates throughout interstitium and tumor 

tissue. Additionally, the half-life extending FcRn 

binding site delays systemic clearance of the 

Fcab-drug conjugates whereby a high plasma 

concentration is maintained that further drives penetration into tissues. FcRn binding provides Fcab-drug 

conjugates with a significant advantage over other reported small format-based drug conjugates that lack an 

FcRn binding site and consequently suffer from a short half-life in vivo. 

The main objective of this work was to assess the generation and functionality of Fcab-drug conjugates for 

the first time. Therefore, Fcabs that bind to the solid tumor targets HER2 and EGFR were selected and 

genetically engineered at different positions for subsequent site-specific conjugation. As endocytotic uptake 

and lysosomal delivery is a prerequisite for an ADC approach, target-dependent intracellular accumulation 

of Fcabs had to be investigated on different cancer cell lines, before the most promising variants in terms of 

biophysical behavior and cellular uptake should be coupled to the well-established microtubule inhibitor 

monomethyl auristatin E (MMAE) employing different conjugation techniques. The resultant Fcab-MMAE 

conjugates had to be characterized for retained target and FcRn binding as well as hydrophobicity, serum 

stability and target-dependent cytotoxicity. Finally, a tumor cell spheroid penetration assay should be set up 

in order to study penetration capabilities of selected Fcab variants and to assess the impact of target affinity, 

intracellular uptake and size. 

Figure 17. Conceptual representation of potential advantages of 
Fcab-drug conjugates over other small antibody-fragment based 
drug conjugates and conventional IgG-based ADCs. 
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6. Material and Methods 
 

6.1. Human Cell Lines and Bacterial Strains 

 

Mammalian cell lines 

Cancer cell lines were purchased from the American Type Culture Collection (ATCC®, Manassas, USA) or 

companies as listed below. 

 

Table 3. Mammalian cell lines used in this work.  

cell line cell type medium origin 

A431 human epidermoid carcinoma A ATCC® CRL-1555™ 

BT-474 human ductal carcinoma (mammary gland) C ATCC® HTB-20™ 

Expi293F™ human embryonic kidney B Life Technologies™ 

HCC-1143 human invasive ductal carcinoma D ATCC® CRL-2321™ 

HCC-1937 human primary ductal carcinoma D ATCC® CRL-2336™ 

HCC-1954 human ductal carcinoma (mammary gland) D ATCC® CRL-2338™ 

LNCaP human prostate carcinoma D ATCC® CRL-1740™ 

MCF-7 human breast adenocarcinoma (mammary gland) A ATCC® HTB-22™ 

MDA-MB-468 human breast adenocarcinoma (mammary gland) D ATCC® HTB 132™ 

SKBR-3 human breast adenocarcinoma (mammary gland) A ATCC® HTB-30™ 

 

 

Bacterial strains 

One Shot™ TOP10 Chemically Competent E. coli cells (#C4040-10, Invitrogen™, Carlsbad, USA); 

Genotype:F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu) 7697 galU galK 

rpsL (StrR) endA1 nupGλ- 

 

 

6.2. Antibody Sequences 

 

hinge region, G4S-His-Tag, D265A, Engineered CH3 loops forming Fcab binding site 
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HER2-binding Fcabs255,258 

 

αH-H10 (Q295) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQCREPQVYTLPPSRDEYLYGDVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSARMWRWAHGNVFSCSVMHECLHNHYTQKSLSLSGEC 

αH-H10C265 (D265C) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVCVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQCREPQVYTLPPSRDEYLYGDVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSARMWRWAHGNVFSCSVMHECLHNHYTQKSLSLSGEC 

αH-S5 (Q295) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

αH-S5C265 (D265C) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVCVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

αH-S5LLQGA-N 

LLQGATCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTY

RVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWES

NGQPENNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

αH-S5LLQGA-G4S-N 

LLQGAGGGGSTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREE

QYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDI

AVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

αH-S5C-G4S-LLQGA 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPGGGGGSLLQGA 

αH-S5C-(G4S)2-LLQGA 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPGGGGGSGGGGSLLQGA 

αH-S19 (Q295) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSDSVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSETMRRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 
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αH-S19C265 (D265C) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVCVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSDSVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVPRHSETMRRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

αH-FS (Q295) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEFFTYWVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDRRRWTAGNVFSCSVMHEALHNHYTQKSLSLSPG 

 

EGFR-binding Fcabs252 

 

EGFR-binding Fcabs were modified by removing the core hinge region (TCPPCP). 

αE-60 (Q295, Q311, Q438) 

APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ

DWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELDEGGPVSLTCLVKGFYPSDIAVEWESTYGPENNYK

TTPPVLDSDGSFFLYSRLTVSHWRWYSGNVFSCSVMHEALHNHYTQKSLSLSPG 

αE-65 (Q295, Q311, Q438) 

APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ

DWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELDEGGPVSLTCLVKGFYPSDIAVEWESTYGPENNYK

TTPPVLDSDGSFFLYSKLTVSYWRWVKGNVFSCSVMHEALHNHYTQKSLSLSPG 

αE-67 (Q295, Q311, Q438) 

APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ

DWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDETDDGPVSLTCLVKGFYPSDIAVEWESTYGPENNYKT

TPPVLDSDGSFFLYSKLTVSYWRWYKGNVFSCSVMHEALHNHYTQKSLSLSPG 

 

Reference molecules249,271 

 

αHxH-S5-IgG 

Light Chain: 

DIQMTQSPSSLSASVGDRVTITCRASGNIHNYLAWYQQKPGKAPKLLIYYTTTLADGVPSRFSGSGSGTDYTFTISSLQPEDIA

TYYCQHFWSTPRTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTE

QDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

Heavy Chain: 

QVQLQESGPGLVRPSQTLSLTCTVSGFSLTGYGVNWVRQPPGRGLEWIGMIWGDGNTDYNSALKSRVTMLKDTSKNQFS

LRLSSVTAADTAVYYCARERDYRLDYWGQGSLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGA

LTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPK

PKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNK

ALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKL

TVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 
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αH-T-IgG (unmodified Trastuzumab) 

Light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDF

ATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVT

EQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

Heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYL

QMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVS

WNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPS

VFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEY

KCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSD

GSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

 

αH-T-Fab (K183C, V205C) 

Light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDF

ATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVT

EQDSKDSTYSLSSTLTLSCADYEKHKVYACEVTHQGLSSPCTKSFNRGEC 

Heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYL

QMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVS

WNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTGGGGSHHHHHH 

 

αE-C-Fab (LC-C-(G4S)3-LPETGS) 

Light chain: 

DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFSGSGSGTDFTLSINSVESEDIADYY

CQQNNNWPTTFGAGTKLELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ

DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECGGGGSGGGGSGGGGSLPETGS 

Heavy chain: 

QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTDYNTPFTSRLSINKDNSKSQVFF

KMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWN

SGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTGGGGSHHHHHH 

 

αE-C-IgG (LC-C-(G4S)3-LPETGS) 

Light chain: 

DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFSGSGSGTDFTLSINSVESEDIADYY

CQQNNNWPTTFGAGTKLELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ

DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECGGGGSGGGGSGGGGSLPETGS 
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Heavy chain: 

QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTDYNTPFTSRLSINKDNSKSQVFF

KMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWN

SGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLF

PPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKV

SNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFL

YSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

 

αH-T-CL-S5 (Trastuzumab with STAB5 Fcab and matriptase, uPA cleavage site within hinge region) 

Light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDF

ATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVT

EQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECGGGGSGGGGSGGGGSLPETGS 

Heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYL

QMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVS

WNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTLSGRSDNHCPPCPA

PELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD

WLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSGNVSLTCLVKGFYPSDIAVEWESNGQPENNYKTT

PPVLDSDGSFFLYSKLTVPRHSERMWRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 

 

αH-T-CL-S19 (Trastuzumab with STAB19 Fcab and matriptase, uPA cleavage site within hinge region) 

Light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDF

ATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVT

EQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECGGGGSGGGGSGGGGSLPETGS 

Heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYL

QMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVS

WNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTLSGRSDNHCPPCPA

PELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD

WLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDEYLSDSVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTP

PVLDSDGSFFLYSKLTVPRHSETMRRWAHGNVFSCSVMHEALHNHYTQKSLSLSPG 
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Human IgG1-Fc control molecules 

 

huFc (Q295) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

huFcC265 (D265C) 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVCVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

huFcLLQGA-N 

LLQGATCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTY

RVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWES

NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

huFcLLQGA-G4S-N 

LLQGAGGGGSTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREE

QYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDI

AVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

huFcC-G4S-LLQGA 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGGGGGSLLQGA 

huFcC-(G4S)2-LLQGA 

TCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVAVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

TVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPE

NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGGGGGSGGGGSLLQGA 

 

6.3. Plasmids 

pTT5 plasmids containing the modified antibody, antibody fragment or Fcab sequences were ordered from 

GeneArt (Thermo Fisher Scientific, Waltham, USA) as human codon-optimized versions for mammalian 

expression. For all constructs the following leader sequence was used: METDTLLLWVLLLWVPGSTG. 
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Figure 18. Exemplary pTT5 vector for mammalian expression. The pTT5 vector (National Research Council, Canada) contains an 
origin of replication for mammalian cells (EBV oriP), a bacterial origin of replication (pMB1 ori), an ampicillin resistance gene, a 
cytomegalovirus immediate early promoter (CMV), a rabbit β-globin polyadenylation signal located downstream of the antibody 
sequence and the adenovirus tripartite leader (TPL), which is an synthetic intron including an enhancer element from the adenovirus 
major late promoter enhancing protein expression (enh MLP). 

 

 

6.4. Enzymes and Proteins 

Albumin fraction V from bovine serum (BSA) Merck, Darmstadt, Germany 

EGFR extracellular domain (1-618 aa)-His6, 

recombinant, human 

produced in-house; Merck, Darmstadt, Germany 

EndoS2 (GlycINATOR®) Genovis, Lund, Sweden 

FcRn-His6, biotinylated, human produced in-house; Merck, Darmstadt, Germany 

Fetal Bovine Serum (FBS) Gibco® Thermo Fisher Scientific, Waltham, USA 

Furin, recombinant human (#1503-SE) R&D Systems, Minneapolis, USA 

HER2 extracellular domain (1-607 aa)-muFc-His6 

dimer 

produced in-house; Merck, Darmstadt, Germany 

HER2-His6, recombinant, human (#CP69) Novoprotein, Fremont, USA 
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Human serum (#S4200) BioWest, Nuaillé, France 

IdeS (FabRICATOR®) Genovis, Lund, Sweden 

Insulin, from bovine pancreas; 10 mg/mL Sigma Aldrich, St. Louis, USA 

Matriptase/ST14 Catalytic Domain (#3946-SEB) R&D Systems, Minneapolis, USA 

MMP-14, recombinant, human (#918-MP) R&D Systems, Minneapolis, USA 

Mouse serum (#S2160) BioWest, Nuaillé, France 

Sortase A, recombinant, S. aureus produced in-house; Merck, Darmstadt, Germany 

Transglutaminase, genetically engineered125 produced in-house; Merck, Darmstadt, Germany 

Transglutaminase, recombinant, S. mobaraensis Zedira®, Darmstadt, Germany 

Trypsin-EDTA; 0.05%, (1x) Gibco® Thermo Fisher Scientific, Waltham, USA 

Trypsin Gold, Mass Spectrometry Grade  Promega, Madison, USA 

uPA, recombinant human (#1310-SE) R&D Systems, Minneapolis, USA 

 

6.4.1. Commercial Antibodies 

 

Alexa Fluor 488 conjugated AffiniPure Fab Fragment Goat 

Anti-Human IgG (H+L) (#109-547-003) 

Jackson ImmunoResearch, Suffolk, GB 

Alexa Fluor 488 conjugated AffiniPure F(ab')2 Fragment Goat 

Anti-Human IgG Fcγ Fragment specific (#109-546-008) 

Jackson ImmunoResearch, Suffolk, GB 

Trastuzumab (Herceptin®) Roche, Basel, Switzerland 

 

 

6.5. Chemicals 

 

Acetic acid, glacial Sigma Aldrich, St. Louis, USA 

Acetonitrile (LC-MS grade) LiChrosolv® Merck, Darmstadt, Germany 

Agar, extra pure Merck, Darmstadt, Germany 

Ammonium sulfate (NH4)2SO4 Merck, Darmstadt, Germany 

Ammonium bicarbonate NH4HCO3 Merck, Darmstadt, Germany 

Ampicillin, sodium salt Life Technologies, Carlsbad, USA 

Bleach, Attune™ Thermo Fisher Scientific, Waltham, USA 

Brij-35 Merck, Darmstadt, Germany 

Calcium chloride (CaCl2∙2H2O) Merck, Darmstadt, Germany 
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Chloroacetamide Merck, Darmstadt, Germany 

Cytometer Focusing Fluid (1x), Attune™ NxT Life Technologies, Carlsbad, USA 

1,5-Dansyl-Glu-Gly-Arg chloromethyl ketone Merck, Darmstadt, Germany 

L-Dehydroascorbic acid (L-DHA) Sigma Aldrich, St. Louis, USA 

Deuterated D8-MMAE MedChemExpress, Monmouth Junction, USA 

Disodium hydrogen phosphate (Na2HPO4∙2H2O) Merck, Darmstadt, Germany 

Dithiothreitol (DTT) Merck, Darmstadt, Germany 

DMEM (#D5796) Sigma Aldrich, St. Louis, USA 

DMEM without phenol red (#31053-028) Gibco® Thermo Fisher Scientific, Waltham, USA 

DMSO VWR International, Radnor, USA 

Doxorubicin, hydrochlorid Calbiochem, San Diego, USA 

Dulbecco’s PBS (DPBS, w/o CaCl2, MgCl2) Gibco® Thermo Fisher Scientific, Waltham, USA 

EDTA (ethylenediaminetetraacetic acid) Sigma Aldrich, St. Louis, USA 

Ethanol Merck, Darmstadt, Germany 

Expi293F™ Expression Medium Gibco® Thermo Fisher Scientific, Waltham, USA 

Formic acid Sigma Aldrich, St. Louis, USA 

Gel filtration standard (#151-1901) Bio-Rad, Hercules, USA 

Glucose Sigma Aldrich, St. Louis, USA 

L-Glutamine; 200 mM, (100x) Gibco® Thermo Fisher Scientific, Waltham, USA 

Gly3-Val-Cit-MMAE Levena Biopharma, San Diego, USA 

Ham’s F-12 Nutrient Mix Gibco® Thermo Fisher Scientific, Waltham, USA 

HEPES buffer; 1 M Gibco® Thermo Fisher Scientific, Waltham, USA 

Hoechst 33342, trihydrochloride dye; 10 mg/mL Thermo Fisher Scientific, Waltham, USA 

Hydrochloric acid (HCl); 1 M Merck, Darmstadt, Germany 

Imidazole Merck, Darmstadt, Germany 

InstantBlue™ Coomassie-based protein stain Expedeon Ltd, San Diego, USA 

Iodoacetamide Merck, Darmstadt, Germany 

Isopropyl alcohol Merck, Darmstadt, Germany 

LDS sample buffer (4x) NuPAGE® Life Technologies, Carlsbad, USA 

Magnesium chloride (MgCl2∙6H2O) Merck, Darmstadt, Germany 

mc-Val-Cit-MMAE Levena Biopharma, San Diego, USA 

MES SDS running buffer (20x) NuPAGE® Life Technologies, Carlsbad, USA 

Methanol Merck, Darmstadt, Germany 
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Methylcellulose solution; 3% (w/v) R&D Systems, Minneapolis, USA 

Monomethyl auristatin E (MMAE) produced in-house; Merck, Darmstadt, Germany 

N-acetylcysteine Sigma Aldrich, St. Louis, USA 

Nickel sulfate (NiSO4∙6H2O) Merck, Darmstadt, Germany 

Opti-MEM, Reduced Serum Media Gibco® Thermo Fisher Scientific, Waltham, USA 

Paclitaxel, Taxus sp. (Taxol) Calbiochem, San Diego, USA 

Peptone, from casein Merck, Darmstadt, Germany 

pHAb amine reactive dye Promega, Madison, USA 

pHAb thiol reactive dye Promega, Madison, USA 

Potassium di-hydrogen phosphate (KH2PO4) Merck, Darmstadt, Germany 

Precision Plus Protein™ Unstained Protein 

Standards (#161-0363) 

Bio-Rad, Hercules, USA 

RPMI-1640 (#R0883) Sigma Aldrich, St. Louis, USA 

RPMI-1640 without phenol red (#R7509) Sigma Aldrich, St. Louis, USA 

Sample Reducing Agent (10x) NuPAGE® Life Technologies, Carlsbad, USA 

S.O.C. medium Thermo Fisher Scientific, Waltham, USA 

Sodium azide (NaN3) Merck, Darmstadt, Germany 

Sodium chloride (NaCl) Merck, Darmstadt, Germany 

Sodium dihydrogen phosphate (NaH2PO4∙H2O) Merck, Darmstadt, Germany 

Sodium hydroxide (NaOH) Merck, Darmstadt, Germany 

Sodium hydroxide solution; 2 M Merck, Darmstadt, Germany 

Sodium perchlorate (NaClO4∙H2O) Merck, Darmstadt, Germany 

Sodium pyruvate; 100 mM, (100x) Gibco® Thermo Fisher Scientific, Waltham, USA 

Sucrose Merck, Darmstadt, Germany 

Trifluoroacetic acid (TFA) HPLC Grade Applied Biosystems™, Waltham, USA 

Tris(hydroxymethyl)aminomethane-HCl (Tris) Merck, Darmstadt, Germany 

Tris(2-carboxyethyl)phosphine (TCEP); 0.5 M Sigma Aldrich, St. Louis, USA 

Tween-20 (polysorbate 20) Merck, Darmstadt, Germany 

Water (LC-MS grade) LiChrosolv® Merck, Darmstadt, Germany 

Water, milli-Q, autoclaved Merck, Darmstadt, Germany 

Yeast extract, granulated Merck, Darmstadt, Germany 

Zinc chloride (ZnCl2) Merck, Darmstadt, Germany 
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6.6. Cell Culture Media 

 

A DMEM, 10% (v/v) FBS, 1 mM sodium pyruvate, 2 mM L-glutamine 

B Expi293™ expression medium 

C Ham’s F-12, 10% (v/v) FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 10 µg/mL insulin 

D RPMI-1640, 10% (v/v) FBS, 1 mM sodium pyruvate, 2 mM L-glutamine 

 

 

6.7. Solutions, Media and Buffer Preparation 

 

Unless otherwise stated, deionized water was used as solvent 

 

Flow cytometry binding buffer 1% (w/v) BSA in DPBS 

FcRn binding assay buffer for BLI 100 mM sodium phosphate (NaH2PO4, Na2HPO4), 

150 mM NaCl, 0.05% (v/v) Tween-20, pH 6.0 

HI-HPLC mobile phase A: 1.5 M (NH4)2SO4, 25 mM Tris, pH 7.5 

B: 20% (v/v) isopropyl alcohol, 25 mM Tris, pH 7.5 

IMAC elution buffer 500 mM imidazole, pH 7.4 

Kinetics buffer (KB) for BLI 0.1% (w/v) BSA, 0.02% (v/v) Tween-20 in PBS pH 7.4 

LB agar 1.5% (w/v) agar in LB medium 

LB-ampicillin selective agar plates LB agar, 50 µg/mL (w/v) ampicillin, poured into plates 

LB-ampicillin selective medium LB medium, 50 µg/mL (w/v) ampicillin 

LB medium 10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl 

LC-MS mobile phase A: water (LC-MS grade), 0.1% (v/v) formic acid  

B: acetonitrile (LC-MS grade), 0.1% (v/v) formic acid 

LC-MS sample buffer water (LC-MS grade), 10% acetonitrile (LC-MS grade), 

2% (v/v) formic acid 

LC MS/MS mobile phase A: water (LC-MS grade), 0.1% (v/v) formic acid  

B: acetonitrile (LC-MS grade) 

MMP-14 activation buffer 50 mM Tris, 1 mM CaCl2, 0.5% (w/v) Brij-35, pH 9.0 

MMP-14 assay buffer 50 mM Tris, 3 mM CaCl2, 1 µM ZnCl2, pH 8.5 

mTG conjugation buffer PBS pH 6 – 7 

Nickel sulfate solution 0.5 M Ni2SO4 
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PBS formulation buffer PBS pH 6.0 – 7.4; pH depends on pI of antibodies, 

antibody-fragments and Fcabs and should be 

pH ≤ pI – 0.5 

pHAb amine reactive dye conjugation buffer 10 mM NaHCO3, pH 8.5 

Phosphate buffered saline 150 mM NaCl, 8.4 mM Na2HPO4∙2H2O, 

1.6 mM KH2PO4, pH 7.4 

Protein A chromatography elution buffer 50 mM acetic acid, pH 3.2  

RP-HPLC mobile phase A: water (LC-MS grade), 0.1% (v/v) TFA 

B: acetonitrile (LC-MS grade), 0.1% (v/v) TFA 

SE-HPLC mobile phase 50 mM sodium phosphate (NaH2PO4, Na2HPO4), 0.4 M 

NaClO4, pH 6.3 

SrtA conjugation buffer 150 mM NaCl, 50 mM Tris, 5 mM CaCl2, pH 7.5 

 

 

6.8. Kits and Consumables 

 

BLI biosensor, anti-human IgG Fc capture (AHC) FortéBio, Fremont, USA 

BLI biosensor, anti-mouse IgG Fc capture (AMC) FortéBio, Fremont, USA 

BLI biosensor, streptavidin (SA) FortéBio, Fremont, USA 

BLI biosensor, Fab-CH1 2nd Generation (FAB2G) FortéBio, Fremont, USA 

Cell culture flasks T25, T75, T175 Greiner Bio-One, Kremsmünster, Austria 

Cryogenic tubes for long-term storage Nalgene™ Thermo Fisher Scientific, Waltham, USA 

Deep well plates, 96 square well, PP, 2 mL VWR International, Radnor, USA 

Desalting spin columns, MWCO 7 k, 75 µL, 2 mL Zeba™ Life Technologies, Carlsbad, USA 

Dialysis Membrane MWCO 6-8 kDa, Ø 25.5 mm Spectra/Por® Repligen, Waltham, USA 

Dispensehead cassettes D4+ (#F0L60A) HP, Palo Alto, USA 

Dispensehead cassettes T8+ (#F0L59A) HP, Palo Alto, USA 

Erlenmeyer shake flasks, PC, 0.5 L, 1 L, 3 L Corning® Corning, USA 

Glas autosampler vials VWR International, Radnor, USA 

Glas autosampler insert micro vials, 100 μL VWR International, Radnor, USA 

Luminescent cell viability assay CellTiter-Glo® Promega, Madison, USA 

Microplates 384 well, black, PS (#781091) Greiner Bio-One, Kremsmünster, Austria 

Microplates 384 well, white, clear, PS (#781080) Greiner Bio-One, Kremsmünster, Austria 
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Microplates 384 well spheroid, black/clear round 

bottom, PS (#3830) 

Corning® Corning, USA 

Microplates 96-well U-shaped-bottom PS 

(#168136) 

Nunclon™ Thermo Fisher Scientific, Waltham, USA 

Microplates 96-well, black, F-bottom, PP 

(#655209)  

Greiner Bio-One, Kremsmünster, Austria 

PCR tubes Thermo Fisher Scientific, Waltham, USA 

Plasmid Maxiprep Kit QIAfilter® Venlo, Netherlands 

SDS-PAGE 4 - 12% Bis-Tris gels NuPAGE® Life Technologies, Carlsbad, USA 

Standard capillary chips NanoTemper Technologies, Munich, Germany 

Sterile filters, 0.22 µm, bottle top  Steritop™ Merck, Darmstadt, Germany 

Sterile filters, 0.22 µm, centrifugal units Ultrafree®-CL/MC Merck, Darmstadt, Germany 

Sterile filters, 0.22 µm, 50 mL device Steriflip™ Merck, Darmstadt, Germany 

Transfection kit, ExpiFectamine™ 293 Life Technologies, Carlsbad, USA 

Transglutaminase activity assay kit, ZediXclusive Zedira®, Darmstadt, Germany 

Tubes 0.2, 1.5, 2.0, 5.0 mL, safe-lock Eppendorf, Hamburg, Germany 

Tubes, 15 mL and 50 mL Falcon® VWR International, Radnor, USA 

Ultra centrifugal filter devices, MWCO 10 K and 

30 K, 15 mL, 4 mL, 0.5 mL 

Amicon® Merck, Darmstadt, Germany 

 

 

6.9. Devices and Equipment 

 

Analytical balance AE200 or AE240 Mettler-Toledo, Columbus, USA 

Automated incubator, BioSpa 8 BioTeK, Winooski, USA 

BLI system, Octet® RED96 FortéBio, Fremont, USA 

Cell imaging reader, Cytation 5 BioTeK, Winooski, USA 

Cell imaging reader, IncuCyte® S3 Sartorius, Göttingen, Germany 

Cell imaging system, EVOS FL Auto 2  Life Technologies, Carlsbad, USA 

Cell viability analyzer Vi-CELL™ XR Beckmann Coulter, Brea, USA 

Centrifuge 5415D Eppendorf, Hamburg, Germany 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

Centrifuge Galaxy Ministar VWR International, Radnor, USA 
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Centrifuge Megafuge 1.0R Thermo Fisher Scientific, Waltham, USA 

Centrifuge Multifuge 3 SR+ Heraeus, Hanau, Germany 

Chromatography system ÄKTA avant GE Healthcare, Buckinghamshire, GB 

Chromatography system ÄKTA pure GE Healthcare, Buckinghamshire, GB 

Chromatography system ÄKTAxpress GE Healthcare, Buckinghamshire, GB 

Confocal Laser Scanning Microscope TCS SP8 Leica, Wetzlar, Germany 

Cryo 1°C freezing container Thermo Fisher Scientific, Waltham, USA 

Dispenser, D300e Tecan, Männedorf, Switzerland 

Electrophoresis chambers Novex® Invitrogen, Carlsbad, USA 

Erlenmeyer flasks with baffles Schott, Mainz, Germany 

Flow Cytometer, Attune™ NxT Life Technologies, Carlsbad, USA 

HiLoad™ Superdex 200 pg 26/60 column GE Healthcare, Buckinghamshire, GB 

HiPrep™ 26/10 desalting column GE Healthcare, Buckinghamshire, GB 

HisTrap™ HP column, 1 mL GE Healthcare, Buckinghamshire, GB 

HiTrap™ Desalting column, 5 mL  GE Healthcare, Buckinghamshire, GB 

HiTrap™ Mab Select SuRe column, 5 mL GE Healthcare, Buckinghamshire, GB 

HPLC column MAB PAK Butyl 5 μm 4.6 x 100 mm  Thermo Fisher Scientific, Waltham, USA 

HPLC column PLRP-S 4000 Å, 5 µm, 50 x 2.1 mm Agilent Technologies, Santa Clara, USA 

HPLC column TSKgel SuperSW3000, 4.6 x 300 mm Tosoh Bioscience, Tokyo, Japan 

HPLC column TSKgel SuperSW2000, 4.6 x 300 mm Tosoh Bioscience, Tokyo, Japan 

HPLC 1260 Infinity, ChemStation LC 3D Agilent Technologies, Santa Clara, USA 

Incubation shaker Multitron Infors HT, Bottmingen, Switzerland 

Incubator BBD 6220 Thermo Fisher Scientific, Waltham, USA 

Incubator Heracell™ 150 Thermo Fisher Scientific, Waltham, USA 

Incubator Heracell™ VIOS 160i Thermo Fisher Scientific, Waltham, USA 

LC-MS system, Exion HPLC system with bioZen™ 

3.6 µm Intact C4, 2.1 mm x 100 mm column and 

TripleTOF® 6600+ mass spectrometer  

Shimadzu, Kyoto, Japan; Phenomenex®, Torrance, 

USA; AB Sciex, Framingham, USA 

LC-MS system, U3000 HPLC system equipped with 

Proteomix RP-1000 1000 Å, 5 μm, 1.0 × 100 mm 

column and Synapt-G2 mass spectrometer 

Dionex, Sunnyvale, USA; Sepax, Newark, USA; 

Waters, Milford, USA 
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LC MS/MS system, Acquity UPLC H-Class system 

equipped with Acquity BEH C18 1.7 µm 

2.1 x 50 mm and Sciex Triple Quad 6500 system 

Waters, Milford, USA; AB Sciex, Framingham, USA 

NanoDSF, Prometheus NT.PLEX  NanoTemper Technologies, Munich, Germany 

Optical microscope Labovert Leitz, Wetzlar, Germany 

pH meter Seven Easy Mettler-Toledo, Columbus, USA 

Pipette, ViaFlow 16 channel Integra Biosciences, Zizers, Switzerland 

Plate reader, EnVision 2104 Perkin Elmer, Boston, USA 

Plate reader, Synergy™ 4 BioTeK, Winooski, USA 

Spectrophotometer, Nanodrop ND-1000  Thermo Fisher Scientific, Waltham, USA 

Spectrophotometer, Nanodrop OneC Thermo Fisher Scientific, Waltham, USA 

Sterile bench, laminar air flow, HeraSafe® Thermo Fisher Scientific, Waltham, USA 

ThermoMixer® comfort Eppendorf, Hamburg, Germany 

Vacuum centrifuge concentrator 5301 Eppendorf, Hamburg, Germany 

 

 

6.10. Software 

 

AB Sciex Analyst ver. 1.7 AB Sciex, Framingham, USA 

ÄKTA UNICORN software ver. 5.31 (Build 407) GE Healthcare, Buckinghamshire, GB 

Attune™ NxT Software ver. 2.7.0 Life Technologies, Carlsbad, USA 

BioSpa OnDemand software ver. 1.03 BioTeK, Winooski, USA 

ChemBioDraw Prime ver. 19.1.0.8 Perkin Elmer, Boston, USA 

D300e control software ver. 3.4.0 Tecan, Maennedorf, Switzerland 

FortéBio Octet Data Acquisition ver. 12.0.1.8 FortéBio, Fremont, USA 

FortéBio Octet Data Analysis ver. 12.0.1.2 FortéBio, Fremont, USA 

Gen5™ microplate reader Software ver. 3.08.01 BioTeK, Winooski, USA 

Genedata Expressionist Genedata, Basel, Switzerland 

Geneious prime® ver. 11.0.4 Biomatters, Auckland, New Zealand 

HPLC Software ChemStation Agilent Technologies, Santa Clara, USA 

ImageJ ver. 1.49 with Radial Profile Plot plugin272 NIH, Bethesda, USA 

Incucyte S3 ver. 2018A Sartorius, Göttingen, Germany 

Leica Application Suite X ver. 3.5.2.18963 Leica, Wetzlar, Germany 
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Prism ver. 8.0.0 GraphPad Software, La Jolla, USA 

PR.Thermo Control software ver. 2.1.2 NanoTemper Technologies, Munich, Germany 

PyMOL ver. 1.8.6.0 Schrodinger, San Diego, USA 

Vi-CELL™ XR Cell viability analyzer ver. 2.04 Beckmann Coulter, Brea, USA 

Wallac EnVision Manager ver. 1.12 Perkin Elmer, Boston, USA 

 

 

6.11. Molecular Biological Methods 

 

6.11.1. Determination of DNA Concentration 

The concentration of nucleic acids in aqueous solutions was measured by spectrophotometer Nanodrop 

ND-1000 applying 1.5 µL of blank or sample. For blank measurement milli-Q water was used. The law of 

Lambert-Beer is the fundamental physical principle as well as the absorption of aromatic nucleobases of DNA 

at 260 nm. The ratios of absorbance A260/A280 and A260/A230 can be used as quality criteria for the purity of 

the DNA and should be in the range 1.8 and 2.0 - 2.2, respectively. Lower values indicate a contamination 

with undesired products, typically proteins or aromatic compounds. 

 

6.11.2. Transformation in E. coli 

Typically, synthesized plasmid DNA from GeneArt was dissolved in sterile water and further amplified in E. 

coli. Therefore, One Shot™ TOP10 Chemically Competent E. coli cells were transformed with plasmid DNA by 

heat shock. Briefly, 50 µL chemically competent E. coli cells were thawed on ice, followed by the addition of 

1 µL plasmid DNA (approximately 500 ng/µL) and incubation for 30 min on ice. Cells were placed in a 42°C 

water bath for exactly 30 sec, removed and incubated on ice for 3 min. After transformation, 250 µL pre-

warmed S.O.C. medium was added, and cells were incubated at 37°C, 450 rpm for 1 h. 50 µL cell suspension 

were plated on each LB-ampicillin selective agar plate and plates were incubated at 37°C overnight. 

 

6.11.3. Plasmid Preparation 

Single E. coli colonies were picked from the agar plates and inoculated overnight at 37°C, 250 rpm in 100 mL 

LB-ampicillin selective medium. The next day, bacterial culture was harvested by centrifugation (4800 x g, 

4°C for 30 min). Plasmid preparation was performed using a QIAfilter® Plasmid Maxiprep Kit according to the 

manufacturer’s instruction. The washed DNA pellet was dried by vacuum centrifugation and dissolved in 

sterile milli-Q water. Plasmid DNA was stored at -20°C until transfection. 
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6.12. Biophysical and Biochemical Methods 

 

6.12.1. Determination of Protein Concentration 

Protein concentration was determined by measuring absorbance of aromatic amino acids at 280 nm (A280) 

with a spectrophotometer Nanodrop OneC. Sample volume was 1.5 µL. For blank measurement the PBS 

formulation buffer was used. Protein concentration (in mg/mL) was calculated by dividing the measured A280 

value by theoretical A280 of a 1 mg/mL solution of the protein calculated from the protein sequence by e.g., 

ExPASy Prot Param tool.273 

 

6.12.2. SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins primarily 

according to molecular weight (sieving effect) when migrating to the anode in an electric field. For this 

purpose, protein samples were mixed with 4x LDS sample buffer (not-reduced samples) or 4x LDS sample 

buffer supplemented with 10x sample reducing agent (reduced samples) to reduce disulfide bonds. Reduced 

samples were incubated in a ThermoMixer for 10 min at 75°C before samples (2 µg protein/ lane) were 

loaded together with a molecular weight marker onto a Bis-Tris gel (4 - 12%), installed in a electrophoreses 

chamber filled with 1x MES SDS running buffer. Gels were run for 40 min at 200 V. Afterwards, gels were 

rinsed with deionized water and protein bands were visualized by Coomassie staining. Therefore, gels were 

incubated for 1 h in InstantBlue™ Protein Stain on an orbital shaker, rinsed with deionized water and 

incubated in deionized water at gentle orbital shaking overnight. 

 

6.12.3. Protein A Affinity Chromatography 

Antibodies, Fcabs and huFc controls from cell free Expi293F™ supernatants were purified by affinity 

chromatography using ÄKTAxpress or ÄKTA pure systems equipped with 5 mL HiTrap™ Mab Select SuRe and 

HiPrep™ 26/10 desalting columns. Mab Select columns were equilibrated with 5 column volumes (CV) PBS 

formulation buffer at a flow rate of 2.5 mL/min and desalting columns were equilibrated with 3 CV PBS 

formulation buffer at 7.5 mL/min. Subsequently, supernatant was loaded (2.5 mL/min) on Mab Select 

column followed by a wash out step with 5 CV. Isocratic elution was carried out with 3 CV using 50 mM acetic 

acid, pH 3.2. Eluate was directly buffered through desalting column with PBS formulation buffer. 1 mL 

fractions were collected in 96 deep well plates and fractions containing the target protein were pooled and 

checked for purity with SDS-PAGE and SE-HPLC. Proteins were concentrated (≥ 5 mg/mL) with Ultra 

centrifugal filter units (Fcabs, huFc: 10K MWCO, IgG: 30k MWCO; Amicon®) and subjected to preparative size 

exclusion chromatography (SEC), if SE-HPLC homodimer content was < 95%. Identity of proteins was 
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confirmed via intact mass analysis. Proteins were sterile filtered, and protein concentration was determined 

by UV–VIS spectroscopy at 280 nm. Finally, proteins were snap-frozen in liquid nitrogen and stored at -80°C. 

 

6.12.4. Immobilized Metal Ion Affinity Chromatography (IMAC) 

Fab fragments containing a His6-tag were purified by IMAC using an ÄKTA pure system equipped with a 1 mL 

HisTrap™ HP column. Prior to purification, the Ni2+ sepharose column was equilibrated with 5 CV PBS pH 7.4 

at 4.0 mL/min and the cell free Expi293F™ supernatant was dialyzed against PBS formulation buffer 

overnight. The dialyzed solution was concentrated and loaded at 4.0 mL/min onto the Ni2+ sepharose column, 

followed by a wash out step with 5 CV PBS pH 7.4. Complexed His6-tagged Fabs and other bound proteins 

were stepwise eluted with a 6-step gradient (15 CV each step) using 20 mM, 50 mM, 100 mM, 200 mM, 

300 mM, 500 mM imidazole in PBS pH 7.4 (4.0 mL/min). 1 mL fractions were collected in 96 deep well plates 

and fractions containing the Fab fragment were identified by SDS-PAGE, pooled and checked for purity by 

SE-HPLC. Protein was concentrated (≥ 5 mg/mL) with Ultra centrifugal filter units (10K MWCO, Amicon®) and 

subjected to preparative SEC, if SE-HPLC monomer content was < 95%. Identity of Fab fragments was 

confirmed via intact mass analysis. Fabs were sterile filtered and protein concentration was determined by 

UV–VIS spectroscopy at 280 nm. Finally, proteins were snap-frozen in liquid nitrogen and stored at -80°C. 

 

6.12.5. Preparative Size Exclusion Chromatography (SEC) 

Antibodies, antibody fragments, Fcabs and corresponding MMAE conjugates were purified by preparative 

SEC to remove high molecular weight (aggregates) or low molecular weight species. For this, an ÄKTA pure 

or ÄKTA avant system equipped with a HiLoad™ Superdex 200 pg 26/60 column was used. The column was 

equilibrated with 5 CV PBS formulation buffer at 10.0 mL/min, before ≤ 2 mL concentrated protein solution 

was loaded onto the column (2.5 mL/min) via a sample loop. 1 mL fractions were collected in a 96 deep well 

plate and fractions containing the target protein were pooled and checked for purity with SE-HPLC. Proteins 

were concentrated (≥ 5 mg/mL) using Ultra centrifugal filter units (10K MWCO, Amicon®), sterile filtered, and 

protein concentration was determined by UV–VIS spectroscopy at 280 nm. Finally, proteins or protein-

conjugates were snap-frozen in liquid nitrogen and stored at -80°C. 

 

6.12.6. Analytical Size Exclusion Chromatography (SE-HPLC) 

Protein purity, aggregation status and molecular size of expressed and conjugated proteins was analyzed by 

SE-HPLC using an Agilent 1260 Infinity system equipped with a TSKgel® SuperSW3000 column. The column 

was equilibrated with mobile phase buffer (50 mM sodium phosphate, 0.4 M NaClO4, pH 6.3) at 0.35 mL/min 

until a stable baseline was observed. Typically, a gel filtration standard was injected before and after sample 
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runs to allow for the calculation of apparent molecular weights (MWapp). 10 µg protein was applied per 

SE-HPLC run and chromatograms were recorded at 214 nm or 280 nm. Peaks were analyzed and integrated 

by the ChemStation software and target protein purity as well as content of high and low molecular weight 

species were determined from peak area. 

 

6.12.7. Reversed Phase HPLC (RP-HPLC) 

RP-DAR of conjugated protein was determined by RP-HPLC using an Agilent 1260 Infinity system equipped 

with a PLRP-S column (4000 Å, 5 μm, 2.1 × 50 mm; Agilent). Prior to analysis, conjugated protein and its 

unconjugated parental protein were diluted with PBS formulation buffer to 1 mg/mL. 5 µg protein were 

loaded onto the 65°C preheated column and a gradient of 30% to 45% solvent B over 7.5 min at a flow rate 

of 1 mL/min was applied (solvent A: water, 0.1% (v/v) TFA, B: acetonitrile, 0.1% (v/v) TFA). Eluted protein 

peaks were detected at 214 nm. Subsequently, RP-DAR was calculated from peak areas of individual DAR 

species using the unconjugated parent as reference. 

 

6.12.8. Hydrophobic Interaction HPLC (HI-HPLC) 

To analyze conjugate overall hydrophobicity and the shielding of the hydrophobic payload, HI-HPLC was 

performed. Therefore, samples were adjusted to 0.5 M (NH4)2SO4 and assessed via an Agilent 1260 Infinity 

system equipped with a MAB PAK Butyl column (5 μm, 4.6 x 100 mm, Thermo Scientific). Samples were 

separated applying a full gradient from A (1.5 M (NH4)2SO4, 25 mM Tris, pH 7.5) to B (20% (v/v) isopropyl 

alcohol, 25 mM Tris, pH 7.5) over 20 min at 1 mL/min and 30°C. Typically, 40 μg sample were used and signals 

were recorded at 280 nm. 

Relative retention times (RRT) were calculated by dividing the absolute retention time of the DAR 2 species 

by the retention time of the respective unconjugated protein. 

 

6.12.9. LC-MS Intact Mass Analysis 

Identity of proteins was confirmed via LC-MS intact mass analysis using either (1) a Shimadzu HPLC system 

with a Phenomenex® bioZEN column (3.6 µm Intact C4, 2.1 mm x 100 mm) coupled to a TripleTOF® 6600+ 

mass spectrometer (AB Sciex) or (2) a Dionex U3000 HPLC system equipped with a Proteomix RP-1000 column 

(1000 Å, 5 μm, 1.0 × 100 mm; Sepax) coupled to a Synapt-G2 mass spectrometer (Waters). Both devices were 

run with a gradient of solvent A (water, 0.1% (v/v) formic acid) and solvent B (acetonitrile, 0.1% (v/v) formic 

acid). Protein samples were diluted in LC-MS sample buffer to a final concentration of 0.5 mg/mL and reduced 

with TCEP (final 50 mM) for 5 min at room temperature before subjected to LC-MS analysis. Recorded TIC 
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chromatograms were deconvoluted and protein fragments were identified by comparing observed masses 

with calculated masses considering different glycosylation patterns. 

 

6.12.10. LC-MS DAR Determination 

Prior to LC-MS DAR determination, conjugates were diluted with NH4HCO3 (25 mM) to a final concentration 

of 0.025 mg/mL and reduced with TCEP (final 12 mM) for 5 min at room temperature. Subsequently, 

conjugates were alkylated by adding chloroacetamide (final 50 mM), followed by overnight incubation at 

37°C in the dark. 

For DAR determination the same LC-MS systems as for intact mass analysis were used following two distinct 

procedures: (1) The reduced and alkylated sample was loaded onto the RP column of a Dionex U3000 HPLC 

system and separated by a gradient from 30 – 55% (v/v) solvent B over the course of 14 min before entering 

the Synapt-G2 mass spectrometer for identification of the DAR species. (2) The reduced and alkylated sample 

was injected directly in the TripleTOF® 6600+ mass spectrometer without HPLC separation. 

Recorded TIC chromatograms were deconvoluted and protein fragments were identified by comparing 

observed masses with calculated masses considering different glycosylation patterns and numbers of 

attached drugs. MS-DAR was calculated from TIC peak areas (Figure A13). LC-MS DAR was calculated from 

RP-HPLC peak areas (Figure A14, Figure A15). 

 

6.12.11. Peptide Mapping 

Fcab and corresponding Fcab-MMAE conjugate were deglycosylated with endoglycosidase from S. pyogenes 

(EndoS2) (GlycINATOR®, Genovis) according to the instruction manual. Deglycosylated molecules were then 

reduced with 10 mM DTT for 30 min at 56°C and alkylated with 55 mM iodoacetamide for 30 min at room 

temperature in the dark. 10 µg protein was digested with 0.5 µg trypsin gold (Promega) at 37°C overnight. 

LC-MS analysis was performed using an Exion HPLC system coupled to a TripleTOF 6600+ mass spectrometer 

(Sciex). 7.5 µg peptide solution was loaded onto an Aeris PEPTIDE XB-C18 column (Phenomenex) and eluted 

with a linear gradient from 5% to 50% solvent B (acetonitrile, 0.1% formic acid; solvent A: water, 0.1% formic 

acid) within 49 min. Data were acquired with positive polarity and in a TOF-MS mass range from 350 to 

2500 m/z and a TOF-MS/MS mass range from 50 to 2500 m/z. Other instrument settings were as follows: ion 

spray voltage 5.5 kV, source temperature 450°C, accumulation time 0.25 s for TOF-MS and 0.08 s for TOF-

MS/MS, gas1 45 psi, gas2 45 psi, curtain gas 35 psi, declustering potential 80 V, and collision energy was set 

to dynamic. Data was processed with Genedata Expressionist. 
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6.12.12. Thermal Stability 

Thermal unfolding of Fcabs and huFc was assessed by differential scanning fluorimetry (DSF). Therefore, the 

molecules (in PBS formulation buffer) were loaded into nanoDSF grade standard capillaries which were then 

transferred into a Prometheus NT.PLEX nanoDSF instrument. Samples were subjected to a linear thermal 

ramp from 20°C to 95°C at a slope of 1°C/min with simultaneous recording of fluorescence at 350 and 330 nm. 

Unfolding transition midpoints (Tm) were determined from the first derivative of the fluorescence ratio 

350 nm/330 nm. All samples were measured in duplicates. 

 

6.12.13. Biolayer Interferometry 

Kinetic binding parameters were determined by BLI using the Octet® RED96 system (FortéBio) at 30°C and 

1,000 rpm agitation speed. 

 

HER2 Binding 

For HER2 binding analysis of Fcab variants, αH-T-Fab and respective MMAE conjugates (analytes), anti-mouse 

IgG Fc capture biosensors (AMC) were loaded with murine Fc-HER2 dimer (20 μg/mL diluted in DPBS) for 

360 s. Biosensors were then transferred into kinetics buffer and incubated for 45 s followed by an association 

step to the analytes. Analytes were diluted in kinetics buffer in a concentration range varying from 200 nM 

to 3.13 nM. Association was monitored for 180 s or 240 s followed by a dissociation step in kinetics buffer 

for 480 s to determine kon and koff values. Analytes were replaced by kinetics buffer, serving as a negative 

control and reference measurement. Respective non-binding human Fc fragments were used as negative 

controls in each experiment. The buffer reference measurement (control curve) was subtracted from 

antibody measurements for data fitting and kinetics parameter were determined by using FortéBio data 

analysis software applying a 1:1 global full-fit binding model after Savitzky-Golay filtering. 

For HER2 binding analysis of αH-T-IgG and its MMAE conjugate, a reversed assay set-up using monomeric 

HER2-His6 (Novoprotein) as analyte was chosen to avoid avidity effects. After a 60 s baseline step in DPBS, 

antibodies (10 µg/mL in DPBS) were loaded for 60 s on anti-human IgG Fc capture biosensors (AHC) followed 

by a 45 s kinetics buffer step. Association of HER2-His6 (50 – 0.78 nM, diluted in kinetics buffer) was 

monitored for 180 s before a final dissociation step in kinetics buffer for 420 s. Buffer reference 

measurements and controls were included and data was processed as mentioned before. 

 

EGFR Binding 

For EGFR binding analysis, Fcab variants (10 µg/mL in DPBS), αE-C-IgG (2.5 µg/mL in DPBS) and respective 

MMAE conjugates were loaded onto anti-human IgG Fc capture biosensors (AHC) for 60 – 180 s. αE-C-Fab 



 

70 Material and Methods 

(2.5 µg/mL in DPBS) was loaded onto anti-human Fab-CH1 2nd Generation biosensors (FAB2G) for 180 s. 

Biosensors were then transferred into kinetics buffer and incubated for 60 s followed by an association step 

to EGFR-His6. EGFR-His6 was serially diluted in kinetics buffer in a concentration range varying from 20 nM to 

0.313 nM. Association was monitored for 180 s, 240 s or 300 s, followed by a dissociation step in kinetics 

buffer for 600 s. Buffer reference measurements and controls were included and data was processed as 

mentioned before. 

 

FcRn Binding 

The FcRn binding assay was adapted from a published FortéBio application note.274 Baseline, association and 

dissociation steps were performed in FcRn binding assay buffer. The same buffer was used for dilution of 

analytes and ligands. Streptavidin biosensors were used and sensorgrams were recorded at 10 Hz starting 

with a 60 s baseline step, before biotinylated FcRn-His6 (2 µg/mL) was captured for 120 s. Subsequently, 

association of Fcabs, IgGs and corresponding MMAE conjugates was measured at varying concentrations 

(1 µM to 15.63 nM) for 60 s followed by dissociation for 60 s. A reference measurement with loaded 

biosensor omitting analyte association was included in each run to account for ligand dissociation. To 

subtract unspecific binding to the sensor tips, the assay was run again with unloaded reference biosensors. 

After subtracting the reference measurement and the reference sensor run (double referencing), a Savitzky-

Golay filtering was performed and data was fitted using a 1:1 global partial-dissociation model. Due to the 

typical biphasic dissociation, the dissociation step was only fitted for 4 s to cover the initial fast dissociation 

rate.274 

 

6.12.14. Proteolytic Cleavage Reaction 

Proteolytic hinge cleavage of cleavable αH-T-CL-S5 and αH-T-CL-S19 was performed with recombinant human 

TME proteases uPA and matriptase (MT-SP1). MPP-14 was included as a negative control TME protease that 

does not recognize the engineered hinge cleavage site. Prior to cleavage, MMP-14 (final 2.6 µM) was 

activated with human recombinant furin (final 26 nM) in MMP-14 activation buffer for 1.5 h at 37°C. Protease 

cleavage was performed by adding antibodies (final 1 µM) to proteases uPA (final 100 nM, in PBS pH 7.4), 

matriptase (final 40 nM, in PBS pH 7.4), or activated MMP-14 (final 100 nM, in MMP-14 assay buffer) and 

incubation of the mixtures (150 µL total volume each) at 37°C for 24 h. Samples (13 µL) were taken at 0.5 h, 

1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 24 h, immediately mixed with 2 µL of the protease inhibitor 1,5-dansyl-Glu-Gly-

Arg chloromethyl ketone (1.43 mM in PBS pH 7.4) and frozen at -80°C until analysis. Upon completing time 

series, 15 µL samples were mixed with 5 µL 4x LDS sample buffer and 20 µL/ lane (2 µg protein) were loaded 

together with intact antibody onto a Bis-Tris gel (4 - 12%) for SDS-PAGE analysis. 
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6.12.15. pHAb-Dye Labeling 

For thiol coupling, antibodies, antibody fragments and Fcabs were reduced with 2.5 mM DTT in DPBS, 1 mM 

EDTA, pH 7.0 for 1.5 h at 25°C, 450 rpm. DTT was removed by Zeba™ Spin desalting columns, previously 

equilibrated with DPBS, 1 mM EDTA, pH 7.0 according to the manufacturer’s instructions. 2.0 molar 

equivalents (pHAb:antibody) of pHAb thiol reactive dye (10 mg/mL in 1:1 (v/v) DMSO/water) were added to 

the reduced antibodies, antibody fragments and Fcabs and incubated for 3 h at 25°C, 450 rpm in the absence 

of light. Typically, no unreacted pHAb-dye was left. 

For amine coupling, antibodies, antibody fragments and Fcabs were formulated in 10 mM sodium-

bicarbonate buffer pH 8.5. pHAb amine reactive dye (10 mg/mL 1:1 (v/v) DMSO/water) was either added at 

a 2:1 molar ratio (pHAb:antibody) (αE-60, αE-65, αE-67, αE-C-IgG, αE-C-Fab) or a 10:1 molar ratio (huFc), 

followed by incubation at 25˚C, 450 rpm for 1 h in the absence of light. Excess dye was removed by DPBS 

equilibrated Zeba™ Spin desalting columns.  

The degree of labeling (DOL) could be determined by UV–VIS spectroscopy according to the manufacturer’s 

instructions or by an SE-HPLC method described in section 6.12.20. 

 

6.12.16. Cysteine Conjugation 

Antibody fragments and Fcabs were diluted to a final concentration of 5 mg/mL in PBS pH 7.4, 1 mM EDTA 

and partially reduced with an excess of 40 equivalents TCEP for 2 h at 37°C. TCEP was removed by desalting 

using an ÄKTA avant equipped with two consecutively connected 5 mL HiTrap™ desalting columns pre-

equilibrated with PBS formulation buffer. Subsequently, the purified, reduced antibody fragments were 

reoxidized with 20 equivalents L-dehydroascorbic acid (L-DHA) for 2 h at 25°C. To this mixture, 8 equivalents 

of mc-Val-Cit-MMAE were added and incubated for 1 h at 25°C before the reaction was stopped by the 

addition of 25 equivalents of N-acetylcysteine (15 min at 25°C) and purified by preparative SEC. Purified 

conjugates were concentrated using Ultra centrifugal filter units (10K MWCO, Amicon®), sterile filtered and 

protein concentration was determined by UV–VIS spectroscopy at 280 nm. The purified conjugates were 

subjected to analysis by SE-HPLC and DAR determination (RP-HPLC, HI-HPLC, LC-MS), snap-frozen in liquid 

nitrogen and stored at -80°C. 

 

6.12.17. Sortase A Conjugation 

For SrtA conjugation to LC-C-terminal LPETGS tags, αE-C-IgG or αE-C-Fab were formulated in SrtA conjugation 

buffer (final 5 mg/mL) using Ultra centrifugal filter units (αE-C-Fab: 10K MWCO, αE-C-IgG: 30k MWCO; 

Amicon®). SrtA275 was added to a final concentration of 13 µM along with 10 equivalents of 

Gly3-Va-Cit-MMAE per SrtA recognition motif. The reaction mixture was incubated for 90 min at 25°C, 
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stopped by the addition of EDTA as Ca2+ chelator (final 10 mM) and purified by preparative SEC. Purified 

conjugates were concentrated using Ultra centrifugal filter units, sterile filtered and protein concentration 

was determined by UV–VIS spectroscopy at 280 nm. The purified conjugates were subjected to analysis by 

SE-HPLC and DAR determination (RP-HPLC, HI-HPLC, LC-MS), snap-frozen in liquid nitrogen and stored 

at -80°C. 

 

6.12.18. Transglutaminase Conjugation 

mTG-mediated antibody conjugation was assessed in PBS formulation buffer with up to 10% (v/v) DMSO. 

5 mg/mL antibody, antibody-fragments or Fcabs and 20 equivalents of linker-drug Gly3-Val-Cit-MMAE were 

mixed with 60 U/mL genetically engineered mTG (made in-house125) for conjugation on Q295 or 6 U/mL mTG 

from S. mobaraensis (Zedira) for conjugation on N-terminal LLQGA tags. Reaction mixes were incubated at 

37°C for 18 h with gentle shaking, chilled to 10°C and purified by preparative SEC. Purified conjugates were 

concentrated using Ultra centrifugal filter units (Fcab, huFc: 10K MWCO, IgG: 30k MWCO; Amicon®), sterile 

filtered and protein concentration was determined by UV–VIS spectroscopy at 280 nm. The purified 

conjugates were subjected to analysis by SE-HPLC and DAR determination (RP-HPLC, HI-HPLC, LC-MS), snap-

frozen in liquid nitrogen and stored at -80°C. 

Activity of mTG (U/mL) was determined using the ZediXclusive microbial transglutaminase (Zedira) 

photometric assay according to the manufacturer’s instructions.125 

 

6.12.19. Serum Stability 

Mouse and human serum were thawed at ambient temperature and supplemented with HEPES buffer (final 

0.3 M HEPES) in order to maintain serum pH levels close to physiological pH ranging between pH 7.3 and 

pH 7.4. Buffered serum was sterile filtered and MMAE conjugate stock solutions were added to the serum 

sample at final concentrations of 5 µM conjugated MMAE (considering the DAR of each construct). In 

addition, samples were supplemented with deuterated D8-MMAE internal standard (final 5 µM). Samples 

were mixed and transferred to PCR tubes with a final volume of 20 μL per aliquot, followed by incubation at 

37°C, 5% CO2, 95% H2O. Triplicates were prepared for each sample. Sample time series were collected at 

timepoints 0, 2, 4, 6, 24, 48, 72 and 96 h and stored at -80°C until further analysis. Serum samples (5 μL) were 

transferred to PCR tubes, mixed with 150 μL methanol and MMAE as well as D8-MMAE concentrations were 

analyzed by UPLC MS/MS. For the UPLC system, an ACQUITY UPLC H-Class System (Waters) was used along 

with an Acquity UPLC BEH C18 1.7 μm 2.1 × 50 mm column (Waters). For the mobile phase, solvent A was 

used with 0.1% formic acid in water and acetonitrile for solvent B. Mass spectrometer measurements were 

performed using a Sciex Triple Quad 6500 system and AB Sciex Analyst for data analysis. 
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6.12.20. Degree of pHAb-Dye Labeling 

SE-HPLC was performed on a 1260 Infinity device from Agilent Technologies equipped with a diode array 

(DAD) and a fluorescence (FLD) detector module and either a TSKgel SuperSW3000 or a SuperSW2000 

column. The mobile phase consisted of 50 mM sodium phosphate, 400 mM sodium perchlorate, pH 6.3 and 

its flow rate was set to 0.35 mL/min. The DAD was set to detect absorption at 280 nm (aromatic amino acids) 

and 535 nm (pHAb-dye). The excitation and emission wavelengths of the FLD were set to 535 nm and 566 nm 

to record fluorescence of pHAb-dye (see also Figure 24B). 

 

 

Figure 19. SE-HPLC analysis for the determination of pHAb-dye DOL, exemplarily shown for a pHAb-dye conjugated Fcab. (A) 
Unconjugated Fcab does not absorb light at 535 nm. (B) Hence, Fcab does not show fluorescence at 566 nm when excited at 535 nm 
(pHAb-dye absorption maximum). (C) Absorption of Fcab at 280 nm (aromatic amino acids). Fcab (54 kDa) elutes at 9.3 min. (D) 
Absorption of free pHAb-dye at its absorption maximum at 535 nm. According to its smaller size, free pHAb-dye (786 g/mol, carboxylic 
acid form) elutes at higher tR 11.2 min. (E) Fluorescence at 566 nm (pHAb-dye fluorescence maximum) of free pHAb-dye when excited 
at 535 nm. (F) Free pHAb-dye absorbs also at 280 nm. The smaller peak at 11.8 min is caused by buffer components and was neglected 
for peak integration. (G) Absorption at 535 nm of Fcab-pHAb conjugate. The first peak marked in red represents the absorption of 
conjugated pHAb-dye molecules while the second peak marked in blue shows free pHAb-dye which could not be removed entirely 
by Zeba™ spin desalting column purification. (H) Fluorescence at 566 nm of Fcab-pHAb conjugate. The peak depicted in red shows 
fluorescence of conjugated pHAb-dye while the blue peak shows fluorescence of free pHAb-dye. With respect to the peak area of 
the absorption signal (535 nm) of conjugated pHAb-dye depicted in (G), its relative fluorescence signal (H) is reduced compared to 
the fluorescence signal of free pHAb-dye. This indicates that the local molecular environment influences the fluorophore quantum 
yield. (I) Absorption of Fcab-pHAb at 280 nm is composed of the absorption of its protein and pHAb-dye components. 
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Free pHAb-dye, pHAb-dye conjugated proteins and the corresponding unconjugated proteins were then 

analyzed by SE-HPLC. Figure 19 depicts exemplarily the resulting chromatograms for unconjugated protein, 

free pHAb-dye and pHAb-dye conjugated protein. 

 
 
Calculating molar extinction coefficients (MEC) of unconjugated protein and free pHAb-dye from SE-HPLC 

peak area 

In a next step, the molar extinction coefficients (MEC) of unconjugated protein and free pHAb-dye were 

calculated from SE-HPLC peak areas. Exemplary chromatograms can be found in Figure 19C (unconjugated 

protein) and Figure 19D-F (free pHAb-dye). Relevant peaks were integrated using the ChemStation analysis 

software by Agilent. From the corresponding peak area, the MEC280nm of the unconjugated protein and the 

MEC535nm of free pHAb-dye could be determined applying the following equation derived from Wang et al.276  

 𝜀𝑖 =  
𝐴𝑟 ∙ 𝐹

𝑙 ∙ 𝑐 ∙ 𝜐𝑖𝑛𝑗
 (10) 

where εi is the MEC at wavelength λi, Ar is the calculated peak area, F is the SE-HPLC flow rate, l is the flow 

cell path length, c is the concentration of the injected sample, and υinj is the injected sample volume. Table 4 

summarizes the resulting MEC of unconjugated proteins and free pHAb-dye. 

Table 4. Molar extinction coefficient at different wavelengths. MEC are given as the mean (± SD). Different volumes of unconjugated 
protein or free pHAb-dye solution were injected in three consecutive SE-HPLC runs and the resulting peak areas were used to 
calculate MEC from equation (10). For example, when injecting vinj = 7.5 µL of c = 18.3 µM Fcab a single peak with a peak area Ar280nm 

of 1825 eluted at 9.3 min (Figure 19C). With a constant SE-HPLC flow rate of F = 5.8 µL/s, a MEC280nm of 77122 (mM∙cm)-1 was 
calculated. 

analyte 
MEC

280nm 

[mM∙cm]
-1

 

MEC
535nm

 

[mM∙cm]
-1

 

αE-60 94582 ± 685 - 

αE-65 94608 ± 1 - 

αE-67 96964 ± 155 - 

huFc 75217 ± 306 - 

αE-C-Fab 72828 ± 26 - 

αE-C-IgG 107610 ± 182 - 

free pHAb-dye 14825 ± 257 60813 ± 823 

 

Calculating the DOL from SE-HPLC peak area of pHAb-dye conjugated protein and MEC 

To calculate the DOL value from a pHAb-dye labeled construct, the molar amount of conjugated pHAb-dye 

(npHAb,535nm) and protein (nprotein,280nm) was calculated first. Therefore, pHAb-dye labeled constructs were 

analyzed by SE-HPLC and the absorption peak area of conjugated pHAb-dye (Figure 19G peak marked in red), 

as well as peak area from absorption at 280 nm (Figure 19I) were calculated. Absorption at 280 nm is caused 

not only by the protein structure but also by the conjugated pHAb-dye (Figure 19F). To calculate the amount 
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of injected protein from this peak, the peak area that is contributed by pHAb-dye must be subtracted. The 

portion of pHAb-dye absorption at 280 nm can be derived from its peak area at 535 nm (Ar535nm) and 

subtracted from total peak area at 280 nm (Ar280nm) as shown in equation (11): 

 𝐴𝑟280𝑛𝑚,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐴𝑟280𝑛𝑚 − (𝐴𝑟535𝑛𝑚 ∙
𝑀𝐸𝐶𝑝𝐻𝐴𝑏,280𝑛𝑚

𝑀𝐸𝐶𝑝𝐻𝐴𝑏,535𝑛𝑚
) (11) 

Subsequently, the amount of injected protein can be calculated from the corrected peak area (Ar280nm,corrected) 

by equation (12): 

 𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛,280𝑛𝑚 =
𝐴𝑟280𝑛𝑚,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑∙𝐹

𝑀𝐸𝐶𝑝𝑟𝑜𝑡𝑒𝑖𝑛,280𝑛𝑚
 (12) 

Similarly, the amount of conjugated pHAb-dye can be calculated from the peak area of its absorption signal 

at 535 nm (Ar535nm): 

 𝑛𝑝𝐻𝐴𝑏,535𝑛𝑚 =
𝐴𝑟535𝑛𝑚∙𝐹

𝑀𝐸𝐶𝑝𝐻𝐴𝑏,535𝑛𝑚
 (13) 

The ratio between the amount of conjugated pHAb-dye molecules and protein defines the DOL value of a 

construct: 

 𝐷𝑂𝐿 =  
𝑛𝑝𝐻𝐴𝑏,535𝑛𝑚

𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛,280𝑛𝑚
 (14) 

The SE-HPLC chromatograms of relevant pHAb-dye conjugates as well as derived DOL values are shown in 

Figure A8 and Table 10. 

 

 

6.13. Cell Biological Methods 

 

6.13.1. Cultivation of Mammalian Cells 

Cells were thawed rapidly in a water bath at 37°C, resuspended in 10 mL of pre-warmed medium and 

centrifuged for 10 min, 250 x g at ambient temperature. The supernatant was removed, and the pellet was 

resuspended in 10 mL cell culture medium and seeded into a cell culture flask of appropriate size. 

Adherent cancer cells were maintained according to standard culture conditions in T25, T75 or T175 flasks 

(37°C, 5% CO2, 95% humidity) and usually subcultured every 3-4 days. For example, confluently grown cells 

in T175 flasks were washed two times with 13 mL pre-warmed DPBS and detached with 1 mL 0.05% trypsin-

EDTA. Trypsin activity was stopped by addition of 9 mL fresh medium and cell viability as well as cell number 

were measured by Vi-CELL™ XR. For subculturing, an appropriate number of cells was transferred into a new 

culturing flask, diluted with fresh medium to 13 mL and returned to the incubator. 

Expi293F™ cells were cultured in Erlenmeyer shake flasks (Corning®) according to the manufacturer’s 

instructions. 
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6.13.2. Protein Production 

Antibodies, antibody-fragments and Fcabs were expressed by transient transfection of heavy chains (and 

light chains) in Expi293F™ cells following the manufacturer’s instructions using the corresponding 

transfection kit and media from Life Technologies. HC and LC plasmids were used at a HC:LC 1:2 ratio for 

transfection. Expression volumes were either 100 mL (0.5 L flask) or 200 mL (1 L flask). 

Supernatant was harvested by centrifugation (4800 x g, 4°C for 1 h) after 5 days post transfection and sterile 

filtered before purification via affinity chromatography. 

 

6.13.3. Cellular Binding Assay 

Cellular binding of antibodies, antibody-fragments or Fcabs was studied via a flow cytometry-based assay. 

Therefore, the cells were centrifuged (10 min at 500 x g, 4°C), the supernatant was carefully aspirated and 

cells were resuspended in a suitable volume of DPBS, 1% (w/v) BSA to obtain a final concentration of 1∙106 

cells/mL. 100 µL of cell suspension was added to each well of a 96 well round bottom microplate (1∙105 

cells/well). The plate was centrifuged for 5 min at 660 x g and 4°C and the supernatant was discarded. 

Analytes (100 µL/well) were added in 1:2 dilution series starting at concentrations approximately 100-fold 

higher than the expected KD value. Plates were incubated for 60 min on ice to prevent internalization and 

centrifuged afterwards (5 min at 660 x g and 4°C). The supernatant was discarded, and cell pellets were 

washed twice with 150 µL chilled DPBS, 1% (w/v) BSA. Microplates were centrifuged again, and the resulting 

cell pellets were taken up in 100 μL chilled AF488-labeled detection antibody (final 500 nM in DPBS, 1% (w/v) 

BSA; IgGs, huFc, Fcabs: #109-546-008; Fabs: #109-547-003; Jackson ImmunoResearch). Cells were incubated 

with labeling antibodies for 30 min on ice in the absence of light, washed twice, centrifuged, and taken up in 

200 μL chilled DPBS, 1% (w/v) BSA. The plate was immediately transferred to an Attune NxT flow cytometer 

and fluorescence (Exc. 488 nm, Em. 574 nm) of cells was analyzed (30,000 counts/well). Cellular binding was 

typically analyzed on one target-negative and two target-positive cell lines. 

 

6.13.4. Cellular Uptake Assay 

Cells were centrifuged at 500 x g for 10 min. The supernatant was discarded, and cells were resuspended in 

the respective medium without phenol red (SKBR-3, HCC-1954, BT-474, MDA-MB-468: 200,000 cells/mL; 

MDA-MB-468, A431, MCF-7: 300,000 cells/mL). The cell suspension (40 µL/well) was seeded into a black 384 

clear bottom plate followed by incubation (37°C, 5% CO2) in a humid chamber overnight. pHAb-dye 

constructs were supplemented with 0.3% Tween-20 (final), diluted to 3 µM and added in triplicates to the 

cells (final 100 nM) using a D300e digital dispenser. The cells were immediately transferred to a Cytation 5 

cell imaging reader equipped with DAPI and RFP filter cubes and a BioSpa 8 automated incubator. Brightfield 
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(objective: 10x, LED intensity: 10, integration time: 13 msec, camera gain: 24) and RFP channel images (Exc. 

531 nm, Em. 593 nm, LED intensity: 10, integration time: 55 msec, camera gain: 24) were taken every 2 h 

over a period of 24 h. About 30 min before the 24 h measurement, the plate was removed from the BioSpa 

8 device and 1 µg/mL Hoechst 33342 dye was added via a Tecan D300e digital dispenser for an additional 

24 h endpoint DAPI nuclear staining image. Images were processed with the BioTek gen5 data analysis 

software. The total pHAb dye fluorescence intensity (RFP channel) of each image was normalized to the 

number of cells determined in the DAPI channel and subtracted by the RFP channel signal at 0 h (background 

signal). The cell number and background normalized intensities were divided by the pHAb-dye DOL value of 

each construct and plotted against the time. Data was fitted by linear regression in GraphPad Prism 

(GraphPad Software, Inc.) and intracellular accumulation rates (slopes) were derived. Finally, the relative 

intracellular accumulation (%) was calculated for each construct based on the highest intracellular 

accumulation rate. 

 

6.13.5. Cell Viability Assay 

For the evaluation of MMAE conjugates and related compounds, 40 µL of viable cell suspension were seeded 

into opaque 384 well plates (cells/well: 6,000 SKBR-3; 3,500 HCC-1954; 2,500 MDA-MB-468; 9,000 A431; 

5,000 MCF-7) followed by incubation (37°C, 5% CO2) in a humid chamber overnight. Test compounds were 

added using a D300e digital dispenser. Free MMAE and protein/ protein-conjugate solutions were 

supplemented with 0.3% Tween-20 (final) and diluted to 6 µM (MMAE) or 10 µM (proteins). Doxorubicin and 

paclitaxel were used as 10 mM DMSO solutions. All wells were normalized to the maximum amount of 

Tween-20 added. Cell viability was determined after 4 days using CellTiter-Glo® reagent according to the 

manufacturer’s instructions. Luminescence values were normalized to luminescence of non-treated cells and 

dose-response was fitted using the asymmetric (five parameter) fitting function of GraphPad Prism. 

 

6.13.6. Tumor Spheroid Penetration 

For spheroid formation, BT-474 or HCC-1937 cells were diluted in their appropriate medium and seeded 

(2,000 cells/well; 40 µL) into a black clear/round bottom 384 well plate (Corning®). The plate was centrifuged 

for 4 min at 660 x g, rotated by 180° and centrifuged for further 4 min at 660 x g to center the cells in the 

middle of the wells. Cells were incubated for 96 h at 37°C, 5% CO2 in a humid chamber to allow formation of 

spheroids. pHAb-dye constructs were supplemented with 0.3% Tween-20 (final), diluted to 3 µM and added 

in replicates to the cells (final 50 nM) using a D300e digital dispenser. BT-474 and HCC-1937 spheroids were 

incubated for 24 h at 37°C, 5% CO2 in a humid chamber, under exclusion of light. Images were taken with a 

Leica TCS SP8 confocal laser scanning microscope (20x objective, Exc. 535 nm, Em. 560 – 610 nm, laser power: 
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20, gain: 500). Radial profile plots were created from unprocessed images using the radial profile plot plug-

in in ImageJ272 and normalized to the pHAb-dye DOL value of each construct. Mean penetration distances 

were calculated from ImageJ data as indicated in Figure 38. 
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7. Results and Discussion 
 

Parts of this work have been published.277,278 

 

 

7.1. Design and Generation of Fcabs and Controls 

In order to evaluate the Fcab scaffold for the generation of drug conjugates, a literature search was initially 

performed to identify suitable Fcab variants for this study (section 4.7.2, Table 2). 

 

7.1.1. Selection and Design 

Fcab variants presented in Table 5 appeared particularly interesting for several reasons: (1) Their binding to 

well-known ADC targets overexpressed in solid tumors (HER2, EGFR), (2) their relatively detailed 

characterization and improved stability compared to other Fcabs, (3) the existence of therapeutical 

antibodies against the same targets that can be used as references (Trastuzumab, Cetuximab) and (4) in the 

case of HER2 binding Fcabs, their wide range of binding affinities (KD,lit 0.8 – 109 nM) that allows for studying 

the impact of affinity on intracellular uptake, cytotoxicity and tumor cell spheroid penetration. 

 

Table 5. Literature known Fcabs and reference antibodies/ fragments selected for this study. *adjacent but not overlapping epitope 
with Trastuzumab; **no overlapping epitope with Trastuzumab; ‡no overlapping epitope with Cetuximab. 

molecule literature 

name 
type target 

target KD,lit 

[nM] 
target epitope 

Engineered 

CH3 loops 
ref. 

H10-03-6 CysP2 Cys Fcab HER2 69 domain IV* AB, EF 260 

STAB5 Fcab HER2 19 domain IV* AB, EF 258 

STAB19 Fcab HER2 109 domain IV* AB, EF 249,258 

FS102 Fcab HER2 0.8 n.r.** AB, EF 255 

FS1-60 Fcab EGFR 2.6 ‡ AB, CD, EF 252 

FS1-65 Fcab EGFR 0.7 ‡ AB, CD, EF 252 

FS1-67 Fcab EGFR 1.3 ‡ AB, CD, EF 252 

Trastuzumab IgG1 HER2 0.16 domain IV - 104,279 

Cetuximab IgG1 EGFR 1.7 domain III - 101 

human Fc portion IgG1-Fc - - - - 249 

 

The Fcabs and reference molecules listed in Table 5 were selected as protein scaffolds and modified for the 

applicability of various site-specific bioconjugation techniques and FcγRI, II, III attenuation (Table 6). 

Consequences resulting from non-overlapping target epitopes of Fcabs and references (Figure 20) are 

discussed in section 7.2.1 and 7.2.3. 
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Figure 20. HER2 targeting Fcabs bind to different HER2 epitopes than Trastuzumab. Fcabs STAB19 (dark grey) and H10-03-6 bind to 
the same HER2 (light grey) epitope in domain IV.249 Fcab STAB5 binds probably to this epitope too. Trastuzumab (salmon) binds to 
an adjacent epitope in the same HER2 domain IV. The binding site of FS102 is not reported but HER2 binding competition experiments 
indicated that FS102 and Trastuzumab epitopes do not overlap.255 STAB19 paratope is marked red. 

 

For site-specific cysteine conjugation, HER2-targeting Fcabs H10-03-6 CysP2 Cys, STAB5 and STAB19 were 

engineered by incorporation of an addressable cysteine residue at position D265C (αH-H10C265, αH-S5C265, 

αH-S19C265).280 Among high and low affinity HER2 binding Fcabs, the intermediate affinity (KD 19 nM) STAB5 

scaffold was chosen as a compromise to further explore site-specific enzymatic conjugation. Therefore, 

recognition tags (LLQGA124,281) that allow for transglutaminase-mediated bioconjugation were genetically 

fused to the N- and C-terminus of STAB5 to evaluate conjugation on both termini (αH-S5LLQGA-N, 

αH-S5LLQGA-G4S-N, αH-S5C-G4S-LLQGA, αH-S5C-(G4S)2-LLQGA). LLQGA tags were separated from termini by glycine-serine 

spacer to facilitate transglutaminase accessibility. Moreover, an effector silencing mutation (D265A282,283) 

was incorporated in all Fcab variants (except αH-H10C265, αH-S5C265, αH-S19C265) to avoid effects mediated by 

FcγRI, II, III receptor binding.149 HER2- and EGFR-targeting Fcabs were also included as variants carrying only 

the D265A mutation (αH-H10, αH-S5, αH-S19, αH-FS, αE-60, αE-65, αE-67) aiming for transglutaminase-

mediated conjugation to native glutamine Q295 within the CH2 region. The EGFR-binding Fcabs (αE-60, αE-65, 

αE-67) were used as variants lacking the core hinge region (TCPPCP) due to material availability. As a control 

for subsequent spheroid penetration assays, a full-length 150 kDa STAB5 variant (αHxH-S5-IgG) was designed 

with unrelated anti-hen egg lysozyme (HEL) Fab fragments genetically fused onto the Fcab scaffold. 

Moreover, native human IgG1-Fc (huFc)-based negative controls were designed (huFc, huFcLLQGA-N, 

huFcLLQGA-G4S-N, huFcC-G4S-LLQGA, huFcC-(G4S)2-LLQGA) as well as a Trastuzumab-Fab (αH-T-Fab) reference carrying two 
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engineered cysteines (K183C284, V205C120) for site-specific cysteine conjugation. Cetuximab-IgG (αE-C-IgG) 

and Cetuximab-Fab (αE-C-Fab) reference constructs bearing C-terminal sortase A recognition tags 

(LPETGS285) at light chains were not designed specifically for this work, but were taken from another 

project.286 Trastuzumab-IgG (αH-T-IgG) was used without modification. 

 

Table 6. Modified Fcabs and controls used in this study. Engineered conjugation sites are superscripted in Fcab and huFc construct 
names. Specifications: a – HER2-targeting Fcab; b – EGFR-targeting Fcab; c – non-targeting negative control; d – HER2-targeting 
reference; e – EGFR-targeting reference; f – HER2-targeting 150 kDa Fcab control. αE – anti-EGFR, αH – anti-HER2, αHxH – anti-
HER2xHEL, HC – heavy chain, HEL – hen egg lysozyme, LC – light chain. 

construct name target protein scaffold 
single aa 

mutation 
terminal tag 

size 

[kDa] 

specifi-

cation 

αH-H10 HER2 H10-03-6 CysP2 

Cys Fcab 

D265A - 54.4 a 

αH-H10C265 HER2 D265C - 54.4 a 

αH-S5 HER2 STAB5 Fcab D265A - 56.7 a 

αH-S5C265 HER2 STAB5 Fcab D265C - 56.8 a 

αH-S5LLQGA-N HER2 STAB5 Fcab D265A LLQGA-N 59.6 a 

αH-S5LLQGA-G4S-N HER2 STAB5 Fcab D265A LLQGA-G4S-N 58.3 a 

αH-S5C-G4S-LLQGA HER2 STAB5 Fcab D265A C-G4S-LLQGA 58.7 a 

αH-S5C-(G4S)2-LLQGA HER2 STAB5 Fcab D265A C-(G4S)2-LLQGA 59.0 a 

αH-S19 HER2 STAB19 Fcab D265A - 54.2 a 

αH-S19C265 HER2 STAB19 Fcab D265C - 54.3 a 

αH-FS HER2 FS102 Fcab D265A - 53.3 a 

αE-60 EGFR FS1-60 Fcab D265A - 52.0 b 

αE-65 EGFR FS1-65 Fcab D265A - 52.0 b 

αE-67 EGFR FS1-67 Fcab D265A - 51.9 b 

huFc - IgG1-Fc D265A - 53.0 c 

huFcC265 - IgG1-Fc D265C - 53.1 c 

huFcLLQGA-N - IgG1-Fc D265A LLQGA-N 53.6 c 

huFcLLQGA-G4S-N - IgG1-Fc D265A LLQGA-G4S-N 54.3 c 

huFcC-G4S-LLQGA - IgG1-Fc D265A C-G4S-LLQGA 54.3 c 

huFcC-(G4S)2-LLQGA - IgG1-Fc D265A C-(G4S)2-LLQGA 55.2 c 

αH-T-Fab HER2 Trastuzumab Fab 
K183C, 

V205C 
HC-C-G4S-His6 49.0 d 

αH-T-IgG HER2 Trastuzumab IgG1 - - 148.1 d 

αE-C-Fab EGFR Cetuximab Fab - 
LC-C-(G4S)3-LPETGS, 

HC-C-G4S-His6 
50.5 e 

αE-C-IgG EGFR Cetuximab IgG1 - LC-C-(G4S)3-LPETGS 155.4 e 

αHxH-S5-IgG HEL/ HER2 
anti-HEL Fab-

STAB5 Fcab 
D265A - 151.5 f 
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7.1.2. Expression and Purification 

Fcabs, huFc controls, and αH-T-Fab reference were produced in mammalian Expi293F cells and purified by 

standard protein A (Figure A1, Figure A2) or IMAC (Figure A3) affinity chromatography, respectively. 

In general, purified protein yields of Fcabs were reduced compared to human Fc controls lacking the 

engineered antigen binding site (mean yields per culture volume: 84 mg/L vs. 389 mg/L) (Figure 21). Reduced 

binding of the Fcabs to protein A could be excluded as the cause, since SDS-PAGE analysis of the protein A 

flow through did not detect unbound Fcabs (Figure A1, Figure A2). The incorporation of the D265C mutation 

reduced expression yields by approximately 70% compared to constructs carrying the D265A mutation (e.g., 

huFc vs. huFcC265 351 mg/mL vs. 103 mg/mL). After affinity chromatography, monomer content of Fcabs and 

controls was typically 98 - 100%, except for αH-H10C265 and αH-H10 which showed 4.8% and 22.3% 

aggregates (MWapp ~ 700 kDa) by SE-HPLC. In the latter case, aggregates were fully removed by preparative 

SEC and did not form again, even after a period of ~ 6 months at 4°C. In contrast to human Fc controls 

huFcC-G4S-LLQGA and huFcC-(G4S)2-LLQGA, C-terminally tagged Fcabs αH-S5C-G4S-LLQGA and αH-S5C-(G4S)2-LLQGA 

precipitated during the final protein concentration step and were therefore excluded from following 

conjugation attempts. N-terminally tagged Fcabs αH-S5LLQGA-N and αH-S5LLQGA-G4S-N did not precipitate but 

formed 4.2 -4.6% aggregates after protein concentration (final concentration 5 – 6 mg/mL). Aggregate 

content increased to 8.2 – 8.5% after a freeze-thaw test cycle. αH-S5LLQGA-N and αH-S5LLQGA-G4S-N were 

therefore stored at 4°C. Interestingly, huFcLLQGA-N and huFcLLQGA-G4S-N did not show any aggregation during 

protein concentration or after freeze-thaw. 
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Figure 21. Purified protein yields. Yield is given as mass per culture volume. Expi293F expressed Fcabs are shown as black bars while 
controls are shown as grey bars. Constructs carrying the D265C mutation are marked red. For constructs that were expressed twice, 
the median (± range) is given. Asterisk marks constructs with aggregate content > 5% that were further purified by preparative SEC 
after affinity chromatography. Yields of Expi293F expressed αE-C-IgG and αE-C-Fab were taken from Roßkopf for comparison.286 
αH-T-IgG (Trastuzumab) was obtained from pharmacy. 
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All other concentrated Fcabs and controls showed high purity (98 – 100%) confirmed by gel electrophoresis 

(Figure A4) and SE-HPLC (Figure A5) after a final freeze-thaw cycle. 

 

7.1.3. Biophysical Characterization 

The identity and glycosylation patterns of all variants was confirmed by mass spectrometry (LC-MS) (Table 

A1) (Figure A6). αH-S5LLQGA-N and huFcLLQGA-N are partially O-glycosylated due to a potential O-glycosylation 

site (LLQGATCPPCP…) generated by genetical fusion of the LLQGA-tag to the hinge region. All STAB5 variants 

carry an additional Man5 glycosylation which is probably located at the artificial NVS glycosylation site in the 

engineered CH3 AB-loop. This artificial glycosylation site was also reported by Traxlmayr et al.258 

Engineering of Fc CH3 loop regions usually reduces a molecules’ thermostability which might result in higher 

aggregation tendency. Human wildtype Fc portions typically show two transition midpoints (Tm) in differential 

scanning calorimetry (DSC) representing unfolding of the CH2 (Tm1 ~ 66°C) and the CH3 domain (Tm2 ~ 81°C). 

In contrast, DSC profiles of Fcabs often show only one broad transition at ~65°C, indicating that the CH3 

domain is destabilized and its Tm2 is shifted toward the Tm1 of the CH2 domain.258 Rational protein design259,260 

as well as directed evolution258,261 were applied to restore thermostability of Fcabs. For example, H10-03-6 

CysP2 Cys was stabilized by the incorporation of additional disulfide bonds resulting in a human Fc wildtype-

like thermostability with CH2 transition at 63.5 °C and CH3 transition at 81.1 °C.260 Unfortunately, variants 

αH-H10 and αH-H10C265 differing from H10-03-6 CysP2 Cys only at position 265 in the CH2 region, showed a 

combined CH2, CH3 transition at 63 – 64°C in differential scanning fluorimetry (DSF) analysis (Table 7, Figure 

A7) similar to non-stabilized H10-03-6 (62 and 65°C).260 These results indicate that stabilizing disulfide bonds 

may not be closed in αH-H10 and αH-H10C265 providing also explanation for observed higher aggregation 

tendency of both molecules. Whether discrepancy to literature is caused by e.g., mutated D265, different 

analysis techniques (DSC vs. DSF) or different expression host (Expi293F vs. P. pastoris) remains unclear.259,260 

In accordance with literature, STAB19 variants αH-S19 and αH-S19C265 showed superior thermostability 

compared to STAB5 variants, indicated by two separated CH2 and CH3 thermal transitions (65 and 74°C) versus 

only one combined for STAB5 variants (66°C) (Table 7, Figure A7).258 

EGFR-binding Fcabs αE-60, αE-65 and αE-67 showed reduced CH2 thermostability (Tm1 57 – 61°C) compared 

to all other variants. In contrast, αE-60, αE-65 and αE-67 miss the hinge interchain cysteines 

(H2N-APELLGGPSVF…) and it was speculated whether this causes reduction in CH2 thermostability. To support 

this hypothesis, the hinge-cysteine carrying Fcab αH-FS (H2N-TCPPCPAPELLGGPSVF…) was digested with 

immunoglobulin G-degrading enzyme of S. pyogenes (IdeS) (human IgG1 cleavage site: 

…TCPPCPAPELLG // GPSVF…)287 and thermostability of the resultant αH-FS missing the hinge interchain 
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cysteines was analyzed. Indeed, Tm1 of αH-FS (w/o hinge) was decreased by 3°C compared to αH-FS 

supporting the hypothesis (Table 7, Figure A7). 

 

Table 7. Thermostability of Fcabs and huFc controls. Unfolding transition midpoints (Tm ± SD) were measured by DSF and are given 
as mean from duplicates. Typically, Tm1 indicates CH2 transition while Tm2 indicates CH3 transition. In Fcabs the Tm2 is often shifted 
toward the Tm1 and only one broad transition is observed. First derivatives of unfolding curves can be found in Figure A7. 

 thermal unfolding   thermal unfolding  

 Tm1 [°C] Tm2 [°C]   Tm1 [°C] Tm2 [°C]  

αH-H10 63.32 ± 0.01 -  αH-FS (w/o hinge) 63.13 ± 0.00 74.35 ± 0.02  

αH-H10C265 64.00 ± 0.02 -  αE-60 59.30 ± 0.03 74.30 ± 0.01  

αH-S5 66.09 ± 0.02 -  αE-65 60.70 ± 0.10 81.99 ± 0.09  

αH-S5C265 66.38 ± 0.13 -  αE-67 57.13 ± 0.01 -  

αH-S5LLQGA-N 66.25 ± 0.05 -  huFc 66.48 ± 0.58 81.71 ± 0.22  

αH-S5LLQGA-G4S-N 66.02 ± 0.12 -  huFcC265 66.29 ± 0.02 81.45 ± 0.02  

αH-S5C-G4S-LLQGA 66.08 ± 0.23 -  huFcLLQGA-N 66.22 ± 0.16 81.93 ± 0.02  

αH-S5C-(G4S)2-LLQGA 66.33 ± 0.00 -  huFcLLQGA-G4S-N 65.89 ± 0.02 81.84 ± 0.01  

αH-S19 65.19 ± 0.16 74.15 ± 0.28  huFcC-G4S-LLQGA 66.30 ± 0.12 81.15 ± 0.13  

αH-S19C265 65.48 ± 0.01 74.26 ± 0.12  huFcC-(G4S)2-LLQGA 66.28 ± 0.15 80.97 ± 0.17  

αH-FS 65.92 ± 0.07 75.23 ± 0.01      

 

Furthermore, the subset of EGFR-binding variants was selected to analyze protein integrity and 

hydrodynamic radius (rH) by SE-HPLC coupled multiangle light scattering (MALS) and dynamic light scattering 

(DLS) (Table 8). Fcabs, huFc, Cetuximab-Fab and IgG showed rH in the expected range of globular 50 kDa 

proteins (3.0 – 3.5 nm) and 150 kDa IgG (5.5 nm), respectively.288 All samples showed a polydispersity index 

(PDI) close to 1.00 indicating sample monomer character. 

 

Table 8. SE-HPLC-MALS-DLS characterization of EGFR-binding Fcabs, huFc and Cetuximab references. Mn – number average molar 
mass; Mw – mass average molar mass; PDI – polydispersity index (PDI = Mw/Mn); rH – hydrodynamic radius. 

construct rH [nm] Mn [g/ml] Mw [g/ml] PDI 

αE-60 3.073 ± 0.177 53.66 ± 0.28 53.84 ± 0.28 1.003 ± 0.007 

αE-65 3.201 ± 0.139 53.59 ± 0.30 53.78 ± 0.30 1.004 ± 0.008 

αE-67 3.213 ± 0.144 53.16 ± 0.34 53.56 ± 0.36 1.008 ± 0.009 

huFc 3.533 ± 0.139 53.75 ± 0.35 54.10 ± 0.37 1.007 ± 0.010 

αE-C-Fab 3.121 ± 0.138 50.48 ± 0.33 50.82 ± 0.35 1.007 ± 0.010 

αE-C-IgG 5.514 ± 0.137 156.2 ± 0.96 157.0 ± 0.99 1.005 ± 0.009 
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7.2. Evaluation of Fcab Suitability for ADC Generation 

To assess the ADC suitability of selected Fcabs, cellular binding, uptake and accumulation were studied. 

 

7.2.1. Cellular Binding of Fcabs to Tumor Cells 

Selective binding to target expressing cells is one of the fundamental requisites of antibody-based therapies. 

HER2- as well as EGFR-targeting variants αH-H10, αH-S5, αH-S19, αH-FS, αE-60, αE-65, αE-67 were selected 

and tested for binding to cell surface targets on two target positive (HER2+: SKBR-3, HCC-1954; EGFR+: 

MDA-MB-468, A431) and one target negative cell line (HER2-: MDA-MB-468; EGFR-: MCF-7). αH-T-IgG, 

αH-T-Fab, αE-C-IgG, αE-C-Fab references and huFc were included as controls. Binding was assessed by flow 

cytometry after incubating cells with constructs (100 nM) and subsequent labeling with Fc-specific or anti-LC 

detection antibody.  

Selective cellular binding was observed for αH-H10, αH-S5, αH-S19, αH-FS, αE-60, αE-65 and αE-67 (Figure 

22) confirming the reported target-dependent cell binding of corresponding Fcab scaffold variants.252,255,258,260 

No cellular binding of the huFc negative control was detected indicating the absence of unspecific binding 

effects. At 100 nM, relative order of fluorescence intensity of distinct variants bound to HER2 positive SKBR-3 

and HCC-1954 cells correspond to their reported HER2 binding affinity: αH-T-IgG (KD,lit 0.16 nM + avidity) < 

αH-T-Fab (KD,lit 0.16 nM) < αH-FS (KD,lit 0.8 nM) < αH-S5 (KD,lit 19 nM) < αH-H10 (KD,lit 69 nM) < αH-S19 

(KD,lit 109 nM) (Figure 22A) (Table 5). For all EGFR-targeting constructs, similar fluorescence signal intensities 

were observed since their KD values are within a very narrow range (KD,lit 0.7 – 2.6 nM). Furthermore, 

fluorescence signal intensities correspond with reported relative HER2 and EGFR surface expression densities 

on cell lines (HER2+: SKBR-3 > HCC-195499; EGFR+: MDA-MB-468 > A431289). 

In a next step, dissociation constants for the above-mentioned constructs were derived from concentration-

dependent cellular binding assays. Therefore, the same cell lines were incubated with serially diluted 

constructs (Figure 23), and KD values were derived from inflection points of fitted dose response curves (Table 

9). αH-FS, αE-60, αE-65, αE-67, αH-T-IgG and αH-T-Fab show a typical dose-response curve pattern where 

mean fluorescence intensities (MFI) plateau at high concentrations indicating surface receptor saturation 

(Figure 23A, B). Distinct MFI saturation levels between αH-FS, αH-T-IgG and αH-T-Fab may be due to reduced 

HER2 epitope accessibility for αH-FS or varying detection antibody labeling caused by fewer addressable 

binding sites at engineered Fcabs or αH-T-Fab compared to αH-T-IgG. Differences in number of attached 

fluorophore labels to polyclonal detection antibodies would be also a conceivable explanation. Nevertheless, 

KD is independent of the MFI level at receptor saturation and corresponding KD for αH-FS, αE-60, αE-65, 

αE-67, αH-T-IgG and αH-T-Fab (Table 9) are in good agreement with literature (Table 5). 
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Figure 22. Cellular binding of Fcabs, huFc and references to several cancer cell lines. (A) HER2-targeting Fcabs and references bind 
selectively HER2 positive cells (SKBR-3, HCC-1954). No significant binding to HER2 negative cells (MDA-MB-468) was observed. 
Relative order of fluorescence intensity of distinct variants on HER2 positive cells correspond to their HER2 binding affinity. (B) EGFR-
targeting Fcabs and references bind selectively EGFR positive cells (MDA-MB-468, A431). αE-C-IgG binds slightly to EGFR negative 
MCF-7 cells. Cells were incubated with 100 nM of Fcab/antibody (duplicates) for 60 min at 4°C, washed twice with PBS-1% BSA, 
incubated for 30 min with 500 nM of AF488-labeled detection antibody at 4°C in darkness, washed twice with PBS-1% BSA, and finally 
fluorescence intensity was measured by flow cytometry. Fcabs, huFc and IgG references were labeled with Fc-specific polyclonal 
F(ab’)2-AF488 mixture (#109-546-008), while Fab references were labeled with IgG-specific polyclonal Fab-AF488 mixture 
(#109-547-003). Due to different detection antibodies, fluorescence signal intensity of huFc, Fcabs and IgGs cannot be compared 
directly to αE-C-Fab or αH-T-Fab signal. 

 

In contrast, αH-H10, αH-S5 and αH-S19 apparently do not reach receptor saturation on HER2 positive SKBR-3 

and HCC-1954 cells, even at the highest tested concentration (12.8 µM) (Figure 23B). At this concentration, 

negative control huFc did not show significant binding to cells. Neither do αH-H10, αH-S5 and αH-S19 on 

HER2 negative MDA-MB-468 cells, suggesting that this effect may be HER2 related. It should be noted that 

this binding behavior was observed in several time- and experimenter-independent replicates and that 

expected binding behavior of references and αH-FS make a systematic error seem unlikely. 
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Figure 23. Concentration-dependent cellular binding of Fcabs, huFc and references to several cancer cell lines. Dose response (MFI) 
curves were fitted by asymmetric five parameter function using Graphpad Prism. (A) Serial dilution (1:2; 400 – 0.05 nM) of EGFR-
targeting Fcabs on EGFR positive (MDA-MB-468, A431) and EGFR negative cells (MCF-7). αE-C-IgG and huFc controls (100 nM) were 
included. Varying binding saturation levels between MDA-MB-468 and A431 cells reflect cell specific EGFR expression densities 
(MDA-MB-468: ~1.8∙106 EGFR copies/cell; A431: ~7∙105 EGFR copies/cell289). (B) Binding of HER2-targeting Fcabs and references to 
HER2 positive (SKBR-3, HCC-1954) and HER2 negative cells (MDA-MB-468) at varying concentration ranges. Mean (± SD) is shown for 
time- and experimenter-independent replicates: αH-T-Fab on SKBR-3 (n = 2); αH-T-IgG, αH-S5, αH-H10, αH-S19 and huFc on SKBR-3 
(n = 3); αH-S5, αH-H10, αH-S19 and huFc on HCC-1954 (n = 2). αH-FS binding on HCC-1954 has been enlarged for better visibility. (C) 
αH-S5 shows slight turning point near the expected KD range. MFI – mean fluorescence intensity. 

 

Data from individual experiments with αH-S5 suggest that there are two overlapping binding effects taking 

place (Figure 23C). In the lower concentration range (< 1 µM) an MFI plateau seem to be reached between 

100 – 1000 nM, before MFI values increase more sharply between 1 – 10 µM. When fitting this first binding 

event, KD values in the range of the expected KD,lit 19 nM258 are obtained (KD ~ 100 nM). An explanation for 

the second binding event could be unspecific binding of Fcabs on cell surface which is more pronounced at 

higher concentration ranges (> 1 µM). 
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Table 9. Fcab and reference cellular dissociation constants. KD values were derived from inflection points of asymmetric five 
parameter fitted dose response curves (Graphpad Prism) of concentration-dependent cellular binding experiments. ambig. – 
ambiguous results; n.d. – not determined. 

construct 

cellular KD [nM]  

SKBR-3 

(HER2+) 
HCC-1954 

(HER2+) 
MDA-MB-468 

(HER2-/ EGFR+) 
A431 

(EGFR+) 
MCF-7 (EGFR-)  

αH-H10 ambig. ambig. - n.d. n.d.  

αH-S5 ambig. ambig. - n.d. n.d.  

αH-S19 ambig. ambig. - n.d. n.d.  

αH-FS 3.54 1.01 - n.d. n.d.  

αH-T-Fab 1.93 1.66 - n.d. n.d.  

αH-T-IgG 2.27 1.07 - n.d. n.d.  

αE-60 n.d. n.d. 2.58 1.50 -  

αE-65 n.d. n.d. 2.59 1.84 -  

αE-67 n.d. n.d. 2.40 1.75 -  

huFc - - - - -  

 

 

7.2.2. Generation of pHAb-Dye Labeled Fcabs and Controls 

Besides selective binding, other important factors for ADC payload delivery mediated by the antibody 

component are internalization and intracellular accumulation. Both factors may depend on target epitopes. 

Since selected Fcabs do not bind to the same HER2 and EGFR epitopes as Trastuzumab and Cetuximab (Table 

5), it is unclear whether Fcabs show similar cellular uptake profiles than reference antibodies. 

To study cellular uptake, selected Fcab variants and controls were labeled with a pH sensor fluorescent dye 

(pHAb-dye290) (Figure 24A). 

 

 

Figure 24. pHAb-dye-labeling for antibody uptake studies. (A) Structure of pHAb thiol (1) and pHAb amine (2) reactive dye. 1 carries 
a maleimide group (marked grey) which reacts with free thiol groups of cysteines while 2 bears an NHS-active ester (marked grey) 
which preferentially reacts with amino groups of e.g. lysine side chains. (B) Absorption and fluorescence spectra of pHAb dye in 
SE-HPLC running buffer (50 mM sodium phosphate, 400 mM sodium perchlorate, pH 6.3). Spectra were recorded on a microplate 
reader. 
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pHAb-dye is not fluorescent at neutral pH but becomes highly fluorescent at acidic pH present in endosomal 

and lysosomal vesicles after internalization.290 This allows to detect only intracellularly accumulated 

constructs resulting also in a favorable signal-to-background ratio. Fcabs, references and huFc were labeled 

with pHAb-dye either via site-specific coupling to interchain/ engineered cysteines or in the case of EGFR-

targeting Fcabs lacking interchain cysteines by random lysine coupling (Table 10). 

To ensure comparability between pHAb-dye labeled constructs, fluorescence signals must be normalized to 

account for varying number of attached pHAb-dye molecules. 

Therefore, an SE-HPLC-based method for ADC DAR determination by Wang et al. was modified to derive the 

degree of pHAb-dye labeling (DOL) based on specific pHAb-dye absorption at 535 nm (Figure 24B).276 In 

addition to DOL determination, the method allows to characterize simultaneously the aggregation and 

purification (free pHAb-dye) status of the labeled construct from a single SE-HPLC run (Figure A8). For the 

detailed experimental procedure to measure and calculate DOL, the reader is referred to the material and 

methods section 6.12.20. 

 

Table 10. pHAb-dye labeled constructs generated for cellular uptake and spheroid penetration studies. HER2-targeting constructs 
were labeled by cysteine coupling while EGFR-targeting constructs were labeled by random lysine coupling. DOL values for random 

lysine coupled constructs are given as mean (± SD) of duplicates. DOL of interchain coupled constructs was calculated from single 
measurements. Monomer content of pHAb-dye conjugates was derived from SE-HPLC A280 signal. DOL was derived from monomer 
species. Superscript “C” marks cysteine coupling, while “K” refers to random lysine coupling. DOL – degree of pHAb-dye labeling. 

pHAb-dye conjugate 

conjugation SE-HPLC 

monomer 

content [%] 

 

substrate site DOL  

αH-H10C-pHAb 1 interchain Cys 1.8 33.5  

αH-S5C-pHAb 1 interchain Cys 1.9 89.7  

αH-S19C-pHAb 1 interchain Cys 2.0 82.3  

αH-FSC-pHAb 1 interchain Cys 2.5 77.4  

αH-T-FabC-pHAb 1 interchain Cys 1.8 87.5  

αH-T-IgGC-pHAb 1 interchain Cys 2.0 98.8  

αHxH-S5-IgGC-pHAb 1 interchain Cys 2.0 97.8  

αE-60K-pHAb 2 random Lys 1.26 ± 0.06 98.3  

αE-65K-pHAb 2 random Lys 2.28 ± 0.04 95.3  

αE-67K-pHAb 2 random Lys 1.93 ± 0.02 96.8  

αE-C-FabK-pHAb 2 random Lys 1.36 ± 0.03 95.8  

αE-C-IgGK-pHAb 2 random Lys 1.94 ± 0.05 96.5  

huFcK-pHAb 2 random Lys 4.67 ± 0.02 98.7  

 

Table 10 summarizes the generated pHAb-dye conjugates, their DOL and monomer content. Similar degrees 

of labeling (DOL 1.8 – 2.5 for cysteine coupling; DOL 1.3 – 2.3 for amine coupling) were achieved by carefully 

adjusting the equivalents of pHAb thiol (1) and pHAb amine (2) reactive dye added to (previously reduced) 
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proteins. pHAb-dye cysteine coupling of αH-H10 resulted in protein precipitation. SE-HPLC of the supernatant 

showed high content of aggregates (66.5%), suggesting that reduction and coupling interfered with the 

engineered stabilizing cysteines of the H10-03-6 CysP2 Cys scaffold.260 But also for other constructs, 

interchain cysteine conjugation led to more aggregates compared to amine coupling (Ø 11 vs. 3%). This is 

potentially caused by the additional DTT reduction and DTT removal step or the conjugation site. 

 

7.2.3. Cellular Uptake of Fcabs into Tumor Cells 

As already mentioned, Fcabs bind to different target epitopes than Trastuzumab or Cetuximab that may 

result in altered internalization, lysosomal trafficking and ADC cytotoxicity compared to clinically validated 

references. To assess ADC suitability of Fcabs, cellular uptake profiles of pH-sensitive pHAb-dye conjugates 

were studied on target positive (HER2+: SKBR-3, HCC-1954, BT-474; EGFR+: MDA-MB-468, A431) and target 

negative tumor cells (HER2-: MDA-MB-468; EGFR-: MCF-7). References αH-T-IgGC-pHAb, αH-T-FabC-pHAb, 

αE-C-IgGK-pHAb and αE-C-FabK-pHAb were included in these experiments along with huFcK-pHAb as a 

negative control. pHAb-dye labeled constructs were incubated on adherent grown cells for 24 – 26 h and 

pHAb-dye fluorescence of cell images was continuously recorded throughout the incubation time (Figure 

25A, Figure A9A). After 24 – 26 h, cell nuclei were stained (Figure 25B) and a software-assisted visual cell 

count was performed. The total pHAb-dye fluorescence intensity of images was normalized to the pHAb-dye 

DOL of the corresponding construct and cell number. Subsequently, cellular uptake kinetics were derived 

from normalized pHAb-dye fluorescence signals (Figure 25C). 
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Figure 25. Cellular uptake kinetics of pHAb-dye-labeled HER2-targeting constructs. (A) Intracellular accumulation time series 
exemplarily shown for αH-S5C-pHAb on SKBR-3 cells. Cells were incubated at 37°C, 80% humidity and 5% CO2 with 100 nM 
αH-S5C-pHAb and RFP channel images (Exc. 531 nm, Em. 593 nm) were recorded every 2 h for 24 h using a cell imaging reader 
equipped with an automated incubator. (B) Exemplary fluorescence microscopy images of αH-FSC-pHAb (100 nM) on BT-474 (left) 
and αH-T-FabC-pHAb (100 nM) on SKBR-3 cells (right) showing pHAb-dye fluorescence (orange) around Hoechst33342 stained cell 
nuclei (blue) after 24 h incubation. Merged brightfield image shows contours of cells. (C) Linearly increasing (αH-S5C-pHAb, 
αH-T-IgGC-pHAb) and decelerating (αH-FSC-pHAb) cellular uptake derived from time series images. Dashed lines illustrate flattening 
of the curve for αH-FSC-pHAb uptake. Fluorescence intensity was normalized to cell number and the pHAb-dye DOL value of each 
construct. 
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Except for αH-FSC-pHAb, normalized pHAb-dye fluorescence signals increased linearly over time indicating 

constant internalization. Data was fitted by linear regression and normalized intracellular accumulation rates 

(slopes) were derived (Figure A10). For each subset of HER2 and EGFR targeting constructs, the highest 

normalized intracellular accumulation rate was set 100% and other rates were expressed relative to this rate 

(Figure 26). 

 

Figure 26. Relative intracellular accumulation of pHAb-dye labeled constructs. To obtain relative intracellular accumulation, 
normalized intracellular accumulation rates were related to the highest normalized intracellular accumulation rate within each subset 
(HER2, EGFR). Normalized intracellular accumulation rates were derived from 0 - 26 h incubation of pHAb-dye labeled construct 
(100 nM) on cells. (A) Cellular uptake of HER2-targeting constructs into HER2+ (SKBR-3, HCC-1954, BT-474) and HER2- cells 
(MDA-MB-468). Relative intracellular accumulation (± SD) refers to the highest normalized intracellular accumulation rate: 
αH-S5C-pHAb on SKBR-3 cells (100%). Cell lines were selected on the basis of HER2 expression levels, with highest expression in 
SKBR-3, followed by HCC-1954 and BT-474.99 (B) Cellular uptake of EGFR-targeting constructs into EGFR+ (MDA-MB-468, A431) and 
EGFR- cells (MCF-7). Relative intracellular accumulation (± SD) refers to αE-C-IgG-pHAb on MDA-MB-468 (100%). Relative EGFR 
expression profile is indicated below bar graph. 

 

Both, HER2- and EGFR-targeting Fcab pHAb-dye conjugates as well as Trastuzumab- and Cetuximab pHAb-

dye references showed selective intracellular accumulation indicating receptor-mediated endocytosis and 

endosomal trafficking. No cellular uptake of negative control huFcK-pHAb was observed. 

For the HER2-targeting subset (Figure 26A), intracellular accumulation was most pronounced for 

αH-S5C-pHAb (KD,lit 19 nM258) followed by αH-T-FabC-pHAb (KD,lit 0.16 nM279), αH-S19C-pHAb (KD,lit 109 nM258), 
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αH-T-IgGC-pHAb (KD,lit 0.16 nM279 + avidity) and αH-FSC-pHAb (KD,lit 0.8 nM255). The lower intracellular 

accumulation of αH-S19C-pHAb compared to αH-S5C-pHAb reflects reduced target binding by αH-S19C-pHAb 

at subsaturating antibody concentrations used in this assay (100 nM). High affinity antibodies require lower 

concentrations for full receptor saturation and thus, show elevated cellular uptake at lower concentrations. 

Contradictorily, αH-FSC-pHAb showed reduced intracellular accumulation despite high affinity. A possible 

explanation for this behavior may be provided by an intrinsic mode of action of its scaffold Fcab FS102. Leung 

et al. reported that FS102 induces profound HER2 degradation in HER2 high expressing cell lines, thereby 

constantly reducing available surface receptors for consecutive internalization cycles.255 They observed 

almost 50% reduction in surface and total HER2 levels after incubating SKBR-3 cells for 24 h with 200 nM 

FS102.255 In contrast, incubation with 200 nM Trastuzumab reduced SKBR-3 surface and total HER2 levels 

only by ~ 10% in the same time.255 The HER2 depletion is also supported by the time dependent reduction of 

the intracellular accumulation rate (Figure 25C). There is no obvious explanation for enhanced intracellular 

accumulation of αH-FSC-pHAb on BT-474 cells compared to SKBR-3 or HCC-1954. 

Slightly higher intracellular accumulation of αH-S5C-pHAb compared to αH-T-FabC-pHAb may be epitope-

driven or may result from increased endosomal HER2 dissociation (koff, pH7.4 2.61 ∙ 10-3 s-1 versus 0.13 ∙ 10-3 s-1; 

1/koff, pH7.4 6.4 min versus 167 min; Table A2) enabling unbound αH-S5C-pHAb entry into lysosomal pathway 

while receptor bound αH-T-FabC-pHAb is more efficiently recycled back to the surface.291,292 This is supported 

by increased recycling rates of Trastuzumab in HER2 high expressing cells described in literature.99 In contrast 

to αH-T-FabC-pHAb, αH-S5C-pHAb dissociation from HER2 is at the same timescale than the predominant 

immediate recycling pathway of inactivated HER2 (~ 5 min) and even more rapidly than the prolonged 

recycling pathway via early endosomes (> 15 min) leaving enough time for appreciable dissociation (Figure 

5).86 

Compared to αH-T-FabC-pHAb or αH-S5C-pHAb, relative intracellular accumulation of αH-T-IgGC-pHAb is 

reduced by approximately 50%. This might be explained by αH-T-IgGC-pHAb bivalency which potentially halve 

intracellular accumulated αH-T-IgGC-pHAb due to simultaneous occupancy of two HER2 receptors. Endo- and 

lysosomal trafficking may also depend on the number of expressed surface HER2 receptors for which the 

following order has been reported: SKBR-3 > HCC-1954 > BT-474.99 

Regarding the EGFR-targeting subset (Figure 26B), bivalent αE-C-IgGC-pHAb and monovalent αE-C-FabC-pHAb 

showed similar, but more than 50% increased intracellular accumulation compared to EGFR-binding 

Fcab-pHAb conjugates. This relationship was confirmed by a second, independent flow cytometry-based 

cellular uptake assay employing the same pHAb-dye constructs on non-adherent MDA-MB-468 cells (Figure 

A9B-D). Differences may arise from distinct epitopes addressed by Cetuximab and Fcabs252 since assay 

concentration (100 nM) exceeds the KD values of Fcabs and Cetuximab by a factor of 40 – 50 indicating 
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receptor-saturating conditions. Reduced intracellular uptake of Fcabs indicate that corresponding Fcab-drug 

conjugates would deliver less payload into a target cell than Cetuximab-drug conjugates, but may have better 

tumor penetration due to reduced endocytotic clearance as described in section 4.5.2.171 This could be 

beneficial for in vivo efficacy if the lower amount of intracellularly delivered payload by the Fcab still exceeds 

the therapeutic threshold for cell death. In other words, instead of hitting and overkilling fewer cells at 

intracellular payload concentrations highly exceeding the therapeutic threshold, more cells could be targeted 

and killed at a reduced, but still toxic, intracellular payload concentration.108,194 

In summary, these results demonstrate that the Fcabs used in this study enable the intracellular accumulation 

required for ADC applications. Moreover, the study underlines the above-mentioned importance of antibody 

target epitopes for endosomal trafficking behavior. 

 

 

7.3. Selection, Design and Generation of Fcab-Drug Conjugates 

After studying cellular binding and uptake profiles of Fcabs, the most promising Fcab variants were selected 

for conjugation with cytotoxic payload. αH-H10 and αH-H10C265 were excluded from conjugation experiments 

due to limited material availability (low expression yield) and their aggregation tendency. αH-S5C-G4S-LLQGA and 

αH-S5C-(G4S)2-LLQGA were excluded as well, as they mainly precipitated during a protein concentration step. 

αH-S5, αH-S5C265, αH-S5LLQGA-N, αH-S5LLQGA-G4S-N, αH-S19, αH-S19C265, αH-FS, αE-60, αE-65 and αE-67 were 

subjected to conjugation along with controls huFc, huFcC265, huFcLLQGA-N, huFcLLQGA-G4S-N and references 

αH-T-Fab and αH-T-IgG. 

 

7.3.1. Design Rationale 

It was demonstrated by several authors that the conjugation site can impact stability and therapeutic activity 

of an ADC.116–118 Therefore, different sites and conjugation techniques were evaluated for the conjugation of 

the Fcab scaffold to linker-drugs (Figure 27A). For this, a cleavable valine-citrulline (Val-Cit) monomethyl 

auristatin E (MMAE) construct was chosen as clinically validated microtubule inhibitor ADC linker-drug.68 

Val-Cit-MMAE was equipped with a triple glycine (Gly3) handle (3) for selective enzymatic transglutaminase 

conjugation either to genetically fused N-terminal LLQGA tags124,281 (αH-S5LLQGA-N, αH-S5LLQGA-G4S-N, huFcLLQGA-N, 

huFcLLQGA-G4S-N) or to native glutamine Q295125 within the CH2 domain (αH-S5, αH-S19, αH-FS, αE-60, αE-65, 

αE-67, huFc, αH-T-IgG) (Figure 27). In addition, Val-Cit-MMAE carrying a maleimidocaproyl (mc) handle (4) 

was chemically conjugated to engineered cysteine D265C280 in close proximity to Q295 (αH-S5C265, αH-S19C265, 

huFcC265) or to engineered cysteines K183C and V205C within the LC constant domain of reference αH-T-Fab 
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(Figure 27). EGFR-binding references αE-C-IgG and αE-C-Fab carrying Gly3-Val-Cit-MMAE (3) enzymatically 

conjugated to LC C-terminal LPETGS tags by SrtA were obtained from a related project.286 

 

 

Figure 27. Fcab conjugation sites and linker-drug structures. (A) Fcab crystal structure (PDB: 5JIH, STAB19249) is shown in cartoon 
representation with transparent surface. mTG conjugation sites Q295, Q311 and Q438, as well as mutated D265 are depicted as sticks 
and are highlighted in red and salmon (EU numbering). Amino acids of N-terminal hinge region as well as LLQGA tags are not shown 
in crystal structure. Engineered amino acids in CH3 AB and EF loop forming the paratope are marked in red. (B) Magnification of 
conjugation sites derived from (A). Closest distance of Q438 and CD-loop side chains (N384, G385, Q386 marked yellow) mutated 
only in αE-Fcabs is 6.0 Å. (C) Val-Cit-MMAE cleavable linker-drug possessing either a Gly3 handle for mTG conjugation (3) or a mc 
handle for cysteine conjugation (4). 

 

7.3.2. Conjugation, Purification and Biophysical Characterization 

Table 11 summarizes the generated Fcab-, huFc- and reference-drug conjugates and Figure 28A details the 

conjugation, product purification and analysis strategy. After conjugation, excess of linker-drug, reagents 

and/or mTG was successfully removed by preparative SEC (Figure 28B) and analytical SE-HPLC analysis 

confirmed high monomer content (97 – 100%) for all purified drug-conjugates (Table 11, Figure A11A, Figure 

A12A). The drug-to-antibody ratio (DAR) was determined from reversed phase (RP-HPLC) (Figure A11B, 

Figure A12B) and hydrophobic interaction chromatography (HI-HPLC) (Figure A11C) as well as LC-MS data 

(Figure A13, Figure A14, Figure A15) and is given as the mean (Table 11). 
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Conjugation of 3 to αH-S5LLQGA-N, αH-S5LLQGA-G4S-N, huFcLLQGA-N and huFcLLQGA-G4S-N was achieved by applying wild-

type mTG from S. mobaraensis which is reported to not recognize Q295 in IgGs when position N297 is 

glycosylated.124 Selective conjugation at both LLQGA tags was expected to yield a maximum DAR of 2.0 which 

was confirmed for huFc controls (huFcLLQGA-N-MMAE DAR 1.4, huFcLLQGA-G4S-N-MMAE DAR 2.2). In contrast, the 

Fcab scaffold surprisingly showed DAR values beyond 2.0 (αH-S5LLQGA-N-MMAE DAR 2.4, 

αH-S5LLQGA-G4S-N-MMAE DAR 3.0) indicating that another glutamine was coupled by mTG from S. mobaraensis. 

LC-MS peptide mapping was applied to identify the unknown conjugation site but failed to detect a peptidic 

fragment with linker-drug 3 coupled to a glutamine residue other than Q295 (data not shown). 

 

Table 11. Generated drug conjugates. mTG-1 refers to a genetically modified transglutaminase125, while mTG-2 is the wild-type 
transglutaminase from S. mobaraensis. For HER2-targeting subset and huFc controls, DAR is given as a mean from HI-HPLC, RP-HPLC 
and LC-MS analysis. For EGFR-targeting subset, DAR is given as a mean from RP-HPLC and LC-MS analysis. SE-HPLC purity refers to 
the final monomer drug conjugate and was analyzed after a freeze-thaw cycle. *kindly provided by J. Roßkopf.286 

drug conjugate 
conjugation  SE-HPLC 

purity [%] 

 

site technique substrate DAR   

αH-S5-MMAE native Q295 mTG-1 3 2.0  100.0  

αH-S5C265-MMAE D265C cysteine 4 1.5  100.0  

αH-S5LLQGA-N-MMAE LLQGA-N mTG-2 3 2.4  100.0  

αH-S5LLQGA-G4S-N-MMAE LLQGA-G4S-N mTG-2 3 3.0  100.0  

αH-S19-MMAE native Q295 mTG-1 3 2.1  100.0  

αH-S19C265-MMAE D265C cysteine 4 1.1  100.0  

αH-FS-MMAE native Q295 mTG-1 3 2.2  99.8  

αE-60-MMAE Q295, Q311, Q438 mTG-1 3 2.9  96.7  

αE-65-MMAE Q295, Q311, Q438 mTG-1 3 2.7  98.5  

αE-67-MMAE Q295, Q311, Q438 mTG-1 3 2.8  99.7  

huFc-MMAE native Q295 mTG-1 3 2.0  100.0  

huFcC265-MMAE D265C cysteine 4 1.8  100.0  

huFcLLQGA-N-MMAE LLQGA-N mTG-2 3 1.4  100.0  

huFcLLQGA-G4S-N-MMAE LLQGA-G4S-N mTG-2 3 2.2  100.0  

αH-T-Fab-MMAE K183C, V205C cysteine 4 1.8  99.6  

αH-T-IgG-MMAE native Q295 mTG-1 3 2.0  100.0  

αE-C-Fab-MMAE* LC-C-(G4S)3-LPETGS SrtA 3 0.8  99.5  

αE-C-IgG-MMAE* LC-C-(G4S)3-LPETGS SrtA 3 1.1  99.5  

 

For conjugation of 3 to native Q295 of fully glycosylated Fcabs, huFc and αH-T-IgG, a genetically engineered 

mTG was used (see also section 4.4.2).125 In line with conjugation to native IgGs in literature125, homogeneous 

products with DAR 2.0 – 2.2 were obtained for HER2-targeting Fcabs and controls (αH-S5-MMAE, 

αH-S19-MMAE, αH-FS-MMAE, huFc-MMAE, αH-T-IgG-MMAE). In contrast, EGFR-targeting Fcab-MMAE 

conjugates showed an elevated DAR 2.7 – 2.9 (αE-60-MMAE, αE-65-MMAE, αE-67-MMAE) indicating that 
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linker-drug 3 had been coupled to additional glutamines in the EGFR-targeting Fcab scaffold only. MS spectra 

of EGFR-targeting Fcab-MMAE conjugates indicated the presence of overall three conjugation sites (Figure 

A13) which were subsequently be identified by LC-MS peptide mapping of digested αE-60 and αE-60-MMAE 

(Figure 29) as the already known position Q295 and the novel positions Q311 and Q438. The disappearance 

of peaks assigned to unconjugated peptides containing Q295 in the digested αE-60-MMAE mixture (Figure 

29; peak a, b) indicated that EGFR-targeting Fcabs were nearly completely conjugated at position Q295 while 

only partially conjugated at position Q311 and Q438 (total 18 – 23% conjugated based on DAR 2.7 – 2.9). 

 

 

Figure 28. Conjugation and purification strategy for Fcab-MMAE conjugates. (A) MMAE conjugates were either generated by 
enzymatic transglutaminase or engineered cysteine conjugation. After conjugation, excess of microbial transglutaminase (mTG) and 
Gly3-Val-Cit-MMAE (3) or dehydroascorbic acid (DHA), N-acetylcysteine (NAC) and mc-Val-Cit-MMAE (4) were removed by 
preparative SEC. (B) Exemplary preparative SEC chromatograms illustrating purification of αH-S19-MMAE (left) and huFc-MMAE 
(right). Fractions containing conjugated proteins (and non-conjugated species left) were pooled, concentrated, sterile filtered and 
subjected to analytics. Peak intensities represent absorption at 280 nm. 

 

The accessibility for mTG and altered conjugation has most likely been driven by structural changes or 

electrostatic effects in adjacent regions. Both Q311 and Q438 lie within the solvent exposed exterior of the 
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Fcabs (Figure 27A, B). Q311 is located at the interface between the CH2 and CH3 domain and Q438 is situated 

at the C-terminus in close proximity to three mutated residues in the CD-loop that form part of the EGFR 

binding paratope (Figure 27B) and are not engineered in other Fcabs (Table 5). 

 

 

Figure 29. Conjugation site identification of αE-60-MMAE. LC-MS chromatogram of digested αE-60-MMAE shows conjugated 
peptides (e-i, k-m) that were not detected in the αE-60 preparation. Conjugated peptides eluted at higher retention times due to 
hydrophobic MMAE. Matched pairs of unconjugated peptides (a-d) eluted at lower retention times and peaks disappeared (a,b) or 
showed reduced intensity (c) in the αE-60-MMAE preparation compared to αE-60. The disappearance of peaks assigned to 
unconjugated peptides containing Q295 (a,b) in the digested αE-60-MMAE mixture indicated that Fcabs were nearly completely 
conjugated at position Q295 while only partially conjugated at position Q311 and Q438. EU numbering was used. 

 

All three EGFR-targeting Fcabs (αE-60, αE-65, αE-67) harbor the same three amino acid substitutions in the 

CD-loop (N384T, G385Y, Q386G) and it is tempting to speculate whether altered conjugation is caused by 

these conserved mutations. However, it is also possible that altered conjugation is due to mutations in other 
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loops (AB, EF) or to the missing core hinge region of EGFR-targeting Fcabs. To elucidate which amino acid 

exchanges enable mTG-mediated conjugation at position Q311 and/ or Q438, a set of huFc portions with 

systematically mutated CH3 loop regions and/ or a deleted core hinge region needs to be generated and 

tested for mTG conjugation. Such structure-activity relationship (SAR)-like studies were not part of this work 

but could be an interesting starting point to generate modified Fc portions or antibodies with increased mTG 

conjugation efficiency for position Q311 or Q438. Furthermore, SAR studies could guide a rational design of 

transglutaminases that are able to access positions Q311 and Q438 in native antibodies. In pharmaceutical 

industry, such a tool enzyme would be of special interest as it would allow to generate high DAR ADCs from 

existing native antibodies. 

In contrast to enzymatic mTG conjugation, site-specific cysteine coupling was less efficient for Fcabs 

(αH-S5C265-MMAE DAR 1.5, αH-S19C265-MMAE DAR 1.1) compared to the huFc control (huFcC265-MMAE 

DAR 1.8). For the αH-T-Fab reference, site-specific cysteine conjugation resulted in a DAR value of 1.8 nearly 

reaching the expected DAR 2.0. Likewise, the expected DAR of 1.0 for the SrtA-conjugated αE-C-Fab-MMAE 

was almost reached (DAR 0.8), while SrtA-mediated conjugation was less efficient for αE-C-IgG-MMAE 

(DAR 1.1) carrying two possible LPETGS conjugation sites.286 

In summary, enzymatic conjugation to native Q295 by engineered mTG seems most suitable for Fcabs in 

terms of conjugation efficiency. 

 

 

7.4. Evaluation of Fcab-Drug Conjugates 

Following successful conjugation, Fcab-drug conjugates were evaluated for their hydrophobicity, receptor 

binding, serum stability and in vitro cytotoxicity. 

 

7.4.1. Hydrophobicity of Drug Conjugates 

Conjugation of hydrophobic payloads such as MMAE usually increases the overall hydrophobicity of the 

molecule. This can impact construct stability by protein aggregation and accelerate undesired non-specific 

uptake of ADCs by normal cells.149 The overall hydrophobicity of a construct can be projected from its HI-HPLC 

retention time (tR) with longer tR indicating higher hydrophobicity due to more pronounced interaction with 

the hydrophobic stationary phase (Table 12). 
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Table 12. Hydrophobic interaction chromatography. HI-HPLC retention times (tR) of unconjugated parental construct and MMAE 
conjugate DAR 1.0 – 3.0 species. Relative retention time (RRT) refers to the ratio between the tR of the DAR species indicated in the 
table below and the tR of the unconjugated parental molecule. 

drug conjugate 

HI-HPLC tR [min] 

RRT 

 

parental 

molecule 
DAR 1.0 

conjugate 
DAR 2.0 

conjugate 
DAR 3.0 

conjugate 
 

αH-S5-MMAE 15.02 - 15.60 18.91 1.04 (DAR 2.0)  

αH-S5C265-MMAE 15.51 15.79 16.11 - 1.04 (DAR 2.0)  

αH-S5LLQGA-N-MMAE 16.47 17.36 19.55 22.67 1.19 (DAR 2.0)  

αH-S5LLQGA-G4S-N-MMAE 16.49 - 19.49 22.54 1.18 (DAR 2.0)  

αH-S19-MMAE 13.22 - 14.39 17.68 1.09 (DAR 2.0)  

αH-S19C265-MMAE 13.46 14.43 14.91 - 1.11 (DAR 2.0)  

αH-FS-MMAE 13.62 - 15.24 18.67 1.12 (DAR 2.0)  

αE-60-MMAE 15.66 15.63 17.07 17.95 1.15 (DAR 3.0)  

αE-65-MMAE 13.34 13.48 15.11 15.91 1.19 (DAR 3.0)  

αE-67-MMAE 12.42 12.53 14.18 15.13 1.22 (DAR 3.0)  

huFc-MMAE 10.63 - 12.33 15.79 1.16 (DAR 2.0)  

huFcC265-MMAE 10.45 12.34 13.30 - 1.27 (DAR 2.0)  

huFcLLQGA-N-MMAE 10.35 12.27 14.59 - 1.41 (DAR 2.0)  

huFcLLQGA-G4S-N-MMAE 10.43 14.09 18.05 18.52 1.73 (DAR 2.0)  

αH-T-Fab-MMAE 8.01 13.33 16.99 - 2.12 (DAR 2.0)  

αH-T-IgG-MMAE 10.92 12.95 13.11 16.63 1.20 (DAR 2.0)  

αE-C-Fab-MMAE 7.89 12.90 - - 1.63 (DAR 1.0)  

αE-C-IgG-MMAE 11.18 13.01 15.36 - 1.37 (DAR 2.0)  

 

Unconjugated Fcab molecules showed higher hydrophobicity (tR 12.42 – 16.49 min) compared to 

unconjugated huFc (tR 10.35 – 10.63 min), Fab (tR 7.89 – 8.01) and IgG (tR 10.92 – 11.18) controls (Figure 30A) 

probably caused by the engineered binding site that potentially increases solvent exposure of hydrophobic 

patches. After conjugation, the hydrophobicity of Fcab-MMAE DAR 2.0 conjugates (tR 14.18 – 19.55 min) was 

still increased, but HI-HPLC tR indicated more similar hydrophobicity to huFc-MMAE (tR 12.33 – 18.05 min), 

αH-T-Fab-MMAE (tR 16.99 min), and IgG-MMAE (tR 13.11 – 15.36 min) DAR 2.0 conjugates (Figure 30B). As 

expected, most pronounced hydrophobicity was observed for variants where MMAE was attached to the N-

terminally exposed LLQGA-G4S tag (tR 18.05 – 19.49 min). 

The contribution of the linker-drug to overall hydrophobicity can also be illustrated by the HI-HPLC relative 

retention time (RRT) of the conjugate and unconjugated parent molecule: 

 

     𝑅𝑅𝑇 =
𝑡𝑅(𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒)

𝑡𝑅(𝑝𝑎𝑟𝑒𝑛𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)
     (15) 
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More particularly, the RRT allows to judge the shielding effect of protein secondary structures surrounding 

the hydrophobic linker-drug. Higher RRT indicate better steric accessibility of the linker-drug to the HI-HPLC 

stationary phase and consequently to serum proteases.123,125 

 

 

Figure 30. Hydrophobicity of unconjugated parent molecules and drug conjugates. (A) HI-HPLC tR of unconjugated scaffold proteins 
increases from Fab < huFc < IgG < Fcab indicating highest intrinsic hydrophobicity for the Fcab scaffold. (B) HI-HPLC tR of conjugated 
DAR 2.0 species are in the same range indicating similar hydrophobicity for Fab-, huFc-, IgG- and Fcab-MMAE DAR 2.0 conjugates. (C) 
RRT of drug conjugates decreases in the order Fab > huFc > IgG > Fcab suggesting only minor impact of payload hydrophobicity to 
overall Fcab-drug conjugate hydrophobicity. RRT for DAR 1.0 species (Fab) is marked light grey; RRT for DAR 2.0 species is marked 
grey; RRT for DAR 3.0 species is marked dark grey. (D) Impact of conjugation site on overall hydrophobicity. RRT of αH-S5, αH-S19, 
αH-FS and huFc MMAE DAR 2.0 species are shown. huFc variants are marked in dark grey. Median (± range) is given for (A) – (D). 
Trends are indicated at the bottom of each graph. 

 

Of relevant DAR species, Fcab-MMAE conjugates show the lowest RRT (RRT 1.04 – 1.22) compared to 

huFc-MMAE (RRT 1.16 – 1.73), Fab-MMAE (RRT 1.63 – 2.12) and IgG-MMAE (RRT 1.20 – 1.37) (Figure 30C), 

suggesting that MMAE is sufficiently shielded by the Fcab scaffold. It could be speculated whether increased 

hydrophobicity of Fcabs improves the shielding effect of the payload by hydrophobic Fcab patches. However, 

it would be also conceivable that lower RRT are not caused by payload shielding but Fcab scaffold 

hydrophobicity, which may overlap the hydrophobicity added by the payload and thereby determines the 

overall hydrophobicity of Fcab-MMAE conjugates. 

huFc and STAB5-based conjugate HI-HPLC tR and RRT increase for positions Q295 < D265C < LLQGA-N < 

LLQGA-G4S-N (Figure 30D) suggesting that position Q295 provides most efficient shielding and overall, most 

reduced conjugate hydrophobicity. Along with superior conjugation efficiency and product homogeneity 

(αH-Fcab-MMAE: DAR 2.0 – 2.2, αE-Fcab-MMAE: DAR 2.7 – 2.9), position Q295 seems favorable for the 

generation of Fcab-drug conjugates.  
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7.4.2. Receptor Binding Properties of Drug Conjugates 

The conjugation of hydrophobic payloads does not only increase the risk for aggregation or undesired non-

specific cellular uptake but also may impact the binding behavior of Fcab-drug conjugates to their target 

receptor or half-life extending FcRn. This is especially true for the newly discovered conjugation site Q311 

that lies within the solvent exposed CH2-CH3 interface (Figure 27A, B) proximate to the FcRn binding site 

(Figure 3B). 

 
Table 13. Target and FcRn binding affinity of unconjugated and conjugated Fcabs and references. Dissociation constants (KD) were 
measured by BLI using recombinantly produced HER2, EGFR or FcRn. Binding affinity to FcRn was determined at pH 6.0. Errors are 
standard errors from fitting using FortéBio data analysis software. On- and off-rates as well as curve fittings are included in the 
appendix (Table A2, Table A3, Figure A16, Figure A17, Figure A18). n.d. - not determined. 

HER2 subset 

non-conjugated  MMAE-conjugates  

KD,BLI (HER2)   

[nM] 

KD,BLI (FcRn) 

[nM] 
 

KD,BLI (HER2) 

[nM] 

KD,BLI (FcRn)   

[nM] 
 

αH-S5-MMAE 2.25 ± 0.03 399 ± 15  3.83 ± 0.04 274 ± 11  

αH-S5C265-MMAE 3.52 ± 0.06 376 ± 13  3.36 ± 0.04 350 ± 35  

αH-S5LLQGA-N-MMAE 3.52 ± 0.10 389 ± 13  3.24 ± 0.04 284 ± 9  

αH-S5LLQGA-G4S-N-MMAE 6.32 ± 0.07 357 ± 12  5.22 ± 0.06 226 ± 8  

αH-S19-MMAE 46.6 ± 0.99 383 ± 13  48.5 ± 0.90 609 ± 25  

αH-S19C265-MMAE 39.8 ± 0.89 448 ± 15  29.1 ± 2.20 305 ± 36  

αH-FS-MMAE 0.34 ± 0.004 346 ± 11  0.73 ± 0.008 339 ± 11  

αH-T-Fab-MMAE 0.12 ± 0.001 -  0.40 ± 0.006 -  

αH-T-IgG-MMAE 0.18 ± 0.006 303 ± 9  0.43 ± 0.008 387 ± 14  

huFc-MMAE - 524 ± 13  - 501 ± 12  

EGFR subset 

non-conjugated  MMAE-conjugates  

KD,BLI (EGFR) 

[nM] 

KD,BLI (FcRn) 

[nM] 
 KD,BLI (EGFR) 

[nM] 

KD,BLI (FcRn) 

[nM] 
 

αE-60-MMAE 2.42 ± 0.01 381 ± 12  2.67 ± 0.02 309 ± 10  

αE-65-MMAE 1.07 ± 0.01 329 ± 13  1.37 ± 0.01 362 ± 12  

αE-67-MMAE 1.71 ± 0.01 589 ± 22  1.54 ± 0.01 337 ± 12  

αE-C-Fab-MMAE 0.82 ± 0.01 -  n.d. -  

αE-C-IgG-MMAE 1.25 ± 0.01 747 ± 24  0.60 ± 0.01 892 ± 31  

huFc-MMAE - 524 ± 13  - 501 ± 12  

 

Therefore, the binding affinity of Fcab-MMAE and control conjugates to recombinant HER2, EGFR and FcRn 

was analyzed by biolayer interferometry (BLI) and compared to unconjugated parent molecules (Table 13, 

Figure 31A, B). BLI was chosen as it is a fast and well-established method that gives access to binding kinetics 

(KD, koff, kon) of protein-protein interactions, often omitting additional protein labeling steps. BLI 

measurements revealed similar dissociation constants for conjugated and unconjugated variants with 

differences in KD beyond the assay variability (twofold) for target receptor (Figure 31A) and FcRn (Figure 

31B), suggesting that conjugation at position Q295 do not alter receptor binding behavior. However, for Q311 
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and Q438 it should be noted that effects on EGFR and FcRn binding cannot be assessed robustly via the 

chosen BLI assay setup because of just minor conjugation (18 – 23%). For example, one of the two Q311 

residues is statistically unconjugated and the Fcab FcRn 1:1 interaction can take place on the unconjugated 

site of the Fcab homodimer without detecting any impact of the conjugated second Q311 residue. 

 

 

Figure 31. Target and FcRn dissociation constants. (A) KD values for target binding of unconjugated and conjugated (MMAE) Fcabs 
and controls. (B) KD values for FcRn binding of unconjugated and conjugated (MMAE) Fcabs and controls. Variations in KD values are 
in the typical range of antibody-FcRn interactions observed by this BLI assay.274 (C) Comparison of target binding KD values derived 
from cellular binding assays, BLI measurements and literature data (Fcab, Trastuzumab and Cetuximab scaffold variants). (D) 
Enlargement for high affinity binding variants. 

 

For HER2 variants αH-S5, αH-H10 and αH-S19, KD values from BLI measurements are lower compared to 

literature KD values derived from cellular binding data (e.g., αH-S19: KD,BLI 47 nM vs. KD,lit 109 nM, αH-S5: KD,BLI 

2.2 nM vs. KD,lit 19 nM) (Figure 31C). Differences potentially reflect better accessibility to target epitopes in 

the BLI setting. For other variants, BLI derived target binding KD values are in good agreement with literature 

or cellular KD (Figure 31D). BLI data reveals also that differences in target binding affinity (KD) of Fcabs are 

mainly accounted by different off-rates (Table A2) as it is typically the case for antibodies.293 
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7.4.3. Serum Stability of Drug Conjugates 

Based on FcRn binding data, no negative effect of the conjugation on pharmacokinetics (PK) of drug 

conjugates is expected. However, drug conjugate PK not only depend on FcRn-mediated recycling but also 

on conjugate stability.131 For example, it is well documented that premature linker cleavage in circulation 

largely depends on the conjugation site.116–118 To anticipate conjugate stability in circulation, Fcab-drug 

conjugates and reference conjugates were incubated in mouse and human serum for 96 h and payload 

release was monitored by detection of free MMAE via LC-MS/MS (Table 14). 

 

Table 14. Serum stability of Fcab and reference drug conjugates. Free MMAE was measured via LC MS/MS after incubation in mouse 
and human sera at 37°C for 96 h (n = 3). Numbers show the released fraction relative to initially conjugated MMAE. n.d. – not 
determined. 

drug conjugate 

free MMAE (% total 

MMAE after 96 h) 
 

mouse human  

αH-S5-MMAE 0.5 0.2  

αH-S5C265-MMAE 1.0 0.0  

αH-S5LLQGA-N-MMAE 9.6 0.2  

αH-S5LLQGA-G4S-N-MMAE 34.8 0.0  

αH-S19-MMAE 0.6 0.3  

αH-S19C265-MMAE 1.4 0.0  

αH-FS-MMAE 0.4 0.0  

αE-60-MMAE 1.3 0.3  

αE-65-MMAE 1.1 0.0  

αE-67-MMAE 0.9 0.0  

αH-T-Fab-MMAE 1.6 0.0  

αH-T-IgG-MMAE 0.5 0.0  

αE-C-Fab-MMAE n.d. n.d.  

αE-C-IgG-MMAE n.d. n.d.  

 

No free MMAE could be detected for conjugates in human serum suggesting high stability for all Fcab-MMAE 

conjugates in human circulation. In mouse serum, no free MMAE was observed for HER2-targeting variants 

carrying the linker-drug at position Q295, D265C, K183C or V205C confirming reports on high mouse serum 

stability of linker-drugs at these positions.118,122,123,125,294 In contrast, αH-S5LLQGA-N-MMAE and 

αH-S5LLQGA-G4S-N-MMAE showed significantly elevated levels of free MMAE already after 2 h in mouse serum 

(0.9% and 6.2%, respectively) (Figure 32A), which further increased during incubation (9.6% and 34.8% after 

96 h). Interestingly, both variants carry the linker-drug at the solvent exposed N-terminus with lowest mouse 

serum stability for variant αH-S5LLQGA-G4S-N-MMAE exposing the linker-drug even more by an additional 

glycine-serine spacer element. Solvent exposure favors serum protease accessibility and it is well described 
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that the Val-Cit linker motif can undergo cleavage in mouse serum mediated by the murine extracellular 

carboxylesterase 1c (mCes1c) (see also section 4.4.2).133 Higher solvent exposure and mCes1c accessibility 

may also be reflected by higher HI-HPLC RRT of N-terminal linked MMAE constructs described in section 

7.4.1. 

 

 

Figure 32. In vitro serum stability exemplarily shown for STAB5-based Fcab-MMAE conjugates. (A) Mouse serum incubation reveals 
MMAE release from αH-S5LLQGA-N-MMAE and αH-S5LLQGA-G4S-N-MMAE, while αH-S5-MMAE and αH-S5C265-MMAE show very low MMAE 
release and hence excellent conjugate stability. For αH-S5LLQGA-G4S-N-MMAE, free MMAE levels seem to reach a plateau after 24 – 48 h 
possibly reflecting loss of enzymatic activity. (B) No free MMAE was detected when constructs were incubated in human serum. Free 
MMAE was measured via LC MS/MS after incubation in mouse and human serum at 37°C (n = 3). 

 

Variants αE-60-MMAE, αE-65-MMAE and αE-67-MMAE conjugated at position Q295, Q311 and Q438 did not 

show reduced mouse serum stability suggesting that position Q311 and Q438 confer sufficient shielding to 

prevent mCes1c-mediated linker cleavage, despite its solvent exposed localization (Figure 27A, B). 

In summary, serum stability data confirms Q295, Q311, Q438 and C265 as attractive positions for the 

generation of Fcab-drug conjugates and disqualifies N-terminal conjugation at least for mCes1c labile linkers. 

 

7.4.4. In Vitro Cytotoxicity of Drug Conjugates 

The confirmed target binding of Fcab-MMAE conjugates was the essential criteria that supported an in vitro 

cytotoxicity assessment to study whether Fcab-MMAE conjugates selectively deliver and efficiently release 

MMAE inside tumor cells. 

EGFR-targeting conjugates αE-60-MMAE (DAR 2.9), αE-65-MMAE (DAR 2.7) and αE-67-MMAE (DAR 2.8) were 

incubated on EGFR overexpressing (MDA-MB-468, A431) and EGFR negative cell lines (MCF-7) along with 

Cetuximab-based reference conjugates αE-C-Fab-MMAE (DAR 0.8) and αE-C-IgG-MMAE (DAR 1.1), a 

huFc-MMAE negative control and unconjugated parent molecules (Figure 33). The cell viability was evaluated 

4 days post compound addition by quantifying ATP as indicator for metabolic activity. Subsequently, half 
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maximal inhibitory concentrations (IC50) were derived from fitted dose-response curves to quantify the 

potency of the constructs. 

All αE-Fcab-MMAE conjugates showed similar inhibitory activity at sub-nanomolar concentrations on EGFR 

positive MDA-MB-468 and A431 cells (IC50 0.18 – 0.22 nM and IC50 0.23 – 0.32 nM, respectively) while toxicity 

against EGFR negative MCF-7 cells was decreased by several orders of magnitude (IC50 > 100 nM) indicating 

target-dependent cell killing (Figure 33C). This notion is also supported by the greatly reduced cytotoxicity of 

non-targeting huFc-MMAE on all cell lines (MDA-MB-468: IC50 > 300 nM; A431 and MCF-7: IC50 > 100 nM). 

Interestingly, unconjugated αE-C-IgG and αE-C-Fab show approximately 15% reduction in cell viability on 

MDA-MB-468 cells at IC50 2.0 nM and 6.9 nM, respectively, while no such an effect was observed for αE-Fcabs 

on the same cell line (Figure 33A). Differences may be caused by individual EGFR epitopes targeted by 

Cetuximab and αE-Fcabs.252 Despite higher cytotoxicity of free MMAE on A431 (IC50 0.17 nM) compared to 

MDA-MB-468 cells (IC50 0.32 nM), αE-Fcab-MMAE conjugates as well as reference conjugates showed higher 

activity on MDA-MB-468 cells (Figure 33C) reflecting higher cellular uptake due to increased number of EGFR 

surface receptors on MDA-MB-468 cells (Figure 26). Furthermore, higher potency of αE-Fcab-MMAE 

conjugates on EGFR positive cells (IC50 0.18 – 0.32 nM) compared to αE-C-Fab-MMAE (IC50 0.78 – 0.99 nM) or 

αE-C-IgG-MMAE (IC50 0.44 – 0.50 nM) in this 4 day assay suggest that reduced cellular uptake of Fcabs (Figure 

26) may be compensated by their higher drug load (DAR 2.7 – 2.9 versus 0.8 and 1.1, respectively). As already 

discussed in section 7.2.3, the reduced cellular uptake (i.e. reduced endocytotic clearance) for 

αE-Fcab-MMAE may increase their tumor penetration. This, in combination with the here observed sub-

nanomolar single-cell therapeutic threshold allows to speculate whether αE-Fcab-MMAE could enhance 

therapeutic efficacy as possibly more cells are exposed to a therapeutic dose. 

In summary, EGFR-targeting Fcab-MMAE conjugates fulfill the ADC criteria of selective drug delivery and 

target-mediated cytotoxicity in the for ADCs typical, sub-nanomolar range. 
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Figure 33. In vitro cytotoxic activity of EGFR-targeting constructs. (A) EGFR positive (MDA-MB-468, A431) and (B) EGFR negative 
cells (MCF-7) were incubated with serial dilution of MMAE conjugates and controls for 4 days before cell viability was analyzed by 
detection of ATP (CellTiter-Glo luminescent viability assay). Error bars represent standard deviation (SD). (C) Inhibitory activity of 
MMAE conjugates and free MMAE. IC50 values are given as mean (± SD) of ≥ 3 independent experiments. 

 

To investigate whether HER2-targeting Fcab-MMAE conjugates induce target-selective cytotoxicity, 

αH-S5-MMAE (DAR 2.0), αH-S5C265-MMAE (DAR 1.5), αH-S5LLQGA-N-MMAE (DAR 2.4), αH-S5LLQGA-G4S-N-MMAE 

(DAR 3.0), αH-S19-MMAE (DAR 2.1), αH-S19C265-MMAE (DAR 1.1) and αH-FS-MMAE (DAR 2.2) were 

incubated on HER2 positive (SKBR-3, HCC-1954) and HER2 negative cell lines (MDA-MB-468). Trastuzumab-

based references αH-T-Fab-MMAE (DAR 1.8), αH-T-IgG-MMAE (DAR 2.0), non-targeting huFc-MMAE, 

huFcC265-MMAE, huFcLLQGA-N-MMAE and huFcLLQGA-G4S-N-MMAE as well as unconjugated parent molecules were 

included in these experiments. All αH-Fcab-MMAE conjugates and Trastuzumab reference conjugates 

induced selective cell killing of HER2 overexpressing cells while huFc MMAE conjugates showed reduced 

cytotoxicity (IC50 > 100 nM) on HER2 positive and negative cell lines (Exemplary dose-response curves are 

given in Figure 34). 
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Figure 34. In vitro cytotoxic activity of HER2-targeting constructs. (A) HER2 positive (SKBR-3, HCC-1954) and (B) HER2 negative cells 
(MDA-MB-468) were incubated with serial dilution of MMAE conjugates and controls for 4 days before cell viability was analyzed by 
detection of ATP (CellTiter-Glo luminescent viability assay). Error bars represent standard deviation (SD). 

 

For HER2 positive cells, the IC50 values of αH-Fcab-MMAE and reference conjugates ranged from sub-

nanomolar to double-digit nanomolar concentrations (Figure 35) and correlated with DAR and especially 

HER2 affinities: αH-T-IgG-MMAE (KD,BLI 0.43 nM + avidity) > αH-T-Fab-MMAE (KD,BLI 0.40 nM) > αH-FS-MMAE 

(KD,BLI 0.73 nM) > STAB5-based MMAE conjugates (KD,BLI 3.2 – 5.2 nM) > STAB19-based MMAE conjugates 

(KD,BLI 29.1 – 48.5 nM). For example, the lower HER2 affinity of αH-S5-MMAE and αH-S19-MMAE translated 

into 10- to 100-fold reduced potency (IC50 4 – 8 nM and 27 – 29 nM, respectively) compared to 

αH-T-Fab-MMAE (IC50 0.3 nM) (Table A4). 
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Figure 35. In vitro cytotoxic activity of HER2-targeting constructs and controls on HER2 positive cells. Fcab-MMAE conjugates 
(empty circles) as well as Trastuzumab-based reference MMAE conjugates (black dots) and huFc-based negative controls (grey dots) 
were tested on HER2 expressing SKBR-3 and HCC-1954 cell lines. Each data point in the graph represents the IC50 value from an 
individual experiment. Bars represent the geometric mean (± SD) calculated from individual IC50. Constructs were incubated on cells 
for 4 days before cell viability was measured and IC50 was derived from dose-response. Affinity (KD) is indicated at each graph. Please 
note that αH-S5LLQGA-G4S-N-MMAE and αH-S19-MMAE do not strictly follow the IC50-KD correlation due to higher DAR values than 
related conjugates. Unconjugated parent molecules did not show cytotoxicity under assay conditions. Listed IC50 values including 
HER2 negative MDA-MB-468 cells are given in appendix (Table A4). Corresponding dose response curves are depicted in Figure 34. 

 

The observation that affinity determines in vitro potency makes sense considering that the KD value is the 

concentration at half-maximal receptor occupancy. Consequently, high affinity conjugates reach full receptor 

occupancy at lower concentrations compared to conjugates with weak affinity. This results in enhanced 

cellular uptake and intracellular payload release for high affinity conjugates until receptor saturation is 

reached for weak affinity conjugates too. 

So far, the affinity-potency relationship has been described for in vitro experiments. Which additional 

implications the lower affinities of αH-Fcab-MMAE conjugates might have for in vivo efficacy will be discussed 

in the next section 7.5. 

In contrast to STAB5 and STAB19-based Fcab-drug conjugates, αH-FS-MMAE showed cytotoxicity at sub-

nanomolar concentrations (IC50 0.18 – 0.63 nM) due to its high HER2 affinity (KD,BLI 0.73 nM). However, lower 

reduction in cell viability at maximum efficacy was observed for αH-FS-MMAE compared to other MMAE 

conjugates or free MMAE (78% versus 87 – 95% on SKBR-3 cells) (Figure 36A). This effect was only observed 

for αH-FS-MMAE and was reproduced in three independent experiments, even at a prolonged assay time of 

6 days (Figure 36B, C). A possible explanation might provide the unique HER2 degradation mechanism of 

αH-FS which was already described in section 7.2.3.255 The time-dependent depletion of HER2 surface 

receptors (50% within the first 24 h255) could prevent cells from being exposed to a cytotoxic dose of payload 

resulting in survival of a subpopulation. This would reduce the in vitro efficacy of αH-FS-based drug 

conjugates as it was observed here but may have a contrary effect in vivo. The implications of receptor 
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downregulation for tumor penetration and in vivo efficacy of αH-FS-MMAE will be discussed in more detail 

in the next section 7.5. 

 

 

Figure 36. αH-FS-MMAE induces lower reduction in cell viability compared to all other investigated MMAE conjugates. (A) In vitro 
cytotoxic activity of MMAE conjugates on HER2 positive SKBR-3 cells after 4-day and (B) after 6-day treatment in comparison to other 
Fcab- and reference MMAE conjugates. Interestingly, after 6 day treatment, the reported cell killing effect of unconjugated αH-FS 
became visible.255 (C) For better visualization, only αH-FS-MMAE and αH-FS cytotoxicity on SKBR-3 cells after 4 and 6 days are shown. 
Dashed line represents cell viability levels at maximum effect of free MMAE or other MMAE conjugates after 6 days (B). 

 

Overall, these results demonstrate that Fcab-drug conjugates promise to be safe and efficacious due to 

selective cell killing and that tuning the affinity heavily impacts in vitro cytotoxicity. 
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7.5. 3D Tumor Cell Spheroid Penetration Studies 

The estimation of efficacy in animal models based on in vitro cytotoxicity data is daring as additional effects 

need to be considered. For example, Nessler and coworkers studied for various single-domain antibody-drug 

conjugates the impact of target receptor affinity on in vitro potency, biodistribution and in vivo efficacy in a 

solid tumor xenograft model.189 The construct with the lowest affinity (KD 0.9 nM versus 0.1 – 0.2 nM), longest 

internalization half-life (t1/2 66 min versus 21 – 40 min) and lowest in vitro potency (IC50 1.4 nM versus 0.2 -

0.3 nM), counterintuitively showed the highest in vivo efficacy. Biodistribution profiles revealed that lower 

affinity of variants increased the tumor penetration and in vivo activity.189 Therefore, it is tempting to 

speculate that Fcab-drug conjugates may show elevated solid tumor penetration, compared to higher affinity 

ADC variants. 

To study and anticipate tumor penetration in an in vitro setup, tumor cell spheroids can be used as model of 

intermediate complexity for solid tumor tissue.295 Tumor cell spheroids are multicellular spherical aggregates 

of cancer cells and exhibit many characteristics of solid tumors e.g., the formation of tight junctions between 

epithelial cells, the development of an ECM and gradients of nutrient concentration.295–297 

To setup a tumor cell spheroid penetration model, a cell line screening was performed initially to identify 

target positive and negative cell lines which form round spheroids at reproducible size. Therefore, cells were 

seeded at different cell numbers in round-bottom microplates, incubated at 37°C, 5% CO2 in their typical 

culturing medium and spheroid growth was monitored by brightfield microscopy (Figure 37). Several 

spheroid forming cell lines were identified (HCC-1954, BT-474, LNCaP, HCC-1937, HCC-1143, A431) that all 

formed spheroids within 24 h, independent of seeded cell number. Prolonged incubation > 24 h did not result 

in spheroid formation of SKBR-3, MDA-MB-468 or MCF-7 cells, neither did the addition of 0.3% or 1% (w/v) 

methylcellulose to MDA-MB-468 or MCF-7 cells. 

From studied cell lines, BT-474 (HER2+) and HCC-1937 (HER2-) formed the most spherical shaped spheroids 

and were therefore selected for further tumor spheroid cell penetration experiments (Figure A19). For these 

experiments a set of HER2 targeting pHAb-dye conjugates (αH-FSC-pHAb, αH-S5C-pHAb, αH-S19C-pHAb, 

huFcK-pHAb, αH-T-IgGC-pHAb, αH-T-FabC-pHAb, αHxH-S5-IgGC-pHAb) was applied together with confocal 

microscopy. pHAb-dye was chosen as fluorophore label because of its favorable signal-to-background ratio 

and more importantly, because it allows to detect spheroid penetration and intracellular uptake 

simultaneously (see also section 7.2.2).290 To quantify spheroid penetration, an analysis strategy was 

developed to calculate the mean penetration distance (MPD) of pHAb-dye labeled constructs (Figure 38F) 

from radial profile plots (Figure 38E) of confocal microscopy spheroid images (Figure 38C). For penetration 

experiments, BT-474 and HCC-1937 spheroids were grown for 96 h from initially 2,000 cells. The resulting 
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BT-474 spheroids had a diameter of usually 370 µm, which allowed to resolve differences in penetration 

profiles after incubating the spheroids for 24 h with 50 nM pHAb-dye labeled constructs. 

 

 

Figure 37. Spheroid forming cell line screening. HER2 and EGFR positive and negative cells were seeded without additives into 384 
well round-bottom spheroid microplates, centrifuged to center the cells and incubated at 37°C, 5% CO2 in a cell imaging reader 
(IncuCyte® S3). Brightfield pictures were taken every 4 h to monitor spheroid formation. 

 

The confocal microscopy focal plane (z-plane) was typically set 60 µm below the top of the spheroid as 

beyond a depth of approximately 80 µm, fluorescence signals were attenuated in the center of the spheroid 

which would distort penetration profiles. Signal attenuation is caused by increased light scattering due to the 

spherical shape and the longer distance that light travels within the center of the spheroid compared to the 

periphery (Figure 38B). 

To study the impact of target affinity on penetration and cellular uptake of Fcabs, αH-FSC-pHAb, 

αH-S5C-pHAb, αH-S19C-pHAb, αH-T-FabC-pHAb and huFcK-pHAb were incubated on HER2 overexpressing 

BT-474, as well as HER2 negative HCC-1937 spheroids and the distribution of intracellular accumulated 

constructs was analyzed by fluorescence measurements via confocal microscopy (Figure 39A). High affinity 

αH-T-FabC-pHAb (KD,BLI 0.12 nM) accumulated in the periphery of the tumor spheroid (MPD 54 ± 2 µm). This 

restricted accumulation is probably caused by extensive binding and internalization which oppose drug 
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transport towards the center of the spheroid and prevent further penetration – an observation described as 

“binding site-barrier” in the literature.170,171 Accordingly, lower affinity variants αH-S5C-pHAb (KD,BLI 2.25 nM) 

and αH-S19C-pHAb (KD,BLI 46.60 nM) demonstrated a more homogenous distribution and elevated MPD 

(69 ± 2 µm and 63 ± 4 µm) compared to αH-T-FabC-pHAb. In contrast, αH-FSC-pHAb showed the most 

homogeneous distribution and highest MPD (78 ± 3 µm) despite its high HER2 affinity (KD,BLI 0.34 nM). The 

unique receptor degradation mechanism of αH-FSC-pHAb may lead to decreased endocytotic clearance 

thereby improving spheroid penetration. When the improved distribution of αH-FSC-pHAb would 

overcompensate its reduced cell killing efficacy (Figure 36), this could result in homogeneous intra-tumoral 

concentrations exceeding the single cell therapeutic threshold (IC50). Therefore, it would be interesting to 

see whether αH-FSC-pHAb could demonstrate improved in vivo efficacy compared to higher affinity variants, 

e.g. αH-T-FabC-pHAb (Figure 40A, B). 

 

 

Figure 38. Quantification strategy for tumor cell spheroid penetration. (A) Schematic 3D representation of tumor cell spheroid with 
pHAb-dye fluorescence marked in red. (B) Schematic 2D representation (view a) of tumor cell spheroid with pHAb-dye fluorescence 
marked in red. (C) Confocal microscopy image of BT-474 spheroid incubated with 50 nM pHAb-dye labeled αH-T-IgG for 24 h (view 
b). The picture was taken 50 µm below the top of the spheroid (z-position). Fluorescence of intracellular accumulated αH-T-IgGC-pHAb 
is shown in red. The yellow circle marks the border of the spheroid and was set manually using the radial profile plot plug-in in 
ImageJ.272 The radial profile plot plug-in produces a profile plot of normalized integrated intensities around concentric circles as a 
function of distances from the center of the yellow circle (spheroid) (D) Brightfield image of the same spheroid. (E) Radial profile plot 
generated from the BT-474 spheroid by ImageJ. The fluorescence intensity profile of αH-T-IgGC-pHAb (C) is reflected in the high 
intensity at larger radii (border of the spheroid). Its limited distribution towards the center of the spheroid produces a sharp decrease 
of fluorescence intensity towards smaller radii (center of the spheroid). From this radial fluorescence profile, the mean penetration 
distance (MPD) can be calculated. The MPD allows to compare the spheroid penetration properties of distinct molecules. (F) Equation 
for the calculation of the mean penetration distance from radial profile plots (E). 
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Figure 39. 3D tumor spheroid penetration model. (A) Representative confocal microscopy images comparing high affinity versus low 
affinity distribution of 50 kDa pHAb-dye labeled antibody fragments in HER2 positive BT-474 and HER2 negative HCC-1937 tumor cell 
spheroids. (B) Representative confocal microscopy images comparing distribution of 50 kDa pHAb-dye labeled antibody fragments 
versus corresponding 150 kDa IgG variants in BT-474 and HCC-1937 tumor cell spheroids. (C) Radial profile plot derived from confocal 
microscopy images depicting semiquantitatively the penetration depth. Solid line represents the mean (n = 8 spheroids/group) with 
SD depicted as dotted lines. Fluorescence intensity was normalized to pHAb-dye DOL. (D) Mean penetration distance (± SD) of 50 kDa 
antibody fragments and corresponding 150 kDa IgG variants in BT-474 spheroids calculated from radial profile plots (n = 8 
spheroids/group). Statistical analysis performed using unpaired, two-tailed t-test, *** denoted P < 0.001. Spheroids were grown from 
2,000 cells for 96 h, incubated for 24 h with 50 nM pHAb-dye labeled constructs and intracellular accumulated pHAb-dye was imaged 
with a laser scanning confocal microscope (20x). Images were taken at spheroid diameter 341 ± 3 µm and spheroid depth 62 ± 3 µm. 
Individual spheroid images are depicted in Figure A20. Figure adapted from Jäger et al.277 

 

Beside αH-FSC-pHAb, αH-S5C-pHAb showed the highest MPD (69 ± 2 µm), indicating that in these assays a 

single digit nanomolar binding affinity seems to beneficially balance cellular uptake and spheroid 

penetration. The importance of the right balance is also evident in negative terms from the greatly reduced 

intracellular accumulation of αH-S19C-pHAb (KD,BLI 46.60 nM) (Figure 39C). Whether the improved 

distribution profile of αH-S5C-pHAb could translate into higher efficacy in vivo, depends again on whether 

increased numbers of targeted cells are exposed to therapeutically active doses of drug (Figure 40C, D). 

Importantly, no pHAb-dye conjugate showed any signal on HER2 negative HCC-1937 spheroids. Non-targeting 

huFcK-pHAb showed also no signal on BT-474 spheroids. 
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Figure 40. Hypothetical tumor penetration scenarios derived from spheroid penetration experiments. The graphic depicts 
schematically snapshots of different hypothetical scenarios illustrating how experimentally observed tumor spheroid penetration 
could translate into solid tumor penetration and efficacy if systemic clearance is not limiting. Spheroid images are included for 
illustration. The single cell therapeutic threshold is set arbitrarily. Tumor cells exposed to drug at concentrations exceeding the single 
cell therapeutic threshold are marked red. (A) High affinity binder showing a pronounced site-barrier effect at the tumor periphery. 
(B) Homogeneous drug distribution. In the depicted scenario the exposure exceeds the single cell therapeutic concentration thereby 
maximizing efficacy. If concentration in the tumor drops only slightly (below IC50), almost no efficacy would be observed. (C) 
Intermediate affinity matches exposure and single cell therapeutic threshold. (D) Low affinity binder does not efficiently accumulate 
at concentrations exceeding the therapeutic threshold at the tumor site resulting in poor efficacy. 

 

As described in section 4.5.2, tumor penetration depends not only on the affinity of a construct, but also on 

its hydrodynamic radius.177 50 kDa Fcabs have an approximately 40% reduced hydrodynamic radius 

compared to 150 kDa IgG molecules (rH 3.1 – 3.2 nm versus 5.5 nm) (Table 8). To elaborate the penetration 

benefit of Fcabs accounted only to reduced size, the penetration profile of αH-S5C-pHAb was compared to a 

150 kDa αH-S5 derivative with unrelated anti-HEL Fab arms (αHxH-S5-IgGC-pHAb). 50 kDa αH-T-FabC-pHAb 

and 150 kDa αH-T-IgGC-pHAb references were included in these experiments although biased by avidity 

resulting from αH-T-IgGC-pHAb bivalency (Figure 39B, C). Smaller-sized αH-S5C-pHAb penetrated deeper into 

BT-474 spheroids (MPD 69 ± 2 µm) compared to αHxH-S5-IgGC-pHAb (MPD 63 ± 2 µm) confirming the 

penetration advantage resulting from reduced hydrodynamic radius (Figure 39D). 

The MPD gain accounted to smaller size (∆MPD 6 µm; ∆rH 2.3 nm) was inferior to the gain from lower affinity 

(∆MPD 15 µm; αH-S5C-pHAb KD,BLI 2.25 nM versus αH-T-FabC-pHAb KD,BLI 0.12 nM), suggesting that in this 
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simplified in vitro model tumor spheroid penetration is more affected by affinity than by a limited variation 

in size. The observed relationship is consistent with the analytical derivation of the dependence between 

maximum penetration depth R and hydrodynamic radius rH, as well as affinity (KD):171 

 

      𝑅 ~ √
𝐾𝐷

𝑟𝐻
      (15) 

 

Equation (15) was derived from equation (3) and (5) in section 4.5.2 and indicates that a higher KD value by 

e.g., factor 18.8 (αH-S5C-pHAb KD,BLI 2.25 nM versus αH-T-FabC-pHAb KD,BLI 0.12 nM) increases R to a greater 

extent than a reduced hydrodynamic radius by e.g., factor 1.7 (Fcab rH 3.1 – 3.2 nm versus IgG rH 5.5 nm). 

As expected, the bivalent αH-T-IgGC-pHAb reference conjugate (MPD 48 ± 2 µm) showed a binding site-

barrier effect that was more pronounced compared to monovalent αH-T-FabC-pHAb (MPD 54 ± 2 µm). It 

remains unclear whether this is mainly due to avidity in binding to cellular HER2 or increased size of bivalent 

αH-T-IgGC-pHAb. 

Taken together, improved penetration capability of αH-S5C-pHAb, αH-S19C-pHAb and αH-FSC-pHAb 

compared to αH-T-FabC-pHAb and αH-T-IgGC-pHAb was demonstrated resulting from fine-tuned lower 

affinity, smaller size and an intrinsic receptor degradation mechanism. Whether this effect translates into 

better efficacy in vivo needs to be investigated in carefully designed animal models considering additional 

effects such as systemic clearance and tumor tissue extravasation. 
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8. Conclusion 
 

The aim of the work presented herein was to evaluate for the first time Fcabs as novel ADC scaffold by 

assessing the generation and functionality of Fcab-based drug conjugates. 

Fcabs incorporate an engineered antigen binding and half-life extending native FcRn binding site in a small 

~ 50 kDa Fc fragment. This combination provides Fcabs with the potential to enhance efficacy of conventional 

IgG-based ADCs in solid tumors by increasing tumor exposure due to a smaller size accounting for better 

tumor penetration and a favorable pharmacokinetics profile. 

For proof of concept, an initial literature search yielded seven distinct HER2- or EGFR-targeting Fcabs that 

were considered as relevant for solid tumor indications and thus, selected for the feasibility study. Fcab 

scaffolds were genetically engineered to attenuate FcγR binding (D265A) and to enable site-specific 

conjugation (N-terminal mTG tags, D265C). The expression yields and thermostability of Fcabs were inferior 

to human Fc controls lacking the engineered antigen binding site but still acceptable. For all Fcab scaffold 

variants, target- and affinity-dependent cell binding could be verified on several cancer cell lines. To study 

the cellular uptake as a prerequisite for the targeting molecule of an ADC, Fcabs were labeled via random 

lysine coupling or interchain cysteines with a pH sensitive dye that becomes fluorescent only at acidic pH 

present in endosomal and lysosomal vesicles after internalization. All selected Fcabs showed receptor-

mediated endocytosis which classified them as possible ADC targeting vehicles and allowed for their 

conjugation to cytotoxic linker-drugs. Fcabs were successfully conjugated at different positions (native Q295, 

N-terminally, D265C) to the clinically validated microtubule inhibitor Val-Cit-MMAE employing microbial 

transglutaminase or cysteine coupling techniques. Two additional unknown conjugation sites within the 

EGFR-targeting Fcab scaffolds could be identified as glutamine Q311 and Q438 leading to an unexpected high 

DAR of ~ 2.9 for these constructs. The MMAE conjugates were profiled for their hydrophobicity, target and 

FcRn binding kinetics as well as serum stability. No undesirable impact on the Fcab binding properties was 

observed for any conjugation site. For the Fcab scaffold, conjugation to native Q295 seems to be very well 

suited due to high conjugation efficiency and the generation of homogenous, stable and functional Fcab-drug 

conjugates. Moreover, Q295 coupled conjugates showed lower overall hydrophobicity compared to 

N-terminally or C265 coupled conjugates. Subsequently, target-dependent cytotoxicity was demonstrated 

for all generated Fcab-MMAE conjugates with IC50 values ranging from sub-nanomolar to double digit 

nanomolar concentrations, depending on target affinity of the Fcab. 

In addition, a 3D tumor cell spheroid model was set up to anticipate the impact of target affinity and 

molecular size on tumor penetration. Target binding affinity could be confirmed as more critical for 

penetration than the reduction in size. Using this model, an Fcab with single digit nanomolar HER2 affinity 
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(αH-S5) showed a favorable balance between spheroid penetration and cellular uptake. Moreover, the same 

50 kDa Fcab demonstrated enhanced spheroid penetration compared to its 150 kDa derivative with 

unrelated Fab arms or to clinically applied Trastuzumab. The most homogeneous spheroid distribution was 

observed for an Fcab (αH-FS) that induced profound HER2 degradation highlighting the positive effect of 

reduced endocytotic uptake on spheroid penetration. Whether the beneficial spheroid penetration of Fcabs 

translates into improved overall tumor exposure for Fcab-drug conjugates and ultimately a better efficacy 

than IgG-based ADCs in solid tumors, needs to be evaluated in carefully designed in vivo xenograft studies. 

Taken together, the herein presented work emphasizes the Fcab format as novel scaffold for the generation 

of drug conjugates illustrating the functionality and the potential of Fcab-drug conjugates as new therapeutic 

modality. 
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9. Outlook 
 

9.1. Solid Tumor Penetration and Efficacy Predictions by Mechanistic Modelling 

Predictions on solid tumor disposition of protein therapeutics from classical simulation approaches 

unfortunately do not apply to Fcabs, since such simulations assume extremely short half-lives for 50 kDa sized 

molecules.79,177 Currently, there exist no modeling data that predicts or excludes an improved solid tumor 

exposure for Fcabs or a comparable scaffold. To justify a further development of this format, modeling data 

or in vivo experiments supporting the projected potential are urgently needed. From a developer’s point of 

view, a mechanistic model would be more beneficial for conceptual understanding and more ethically 

justifiable than animal studies at this early stage of development. 

Over the last five years, mechanistic models for ADC tumor distribution108,162 and in vivo efficacy159–161 have 

been developed whose predictions have become increasingly accurate as shown by comparison with 

experimental data by these authors. A strength of these models is that every mechanistic step is based on 

experimentally determined data (e.g. target expression levels) and rate constants (e.g., target turnover, linker 

cleavage). 

To better understand the influence of size, intermediate half-life and affinity on Fcab tumor distribution each 

individually but also in dependency to each other, a mechanistic model would be tremendously helpful. In 

order to maximize efficacy, a model would allow to identify key factors that limit tumor penetration of Fcab-

drug conjugates and to adjust for example, the Fcab affinity or half-life (e.g. by introducing a half-life 

extending M252Y, S254T, T256E “YTE” mutation298) according to a certain solid tumor type. Guided by 

modelling data, fine-tuned Fcab-drug conjugates could be designed and generated in a more rational way. 

To finally prove the potential of Fcab-drug conjugates and to verify results from modelling and simulation, 

the most promising candidates should be tested in carefully designed animal studies. 

 

9.2. In Vivo Evaluation of Fcab-Drug Conjugates 

The in vivo concept evaluation follows two principle strategies and can be either performed by (1) tumor 

distribution or (2) tumor shrinkage studies. In both studies, xenograft models would be selected, and the 

tumor cells transplanted into immunodeficient mice. Animals would then be treated with the Fcab-drug and 

reference conjugates. Depending on the evaluation strategy, tumors would be either cut out to analyze 

tumor sections for conjugate distribution or remain implanted to monitor tumor size over the period of 

treatment. Both studies can be supported by an initial pharmacokinetics study to determine Fcab-drug 

conjugate plasma half-life and possibly refine modelling input data and dosing schedules. 
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Different study designs are conceivable. For example, a 50 kDa Fcab-drug conjugate could be compared to 

its 150 kDa (Fab)2-Fcab-drug conjugate derivative with unrelated Fab arms to assess the impact of reduced 

size on tumor distribution or growth. Similarly, an Fcab-drug conjugate could be compared to its FcRn-

silenced analog (e.g. I253A, H310A, H435A mutation79,299) to elucidate the impact of extended half-life. IgG-

based ADCs could be included as references in all studies to rank Fcab-drug conjugates according to 

established technologies. 

 

9.3. Cleavable (Fab)2-Fcab-drug conjugates – Reducing Size Right at the Tumor Site  

If the intermediate plasma half-life (t1/2,β 60 – 85 h in mice) of Fcabs is still too short to expose the tumor to 

a therapeutically active concentration for a sufficiently long time, a modified molecular design may provide 

a solution. For this, Fab arms could be fused onto the Fcab scaffold obtaining an IgG-like antibody format 

(termed mAb2) that should have a circulatory half-life in the range of classical antibodies due to an increased 

molecular size. To not lose advantages for tumor penetration resulting from Fcabs’ small size, a protease 

recognition site can be engineered into the hinge region that allows for specific proteolytic cleavage by 

extracellular proteases upregulated in the tumor microenvironment (Figure 41).286 The molecule would 

benefit from the long plasma half-life of the circulating (Fab)2-Fcab fusion until it reaches the tumor site 

where small Fcab- and Fab-drug conjugates are released upon proteolytic cleavage. Subsequently, the small 

fragments would penetrate deeper into the solid tumor mass. 

 

 

Figure 41. Proposed tetravalent (Fab)2-Fcab fusions with engineered hinge cleavage site. The hinge region contains an engineered 
cleavage site that is specifically recognized by extracellular proteases (matriptase and uPA) upregulated in the tumor 
microenvironment (TME). Hinge cleavage results in the release of two 50 kDa Fab-drug conjugates and one 50 kDa Fcab-drug 
conjugate at the tumor site. Released fragment-drug conjugates should show improved solid tumor penetration compared to the 
tetravalent 150 kDa parent mAb2. 

 

In a feasibility study conducted by Roßkopf, a matriptase and uPA cleavage site300 was genetically engineered 

into the hinge region of Trastuzumab.286 The biophysical behavior and target binding of the engineered 

antibody was similar to its unmodified form and specific enzymatic Fab release demonstrated protease 
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accessibility and validated the functionality of the de novo antibody design.286 Initial experiments suggest 

that analog molecules based on Trastuzumab Fab arms fused to the Fcabs STAB5 or STAB19 efficiently release 

Fab fragments and the Fcab upon matriptase and uPA digestion (Figure A21). 
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11. Appendix 
 

 

Figure A1. Protein A purification process exemplarily shown for HER2 targeting Fcab αH-FS. (A) ÄKTA Xpress (HiTrap™ MabSelect 
SuRe 5 mL and HiPrep™ 26/10 desalting column) chromatogram showing protein peak after elution from Protein A column (50 mM 
acetic acid (HOAc), pH 3.2) and a second protein peak after a subsequent buffer change step. (B) SDS-PAGE analysis of reduced and 
not-reduced cell supernatant, protein A flow through and purified αH-FS shows high efficiency of protein A purification for Fcabs. 

 

 

Figure A2. Protein A purification process exemplarily shown for EGFR targeting Fcabs. (A) Exemplary ÄKTA Xpress (HiTrap™ 
MabSelect SuRe 5 mL and HiPrep™ 26/10 desalting column) chromatogram showing αE-65 protein peak after elution from protein A 
column (50 mM acetic acid (HOAc), pH 3.2) and a second protein peak after a subsequent buffer change step. (B) SDS-PAGE analysis 
of reduced cell supernatant, protein A flow through and purified Fcabs shows high efficiency of protein A purification for Fcabs. 



 

140 Appendix 

 

Figure A3. Immobilized metal affinity chromatography (IMAC) purification of His6-tagged αH-T-Fab. (A) ÄKTA Pure (1 mL HisTrap™ 
HP column, GE Healthcare) chromatogram showing eluted protein fractions by increasing concentrations of imidazole. (B) SDS-PAGE 
analysis of not-reduced and reduced pooled peaks and mixed fractions. Here, peak C and D were pooled yielding pure αH-T-Fab 
(SE-HPLC purity: 99.0%). 
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Figure A4. SDS-PAGE exemplarily showing not-reduced and reduced purified huFc controls and HER2-targeting Fcab variants. The 
bands of not-reduced constructs appear around the expected 50 kDa. When reduced, monomeric heavy chains appear at approx. 
30 kDa. Higher apparent molecular weights of STAB5 variants (lane 7 – 12) compared to huFc, STAB19 or H10-03-6 CysP2 Cys variants 
(lane 1 – 6, 13 – 16) are probably caused by an additional glycosylation at an artificial NVS site in the engineered CH3 AB-loop of STAB5 
which was also reported by Traxlmayr et al.258 
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Figure A5. Analytical SE-HPLC chromatograms (Abs. 214 nm) of purified Fcabs (A, B), human Fc controls (C) and references (D). Single 
peaks show high monomeric content and the absence of significant quantities of aggregates. FT – after freeze-thaw cycle. 
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Table A1. LC-MS analysis confirms the identity of Fcabs, huFc controls and references. Mass variations between calculated and 
observed masses account for glycosylation patterns and standard measurement deviations. Only the most intense glycosylation 
patterns are listed. αH-S5LLQGA-N and huFcLLQGA-N are partially O-glycosylated due to a potential O-glycosylation site (LLQGATCPPCP…) 
generated by the genetically introduced N-terminal LLQGA-tag. All STAB5 variants carry an additional Man5 glycosylation which is 
probably located at the artificial NVS glycosylation site in the engineered CH3 AB-loop. This artificial glycosylation site was also 
reported by Traxlmayr et al.258 

 heavy chain  

 calculated 

mass [kDa] 
measured 

mass [kDa] 
Δmass 

[kDa] 
most intense modifications  

αH-H10 25.738 27.184 1.446 G0F (+1445 Da)  

αH-H10C265 25.770 27.378 1.608 G1F (+1607 Da)  

αH-S5 25.546 28.370 2.824 Man5 (+1217 Da), G1F (+1607 Da)  

αH-S5C265 25.578 28.565 2.987 Man5 (+1217 Da), G2F (+1770 Da)  

αH-S5LLQGA-N 26.029 29.800 3.771 
Man5 (+1217 Da), G1F (+1607 Da), partially 

O-glycosylated 
 

αH-S5LLQGA-G4S-N 26.344 29.166 2.822 Man5 (+1217 Da), G1F (+1607 Da)  

αH-S5C-G4S-LLQGA 26.344 29.332 2.988 Man5 (+1217 Da), G2F (+1770 Da)  

αH-S5C-(G4S)2-LLQGA 26.659 29.485 2.826 Man5 (+1217 Da), G1F (+1607 Da)  

αH-S19 25.492 27.100 1.608 G1F (+1607 Da)  

αH-S19C265 25.524 27.130 1.606 G1F (+1607 Da)  

αH-FS 25.067 26.671 1.604 G1F (+1607 Da)  

αE-60 24.403 26.008 1.605 G1F (+1607 Da)  

αE-65 24.378 25.984 1.606 G1F (+1607 Da)  

αE-67 24.359 25.964 1.605 G1F (+1607 Da)  

huFc 24.894 26.502 1.608 G1F (+1607 Da)  

huFcC265 24.926 26.695 1.769 G2F (+1770 Da)  

huFcLLQGA-N 25.377 26.820 1.443 
G0F (+1445 Da), partially 

O-glycosylated 
 

huFcLLQGA-G4S-N 25.692 27.137 1.445 G0F (+1445 Da)  

huFcC-G4S-LLQGA 25.692 27.139 1.447 G0F (+1445 Da)  

huFcC-(G4S)2-LLQGA 26.007 27.615 1.608 G1F (+1607 Da)  

αH-T-Fab 25.541 25.541 0.000 -  

αHxH-S5-IgG 49.400 52.205 2.805 
-pGlu (-17 Da), G1F (+1607 Da),  

Man5 (+1217 Da) 
 

      

 light chain  

 calculated 

mass [kDa] 
measured 

mass [kDa] 
Δmass 

[kDa] 
most intense modifications  

αH-T-Fab 23.422 23.420 0.002 -  

αHxH-S5-IgG 23.541 23.540 0.001 -  
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Figure A6. Exemplary deconvoluted MS spectra of EGFR-targeting Fcabs. Peaks represent heavy chains with distinct glycosylation 
patterns. 
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Figure A7. Thermal stability of Fcabs and huFc control molecules. (A) Typically, an Fc portion shows two unfolding transition 
midpoints Tm (peaks). The first Tm1 between 60 – 70°C shows unfolding of the CH2 region while the second Tm2 at > 80°C marks 
unfolding of the CH3 region. (B) HER2-binding Fcabs often do not show clear Tm2, probably due to the engineered antigen binding 
site in the CH3 region. (C) EGFR-binding Fcabs show reduced Tm1 compared to huFc controls and HER2-binding Fcabs. This is probably 
due to the missing hinge interchain cysteines of αE-60, αE-65, αE-67. Cleavage of hinge region by IdeS reduces Tm1 as shown for 
αH-FS. 
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Figure A8. SE-HPLC characterization of pHAb-dye conjugates exemplarily shown for EGFR-targeting subset. SE-HPLC of purified 
amine-coupled pHAb-dye conjugates showing absorption at 280 nm (protein and pHAb-dye) and 535 nm (pHAb-dye) as well as pHAb-
dye fluorescence (Exc. 535 nm, Em. 566 nm). At tR 11 – 12 min unconjugated pHAb-dye may elute. Degree of pHAb-dye labeling (DOL) 
can be derived from individual peak areas as described in section 6.12.20. 
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Figure A9. Cellular uptake kinetics of pHAb-dye labeled EGFR-targeting constructs. (A) Cellular accumulation time series exemplarily 
shown for αE-60K-pHAb on MDA-MB-468 cells. Cells were incubated at 37°C, 80% humidity and 5% CO2 with 100 nM αE-60K-pHAb 
and RFP channel images (Exc. 531 nm, Em. 593 nm) were recorded every 2 h for 26 h using a cell imaging reader equipped with an 
automated incubator. (B) Cell number and pHAb-dye DOL normalized intracellular accumulation rates measured by a flow cytometry-
based cellular uptake assay. pHAb-dye labeled constructs (100 nM) were incubated in the dark on non-adherent MDA-MB-468 cells 
at 37°C and 4°C (reference) for 1, 3, 5 and 7 h (duplicates). Cells were washed twice with PBS-1% BSA, and finally pHAb-dye 
fluorescence intensity was measured by flow cytometry. Fluorescence of cells incubated at 4°C was subtracted from fluorescence of 
cells incubated at 37°C. (C) Flow cytometry assay relative intracellular accumulation derived from normalized intracellular 
accumulation rates by setting the highest rate 100% (αE-C-IgGK-pHAb) (D) Relative intracellular accumulation in MDA-MB-468 cells 
derived from flow cytometry-based assay confirms the imaging-based cellular uptake data for MDA-MB-468 cells. 
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Figure A10. Cellular uptake kinetics of pHAb-dye labeled constructs. Intracellular accumulation was monitored for 24-26 h at 100 nM 
in triplicates. The total fluorescence intensity of recorded images is normalized to the cell-number and the DOL of the pHAb-dye 
labeled construct and plotted over time to derive normalized intracellular accumulation rates from slopes of a linear regression. 
Subsequently, the relative intracellular accumulation can be calculated from these rates. 
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Figure A11. Chromatographic characterization of generated MMAE conjugates exemplarily shown for αH-FS-MMAE, huFc-MMAE 
and αH-T-Fab-MMAE. (A) Analytical size exclusion SE-HPLC shows a distinct single peak demonstrating formation of monomeric drug 
conjugates without aggregates. Signal intensity represents absorption at 214 nm (B) Reversed phase RP-HPLC reveals conjugation of 
Gly3-Val-Cit-MMAE (3) or mc-Val-Cit-MMAE (4). RP-DAR is calculated from peak areas of individual DAR species. For example, 25% 
relative peak area of DAR 1 species αH-T-Fab-MMAE and 75% relative peak area of DAR 2 species αH-T-Fab-MMAE reveals a final 
RP-DAR of 1.75. Signal intensity represents absorption at 214 nm. (C) Hydrophobic interaction HI-HPLC separates distinct DAR species 
according to their hydrophobicity. HIC-DAR can be calculated from peak areas just as RP-DAR. Moreover, relative retention times 
(RRT) can be calculated from HIC data to characterize the intrinsic hydrophobicity of an ADC. RRT were calculated from the elution 
times of e.g., the DAR 2.0 drug conjugate and the parental antibody emphasizing the hydrophobicity added by linker-drug to each 
construct. Signal intensity represents absorption at 280 nm. 
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Figure A12. Chromatographic characterization of EGFR-targeting Fcab-MMAE conjugates. (A) Analytical size exclusion SE-HPLC 
shows a distinct single peak demonstrating formation of monomeric drug conjugates without aggregates. Signal intensity represents 
absorption at 214 nm (B) Reversed phase RP-HPLC reveals conjugation of Gly3-Val-Cit-MMAE (3). RP-DAR is calculated from peak 
areas of individual DAR species (αE-60-MMAE RP-DAR 2.6; αE-65-MMAE RP-DAR 2.5; αE-67-MMAE RP-DAR 2.5). Signal intensity 
represents absorption at 214 nm. 
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Figure A13. MS-DAR determination of EGFR-targeting Fcab-MMAE conjugates from TIC area. Deconvoluted MS spectra showing 
groups of differently glycosylated heavy chains (HC) carrying 0 – 3 Gly3-Val-Cit-MMAE (3). Total ion count (TIC) area of HC species 
carrying 0 – 3 linker payloads were used to calculate the MS-DAR as shown in tables on the right side. 

 



 

152 Appendix 

 

Figure A14 Exemplary LC-MS DAR determination of αH-S19-MMAE. (A) Reversed phase chromatogram of reduced drug conjugate 
and DAR calculation from RP peak areas. (B) Deconvoluted MS spectra were used to assign RP peaks to individual heavy chain species 
conjugated with Gly3-Val-Cit-MMAE (3). 

 

 

Figure A15. Exemplary LC-MS-DAR determination of huFc-MMAE. (A) Reversed phase chromatogram of reduced drug conjugate 
and DAR calculation from RP peak areas. (B) Deconvoluted MS spectra were used to assign RP peaks to individual heavy chain species 
conjugated with Gly3-Val-Cit-MMAE (3). 
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Table A2. Kinetic parameters for target binding. Dissociation constants (KD), on- (kon) and off-rates (koff) were measured at pH 7.4 by 
BLI using recombinantly produced HER2 or EGFR. Errors are standard errors from fitting using FortéBio data analysis software. Fitting 
quality is characterized by R². 

HER2 subset 

HER2  

KD,BLI  
[nM] 

KD error 

[nM] 
kon 

[106/Ms] 
kon error 

[106/Ms] 
koff  

[10-3/s] 
koff error 

[10-3/s] 
full  

fitting R2  

αH-S5 2.25 0.029 1.158 0.014 2.605 0.011 0.9768  

αH-S5-MMAE 3.83 0.041 0.837 0.009 3.210 0.011 0.9865  

αH-S5C265 3.52 0.057 1.430 0.009 5.040 0.076 0.9977  

αH-S5C265-MMAE 3.36 0.041 1.042 0.012 3.499 0.012 0.9797  

αH-S5LLQGA-N 3.52 0.104 0.836 0.005 5.430 0.079 0.9976  

αH-S5LLQGA-N-MMAE 3.24 0.038 0.928 0.010 3.002 0.011 0.9812  

αH-S5LLQGA-G4S-N 6.32 0.067 0.965 0.005 6.090 0.057 0.9985  

αH-S5LLQGA-G4S-N-MMAE 5.22 0.055 0.595 0.006 3.105 0.011 0.9855  

αHxH-S5-IgG 7.86 0.092 0.424 0.005 3.337 0.012 0.9903  

αH-S19 46.60 0.994 1.230 0.021 57.500 0.716 0.9952  

αH-S19-MMAE 48.52 0.900 0.531 0.007 25.760 0.311 0.9960  

αH-S19C265 39.80 0.885 1.270 0.025 50.300 0.549 0.9934  

αH-S19C265-MMAE 29.06 2.198 0.745 0.047 21.640 0.918 0.9742  

αH-H10 24.13 0.462 0.254 0.005 6.117 0.032 0.9789  

αH-FS 0.34 0.004 1.331 0.009 0.450 0.005 0.9953  

αH-FS-MMAE 0.73 0.008 0.756 0.005 0.554 0.005 0.9930  

αH-T-Fab 0.12 <0.001 1.100 0.004 0.131 0.001 0.9986  

αH-T-Fab-MMAE 0.40 0.006 0.379 0.001 0.150 0.002 0.9987  

αH-T-IgG 0.18 0.006 0.307 0.001 0.055 0.002 0.9900  

αH-T-IgG-MMAE 0.43 0.008 0.287 0.001 0.123 0.002 0.9986  

EGFR subset 

EGFR  

KD,BLI 

[nM] 
KD error 

[nM] 
kon 

[106/Ms] 
kon error 

[106/Ms] 
koff  

[10-3/s] 
koff error 

[10-3/s] 
full  

fitting R2 
 

αE-60 2.42 0.01 0.311 0.001 0.752 0.001 0.9995  

αE-60-MMAE 2.67 0.02 0.346 0.002 0.924 0.003 0.9979  

αE-65 1.07 0.01 0.371 0.001 0.397 0.001 0.9991  

αE-65-MMAE 1.37 0.01 0.385 0.001 0.528 0.002 0.9991  

αE-67 1.71 0.01 0.332 0.001 0.568 0.002 0.9991  

αE-67-MMAE 1.54 0.01 0.405 0.001 0.622 0.001 0.9993  

αE-C-Fab 0.82 0.00 0.713 0.003 0.585 0.002 0.9995  

αE-C-IgG 1.25 0.01 1.172 0.008 1.462 0.004 0.9959  

αE-C-IgG-MMAE 0.60 0.01 1.451 0.012 0.868 0.004 0.9941  
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Table A3. Kinetic parameters for FcRn binding. Dissociation constants (KD), on- (kon) and off-rates (koff) were measured by BLI using 
recombinantly produced FcRn. Binding affinity to FcRn was determined at pH 6.0. Errors are standard errors from fitting using 
FortéBio data analysis software. Fitting quality is characterized by R². 

HER2 subset 

FcRn  

KD,BLI  
[nM] 

KD error 

[nM] 
kon 

[106/Ms] 
kon error 

[106/Ms] 
koff 

[10-3/s] 
koff error 

[10-3/s] 
full 

fitting R2 
 

αH-S5 399 15 0.300 0.009 120 3 0.9949  

αH-S5-MMAE 274 11 0.328 0.010 90 3 0.9917  

αH-S5C265 376 13 0.378 0.011 142 3 0.9953  

αH-S5C265-MMAE 350 35 0.327 0.022 115 9 0.9435  

αH-S5LLQGA-N 389 13 0.377 0.010 147 3 0.9956  

αH-S5LLQGA-N-MMAE 284 9 0.321 0.008 91 2 0.9942  

αH-S5LLQGA-G4S-N 357 12 0.390 0.011 139 3 0.9951  

αH-S5LLQGA-G4S-N-MMAE 226 8 0.374 0.009 85 2 0.9935  

αH-S19 383 13 0.421 0.012 161 3 0.9958  

αH-S19-MMAE 609 25 0.203 0.007 123 3 0.9944  

αH-S19C265 448 15 0.354 0.009 159 3 0.9965  

αH-S19C265-MMAE 305 36 0.440 0.037 134 11 0.9046  

αH-H10 399 15 0.300 0.010 99 2 0.9946  

αH-FS 346 11 0.403 0.010 139 3 0.9949  

αH-FS-MMAE 339 11 0.426 0.012 144 3 0.9949  

αH-T-IgG 303 9 0.482 0.012 146 3 0.9965  

αH-T-IgG-MMAE 387 11 0.372 0.009 144 3 0.9967  

EGFR subset 

FcRn  

KD,BLI  
[nM] 

KD error 

[nM] 
kon 

[106/Ms] 
kon error 

[106/Ms] 
koff 

[10-3/s] 
koff error 

[10-3/s] 
full 

fitting R2  

αE-60 381 12 0.292 0.007 111 2 0.9958  

αE-60-MMAE 309 10 0.232 0.006 72 2 0.9971  

αE-65 329 13 0.339 0.011 112 2 0.9954  

αE-65-MMAE 362 12 0.210 0.005 76 2 0.9958  

αE-67 589 22 0.289 0.009 170 3 0.9952  

αE-67-MMAE 337 12 0.232 0.007 78 2 0.9964  

αE-C-IgG 747 24 0.219 0.006 164 2 0.9975  

αE-C-IgG-MMAE 892 31 0.185 0.006 165 3 0.9974  

huFc 524 13 0.407 0.009 213 2 0.9982  
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Figure A16. HER2 binding analysis of unconjugated Fcabs, Trastuzumab variants and corresponding MMAE conjugates via BLI. 
Association and dissociation were either fitted by a 1:1 global full-fit binding model or by a 1:1 global partial-dissociation model (only 
S19 variants). Fittings are shown in red. For each sensorgram, the highest concentration of analyte during association and its dilution 
factor are given. 
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Figure A17. FcRn binding analysis of HER2-targeting subset via BLI. Association and dissociation of analytes (1 µM; 1:2 serially 
diluted) were recorded at pH 6.0 and fitted by a 1:1 global partial-dissociation model. Fittings are shown in red. 
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Figure A18. Receptor binding BLI sensorgrams of EGFR-targeting subset. (A) EGFR binding analysis. Association and dissociation 
were recorded at pH 7.4 and fitted by a 1:1 global full-fit binding model. (B) FcRn binding analysis. Association and dissociation of 
analytes were recorded at pH 6.0 and fitted by a 1:1 global partial-dissociation model. Fittings are shown in red. For each sensorgram, 
the highest concentration of analyte during association and its dilution factor are given. 
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Table A4. In vitro potency of Fcab-drug conjugates and controls. Inhibitory concentrations at 50% cell viability (IC50) are given as the 
mean (± SD) of ≥ 3 independent experiments of which each experiment was performed in duplicates. Cell viability was measured 
after 4 days incubation. To judge IC50 values, DAR values and target dissociation constants (KD,BLI) are listed as well. 

HER2 subset 

KD,BLI 

(HER2) 

[nM] 
DAR 

IC50 [nM]  

SKBR-3 

(HER2+) 
HCC-1954 

(HER2+) 
MDA-MB-468 

(HER2-) 

 

αH-S5-MMAE 3.8 2.0 4.04 ± 0.66 8.38 ± 1.09 267 ± 20  

αH-S5C265-MMAE 3.4 1.5 4.12 ± 0.41 7.26 ± 1.61 > 300  

αH-S5LLQGA-N-MMAE 3.2 2.4 2.11 ± 0.39 2.55 ± 0.28 > 100  

αH-S5LLQGA-G4S-N-MMAE 5.2 3.0 1.85 ± 0.80 2.49 ± 0.72 > 100  

αH-S19-MMAE 48.5 2.1 27.0 ± 17.6 28.5 ± 4.95 > 300  

αH-S19C265-MMAE 29.1 1.1 29.4 ± 1.64 48.5 ± 10.4 > 300  

αH-FS-MMAE 0.7 2.2 0.18 ± 0.04 0.63 ± 0.10 > 300  

huFc-MMAE - 2.0 237 ± 39 > 100 > 300  

huFcC265-MMAE - 1.8 250 ± 41 > 300 > 300  

huFcLLQGA-N-MMAE - 1.4 250 > 100 > 300  

huFcLLQGA-G4S-N-MMAE - 2.2 96.8 ± 27.3 > 100 > 300  

αH-T-Fab-MMAE 0.4 1.8 0.27 ± 0.07 0.29 ± 0.06 > 100  

αH-T-IgG-MMAE 0.4 2.0 0.19 ± 0.05 0.23 ± 0.06 > 100  

MMAE - - 0.19 ± 0.03 0.14 ± 0.03 0.33 ± 0.04  

αH-S5 2.2 - > 300 > 300 > 300  

αH-S5C265 3.5 - > 300 > 300 > 300  

αH-S5LLQGA-N 3.5 - > 300 > 300 > 300  

αH-S5LLQGA-G4S-N 6.3 - > 300 > 300 > 300  

αH-S19 46.6 - > 300 > 300 > 300  

αH-S19C265 39.8 - > 300 > 300 > 300  

αH-FS 0.3 - > 300 > 300 > 300  

huFc - - > 300 > 300 > 300  

αH-T-Fab 0.1 - > 300 > 300 > 300  

αH-T-IgG 0.2 - 1.17 1.17 > 300  

EGFR subset 
KD,BLI 

(EGFR) 

[nM] 
DAR 

IC50 [nM]  

MDA-MB-468 

(EGFR+) 
A431 

(EGFR+) 
MCF-7 

(EGFR-) 

 

αE-60-MMAE 2.7 2.9 0.18 ± 0.03 0.23 ± 0.04 > 100  

αE-65-MMAE 1.4 2.7 0.19 ± 0.05 0.27 ± 0.07 > 100  

αE-67-MMAE 1.5 2.8 0.22 ± 0.01 0.32 ± 0.08 > 100  

huFc-MMAE - 2.0 > 300 > 100 > 100  

αE-C-Fab-MMAE n.d. 0.8 0.78 ± 0.03 0.99 ± 0.29 > 100  

αE-C-IgG-MMAE 0.6 1.1 0.44 ± 0.03 0.50 ± 0.08 > 100  

MMAE - - 0.32 ± 0.03 0.17 ± 0.01 0.34 ± 0.10  

αE-60 2.4 - > 300 > 300 > 300  

αE-65 1.1 - > 300 > 300 > 300  

αE-67 1.7 - > 300 > 300 > 300  

αE-C-Fab 0.82 - 6.32 ± 5.71 > 300 > 300  

αE-C-IgG 1.25 - 1.13 ± 0.59 > 300 > 300  
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Figure A19. Formation of tumor cell spheroids. (A) Wide field images showing exemplarily tumor cell spheroid formation of 8000 
HCC-1937 cells over 24 h at 37°C, 80% humidity and 5% CO2. Wide field images were taken with an IncuCyte® S3 live-cell analysis 
system (Sartorius). (B) Confocal microscopy images showing 4 different BT-474 cell spheroids with reproducible size (2,000 cells were 
grown for 96 h at 37°C, 80% humidity and 5% CO2). Confocal microscopy images were taken at 20-fold magnification with a confocal 
laser scanning microscope TCS SP8 (Leica). 
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Figure A20. Confocal microscopy of tumor spheroids treated with pHAb-dye labeled constructs. BT-474 tumor cell spheroids (2,000 
cells grown for 96 h at 37°C, 80% humidity and 5% CO2) were incubated with 50 nM pHAb-dye labeled constructs for 24 h. Images 
were taken with a confocal laser scanning microscope TCS SP8 (Leica, 20-fold magnification) at spheroid diameter 341 ± 3 µm and 
spheroid depth 62 ± 3 µm. For visual comparability the brightness of images was adjusted to compensate differences resulting from 
distinct pHAb-dye labeling degrees. For better visualization, the contrast of all images was increased by 40%. Radial profile plots and 
MPD were derived from unprocessed images. 

 



 

 Appendix 161 

 

Figure A21. HER2-targeting tetravalent (Fab)2-Fcab fusions with engineered hinge cleavage site. (A) Antibody design consisting of 
Trastuzumab Fab arms containing LC-C-terminal-(G4S)3-LPETGS SrtA conjugation tags, HER2-targeting Fcabs S5 (αH-T-CL-S5) or S19 
(αH-T-CL-S19), and an engineered cleavage site in the hinge region (LSGRSDNH) that is recognized by TME extracellular proteases 
matriptase (MT-SP1) and urokinase-type plasminogen activator (uPA).286,300 Other specific protease cleavage sites within IgG1 hinge 
region are depicted as well.301 (B) Protein expression was not altered by the introduced cleavage site in αH-T-CL-S5 and αH-T-CL-S19. 
For comparison, constructs αH-T-nCL-S5 and αH-T-nCL-S19 lacking hinge modifications are shown. (C) SE-HPLC after freeze-thaw cycle 
confirmed high purity and absence of aggregates. (D) LC-MS confirmed protein identity. (E) SDS-PAGE analysis demonstrated specific 
cleavage of αH-T-CL-S5 when incubated with uPA or MT-SP1. Digestion resulted in the formation of expected ~ 100 kDa (one-arm) 
and ~ 50 kDa (Fab, Fcab) protein bands. As already described, the Fcab S5 shows higher MWapp (Figure A4). Digestion by non-related 
MMP-14 did not show any cleavage products. (F) SDS-PAGE analysis demonstrated specific cleavage of αH-T-CL-S19 by uPA and 
MT-SP1. CL – cleavable by MT-SP1 and uPA; nCL – not cleavable by MT-SP1 and uPA. 
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11.1. Abbreviations 

aa Amino acid 

Ab Antibody 

ABD Albumin-binding domain 

Abs. Absorption 

ADC Antibody-drug conjugate 

ADCC Antibody-dependent cellular cytotoxicity 

αE Anti-EGFR 

AF488 Alexa Fluor 488 

αH Anti-HER2 

αHxH Anti-HER2 and anti-HEL 

ALCL Anaplastic large-cell lymphoma 

ALL Acute lymphoblastic leukemia 

AML Acute myeloid leukemia 

Amp Ampicillin 

ATCC American Type Culture Collection 

ATP Adenosine triphosphate 

BCMA B-cell maturation antigen 

BLI Biolayer interferometry 

BRCA1/2 Breast cancer susceptibility 1/2 

BSA Bovine serum albumin 

bsAb Bispecific antibody 

CAF Cancer-associated fibroblast 

CDC Complement dependent cytotoxicity 

CDR Complementarity determining region 

CH1, 2, 3 Constant domain 1, 2, 3 of the heavy chain 

CL Cleavable 

CL Constant domain of the light chain 

CV Column volume 

D Diffusion coefficient 

Δ delta, difference 

Da Dalton 

DAR Drug-to-antibody ratio 
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DLS Dynamic light scattering 

DMEM medium Dulbecco’s modified eagle’s medium 

DNA Deoxyribonucleic acid 

DOL Degree of labeling 

DTT Dithiothreitol 

ECM Extracellular matrix 

E. coli Escherichia coli 

EGF(R) Epidermal growth factor (receptor) 

EGFR+/- EGFR positive / negative 

Em. Emission 

Exc. Excitation 

Fab Fragment antigen binding 

FBS Fetal bovine serum 

Fc Fragment crystallizable 

Fcab Fc antigen binding 

FcRn Neonatal Fc receptor 

FcγR Fc gamma receptor 

FDA Food and Drug Administration 

FT After freeze-thaw 

HC Heavy chain 

HER1, 2, 3, 4 Human epidermal growth factor receptor 1, 2, 3, 4 

HER2+/- HER2 positive / negative 

HI-HPLC Analytical hydrophobic interaction chromatography 

His-tag Histidine tag, usually composed of six histidines 

HL Hodgkin lymphoma 

HPLC High performance liquid chromatography 

hu Human, homo sapiens 

IC50 Half maximal inhibitory concentration 

IFP Interstitial fluid pressure 

Ig Immunoglobulin 

IGN Indolinobenzodiazepine 

IMAC Immobilized metal affinity chromatography 

KB Kinetics buffer 
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KD Equilibrium dissociation constant 

kDa Kilo dalton 

koff Dissociation rate constant (off-rate) 

kon Association rate constant (on-rate) 

LB medium Luria-Bertani medium 

LC Light chain 

LC-MS Liquid chromatography-mass spectrometry 

mAb Monoclonal antibody 

MALDI-TOF Matrix-assisted laser desorption/ionization time of flight mass spectrometry 

MALS Multiangle light scattering 

MAPK Mitogen-activated protein kinase 

mc Maleimidocaproyl  

mCes1c Murine carboxylesterase 1c 

MEC Molar extinction coefficient 

MED Minimal effective dose 

MES 2-(N-morpholino)ethanesulfonic acid 

MFI Mean fluorescence intensity 

MMAE Monomethyl auristatin E 

MMAF Monomethyl auristatin F 

MMP Matrix metalloproteinase 

MoA Mode of action 

MPD Mean penetration distance 

MS Mass spectrometry 

MTD Maximum tolerated dose 

mTG Microbial transglutaminase 

MT-SP1 Matriptase 

mu Murine, mus musculus 

MW Molecular weight 

MWapp Apparent molecular weight 

MWCO Molecular weight cut-off 

n.d. Not determined 

n.r. Not reported 

nCL Noncleavable 
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NHS N-hydroxy succinimide 

NK cells Natural killer cells 

P Permeability coefficient 

pAb polyclonal antibody 

PABC Para-aminobenzyloxycarbonyl 

PAGE Polyacrylamide gel electrophoresis 

PBD Pyrrolobenzodiazepine 

PBS Phosphate buffered saline 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed cell death protein ligand 1 

PDB Protein Data Bank 

PDI Polydispersity index 

PDX Patient derived xenograft 

PEG Polyethylene glycol 

pI Isoelectric point 

PI3K Phosphatidylinositol 3-kinase 

P. pastoris Pichia pastoris 

R2 Coefficient of determination 

rH Hydrodynamic radius 

RP-HPLC Analytical reversed phase chromatography 

rpm Revolutions per minute 

RPMI medium Roswell Park Memorial Institute medium 

RRT Relative retention time 

RT Room temperature 

S. aureus Staphylococcus aureus 

scFv Single-chain variable fragment 

SD Standard deviation 

sdAb Single-domain antibody 

SDS Sodium dodecylsulfate 

SEC Size exclusion chromatography 

SE-HPLC Analytical size exclusion chromatography 

SMDC Small molecule−drug conjugate 

S. mobaraensis Streptomyces mobaraensis 
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SrtA Sortase A 

t1/2 Half-life 

TCEP Tris(2-carboxyethyl)phosphine 

TGF-β Transforming growth factor beta 

TI Therapeutic index 

TIC Total ion count 

Tm Melting temperature 

TME Tumor microenvironment 

TNBC Triple negative breast cancer 

TNF-α Tumor necrosis factor alpha 

tR Retention time 

uPA Urokinase-type plasminogen activator 

v/v Volume per volume 

vc Valine-citrulline 

VEGF(R) Vascular endothelial growth factor receptor 

VH Variable domain of the heavy chain 

VL Variable domain of the light chain 

w/v Weight per volume 

wt Wild type 
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