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Zusammenfassung

Mehr als vierzig Jahre nach der Beschreibung der ersten Technologie zur Herstellung
monoklonaler Antikorper haben sich diese zu einer etablierten Arzneimittelklasse fiir die
Behandlung verschiedener Krankheiten entwickelt. Die Entwicklung von Proteinen und die
Kombination mit der klassischen medizinischen Chemie haben den Weg fiir eine Vielzahl von aus
Antikorpern abgeleiteten Molekiilen geebnet, die heute vor allem in der Krebstherapie eingesetzt
werden. Zwei Hauptklassen sind Antikérper-Wirkstoff-Konjugate (ADC), die zytotoxische
Nutzlasten an die Zielzellen abgeben sollen, und bispezifische Antikérper (bsAb), die fiir
verschiedene Ansitze verwendet werden, z. B. fiir eine verbesserte Gewebespezifitit oder zur
Rekrutierung von Immunzellen an bosartiges Gewebe.

Ziel dieser Arbeit war es, den derzeitigen Werkzeugkasten an Antikérpermodalititen zu
erweitern und modulare Strategien fiir ihre Erzeugung zu entwickeln. Im ersten Teil der Arbeit
wurden Antikorper als Vehikel verwendet, um sogenannte "auf die Proteolyse abzielende duale
Molekiile (PROTACs)" in Tumorzellen einzuschleusen. PROTACs sind bivalente kleine Molekiile,
die E3-Ligasen an intrazellulare Proteine von Interesse (POI) rekrutieren und sie dadurch fiir die
Beseitigung durch den endogenen zelluldren proteasomalen Abbaumechanismus markieren.
Trotz ihres vielversprechenden Potenzials stehen PROTACs vor Herausforderungen wie
begrenzte Selektivitat, Zellpermeabilitiat oder schlechte Pharmakokinetik. Eine mégliche Losung
besteht darin, Antikérper mit PROTAC-bindenden Doméanen auszustatten, z. B. "camelid single-
domain antibody" (VHH), und so bispezifische Antikdrper zu schaffen, die PROTACs gezielt und
dhnlich wie ADCs verabreichen konnen. Solche bispezifischen Antikérper konnen durch
genetische Fusion erzeugt werden, was jedoch die individuelle Herstellung jeder Antikorper-
VHH-Kombination erfordert. Daher wurde eine modulare Strategie zur raschen Herstellung von
bispezifischen Antikorpern entwickelt, die PROTACs freisetzen konnen. Bei diesem Ansatz
werden PROTAC-bindende VHHs enzymatisch mit handelsiiblichen Antikérpern gekoppelt. Die
resultierenden Konjugate behalten ihre Zielbindungs- und Internalisierungseigenschaften bei.
Nach Inkubation mit PROTACs bildeten sich definierte Antikérper-PROTAC-Komplexe. Diese
Komplexe induzieren selektiv den POI-Abbau und damit selektiv die Zytotoxizitit in Zellen, die
das Ziel des Antikorpers exprimieren.

Der zweite Teil der Arbeit zielt auf die Herstellung bispezifischer Antikérper fiir die Rekrutierung
von Transmembran-E3-Ligasen an Zelloberflachenrezeptoren. Durch die gleichzeitige Bindung
kann eine raumliche Nahe zwischen den beiden Proteinen hergestellt werden, die letztlich zum
Abbau des Rezeptors liber den Endosom-Lysosom-Weg fiihrt. Bispezifische Antikorper fiir diesen
Ansatz werden in der Regel durch Antikorper-Engineering und rekombinante Produktion

hergestellt. In diesem Projekt wurde ein chemo-enzymatischer Ansatz entwickelt, um solche



Molekiile aus bereits verfiigharen Antikdrpern herzustellen. Dazu wurden ,einkettige variable
Doménen” (scFv) und Antikoérper zundchst durch enzymatische Konjugation mit reaktiven
»,Handles“ versehen und anschlieffend durch SPAAC-Klickreaktion miteinander verbunden. Die
scFv-Antikorper-Konjugate wurden auf ihre Antigenbindungseigenschaften und auf den Abbau
verschiedener Targets untersucht. Die in dieser Arbeit verwendete chemo-enzymatische
Konjugation zur Herstellung bispezifischer Antikdrper bietet eine flexible und effektive Losung
unter Verwendung handelsiiblicher Antikérper. Wahrend die resultierenden Molekiile in erster
Linie fiir den gezielten Proteinabbau eingesetzt wurden, konnen diese Konjugationsstrategien
auch genutzt werden, um Antikérper mit zusatzlichen Bindungseinheiten fiir verschiedene

andere Anwendungen zu erweitern.



Abstract

More than forty years after description of the first technology for generating monoclonal
antibodies, they have become a well-established drug class for treating various diseases. Protein
engineering efforts and combining forces with classical medicinal chemistry have paved the way
to a plethora of antibody-derived molecules that are now being applied, particularly in cancer
therapy. Two main classes are antibody-drug conjugates (ADC), meant to deliver cytotoxic
payloads to target cells, and bispecific antibodies (bsAb), that are being used for various
approaches, e.g. for enhanced tissue specificity or to recruit immune cells to malignant tissue.
This work aimed to expand the current toolbox of antibody modalities and develop modular
strategies their generation. In the first part of the work, antibodies were used as vehicles to deliver
so-called “proteolysis-targeting chimeras (PROTACs)” into tumor cells. PROTACs are bivalent
small-molecules that recruit E3 ligases to intracellular protein of interest (POI) and thereby label
them for elimination through the endogenous cellular proteasomal degradation mechanism.
Despite their promise, PROTACs face challenges such as limited selectivity, cell permeability or
poor pharmacokinetics. A possible solution is to equip antibodies with PROTAC-binding domains,
e.g. "camelid single-domain antibody" (VHH), and thereby create bispecific antibodies that can
deliver PROTACs in a targeted, ADC-like manner. Such bispecifics can be generated by genetic
fusion, which however requires individual production of every antibody-VHH combination.
Hence, a modular strategy to promptly produce bispecifics capable of delivering PROTACs was
developed. This approach involves enzymatically coupling PROTAC-binding VHHs with
commercially available antibodies. The resulting conjugates maintain their target binding and
internalization properties. Upon incubation with PROTACs, defined antibody-PROTAC complexes
were formed. These complexes selectively induce POI degradation, thereby inducing cytotoxicity
selectively in cells expressing the target of the antibody.

The second part of the work aims on generation of bispecific antibodies for the recruitment of
transmembrane E3 ligases to cell surface receptors. Simultaneous binding can induce a spatial
proximity between both proteins which ultimately results in degradation of the receptor via the
endosome-lysosome pathway. Bispecific antibodies for this approach are typically produced by
antibody engineering and recombinant production. Herein, a chemo-enzymatic approach to
generate such molecules from already available antibodies has been developed. Therefore, single-
chain variable domains (scFv) and antibodies were first equipped with reactive handles using
enzymatic conjugation and afterwards connected using SPAAC click reaction. The scFv-antibody
conjugates were analyzed for their antigen binding properties and regarding the degradation of
different targets. The chemo-enzymatic conjugation used in this work for generation of bispecific

antibodies offers flexible and effective solution using commercially available antibodies. While the



resulting molecules have been primarily employed for targeted protein degradation, these
conjugation strategies can also be harnessed to extend antibodies with additional binder moieties

for various other applications.



1 Introduction

1.1 Overview — Cancer and cancer treatment

Cell and tissue growth in the body is strictly controlled, with certain cells needing to grow faster
in specific situations such as during childhood or wound healing. This process is governed by
various genes and proteins that process and respond to signals. However, in cancer cells, cell
division occurs in an uncontrolled manner due to accumulated genetic changes (DNA) that
contribute to cancer cell progression. Cancer cells undergo continuous division autonomously,
irrespective of external growth signals. They disregarding inhibitory growth signals and thereby
evading programmed cell death (apoptosis). Eventually, this leads to unrestricted cell division and
mass expansion. Combined with the ability to migrate into healthy tissue and potentially spread
through the human system via the lymph system or blood vessels they can form metastases in
distant areas. Angiogenesis, which is mediated by different growth factors, promotes the
formation of blood vessels in order to provide cells with their nutritional requirements. Therefore,
tumors often exhibit altered metabolism, such as enhanced glycolysis even in the presence of
oxygen, facilitating tumor progression through increased availability of precursors for anabolic
pathways.! Cancer is a complex and widespread disease that affects people across all countries
and regions. It is a leading cause of morbidity and mortality globally. The Global Cancer
Observatory (GCO), using data from the World Health Organization (WHO), reported almost
20 million new cases of cancer and 9.7 million premature deaths related to cancer in 2022.2 These
statistics highlight the significant morbidity and mortality associated with the disease on a global
scale. Understanding cellular behavior and cancer biology is crucial for comprehending the
mechanisms behind the most commonly used cancer therapies. Another characteristic is the
escape from the immune system, which is often achieved through the expression of inhibitory
immune checkpoints. Additionally, cancer cells exhibit replicative immortality by expressing
telomerases, allowing them to avoid cell cycle arrest.3 Various approaches to cancer therapy have
been developed over the last 100 years.* In the past, surgery was the primary option for cancer
treatment until the introduction of X-rays for radiotherapy in the late 19th century.> Radiotherapy
allowed for localized treatment by damaging DNA in tumor cells while sparing healthy
surrounding tissue.® However, the success rates of these therapies are limited as metastasis
growth remained difficult to suppress. The advent of chemotherapy in the 1930s allowed for novel
treatment approach, and the first reported instance of a cancer patient being cured by
chemotherapy occurred in 1958.78 Initially, monotherapy drugs only provided temporary

responses in specific cancer types, but positive outcomes were achieved when chemotherapy was



combined with radiotherapy or surgery, particularly in breast cancer patients in the late 1960s.
The understanding of molecular changes in cancer cells led to the introduction of various drugs
with different mechanisms of action in the 1980s.? When a tumor has disseminated to multiple
distant locations in the body and surgical intervention is no longer viable, systemic treatments
such as chemotherapy are commonly employed. These therapies primarily target rapidly dividing
cells and utilize various approaches, including DNA-damaging agents, antimetabolites, and
microtubule inhibitors. A major drawback is their non-specificity, which leads to side effects to
other fast growing cells like hair follicles or blood cells.*

In the 1990s, advancements in targeted chemotherapy, focused on specific molecular targets,
revolutionized cancer treatment options.? Studies on the genome sequence indicated that protein
kinase abnormalities are associated with functional disorders in cancer, leading to the
development of kinase inhibitors as a pharmacological trend. Targeted tumor therapy has been
expanded to include small proteins and antibodies, such as monoclonal antibodies (mAb), which
can intervene in cell signaling and induce immunomodulatory effects.10 Targeted therapies have
shown significant success in cancer treatment by specifically recognizing and differentiating
cancer cells based on target expression. The higher selectivity of these therapies results in a higher
maximum tolerated dose (MTD) and a lower minimum effective dose (MED) and thus increases
the therapeutic window of the drug. The therapeutic window indicates the dosage range where
the drug yields beneficial therapeutic effects without inducing toxicity. Thus, targeted therapies
and immunotherapies can be delivered at doses that lead to fewer severe side effects in
comparison to small-molecule therapy. Recent examples show the relevance of selectivity
achieved by targeted therapies, including immune-based therapies like immune checkpoint
inhibitors, immune cytokines, or ligand targeted therapeutics.!? The second main approach
involves enzyme/small molecule-based therapeutics such as antibody-directed enzyme prodrug
therapy,!2 proteolysis targeting chimeras (PROTAC)?3 or antibody-drug conjugates (ADC).14 In the
scope of this work, antibody-based approaches like ADCs and targeted-protein degradation of

PROTAC S are of special relevance and will be discussed in more detail in the following sections.

1.2 Antibodies as basis for various cancer treatment strategies

Antibodies, glycoproteins weighing approximately 150 kDa, belong to the immunoglobulin (Ig)
family. Their primary function within the immune system is to identify foreign antigens, neutralize
them, and initiate an immune response. The basic structure comprises two heavy (HC, ~50 kDa)
and two light (LC, ~25 kDa) chains in the form of a Y, which are connected by non-covalent bonds
and inter-chain disulfide bridges (Figure 1). At the upper end are the antigen-binding regions
(Fab) which recognize the antigens specific to the complementary determining regions (CDRs)

and are referred to as variable domains. Here, a differentiation is made between the variable



domain of the heavy chain Vy and the light chain V.. The basis of the Y is the crystallizable fragment
(Fc), which induces interaction with other parts of the immune system.'> The Fc region is
acknowledged by Fc receptor (FcR), which are present in various immune cells. Depending on the
type of heavy chain, antibodies can be categorized into five distinct classes: IgA, IgD, IgE, IgG, and
IgM. IgG, which was used in this work, as it is the most commonly used form in antibody-based
therapy. Because of its binding to the specific Fc receptor, FcyR, expressed on cells that trigger
specialized functions such as antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC).Notably, IgG antibodies are subdivided into further subclasses that
can induce ADCC or CDC, IgG1 and IgG3, or have no effect, like IgG2 and 1gG4.16 ADCC is induced
via the recognition of the Fc fragment by CD16 binding of natural killer cells. CDC is triggered by
the binding of complement component 1q (C1q) and the associated activation of the complement
cascade.l” The Fc-fragment also ensures the prolonged serum half-life of antibodies through non-
specific endosomal uptake via the FcRn receptor. The receptor binds to the Fc portion of IgG at
acidic pH (pH 6.0) due to hydrophobic interactions and stabilizing salt-bridges between histidine
residues of the IgG and anionic residues on the FcRn. Binding is released at physiological pH
(pH 7.4).18 While the uptake of IgG in an endocytic vesicle, the FcRn binding occurs in the acidified
endosome and sorting of FcRn-IgG complex results in endosomal escape and recycling of the IgG,
which ensures the extra-long plasma half-life for the IgG class.18 Typically, soluble proteins are

internalized and transported from the endosome to the lysosome, where they are degraded.

(A) (B)

=
)

Fab (~50kDa)
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Figure 1 Structure of antibody and fragments. (A) The IgG-based antibody is depicted in a schematic representation,
featuring two identical heavy (HC) and light chains (LC). The fragment crystalline (Fc) region is composed of Cy2 and Cy3
domains, while the fragment antigen binding (Fab) unit is formed by Vi and Cul of the HC and V and C, of the LC. The antigen
binding sites are formed by the Fragment variable (Fv) form with the CDR 1-3 regions. The glycosylation site is in the Fc
fragment at position N297. (B) Schematic representation of antibody fragments. The monovalent Fab, capable of binding the
antigen with the variable region, lacks the Fc part and does not exhibit effector functions. The scFv, comprising the Vy and V.
along with a linker unit, weighs approx. 25 kDa and can bind its antigen through the CDR regions. The smallest antigen-binding
unit, the camelid heavy-chain variable domain (VHH), weighs around 15 kDa and binds the antigen with one prolonged CDR
region.




The development of "fully human" antibodies through techniques like in vitro yeast or phage
display or transgenic mice has positioned mAbs as a significant treatment option for cancer. Their
capacity to both directly eliminate tumor cells and activate the host immune system, fostering
enduring effector responses, renders their mechanism of action distinctive. The combination
effect with target specificity is the basis for the ability to elicit strong antitumor responses while
minimizing toxicity and side effects. Selective cancer therapy with antibodies was first
demonstrated through the concept of generating monoclonal antibodies by hybridoma
technology.16 The presence of an overexpressed or mutated antigen on malignant cells is the most
important prerequisite for the development of antibody-based cancer therapy. The antitumor
effect can be triggered directly via antigen binding or indirectly via activation of the immune
system. Subsequently, this can trigger agonistic or antagonistic functions, for example through the
activation of pro-apoptotic signaling pathways.19 Additionally, the mediation of effector functions
can also lead to the selective destruction of tumor cells when they present the antigens on the cell
surface.2021 Further approaches use conjugation of toxins to internalize antibodies to kill tumor
cells.22 Given their relevance for this work, the subsequent section will discuss the rationale
behind the design of different formats, strategies for conjugating toxins and generation of

bispecific antibodies.

1.3 Antibody formats and bispecific antibodies

In addition to classical IgG-based antibodies, a plethora of smaller antibody-based formats exists.
Often used examples of such smaller derivatives include Fabs, single chain variable domain (scFv),
mini bodies, triabodies, diabodies, or single-domain has been developed. Their smaller size, the
resulting improved pharmacokinetics for tissue penetration and ease of production make them
perfect tools for diagnostic purposes and clinical use.23 Among the most popular formats that are
also used in this work are scFv and camelid heavy-chain variable domains (VHH). The scFv,
consisting of Vi and Vi has long been recognized as the smallest antibody fragment possessing the
same antigen-binding specificity as the full Ig protein. The scFv are an engineered forms of the
variable region of an Ig-molecule in which the two variable domains are not connected by a
disulfide bond but by a flexible linker. The length and amino acid composition of the linker are
crucial factors influencing the proper folding of the protein. As a rule of thumb, it is approximately
10-25 amino acids long, includes glutamine and lysines to increase solubility, as well as glycine
and serine for improved flexibility.24 scFvs comprise a size of about 25 kDa. In each of the two
variable domains, there are three hypervariable regions (CDRs) and three framework regions
(FRs). These CDRs are responsible for antigen binding. Interestingly, however, they are of varying
importance for antigen binding. CDR3 of the heavy chain is most relevant in antigen interaction,

accounting for approximately 29% of the interaction.2>



However, the identification of VHH from camelids26é and vNAR from sharks2’ demonstrated that
a single V-like domain can maintain the affinity of a whole antibody molecule. These specific
immunoglobulins have a single V-like antigen-binding domain with higher affinity. Due to
extensive adaptations in sequence and structure, VHHs exhibit more robust antibody response28
and have higher yield of recombinant expression.2? Similar to V4, VHHs have nine beta-strands to
form the typical IgV fold, the loss of the V.. is reflected in the structural differences, especially in
the FR2 and in hypervariable strands.

In the conventional Vy region, four hydrophobic amino acids that are highly conserved facilitate
in the joining of V.. However, these hydrophobic residues are, in VHH, substituted by more
hydrophilic amino acids, which induces an modified folding pattern to prevent solvent exposure.30
As a consequence, adjacent residues have rotated their side chains to increase hydrophilicity.3!
Furthermore, the CDR3 domain of VHH shields amino acids that are otherwise covered by the V.
partner. This enhances the solubility of VHHs relative to single Vu domains and scFv.32 An
extension of CDR1 and CDR3 compensates the loss of three Vi, CDRs.

Somatic mutation in CDR1 can directly participate in antigen binding, while an extra disulfide
bond in some VHHs addresses entropically favored antigen binding caused by an elongated
CDR3.333435 This leads to the formation of different loop structures that participate in antigen
binding. The solubility and stability are improved by a hydrophobic amino acid exchange in the
VHHs, which also affects the molecular and thermodynamic stability and makes VHH more
resistant to chemical denaturants, proteolytic enzymes, harsh pH conditions or ionic strength.3¢
Conversely, the two-domain structure of scFvs offers greater flexibility, making them
advantageous for certain applications, although it reduces its stability.3” Their small size and the
rapid progress in the development of antibody fragments led to a development of a variety of
applications. For examples, scFv and VHH are used as neutralizing agents that bind foreign
particles and inactive toxins or cancer antigens.38 Alternatively, they can be directly chemically

conjugated to therapeutic payloads to minimize non-specific toxicity to normal cells.39
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Figure 2 Bispecific antibody formats categorized by non-lgG-like formats without Fc-fragment and Fc-fragment based
formats. The Fc-fragment based fragments are further classified in asymmetric and symmetric architecture. Each color
represents a variable domain (variable heavy chain specificity 1 - green, variable light chain specificity 1 - light green, variable
heavy chain specificity 2 - blue, variable light chain specificity 2 - light blue), the connecting peptide linkers are shown as black
line. The dark grey colored C, shows the light chain switch for. The “knob-into-hole” amino acid exchange for correct heavy
chain pairing is shown as black circle within the C43 domain of the antibody.

Bispecific molecules can be generated via chemical conjugation, quadroma and genetic
recombination, of which only the most common and relevant for this work are discussed here.4041
In bivalent antibodies, both antigen binding sites are identical, presenting the challenge of
deriving a functional bsAb from the pool of ten potential combinations of heavy and light chains.
Consequently, correct chain pairing is difficult to achieve for bispecific antibodies. In practice, this
can lead to ineffective antibodies or heterodimers. Approaches have been developed to control
this problem. Thus, two categories for bsAb, namely i.) Ig-like antibody approaches (containing
the Fc-fragment) and ii) non-Ig-like (without Fc-fragment) exist. Fc-containing protein depending
on their symmetric or asymmetric architecture, can be further divided into two sub-groups. Most
often symmetrical structures are used. In these structures, additional binding sites are bound to
the termini of the antibody scaffold. When single-domain antibodies or other scaffold proteins are
used, a tetravalent molecule is typically generated by expressing two polypeptide chains with a
single expression vector. Asymmetric bsAbs maintain the IgG structure and are therefore
bispecific monovalent for each antigen. They are produced recombinantly by expression of four
peptide chains using two different expression vectors. The heterodimerization of the different

chains is mediated by mutations in the Fc fragment and the interface of C. and Cy1.
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For instance, the "knob-into-hole" (KIH) technique utilizes an amino acid substitution within the
third constant domain of the antibody to facilitate proper pairing.#2 The CrossMab approach
resolves light chain mismatch by substituting the CL domain of the LC with the corresponding Cx1
domain of the HC, promoting proper light chain association.*3 The common-light chain approach
utilizes common light chains, since the heavy chain is primarily responsible for the antigen
interaction. Further, asymmetric formats can be isolated through purification strategies based on
differential protein A binding, sequential affinity chromatography, or size differences.444> Non-Ig-
like formats such as tandem scFv, diabodies, DARTs, Fab-scFv, and may more can penetrate tissue
better due to their small size, but this also leads to shorter plasma half-lives due to the lack of FcRn
binding. Producing non-Ig-like bispecific antibodies lacking an Fc-fragment can be achieved
through the utilization of Fab fragments or by linking antibody fragments together. One example
are Bispecific T-cell Engager (BiTE®) antibody platforms, in which tandem scFvs are constructed
in the form of two scFvs with a repeated glycine-serine linker sequence that allows maximum
rotation for antigen binding.*647 The fragments are triggered by combining the Vy and Vi, domains
of the two scFvs with two peptide chains, within the diabody formate.*8

BsAbs are either produced through synthesis or expression but can also be created via protein-
protein fusion. In this context, different conjugation strategies have been described and their

characteristic and respective advantages be discussed within the subsequent chapter.

1.4 Antibody modification via conjugation

1.4.1 Antibody-drug conjugates

As early as 1913, Paul Ehrlich envisioned the selective transportation of toxins to tumors,* a
concept was realized approximately eighty-seven years later with the first antibody-drug
conjugate (ADC) that targeted CD33 (Mylotarg®). The ADC approach involves coupling small
toxins to antibodies and utilizes the selectivity of the antibody to transport a drug to the tumor
where is can be released under specific conditions. By increasing the MTD and lowering the MED,
this concept approach extends the therapeutic window.5 ADCs involve the covalent linkage of
small cytotoxic drugs to the antibody by a chemical linker. Consequently, a classical ADC typically
consists of three components: i) the targeting antibody, ii) a linker sequence, and iii) a cytotoxic
warhead. The fundamental mechanism of an ADC therapy involves the selective binding of the
antibody to its target on tumor cells. This is followed by receptor-mediated internalization via
endocytosis. Once the ADC reaches the tumor environment and following the lysosome, the
payload is released via enzymatic cleavage of the linker or the degradation of the antibody. The
thereby released payload enters the cytoplasm and can interfere with critical cellular machinery.

Ultimately, this leads to cell apoptosis. In the practice, the efficiency of the approach relies on the
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kinetics and thermodynamics of antibody-antigen interaction, as well as the rate of
internalization.’® Generation of ADC products relies on chemical conjugation methods, that can

impact the stability and homogeneity of the resulting products.

1.4.2 Conjugation strategies

Traditional conjugation methods, such as lysine5! and cysteine conjugation,52 result in
heterogenous mixtures due to numerous potential coupling sites on the antibody surface. Lysine
conjugation involves linkers equipped with N-hydroxysuccinimide esters, which react with the
primary amine of lysine residues to form a stabile amide bond (Figure 3). However, the high
number of accessible lysine residues across the entire antibody surface leads to highly
heterogeneous mixtures, that result in a variety number of ADC species with different drug-to-
antibody ratios (DAR) and attachment sites. This method allows the generation of ADCs with drug
load distribution ranging from 0 to 8 drugs per antibody and can be adjusted to an average of DAR
3-4 under specific manufacturing conditions.5! Compared to this, conjugation attempts via a
cysteine typically result in more homogeneous ADC. This increase in selectivity is due to the
reduced number of conjugation sites compared to lysine conjugation. Since the backbone of an
IgG1 antibody contain four inter- and twelve intrachain disulfide bonds, reducing agents such as
TCEP are used to access the interchain disulfides without affecting the intrachain disulfides. The
development of novel conjugation technologies enables the precise placement of linker drugs at
selected positions and allow the preparation of more tailored, homogeneous ADCs. One
technology introduced cysteines into the mAb by site-directed mutagenesis of light chain residue
V205C33 or heavy chain A114C54, resulting in THIOMAB™ with additional cysteines.5* Different
homogenous approaches involve the incorporation of unnatural amino acids, that are not part of
the naturally encoded proteinogenic amino acids repertoire. This requires the extension of the
genetic code at specific positions of the recombinantly expressed antibodies and is typically
achieved using manipulated tRNA incorporated into the antibody sequence by an orthogonal
expression system.55 Finally, the modification of glycans offers another method for site-specific
linker-linker payload conjugation. Modified glycans can be either expressed in the antibody by
metabolic engineering or post-translationally modified using glycan-modifying enzymes. Azido
anchors are often attached to the mAb-glycan, allowing them to react with reactive alkynes of the

linker payloads using copper-free click chemistry.56
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Figure 3 Schematic conjugation strategies for generation of different antibody-drug conjugates (ADC). FDA-approved ADCs
are typically conjugated via chemical methods, such as the reaction of cysteines with maleimides in a Michael addition. Newer
approaches of chemoenzymatic and enzymatic strategies show promising results in pre-clinical studies. For simplicity, the
conjugation to the antibody is only shown on one chain of the protein.

In general, chemoenzymatic methods involve a chemical conjugation step, with most of reactions
being grouped under the umbrella term "click chemistry". "Click chemistry" was introduced at the
beginning of the millennium and describes original reactions in which the formation of carbon
hetero bonds produces products with high yields and selectivity.5” The word "click" refers to the
modular, energetically favored, specific and versatile chemical transformation to a single reaction
product with high yields. The click toolbox has gained prominence, with copper(I)-catalyzed
Huisgen azide-alkyne cycloadditions (CuAAC) emerging as the most popular Click reaction.s8 An
activated Cu(I) catalyst can be generated from Cu(I). During the catalytic cycle, o-bonded copper
acetylide with m-coordinated copper coordinates the azide, followed by the formation of an
unusual six-membered copper-metal cycle. A second copper atom behaves like a stabilizing donor
ligand. The triazole product is formed by the ring constriction to a triazolyl copper compound and
the subsequent proteolysis.>® In 2004, Bertozzi and coworkers shown that a catalyst is not always
necessary to perform a cycloaddition. By using electron deficient alkynes, the reaction can also
occur under ambient conditions.6%.61 Compared to previous methods no metals are required as
catalysts, which increases the compatibility of the reaction with biological systems. In the strain-
promoted azide-alkyne cycloaddition (SPAAC), the ring stress in the cycloalkane starting material
destabilizes the alkyne to such an extent that the reaction proceeds efficiently without a catalyst.
Hence, the SPAAC reaction requires an azide group on one molecule and a “strained” alkyne on
the other molecule (Figure 4). Clickable alkyne groups are stabilized by ring strain increasing

groups such as cyclooctyne and promote the reaction an 1,3-dipolar cycloaddition reaction.
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This bioorthogonal reaction results in a triazoleé! and typically, proceeds rapidly (0.1 M-1s-1 under
physiological conditions) and selectively in aqueous solutions at room temperature or slightly
increased temperatures.62 Since SPAAC reaction is a second order chemical reaction, the Kinetics
are not dependent on the concentrations of the chemical structuresé3 and despite the high
reactivity of alkynes with azides both reactants are typically stable under most physiological
conditions.6? Different ring strained alkynes are available for efficient click reaction, which differ
in their structure and charge and thus have different properties in reactivity and lipophilicity.s*
The hydrophobic nature of aromatic rings is often unsuitable for biochemical conjugation in
aqueous solutions, leading to protein aggregation or precipitation. In practice, this decreases the
yield and purity of the product.63 However, the hydrophobicity of alkynes can be compensated for
by the incorporation of hydrophilic spacers such as polyethylene glycol (PEG).62 Due to their low
lipophilicity and high reactivity, bicyclononyne (BCN) and dibenzocyclooctyne (DBCO), were
selected for the MTG-mediated conjugation to antibody and scFv and subsequent SPAAC of the

two proteins.s
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Figure 4 Strain-promoted azide-alkyne cycloaddition (SPAAC). The bicyclononyne- (BCN) or dibenzocyclooctyne- (DBCO)
derivate reacts with organic azide and forms a stable 1,2,3-triazol. The R groups represent the rest of the molecule.

In addition to SPAAC, an enzymatic conjugation strategy involving microbial transglutaminase
(MTG) was used for installation of click derivatives and the direct conjugation of VHH. MTG is a
protein-glutamine amine vy-glutamyl transferase derived from the strain Streptomyces
Mobaraensis (S. Mob). MTG is generated through the expression of the catalytically inactive
zymogen in S. mob, which is then produced by the proteases TAMP (transglutaminase-activating
metalloprotease)é® or SM-TAP (Streptomyces mobaraensis tripeptidyl aminopeptidase)¢’.
Alternatively, MTG can be produced by recombinant expression in E. coli, followed by processing
with commercial proteases. In nature, ammonia is released when an iso-peptide bond is formed
between the acyl donor, usually the y-carboxamide function of peptide-bound glutamines, and the

acyl acceptor, either the e-amino group of lysine residues or other primary amines (Figure 5).68
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When primary amines are absent, water can serve as an acyl-acceptor which, results in the
formation of glutamic acid via deamidation of glutamine.t® The activity of MTG is independent of
Ca?* or GTP and is most effective at 50 °C and pH 6-7, which was tested in a CBZ- glutaminylglycine
assay with hydroxylamine as substrate.t? Transamidation by the cysteine protease-like
mechanism is enabled by the catalytic triad of Cys64, Asp255 and His274. Cys64 nucleophilic
attacks the y-carboxamide of the acyl-donor and generates a reactive thioester, while Asp255
subtracts a proton of the acyl-acceptor. The nucleophilic attack of the thioester induces the
formation of the iso-peptide bond between donor and acceptor with regeneration of Cys64. The
impact of the flexibility of the targeted site, the structural arrangement of the target protein, and
the polarity of neighboring amino acids has been identified as a major influencing factor on its
activity.”? In general, MTG transamidates numerous different primary amines and is not selective
regarding its acyl-acceptor substrates, in contrast to the corresponding acyl donor. Here, MTG is
more stringent. Screening studies attempted peptidic structures based on the antibody
environment around Q295 and suggested small amino acid neighbors with polar, hydrophobic or
uncharged properties. These were better tolerated by MTG than bulky and aromatic residues,

while charged neighbors were found to be highly unfavorable.?1.67
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Figure 5 Mechanism of transglutaminase-mediated transamidation. MTG catalyzes the transfer of primary amines to the y-
carboxamide group of the glutamine. The nucleophilic attack of Cys64 on the y-carboxamide group of the acyl-donor results
in the formation of a thioester, accompanied by the release of ammonia. Subsequently, the e-amino group of the acyl-
acceptor (in this case, lysine) interacts with the side chain, leading to the formation of an iso-peptide bond between the donor
and acceptor, while regenerating Cys64. Figure based on Deweid et al.”?

1.4.2.1 Transglutaminase-mediated conjugation

Site-specific enzymatic conjugation strategies are gaining popularity as they provide uniform
products and thus pharmacological benefits.”3 MTG-mediated conjugation to glutamines has been
reported in detail for modified antibodies or antibody fragments with glutamine tags.
Surprisingly, none of the multiple glutamine residues in an antibody appeared to be an efficient

substrate for MTG using the typically applied MTG variant and reactions conditions. A strategy to
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use MTG for antibody modification is to genetically fused peptide tags recognized by MTG such as
combinations of LLQG to both light chains and heavy chains of antibodies.”+75

Recognition sequences for site-specific conjugation by MTG were rationally designed by Sigmund
etal’ and the working group around Strop et al used a high-performance screening for
identification of LLQG-tag positions with high efficiency, stability and pharmacokinetics of ADCs.”5
Alternatively, glutamine in native antibodies is accessible to the MTG, Q295 in the heavy chain.
Nearby, at N297, the glycosylation site of the antibody is conserved. The removal of the N-glycan
increased the accessibility of Q295, resulting in the successful generation of homogeneous ADC.76
Benjamin and colleagues facilitated the site-specific conjugation of the payload by deglycosylation
and transglutaminase-mediated incorporation of a thiol at the Q295 site, followed by a subsequent
click chemical reaction.”” These studies enabled the production of uniform ADCs, however
required genetical modifications by introducing recognition tags or antibody deglycosylation. As
shown in recent studies by Dickgiesser and Rieker et al, efficient conjugation to unmodified native
IgG was achieved by mutations of MTG.7”8 A huge advantage is that the ADC antibody remains
unmodified. MTG variants were identified which enabled highest conjugation efficiency of two

drugs per antibody (DAR 2).78

1.4.3 Bispecific antibody generation via conjugation

The early generation of bispecific antibodies is based on the chemical coupling of monospecific
variants.”? However, at that time, the conjugation technology had not advanced significantly,
limited by the expensive and thus non-scalable manufacturing process of Fc-based bsAb’s. Initial
approaches used thiol-amine chemical linkage of two full-length antibodies, resulting in
heterogeneous mixtures due to random-lysine conjugation.#680 Several drawbacks prompted the
development of engineering techniques, and today most methods for generating bsAb’s are based
on protein engineering and expression systems. However, innovations in the linker-drug
conjugation of ADCs provided the basis for new chemical approaches to the production of
bsAb’s.81 Fab-based bsAb are mostly generated by cysteine bases cross linkage.82 Chemical
generation of full-length antibodies can be done by disulfide bridging of two native IgG2
antibodies.83 Further, conjugation of two Fabs using unnatural amino acids with orthogonal
chemical reactivity,84 or by the fusion of Fabs to native antibodies using haloketone derivatives
are further methods for generation of bsAb via conjugation.8s In this case, the enzymatic
installation of reactive groups was reported in the context of sortase A (SrtA), where azide was
site-selectively installed on engineered heavy chain SrtA recognition tags without the need of
unnatural amino acids. This chemo-enzymatic approach has been utilized to create antibody-
protein conjugates by attaching complementary reactive handles to the proteins of interest.8¢ A

comparable method employed engineered lipoic acid protein ligase A (LplA) to attach unnatural
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lipoic acid analogs to lipoate-acceptor peptide motifs incorporated into recombinant proteins.8”
The various LplA contained strained alkynes or alkenes, where BCN was shown to be the most
effective dienophile partner with the tetrazines. Besides protein-protein conjugates with EGFP,

antibody-protein constructs with trastuzumab were studied.8”

1.5 Target proteins and binding antibodies

The following chapter briefly summarizes the targets addressed in this study. Specifically, it

describes their function, and provides an overview of targeting antibodies.

1.5.1 EGFR and HER2

ERBB receptor tyrosine kinases (RTK) are a protein family that include the epidermal growth
factor receptor (EGFR, also known as ERBB1 or HER1) and the human epidermal growth factor
receptor 2 (HER2). Both are anchored in the cytoplasmic membrane and comprise a ligand-
binding domain on the cell surface, a transmembrane domain and tyrosine kinase domain, which
is located intracellular.88 Binding of one of the twelve ligands results in autophosphorylation of
ERBB receptors. This initiates to downstream signaling pathways that regulate critical cellular
functions. These signaling pathways involve adaptors and scaffolding proteins, which commonly
contain motifs like Phosphotyrosine-binding (PTB) and Src homology 2 (SH2) domains for
binding to Phosphotyrosine, or SH3 domains for binding to proline-rich sequences of target
proteins.8 The phosphorylated residues function as attachment sites for proteins that influence
the expression of multiple tumor-associated genes, that regulate survival, proliferation, migration,
invasion, and metastasis.?? Despite the crucial importance of receptors for normal cellular
processes, a dysregulation of gene amplification, protein overexpression or mutations in key
proteins my lead to the development of cancer. For example, HER2 and EGFR are overexpressed
in a wide variety of cancers. Therefore, they present interesting targets and various therapies such
as tyrosine kinase inhibitors (TKIs) and ectodomain-targeting antibodies have been developed.
Upon activating ligand binding with EGF, TGF-a, amphiregulin, or neuregulin, the 170 kDa EGFR
protein forms EGFR-EGFR dimers or heterodimers with HER2, HER3 or HER4. Ligand binding
leads to activation and phosphorylation of tyrosine residues and subsequent internalization and
either degradation or recycling. Heterodimerization with HERZ2 and neuregulin enhances
mitogenic signaling. Activation of the ras- and mitogen-activated protein kinase (MAPK) pathway
stimulates proliferation of cells, whereas activation of phosphatidylinositol-3 kinase (PI3K) and
protein kinase B (Akt) pathway promotes progression of the cell cycle and survival.?0
Monoclonal antibodies targeting EGFR, e.g. Cetuximab (Ctx, Erbitux™) bind to its extracellular

domain when it's inactive. By interacting with the ligand-binding region, they compete with the
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receptor for binding, thus effectively blocking the activation of EGFR tyrosine kinase induced by
ligands. Ctx is an IgG1l human-murine chimeric antibody, that binds EGFR in a two orders of
magnitude higher affinity as EGF, the natural ligand and thus enables receptor internalization and
degradation without activation.®t Furthermore, Ctx inhibits the production of pro-angiogenic
factors which reduced blood vessel formation and metastasis in cancer models.?2

First phase 1 and I/Il studies showed the safety of Ctx alone and in combination with
chemotherapy when carcinoma of the head and neck, colorectal cancer and non-small-cell lung
cancer were investigated.?39¢ In a phase II trial, the combination of Ctx and irinotecan
demonstrated notably higher response rates and disease control rates compared to Ctx alone in
patients with EGFR-positive metastatic colon cancer refractory to irinotecan.% As for today, Ctx is
approved for use in combination with chemotherapy in squamous cell carcinoma of the head and
neck (SCCHN) and RAS wild-type metastatic colorectal cancer as well as in SCCHN as combinatory
treatment with radiation.?697 The EGFR pathway inhibitory mechanism of Ctx, in combination
with avelumab as a blocker of PD-L1 receptor interaction and prevention of T-cell suppression,
shows potential complementary effects in clinical trials. In addition to Ctx, panitumumab is
another approved anti-EGFR monoclonal antibody but is not relevant in the context of this study.8
HER2 exhibits constitutive activity, initiating signaling pathways independent of ligand binding
or activation. Furthermore, HER2 can also form homodimers and heterodimers with other family
members, subsequently resulting in the activation of signaling pathways and tumor growth. HER2
is upregulated in about 20% of breast and gastric/gastroesophageal junction cancer making it a
valid therapeutic target for antitumor therapy.9

Trastuzumab (Ttz, Herceptin®) and Pertuzumab (Ptz, Perjeta®) are monoclonal antibodies that
bind to different domains of HER2, inhibiting cell proliferation and signaling. While Ttz binds to
the extracellular domain 4 (ECD4) and inhibits tumor cell proliferation, suppression of cell
signaling and ADCC,1%0 Ptz interacts with the ECD2 and inhibits the heterodimer-mediated
activation.10 Multiple anti-HER2 drugs have been approved for cancer treatment, such as Ttz, Ptz,
neratinib, lapatinib, trastuzumab deruxtecan (Enhertu®) and trastuzumab emtansine (T-DM1).
They are applied for HER2-positive breast cancer treatment, and in the case of Ttz and
trastuzumab deruxtecan for treating gastric cancer.192 The conjugation of the proteas-cleavable
maleimide linker and DNA topoisomerase I inhibitor payload (DXd, derivate of camptothecin
analogue exatecan) and expands trastuzumab’s mode of action by making use of its strong
internalization rates. The successful internalization of the ADC and the subsequent release of DXd
results in an inhibition of DNA replication, which subsequently leads to cell cycle arrest and

further apoptosis of the cells.103104
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1.5.2 PD-L1

The programmed cell death ligand-1 (PD-L1) belongs to the immune checkpoint (IC) proteins, a
class of immune-modulating proteins with immunosuppressive function. These classes of
proteins modulate the self-destruction of cells and thus avoid autoimmunity, ensures that
peripheral tolerance is maintained, and inhibit activation of immune responses. IC functions
include, for example, the interaction of PD-1 and PD-L1, with PD-L1 being highly expressed on
some tumor cells and on antigen-presenting cells (APC) and PD-1 on active T cells. An interaction
results in phosphorylation of tyrosine residues in the cytoplasmic region of PD-1 and following
recruitment of Src homology 2 domain-containing protein tyrosine phosphatase-2 (SHP-2). This
leads to phosphorylation of the tyrosine kinase (Syk) and phospholipid inositol-3-kinase (PI3K)
both downstream proteins, and inhibits signaling and biological T cell functions.105 Interestingly,
the microenvironment in nearly all solid tumors exhibits immunosuppressive traits stemming
from the secretion of specific molecules like IL-10 and IFN-y, alongside the modulation of immune
cell functions.106107 In many cancers, PD-1 is expressed on tumor-infiltrating lymphocytes,
reflecting an immunosuppressive tumor microenvironment. This allows the cancer cells to evade
the immune system and its surveillance, leading to cancer progression. The interaction between
PD-1 and PD-L1 blocks the antitumor resistance of the host, facilitating tumor immune evasion
through a variety of mechanisms. Anti-PD-1/PD-L1 antibodies have shown success in treating
tumors, but their effectiveness varies among patients.

Two anti-PD-L1 antibodies atezolizumab (Atz, Tecentriq) and avelumab (Ave, Bavencio) were of
interest in this work and therefor their properties are discussed closer. Atz is a phage-derived
human IgG1 full-length antibody that blocks PD-L1 and prevents from ADCC and CDC by genetic
modification of the Fc fragment (substitution at position 297 Asn to Ala). Different affinities were
determined for the binding of Atz to PD-L1 resulting from the different post-translational
modification of PD-L1. For example, a Kp of 0.19 nM was reported for the binding of the dimeric
form and 0.62 nM for the monomeric form.108 The binding affinity of Atz to glycosylated PD-L1
showed a Kp of 4.7 nM whereas the non-glycosylated form showed a Kp of 17.8 nM.109 Apart from
PD-L1 binding, the internalization of PD-L1 was observed in different target-positive cell lines.
Approximately 40-60% of the PD-L1 protein was internalized in MDA-MB-231 within 2 hours and
could be detected in the lysosome after 16 hours of treatment.!10 In addition to the treatment of
urothelial carcinoma, Atz also showed curative effects in breast cancer, bladder transitional cell
carcinoma and kidney cancer.11! Ave, also blocked PD-L1 but retained its full Fc-mediated effector
function. Therefore, it has the potential to induce ADCC and CDC. The binding affinity of 0.042 nM
is significantly higher than that of Atz, with strong binding to glycosylated PD-L1 in particular.112

However, Ave showed a lower endocytosis efficiency with less than 20% in PD-L1 positive cells.110
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1.5.3 RNF43

The tumor suppressor, ring finger protein 43 (RNF43) is a stem-cell E3 ligase. It induces
endocytosis of Wnt receptors. The RNF43 and ZNRF3 gene expression is regulated by the T cell
factor 4/B-catenin complex, which is part of the Wnt/f-catenin pathway.113 The RNF43 protein
contains an 200-amino acid extracellular protease-associated (PA) domain, which acts as a
specific protein recognition site for the target of ubiquitination, as well as an ectodomain, i.e. a
single transmembrane region and a cytoplasmic RING domain with a ubiquitin-protein ligase
activity.114 Although the precise interaction sites and downstream signaling mechanisms remain
unclear, both the extracellular and cytoplasmic domains were previously determined to be crucial
for ubiquitination.11s RNF43 was identified as a widely expressed transferase responsible for
mediating the ubiquitination of the cytoplasmic loops of the Frizzled (Fzd) receptor, a crucial
component of the membrane-associated Wnt receptor complex. During its enzymatic reaction,
RNF43 acts as a mediator, transferring S-ubiquitin from an E2 ubiquitin-conjugating enzyme to
the cytosolic lysine residues of the targeted acceptor protein.l’6 RING domain-dependent
autoubiquitylation triggers the endocytosis and subsequent lysosomal degradation of Fzd and its
associated lipoprotein receptor-related proteins 5 and 6 (LRP5/6).117.118 This activity makes
RNF43 one of the many negative feedback regulators of the tightly controlled canonical signaling
pathway of Wnt.116 Additionally, the non-canonical signaling pathway of Wnt can be
downregulated by the C-terminal cytoplasmic region of RNF43, which interacts with targeted
acceptor protein and inhibits its phosphorylation, thereby suppressing downstream pathways.
Due to its role as a negative Wnt regulator and tumor suppressor, mutations of RNF43 are often
associated with the development of various tumor diseases. For example, somatic RNF43

mutations are found in >18% of endometrial carcinomas and colorectal adenocarcinomas.119
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Figure 6 Canonical Wnt-signaling of RNF43 regulating the surface level of Fzd receptor in presence and absence of RSPO.
(A) RNF43 inhibits the interaction through intrinsic ubiquitination and subsequent degradation of Fzd, leading to the
downregulation of the Wnt signaling pathway. (B) Rsondin binds RNF43 and LGR4/5/6 and induces autoubiquitination of
RNF43 and following lysosomal degradation of RNF43. Wnt/B-catenin signaling pathway is activated. Fzd — Frizzled receptor,
LRP5/6 - lipoprotein receptor-related proteins 5 and 6, Ub - Ubiquitin, RSPO - Rspondin, LGR4/5/6 - G-protein-coupled
receptor 4,5,6. Figure based on Hao et al.120
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Rspondin proteins (RSPO) can negatively regulate RNF43, by simultaneously interacting with
leucine-rich repeat containing G-protein-coupled receptor 4,5,6 (LGR4/5/6) and RNF43.116121
This interaction leads to autoubiquitination, endocytosis and degradation of the RSPO-LGR-
RNF43 complex. However, the interaction side might correlate with the binding site of Fzd but has
not been verified yet.122 A second RNF43 membrane clearance proposes the LGR-independent
mechanism in which the RSPO binds to heparin sulfate proteoglycans (HSPG). While both
mechanisms can downregulate Fzd through RNF43, this can enhance the Wnt-signal pathway.123
Considering the significance of RNF43 in Wnt/{3-catenin signaling, an appropriate understanding
of the biology of RNF43 is required. In this context, RNF43 antibodies are used to vizualize
endogenous RNF43 via immunoblotting or immunofluorescence. Importantly however, the
antibodies also have an important role to assess RNF43 protein expression in different tumors.124
The therapeutic use of RNF43 antibodies is so far limited to a few, a monoclonal antibodies
combined with a yet undisclosed cytotoxic agent that is being investigated as ADC SC-006 in the
treatment of advanced colorectal cancer in phase I study. However, this study was terminated due
to thrombocytopenia below the predicted efficacy dose.125 In 2015, Abbvie Stemcentrx filed a
patent application in which various RNF43 antibodies and ADCs were screened for the treatment
of cancer. The amino acid sequence of the Vi and Vi, of the anti-RNF43 scFv variants used in this
thesis also derive from this patent.126 Recently, RNF43 has gained considerable interest in the
targeted degradation of membrane-bound targets. In various approaches, RNF43 binders have
been selected and used in the form of bispecific molecules for protein degradation, which will be

discussed in more detail in the next chapters.127.128,129

1.6 Protein degradation

1.6.1 Ubiquitin-proteasome pathway of intracellular proteolysis

Ubiquitin-dependent proteolysis is the basis of targeted protein degradation (TPD). Here,
intracellular proteins are degraded as part of normal cellular maintenance processes. The
sequence follows a three-stage process with ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2) and ubiquitin-protein ligase (E3) as players, and E3 co-determining the
transfer of ubiquitin (Ub) to the target protein.130 Ub transfer occurs in three steps (Figure 7), with
initial E1 using an internal E1-Cys residue to activate the C-terminal glycine of Ub to an energy-
rich thiol ester. E2 subsequently transfers the activated Ub via an E2-Ub-thiol ester intermediate
to the substrate, and the substrate binds to E3. The transfer can take place directly to the substrate
or via another E3-Ub-thiol ester intermediate.

E3 catalyzes the attachment of the Ub to the substrate. Here, the first Ub is coupled to the e-NH;

group of a lysine residue or to the a-NH; group by generation of an iso-peptide bond or linear
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peptide bond. Subsequently, a polyubiquitin chain is successively formed by the transfer of further
activated Ub residues and serves as a recognition marker for the protease. The most frequently
used lysine residues are Lys29, Lys48 or Lys63. In this process, an E1 species is responsible for
the activation and transfer of all Ub to different E2 isoforms that can interact with one or more E3

ligases.130
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Figure 7 The ubiquitin-proteasome system. Ubiquitin activation by ubiquitin-activating enzyme (E1), then the transmission
of activated ubiquitin (Ub) moiety to ubiquitin-conjugating enzymes (E2) and transfer of activated Ub from E2 to a cysteine
residue on ubiquitin-protein ligases (E3) or directly to the substrate. The polyubiquitinated substrate is then degraded by the
26S proteasome complex that causes release and reusable Ub and E3 ligase.

Although the components are localized in the cytosol and nucleus, membrane-anchored
substrates, and ER lumenal proteins are also degraded, which occurs by transport back into the
cytosol.131 The E3 ligase provides the high specificity by recognizing and binding the substrate
into the system. Recognition is achieved via specific structural motifs that are either encoded in
the substrate itself or recognition elements such as post-translational modifications, for example
phosphorylation and association of molecular chaperones. However, the modification of the E3
enzyme or subunits can be essential for activation. The E3 ligase can be divided into at least six
subtypes, E3a recognizes destabilized N-terminal residues,'32 HECT-domain proteins,!33
anaphase promoting complex (APC) or cyclosome,!3¢ SCF complexes,130 several RING finger
proteins (e.g. cereblon)!35 and von Hippel-Lindau tumor suppressor protein (VHL).136 VHL is part
of a complex of Elongins B and C, Cullin-2, and Rbx1/Roc1 which induces the polyubiquitination
of hypoxia-inducible factors (HIFs) for degradation.!3?

Cereblon (CRBN) is a RING-domain E3 ligase and a conserved regulator of Wnt signaling pathway.
This mechanism is not well understood; however, it is suggested that Wnt pathway activation
associated with casein kinase 1a (CK1la) stimulates CRBN and facilitates ubiquitin dependent

CK1la degradation. CK1a has been recognized as one of the key negative regulators of Wnt
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signaling.138 The 26S proteasome comprises two complexes, the 20S core and 19S particle that
contain a- and B-rings and is responsible for the degradation of polyubiquitinated proteins into
small peptides. The catalytic site is localized in one of the $-subunits of the 20S unit and several
ubiquitin recognition sites are located in the 19S unit.130 In addition to ubiquitinated proteins, the
19S subunit also recognizes other substrates of the proteasome, which are inserted into the
proteolytic chamber via a "gate" in the a-ring. It is hypothesized that the 19S particle unravels the

peptide chain to enter into the proteolytic pocket.

1.6.2 Targeted protein degradation inducers as therapeutic modality

The therapeutic potential of utilizing the natural degradation system has been inspired by early
studies in viruses and plants using the targeted design of small molecules to hijack E3 ligases and
degrade the target. There are dozens of known virus species that hijack the human ubiquitin-
proteasome system to enhance their replication and survival.13° TPD presents a novel therapeutic
approach to degrade pathogenic proteins that have been defying to address using traditional small

molecules. More detailed discussions on this topic can be found in the following chapter.

1.6.2.1 PROTAC

The most prominent targeted degraders are hetero-bifunctional molecules known as proteolysis-
targeting chimeras (PROTACs), comprising two ligands linked together, one recruiting an E3
ligase and the other binding the protein of interest (POI). The formation of a tertiary "E3-PROTAC-
POI" complex leads to the ubiquitination of the POI by the E3 ligase and subsequent proteasomal
degradation via the UPS.140 PROTACs can recruit target molecules through any binding site. This
eliminats the need for sustained inhibition. PROTAC are using the UPS pathway to degrade and
eliminate targeted proteins. Relative to classical inhibitors, which require access to a cavity or
binding pocket, low-affinity PROTAC-protein binding can lead to catalytic target degradation in
an event-based driven mechanism of action. Effectively, they merely necessitate a brief interaction
to proteolyze the POI and can be recycled to destroy the overall protein target. Unlike traditional
inhibitors, PROTACs operate on an event-based mechanism, requiring binding only as long as the
E3 ligase and target are recruited for POI degradation. After the target is degraded, PROTACs are
released and can be recycled for the degradation of the next target.!4! Success is highly
concentration-dependent; exceeding a specific range favors the formation of binary complexes
between E3-PROTAC or PROTAC-POI over the ternary E3-PROTAC-POI complex. This diminishing
effect on activity, also known as the "hook effect,” does not require functional activity, unlike

classical pharmacology.142
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Figure 8 Target protein degradation mediated by PROTACs through the UPS. (A) The PROTAC consists of a ligand for the POI
(turquoise) and a E3 ligase ligand (rose) linked by a spacer, enabling the target to be brought into proximity to an E3 ligase
complex (gray). Subsequently, the target protein is ubiquitinated (yellow) and degradation is enabled by recognition of the
26S proteasome. Following degradation, the PROTAC can be recycled and bind again. (B) VH032-based PROTAC GNE987P
targeting BRD4.143

Today, over 600 E3 ligases in humans are known. The vast majority of PROTACs recruits either
VHL or CRBN.144145 In the first synthetic proof-of-concept PROTAC, methionyl aminopeptidase 2
(METAP2) was targeted, which is bound by the inhibitor ovalicon and brought into close
proximity to B-transducin repeat-containing E3 ubiquitin-protein ligase, and consequently
METAP?2 is ubiquitinated.140 In this constantly growing field, two PROTACs developed by Arvinas,
ARV-110 (NCT0388861) and ARV-471 (NCT04072952) target the androgen and estrogen
receptors, respectively. These are the clinically most advanced PROTACs and currently evaluated
in clinal phase I/I1.146. Other prominent examples include KT-333 (NCT05225584), a STAT3
degrader, and two IRAK4 degraders, KT-413 (NCT05233033) and KT-474 (NCT04772885), from
Kymera Therapeutics, which are tested in clinical phase I and I(a)/I(b).147.14¢ However, small-
molecule PROTACs have been discovered to target biological functions especially in cancer, such
as BET-bromodomain proteins,'4® estrogen receptor,'s® androgen receptor!s! and various
kinases.152 Despite the remarkable properties of PROTACs in tumor therapy, they are mainly
limited by their low oral bioavailability due to their large molecular weight (MW, of over 800 Da)
and associated with poor solubility in water.

Furthermore, the highly polar surface also hinders permeability and renders physiological
barriers like cell membranes unpassable. Another difficulty is the low level of selectivity due to
broad expression spectrum of E3 ligases in tumor and healthy tissue, which increases off-target
effects.153154 Thus, most PROTACs have so far failed within the preclinical phase of drug
development. One of the biggest obstacles, the inability to accurately deliver PROTACs to their

targets, has been addressed by the combination with reliable delivery systems. This connection
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allows optimization of the physicochemical properties, improvement of targeting accuracy and
reduction of off-target side effects.

To improve the therapeutic value of PROTACs, it is important to combine them with reliable
delivery systems to optimize its physicochemical properties, improve targeting accuracy and
reduce off-target side effects. In this context, the combination of PROTACs and multifunctional
delivery systems may offer a novel approach in the field of targeted protein degradation.
Currently, various approaches are being investigated using delivery systems to modulate poor
water solubility and cell permeability, thus altering PK profiles, and enabling selective delivery to
target tissues. These include organic and inorganic nanoparticles, small peptides, or antibody-
based carriers.155 Adapted from the success of ADCs, where the targeted delivery of toxic agents
is top priority, few antibody-PROTAC conjugates have already been generated possessing the
cellular specificity. Further beneficial pharmacokinetic profile of the antibody along with the
protein degrading property of the bound PROTAC.156157.158

A major limitation in PROTAC conjugation process is the highly challenging synthesis of PROTACs,
which complicates the incorporation of a conjugation linker by adding a suitable exit vector into
the heterofunctional molecule. In addition, many chimeric degraders lack chemical groups like
primary, secondary, or tertiary amines that are used for covalent attachment of cleavable linkers.
The selective incorporation of such chemical groups can potentially lead to associated alteration
of biological properties, so new ADC linkage approaches are examined that exploit functionalities
already present in degraders, such as hydroxyl/phenol groups.159

The recently described PROxAb technology, a hybrid approach for targeted PROTAC delivery, is
thereby applicable to a wide range of cell types.16© PROxAbs are target-specific antibodies fused
to VHH, that bind the E3 ligase-recruiting subunit of PROTACs and thereby enable non-covalent
complexation of PROTACs with the antibody.161162 [n contrast to covalent binders against small
molecules, the PROxAbs approach allows binding of chemically unmodified small molecules by
using VHHs which directly interact with the VHL ligand of PROTACs. Schneider et al. identified a
VHH termed MIC7 which showed high affinity along with the broad specificity towards VH032, a
VHL recruiting domain used for PROTACs. After a few hours of incubation, MIC7-based bispecific
antibody/antibody-fusion proteins revealed a complex formation between antibody and
PROTACs. As such, this strategy provides a modular approach to produce antibody-PROTAC
modalities.160 Schneider and colleagues showed in in vivo studies that complexation has positive
effects on the half-life of PROTAC, and a prolonged anti-tumor effect was observed upon re-
complexation after dosing with free PROTAC. The novel PROxAbs strategy also eliminates the
requirement of chemical linker synthesis and conjugation of PROTACs, which facilitates targeted

delivery and improves the biological function of the degrader.
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There are different approaches to selecting targets for degraders, but for new therapeutic
modalities it is important to select known targets for proof of concept. For this purpose, so-called
“BioPROTAC” are often used, as they are not complete low-molecular structures but comprise
ligands for E3 ligases.163 For example, the peptide HIF1a, an E3 ligase ligand of VHL, served as
template of the bromodomain protein inhibitor JQ1. JQ1 is able to recruit VHL and degrade the
bromodomain-containing protein 4 (BRD4).149 BRD4 from the bromo- and extra-terminal (BET)
family features two N-terminal bromodomains (BD1 and BD2) and an C-terminal domain (ET),
playing a crucial role in transcriptional regulation and making it an attractive target for anticancer
drug development.15® BRD4 is a pan-essential protein. In recent years, chimeric molecules have
been developed, forming a ternary E3-ubiquitin-ligase complex between BRD4 and VHL. Three
well-characterized BRD4 degrades were used in the underlying work: GNE987, GNE987P (Figure
8 (B)) and ARV771.164143165 Which share structural features with BET inhibitor JQ1 and VHL-
binding moiety. GNE987P and GNE987, structurally similar and based on VH032 a VHL ligand,
differ in the replacement of the central PEG moiety with a aliphatic spacer.143 This change extends
the ternary complex half-life, attributed to the lack of protein interaction of the carbon chain,

altering the chimeric molecule's hydrophobicity and associated cell permeability.160

1.6.2.2 Biological targeted protein degradation

Although the extracellular proteome, consisting of secreted and membrane-bound proteins,
accounts about a quarter of the human genome, it remains unaffected by the cytosolic PROTAC
approach.téé In recent years, various methods for targeting the extracellular proteome have been
published, particularly in the context of New Biological Entities (NBE)-based TPD. In addition to
addressing extracellular targets, NBE-based approaches differ from PROTACs in the degradation
pathway, which involves the use of bispecific biologics or small molecules to transport membrane-
bound or secreted proteins to the lysosome.1¢7 Furthermore, proteasomal degradation is much
faster, with the full effect unfolding within minutes to hours.168 Whereas lysosomal degradation is
typically initiated within 6-48 hours by vesicular trafficking from the membrane through early
and late endosomes, culminating in fusion with the lysosome for protein degradation. Whereas
intracellularly mainly E3 ligases CRBN and VHL are addressed, which do not exhibit tissue
selectivity, the NBE-based approach uses various degrader systems that enable great flexibility
and tissue selectivity.

Additionally, the ability to produce antibodies that bind to protein interfaces and reach
extracellular targets is highly advantageous due to their pharmacokinetic (PK) properties of
antibodies and associated by prolonged duration and often less frequent dosing. Some approaches

are mentioned below and explained in more detail if relevant to the work.

26



Under the concept of "sweeping antibodies", researchers have ingeniously engineered antibodies
to utilize the FcRn to deliver target proteins in a pH-dependent manner to acidic endosomes for
lysosomal degradation.1¢® The approach was demonstrated using the example of tocilizumab
(Tcz), an antibody used in the treatment of rheumatoid arthritis that has been engineered to
enable pH-dependent binding of the IL-6 receptor. Tcz is rapidly cleared due to the high IL-6
receptor expression rate, which was addressed in the redesign by increasing the affinity of FcRn
binding!7® and reducing antigen binding in a pH-dependent manner by the introduction of
histidine residues into the CDR region.17! This modifications result in antibodies capable of
transporting the IL-6R to the lysosome while remaining attached to the FcRn, allowing them to be
recycled to bind IL-6R once more.172

Bertozzi and colleagues made use of the natural degradation mechanism of glycosylated
derivatives of specific proteins by the cation-independent mannose 6-phosphate receptor (CI-
M6PR) to target proteins for degradation in the lysosome-targeting chimeras (LYTAC)
approach.t73 The CI-M6PR transports endogenous M6P-tagged proteins from the cell membrane
or Golgi to the lysosome, serving as a natural pH-switchable receptor that binds cargo at neutral
pH and releases it at acidic pH. In LYTAC molecules, M6P-tagging was artificially induced by
random conjugation of six to eight mannose 6-phosphonates (M6Pn) to lysine residues of
antibodies. These glycan-tagged antibodies bind the target protein for degradation and are
internalized into the lysosome through the CI-M6PR and the clathrin-mediated endocytic pathway
(Figure 9). When Ctx was used as an antibody to facilitate LYTAC assembly for targeting EGFR, it
resulted in the degradation of 70% of the total EGFR level within 24 hours HeLa cell treatment.
Furthermore, EGFR downstream protein levels were reduced, while the level of CI-M6PR
remained unchanged. In addition to EGFR, glycan-conjugated antibodies targeting CD71 or PD-L1
were evaluated, and their levels decreased to 20% and 30%, respectively, after treatment.173
Recently, the mechanism of LYTACs was described in more detail by Ahn et al. using genome-wide
CRISPER knockdown screens.!74 It was found that in the same target line, the degradation of
soluble targets was generally lower than that of membrane-bound targets, which is due to the
retromer complex negatively affecting the LYATC-based degradation of EGFR by recycling LYTACs
back to the cell surface. Furthermore, it was determined that neddylation of cullin-3 E3 ligase is
relevant for trafficking LYTAC-target complex to lysosomes and correlate with degradation
efficiency. While the expression of CI-M6PR is universal, there are also tissue-specific lysosomal
targeting receptors such as the asialoglycoprotein receptor (ASGPR). This increased selectivity
was successfully exploited by the second generation ASGPR-based LYTAC molecules. The site-
specific conjugation of ten copies tri-N-acetylgalactosamine (GalNAc) to EGFR-targeting
antibodies, Ctx resulted in 70% cell selective EGFR degradation after 24-48 hours of treatment.175

Additionally, the Ptz antibody could lead to the degradation of as much as 75% of HER2 by binding
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eleven tri-GalNAc. In addition to antibody-mediated second generation LYTACs, aptamer-based
engagers of ASGPR have recently been reported in which tri-GalNAc was attached to the 5' end of

an aptamer and 50% target degradation was induced by treatment of HEPG2.176
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Figure 9 Schematic representation of the mechanisms of NBE-based targeted protein degradation. Glycan-based recycling
receptors are addressed by 15t and 2" generation of LYTAC, which share the same mechanism of action. AbTAC and PROTAB
are bispecific antibodies targeting an E3-ligase and the target of interest and cause receptor-mediated uptake and
degradation through the endosome-lysosome pathway. KineTACs comprising a target binding arm and a cytokine arm for
binding the cytokine receptor.

By using bispecific antibodies, two different research groups demonstrated for the first time the
successful use of transmembrane E3 ligases to degrade membrane proteins.127.128 [n addition to
the cytosolic E3 ligases, there are several transmembrane RING-domain-containing E3 ligases
with RNF43 being one of the best characterized ligases.17”

The transmembrane E3 ligase-targeting bispecific antibodies, antibody-based PROTAC
(AbTAC)127 and proteolysis-targeting antibody (PROTAB)!28 exploit the second antibody binding
arm to complex the membrane-bound E3 ligase and POI, and subsequently induce degradation
through the endosome-lysosome pathway. Both use classic KIH technology to generate the bsAb.
While AbTAC E3-ligase binding arm was selected through Fab-phage display, PROTAB used an
immunization campaign to identify high affine and unique binders. It remains unclear whether
the intracellular region of the protein of interest (POI) is ubiquitinated prior to endocytosis or if
there are additional interactions when RNF43-based antibodies ubiquitinate the target protein,
leading to internalization and degradation. Furthermore, it is not yet known whether recovery
and recycling are possible, as is the case with LYTAC technology.

An AbTAC, Ac-1 was designed to degrade PD-L1. The combination with Fab domain arm of Atz led
to a decrease in total PD-L1 levels with a DCs¢ (half-degradation concentration) of 3.4 nM and a
Dmax (maximal percent degradation) of 63% after 24 hours of treatment. Several other RNF43
epitopes were analyzed, including an AbTAC that degraded close to 90% of PD-L1 but surprisingly
was not among the strongest binders. Moreover, in HCC2935 cells with elevated RNF43
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expression levels, AbTACs demonstrated enhanced degradation efficiency with reduced DCsg
values. Additionally, the structure-activity relationship studies indicated that binder orientation
and stoichiometry significantly impacted degradation, with the 1:1 ratio proving most effective,
achieving over 95% maximal PD-L1 degradation.

Structure-activity relationship studies using EGFR antibodies with different epitope binding
suggested that the epitope is important for EGFR degradation and is even more sensitive than
affinity.178 The impact of the target expression level on the structure-activity relationship of the
AbTAC could not be definitively determined.

The results of Marei et al. with the PROTAB technology confirmed the approach of using
membrane-bound E3 ligases to degrade the POI.128 Besides RNF43, the homologous ZNRF3 E3
ligase was targeted to degrade the insulin-like growth factor 1 receptor (IGF1R), that is
overexpressed in colorectal cancer (CRC). Depending on the IGF1R antibody, a Dmax0f 30-80% was
observed after 48 hours of treatment of CRC cells. The catalytic mechanism of the AbTAC and
PROTAB strategy was suggested in prior studies and was validated by screening numerous target
cell lines with varying expression levels in the PROTAB approach. Notably, an IGF1R to ZNRF3
ratio of 400:1 was reported in extreme cases. The group confirmed the ubiquitination of the target
and observed a reduction in degradation upon the removal of the E3 ligase. Additionally, transient
impairment of degradation was noted following treatment with a proteasome inhibitor, leading
to the inference that the proteasome might have a secondary role in this process. Contrary to the
valence studies on AbTAC, a minimal effect was observed for PROTABs at a 2:1 ratio, but a slight
increase for the 1:2 ratio, although with a certain degradation of RNF43.

The cytokine receptor-targeting chimeras (KineTAC) technology is based on recombinant bsAb
with a binding arm against the target and a cytokine arm for binding a cytokine receptor.179
Cytokines and interleukins can be degraded by receptor-mediated transfer in the lysosome, as
shown for CXCL12, where its receptor CXCR7 induces internalization by (-arrestin recruitment
without downstream signaling.18° In the KineTAC approach, CXCL12 is complexed as an Fc-fusion
protein with an Atz arm using KIH technology to create a bispecific molecule. After 24 hours of
treatment with an Atz-KineTAC, an approximately 70% selective reduction in PD-L1 levels was
observed in MDA-MB-231 cells co-expressing CXCR7 and PD-L1, and an increase in degradation
to 84% after 48 hours. Since KineTACs do not require ubiquitination of the intracellular target
domain, a degradation of soluble proteins was also shown using the example of interleukin-2 (IL-
2) with Dmax and 85%.

The receptor Elimination by E3 Ubiquitin Ligase Recruitment (REULR) is a modular VHH-based
protein degradation platform that pairs five transmembrane E3 ligases (RNF128, RNF130,
RNF167, RNF43, and ZNRF3) with different disease-relevant target receptors.129 Furthermore,

apart from the established target degradation of EGFR or erythropoietin receptor (EPOR), the self-
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elimination of E3 ligase by dual-tandem degraders was also demonstrated. It is already known
that E3 ligases can ubiquitinate themselves, and there is a hypothesis that the transmembrane E3
ligase family is capable of this process.

Two projects were performed as part of this work, both using bio-enzymatic conjugation
strategies for the production of bispecific antibodies to investigate their biological activity in the
field of targeted protein degradation (TPD). The projects aimed to establish protein-protein
conjugation strategies to generate a toolbox for improved screening of bispecific antibodies. This
aims to enable rapid identification of positive behaving binding partners to accelerate the
development process of therapeutic bispecific antibodies for cancer therapy. Antibody-based
degrader strategies served as proof-of concept. Therefore, the current strategies for generation of
antibodies and their derivatives in cancer therapy as well as the history and technological
background of targeted protein degradation and their impact on therapeutic efforts were

highlighted in detail.

2 Materials

The following materials were used in this dissertation, whereby the respective manufacturer or
supplier is listed. This includes human cell lines, bacterial strains, and plasmid map. Amino acid
sequences of proteins and peptides are provided, along with a list of chemicals and commercially
available systems. Additionally, recipes for preparing buffers and solutions are included.

Consumable materials and equipment round out the materials utilized.

2.1 Human cell lines and bacterial strains

Mammalian cell lines Supplier
American Type Culture Collection,
A431
United States of America
American Type Culture Collection,
A549
United States of America
American Type Culture Collection,
BT474
United States of America
American Type Culture Collection,
CaCoZ2
United States of America
American Type Culture Collection,
HCC1954

United States of America
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American Type Culture Collection,

HCC827
United States of America
HEK293F Expi293F™ Inducible Thermo Fisher Scientific,
Cells United States of America
American Type Culture Collection,
HEPG-2
United States of America
American Type Culture Collection,
MCF7
United States of America
American Type Culture Collection,
MDA-MB-231
United States of America
American Type Culture Collection,
MDA-MB-435
United States of America
Deutsche Sammlung von Mikroorganismen und
MDA-MB-453
Zellkulturen, Germany
American Type Culture Collection,
MDA-MB-468
United States of America
OE19 European Collection of Authenticated Cell Cultures,
United Kingdom
American Type Culture Collection,
SKBR3
United States of America
American Type Culture Collection,
T24

United States of America
Bacterial strain
OneShot™ TOP10 Chemically

Thermo Fisher Scientific, United States of America
Competent E. Coli cells

2.2 Plasmids

The pTT5 plasmids containing the modified antibodies, scFv or VHH sequence were purchased
from GeneArt (Thermo Fisher Scientific, Waltham, USA). These plasmids were specifically

designed as human codon-optimized versions for mammalian expression.
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’l l pTTS_aRNF43 schv2

5,165 bp |

Figure 10 Vector map of pTT5 plasmid. This was used for mammalian expression and contains essential elements, shown
using the example of aRNF43 scFv2. It includes an origin of replication (EBV oriP), an ampicillin resistance, a bacterial origin
of replication (pUC ori), a cytomegalovirus immediate early promotor (CMV) and the adenovirus tripartite leader (TPL). The
TPLis a synthetic intron that includes an enhancer element from the adenovirus major late promotor, which enhances protein
expression. Downstream of the protein sequence is the rabbit B-globulin polyadenylation signal, while upstream is the leader
sequence. The pTT5 vector was developed by the National Research Council of Canada.

2.3 Proteins and peptides

Proteins Manufacturer
BioRad WB Marker unstained BIO-RAD, United States of America
Gel Filtration Standard BIO-RAD, United States of America
Human HER2 His-tagged Sino Biologicals, China
Human RNF43 His-tagged Bio-Techne, United States of America
PD-L1/B7-H1 Protein, Human, Recombinant Sino Biologicals, China
(ECD, His Tag)

Recombinant Human EGFR Protein Bio-Techne, United States of America
rh HER2 FC Chimera Bio-Techne, United States of America
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rh RNF43 FC Chimera Bio-Techne, United States of America
Enzymes Manufacturer

MTG blocker C102 Zedira, Germany

Microbial transglutaminase S. Ladakanum Merck Healthcare KGaA, Germany

FRAPDSDERVTPPAEPLDRMPDPYRPSYGRAETIVNNYIRKWQQVYSHRDGRKQQMTEEQREWLSY
GCVGVTWVNSGQYPTNRLAFAFFDEDKYKNELKNGRPRSGETRAEFEGRVAKDSFDEAKGFQRARDV
ASVMNKALENAHDEGAYLDNLKKELANGNDALRNEDARSPFYSALRNTPSFKDRNGGNHDPSKMKA
VIYSKHFWSGQDRSGSSDKRKYGDPEAFRPDRGTGLVDMSRDRNIPRSPTSPGESFVNFDYGWFGAQT
EADADKTVWTHGNHYHAPNGSLGMHVYESKFRNWSDGYSDFDRGAYVVTFVPKSWNTAPDKVTQG
WP

Antibody fragments
G3-MIC7
Amino acid sequence of G3-MIC7 VHH. MTG recognition tag, glycine-serine spacer

GGGGSGGGSGGSGGGGSGAVQLVESGGGLVQAGGSLRLSCAASGFSFDDYALGWFRQAPGKEPEGLSC
ISSSDGSTWYADSVKGRFTISSDNAKNTVYLQMNSLKPEDTAVYYCSAIYRLSCSVVRPTIRYALDYW
GQGTQVTVSS

aRNF43 scFvl
Amino acid sequence of aRNF43 scFv1l. MTG recognition tag, Hise tag

GGGGGQVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYN
EKFKGRVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSKLEEGEFSEARVDIQM
TQSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTL
TISSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHH

aRNF43 scFv2
Amino acid sequence of aRNF43 scFv2. MTG recognition tag, Hise tag, glycine spacer
QVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKG
RVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSKLEEGEFSEARVDIQMTQSPS
SLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTLTISSLQ
PEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHHGGGGGGLLQGGGS

aRNF43 scFv3
Amino acid sequence of aRNF43 scFv3. MTG recognition tag, His, tag
QVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKG
RVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMT
QSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTLTI
SSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHHGGLLQGA

aRNF43 scFv4
Amino acid sequence of aRNF43 scFv4. MTG recognition tag, Hise tag

DIQMTQSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGT
DYTLTISSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKGGGGSGGGGSGGGGSQVQLVQSGAEVKKPG
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ASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKGRVTITADTSASTAYM
ELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSHHHHHHGGLLQGA

oRNF43 scFv5

Amino acid sequence of aRNF43 scFv5. MTG recognition tag, Hise tag, glycine-serine
spacer

QVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKG
RVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMT
QSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTLTI
SSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHHGGGGSGGLLQGA

aRNF43 scFv6

Amino acid sequence of aRNF43 scFv6. MTG recognition tag, Hise tag, glycine-serine
spacer

QVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKG
RVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMT
QSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTLTI
SSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHHGGGGSGGGGSGGLLQGA

oaRNF43 scFv7

Amino acid sequence of xRNF43 scFv7. MTG recognition tag, Hise tag, glycine-serine
spacer

QVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGSTNYNEKFKG
RVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMT
QSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGTDYTLTI
SSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKHHHHHHGGGGSGGGGSGGGGSGGLLQGA

Antibodies
. F. Hoffmann-La Roche Ltd., Switzerland
Herceptin®

Amino acid sequence of Trastuzumab antibody. Genetic modifications are marked in
bold.

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGT
DFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN

FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPV
TKSFNRGECEVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYT

RYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTK
GPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPS

SSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPE

VTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKV
SNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Amino acid sequence of Trastuzumab antibody. Genetic modifications are marked in
bold.
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DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGT
DFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPV
TKSFNRGECGGLLQGPPEVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVAR
IYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLV
TVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSL
SSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKD
TLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWL
NGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWE
SNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Amino acid sequence of Trastuzumab antibody. Genetic modifications are marked
in bold.

DIQMTQSPSSLSASVGDRVTITCRASODVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTIS
SLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVD
NALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECEVQLVESGGGLV
QPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSL
RAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTV
SWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPPKSCDKTHTCPPCP
APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEAYNSTYRVVS
VLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVE
WESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

F. Hoffmann-La Roche Ltd., Switzerland

MabThera®

Amino acid sequence of Rituximab antibody. Genetic modifications are marked in bold.

QIVLSQSPAILSASPGEKVTMTCRASSSVSYIHWFQQKPGSSPKPWIYATSNLASGVPVRFSGSGSGTS
YSLTISRVEAEDAATYYCQQWTSNPPTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNF
YPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVT
KSFNRGECQVQLQQPGAELVKPGASVKMSCKASGYTFTSYNMHWVKQTPGRGLEWIGAIYPGNGDT
SYNQKFKGKATLTADKSSSTAYMQLSSLTSEDSAVYYCARSTYYGGDWYFNVWGAGTTVTVSAAST
KGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVP
SSSLGTQTYICNVNHKPSNTKVDKKAEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTP
EVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCK
VSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENN
YKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK
Matuzumab Merck KGaA, Germany
Amino acid sequence of Matuzumab antibody. Genetic modifications are marked in
bold.

QIVLSQSPAILSASPGEKVTMTCRASSSVSYIHWFQQKPGSSPKPWIYATSNLASGVPVRFSGSGSGTS
YSLTISRVEAEDAATYYCQQWTSNPPTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNF
YPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVT
KSFNRGECQVQLQQPGAELVKPGASVKMSCKASGYTFTSYNMHWVKQTPGRGLEWIGAIYPGNGDT
SYNQKFKGKATLTADKSSSTAYMQLSSLTSEDSAVYYCARSTYYGGDWYFNVWGAGTTVTVSAAST
KGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVP
SSSLGTQTYICNVNHKPSNTKVDKKAEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTP
EVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCK
VSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENN
YKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

35



Erbitux® Merck KGaA, Germany

Amino acid sequence of Cetuximab antibody. Genetic modifications are marked in bold.

DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFSGSGSGTDFT
LSINSVESEDIADYYCQQNNNWPTTFGAGTKLELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFY
PREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK
SFNRGECQVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTDYN
TPFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSAASTKGPSVF
PLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGT
QTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVV
VDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKAL
PAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPP
VLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Amino acid sequence of Cetuximab antibody. Genetic modifications are marked in bold.

DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESISGIPSRFSGSGSGTDFT
LSINSVESEDIADYYCQQNNNWPTTFGAGTKLELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFY
PREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK
SFNRGECQVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGGNTDYN
TPFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWGQGTLVTVSAASTKGPSVF
PLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGT
QTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPEAAGGPSVFLFPPKPKDTLMISRTPEVTCV
VVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKA
LGAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTP
PVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK
. Genentech Inc., United States of America
Tecentrig®

Amino acid sequence of Atezolizumab antibody. Genetic modifications are marked in

bold.

DIQMTQSPSSLSASVGDRVTITCRASQDVSTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSGSGT
DFTLTISSLQPEDFATYYCQQYLYHPATFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPV
TKSFNRGECEVQLVESGGGLVQPGGSLRLSCAASGFTFSDSWIHWVRQAPGKGLEWVAWISPYGGST
YYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCARRHWPGGFDYWGQGTLVTVSSASTKGP
SVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSS
LGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVT
CVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYASTYRVVSVLTVLHQDWLNGKEYKCKVSN
KALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKT
TPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Bavencio® Merck KGaA, Germany

Amino acid sequence of Avelumab antibody. Genetic modifications are marked in bold.

QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYDVSNRPSGVSNRFSGSKS
GNTASLTISGLQAEDEADYYCSSYTSSSTRVFGTGTKVTVLGQPKANPTVTLFPPSSEELQANKATLVC
LISDFYPGAVTVAWKADGSPVKAGVETTKPSKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGST
VEKTVAPTECSEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYIMMWVRQAPGKGLEWVSSIYPSGGI

TFYADTVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCARIKLGTVTTVDYWGQGTLVTVSSASTK
GPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPS
SSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPE
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VTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKV
SNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

. F. Hoffmann-La Roche Ltd., Switzerland
Perjeta®

Amino acid sequence of Pertuzumab antibody. Genetic modifications are marked in
bold.

DIQMTQSPSSLSASVGDRVTITCKASQDVSIGVAWYQQKPGKAPKLLIYSASYRYTGVPSRFSGSGSGT
DFTLTISSLQPEDFATYYCQQYYIYPYTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNF
YPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVT
KSFNRGECEVQLVESGGGLVQPGGSLRLSCAASGFTFTDYTMDWVRQAPGKGLEWVADVNPNSGGS
IYNQRFKGRFTLSVDRSKNTLYLQMNSLRAEDTAVYYCARNLGPSFYFDYWGQGTLVTVSSASTKGP
SVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSS

LGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTCSVMHEALH
NHYTQKSLSLSPGLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVV

SVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVK
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS

oDIG antibody F. Hoffmann-La Roche Ltd., Switzerland

Amino acid sequence of aDIG antibody. Genetic modifications are marked in bold.

DIQMTQSPSSLSASVGDRVTITCRASQDIKNYLNWYQQKPGKAPKLLIYYSSTLLSGVPSRFSGSGSGT

DFTLTISSLQPEDFATYYCQQSITLPPTFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNF
YPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVT
KSFNRGECQVQLVESGGGLVKPGGSLRLSCAASGFTFSDYAMSWIRQAPGKGLEWVASINIGATYAYY
PDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCARPGSPYEYDKAYYSMAYWGQGTTVTVSSAS
TKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRT

PEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKC

KVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPEN
NYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Creative Biolabs, United States of

Anti-human RNF43 antibody America

Amino acid sequence of anti-human RNF43 antibody. Genetic modifications are marked
in bold.

DIQMTQSPSSLSASVGDRVTITCKASEDIYNRLAWYQQKPGKAPKLLISGATSLETGVPSRFSGSGSGT

DYTLTISSLQPEDFATYYCQQQWSTPPTFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPV
TKSFNRGECQVQLVQSGAEVKKPGASVKVSCKASGYTFTRYWIEWVRQAPGQRLEWMGEILPGSGS

TNYNEKFKGRVTITADTSASTAYMELSSLRSEDTAVYYCERRGAYWGQGTLVTVSSASTKGPSVFPLA
PSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS
GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPK
PKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD
WLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVE
WESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

Alexa Fluor® 488 AffiniPure™ F(ab'), Fragment Jackson ImmunoResearch,
Goat Anti-Human IgG, Fcy fragment specific United States of America
Alexa Fluor® 488 AffiniPure™ Fab Fragment Jackson ImmunoResearch,

Goat Anti-Human IgG (H+L) United States of America
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Anti-B-Actin mouse Monoclonal Ab, Clone AC-

74,A2228

GAPDH (D4C6R) Mouse mAb
Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor™

488

Mouse IgG (H&L) Antibody DyLight™ 680

Conjugated Pre-Adsorbed

PD-L1 (E1L3N®) XP® Rabbit mAb
Rabbit IgG (H&L) Antibody DyLight™ 800

Conjugated Pre-Adsorbed
Recombinant Anti-Brd4 antibody [EPR5150(2)]

Peptides

Name

G3-PEG4-DBCO

G3-PEG2-BCN

G3-PEG3-N3

G3-PEGs-N3

Gs-Lys-Ns3

(G4S)2-Lys-Ns3

Derivate
number

w

Sigma-Aldrich,

United States of America

Bio-Techne,

United States of America

Invitrogen™,

United States of America

Rockland Immunochemicals, Inc.,

United States of America

Cell Signaling Technologies,
United States of America
Rockland Immunochemicals, Inc.,

United States of America

Structure

Abcam, Great Britain

Manufacturer
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Inc., Canada

BroadPharm,

United States of

America
Biosyntan,
Germany
Biosyntan,

Germany

Merck KGaA,

Germany

Merck KGaA,

Germany
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VHL-Cys o WuXi Biologics,
China
&§\©\\ . MedChemExpress,
ARV-771 HNE oy y United States of
N Y\O/\/\O/\/NYIN\
& © * N ] America
‘ 9!
MedChemExpress,
GNE987 United States of
America
F 9!
MedChemExpress,
R N T
GNE987P ;\jffo United States of
"o .&O America
2.4 Chemicals
Calbiochem:

Tris(hydroxymethyl)-aminomethane-hydrochloride

Merck Millipore, Merck KGaA:

Acetonitrile, ampicillin, ammonium sulfate, 1,4-Dithiothreitol, bicinchoninic acid, ethanol, formic
acid, HCI, HEPES, N-Acetylcysteine, Milli Q-water, imidazole, sodium chloride, sodium phosphate
monobasic solution, sodium azide, sodium phosphate dibasic solution, di-sodium hydrogen
phosphate, sodium dihydrogen phosphate monohydrate, sodium perchlorate, Triton X-100,

Trifluoroacetic acid, Tween® 20, water for chromatography, 2-propanol, hydrochloric acid,

Thermo Fisher Scientific Inc.:
Accutase®, Formaldehyde, Gibco™ Phosphate-Buffered saline, Gibco™ 2-Mercapotoethanol,
Gibco™ DMEM GlutaMax, Gibco™ RPMI-1640 GlutaMax,

Honeywell International:

Dimethyl sulfoxide
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2.5 Commercially available systems

CellTiter-Glo® Luminescent Cell Viability

Assay

ExpiFectamine™ 293 Transfection Kit

GenElute™ HP Plasmid Midiprep Kit

pHADb Amine Reactive Dye
Vi-CELL® Reagent Kit

2.6 Buffer and Solutions

Analytical HIC buffer

Analytical SEC buffer

DNA storage buffer
Kinetics buffer (KB) for BLI
LB agar

LB medium

LB-ampicillin medium

MES buffer

MTG conjugation buffer

Nickel sulfate solution

PBS buffer

pHAb amine reactive dye
conjugation buffer

Pierce™ IP Lysis Buffer

Preparative Amsphere™ A3

chromatography elution buffer

Promega, Germany

Thermo Fisher Scientific,
United States of America

Sigma-Aldrich, United States of America
Promega, Germany

Beckmann Coulter, United States of America

A: 2.0 M ammonium sulfate, 25 mM Tris-HCI, pH 7.5

B: 25 mM Tris-HCl, pH 7.5

C: 100% isopropanol

0.05 M sodium phosphate, 0.4 M sodium perchlorate, pH
6.3

0.01 M Tris-HCI, pH 8.5

0.1% (w/v) BSA, 0.02% (v/v) Tween-20, PBS, pH 7.4
1.5% (w/v) agar in LB medium

10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl

LB medium, 50 pg/mL (w/v) ampicillin

0.05 M MES, 0.05 Tris-Base, 0.1% SDS, 0.001 M EDTA,
pH 7.3

0.024 M HEPES, pH 7.0

0.5 M NizSO4

0.15 M NaCl, 0.0084 M Na,HPO,-2H,0, 0.0016 M KH,PO,,
pH 7.4

0.01 M NaHCOs, pH 8.5

0.025 M Tris-HCI, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40,
5% (v/v) glycerol, pH 7.4

0.05 M sodium acetate, pH 3.0
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Preparative IMAC buffer

A: 0.05 M sodium phosphate, 0.5 M NacCl, pH 7.4

B: 0.05 M sodium phosphate, 0.5 M Na(l, 0.5 M imidazole,

pH 7.4

Preparative Protein A

0.05 M acetic acid, pH 3.2

chromatography elution buffer

2.7 Consumable materials

All materials not listed are standard laboratory material.

uClear bottom 384-well plate
10x PBS

125 ul GRIPTIP, sterile

15 mL, 50 mL falcon tubes

Albumin fraction V (from bovine serum)
Attune focusing fluid

Attune Performance Tracking Beads
Attune shutdown solution

Attune wash solution
Bottle top vacuum filtration system, 0.2um

Buffer solution pH 4.01

Buffer solution pH 7.00

Buffer solution pH 9.00

Cell culture flask T75

Cell culture microplate, 96- and 384- wells
D4+ dispensehead cassettes

Der blaue Jonas

Expi293™ Expression Medium

Fetal bovine serum (FBS)

HEPES acid
Hoechst 33342 Dye
HTRF 96-well low volume white plate

Imidazole

Greiner Bio-One, Austria

Thermo Fisher Scientific,
United States of America

INTEGRA Biosciences KK, Japan
Becton Dickinson GmbH, Germany
Merck KGaA, Germany

Invitrogen™, United States of America
Invitrogen™, United States of America
Invitrogen™, United States of America

Invitrogen™, United States of America

VWR International,
United States of America

Merck KGaA, Germany

Merck KGaA, Germany

Merck KGaA, Germany

Greiner Bio-One, Austria

Greiner Bio-One, Austria

Tecan Trading AG, Switzerland
German Research Products, Germany

Thermo Fisher Scientific,
United States of America

Sigma-Aldrich, United States of
America

Merck KGaA, Germany
Invitrogen™, United States of America
Cisbio, United States of America

Merck Millipore, Germany



InfinityLab Well Plates and Sealing Mats

L-Glutamine 200mM

MAbPac™ HIC-Butyl 4.6 mm ID x 100 mm,
5 um HPLC column

Micro-insert, clear glass

NuPAGE LDS Sample buffer (4x)
NuPAGE MES SDS Running buffer (20x)
NuPAGE Reducing Agent (10x)

NuPAGE® 4-12% Bis-Tris Gels

Octet® Anti-human IgG Fc capture (AHC)
Biosensors

Octet® Anti-Penta-HIS (HIS1K) Biosensors

Opti-MEM™ I cell culture medium

Pierce™ IP lysis buffer

PLRP-S 40004, 2.1 x 50 mm, 5 pm HPLC column

Protease Inhibitor Cocktail cOmplete™

RIPA lysis buffer

S.0.C. medium

Safe Lock Tubes 0.2, 1.5, 2.0, 5.0 mL

Short thread vials

Sodium pyruvate 100mM

Steriflip® Sterile filter 50 ml 0.22 and 0.45 um

Sytox Green™

Sytox Red™

T8+ dispensehead cassettes

TSKgel® SuperSW3000 HPLC Column phase diol
Ultrafree-CL, 0.22um

Agilent Technologies,
United States of America

Sigma-Aldrich,
United States of America

Thermo Fisher Scientific,

United States of America

VWR International,
United States of America

Invitrogen™, United States of America
Invitrogen™, United States of America
Invitrogen™, United States of America

Life Technologies Corp., Germany
Sartorius, United States of America

Sartorius, United States of America

Thermo Fisher Scientific,
United States of America

Thermo Fisher Scientific,
United States of America

Agilent Technologies,
United States of America

F. Hoffmann-La Roche Ltd.,
Switzerland

Thermo Fisher Scientific,
United States of America

Invitrogen™, United States of America

Eppendorf AG, Germany

VWR International,
United States of America

Sigma-Aldrich,
United States of America

Merck Millipore, Merck KGaA,
Germany

Invitrogen™, United States of America
Invitrogen™, United States of America
Tecan Trading AG, Switzerland
Merck KGaA, Germany

Merck KGaA, Germany



ViaFlo II Pipette 8-Ch.; 5-125 pl

Vi-CELL BLU QuadPack

Zeba™ Spin Desalting column

ZORBAX RR Bonus-RP, 804, 4.6 x 150 mm, 3.5 pm

2.8 Equipment

INTEGRA Biosciences KK, Japan
Beckmann Coulter,

United States of America
Thermo Fisher Scientific,
United States of America

Agilent Technologies,
United States of America

All equipment not listed are standard laboratory equipment.

16-channel Viaflow II pipets
Agilent 1100 Series

Agilent 1260 Infinity

Agilent 1260 Infinity II
AKTAAvant

AKTAPure

AKTAxpress

Amicon® Ultra centrifugal units
Amsphere™ A3 column

Attune™ NxT flow cytometer

Bio Resolve SEC mAb column
Centrifuge 5427R, 5415R and 5415D
Centrifuge, Megafuge 1.0R
Centrifuge, Megafuge 16R
Centrifuge, Megafuge 40R

Cytation 5

Dispenser D300e
Electronic multichannel pipette E4 XLS
Evos FL Auto 2

Fastblot B44

High performance liquid chromatography, 1260

INTEGRA Biosciences AG, Switzerland

Agilent Technologies,
United States of America

Agilent Technologies,
United States of America

Agilent Technologies,
United States of America

GE Healthcare,
United States of America

GE Healthcare,
United States of America

GE Healthcare,
United States of America

Merck KGaA, Germany

JSR Life Sciences,
United States of America

Invitrogen™, United States of America
Waters, Germany

Eppendorf AG, Germany

Heraeus Holding, Germany

Heraeus Holding, Germany

Heraeus Holding, Germany

BioTek, Agilent Technologies,
United States of America
Tecan Group Ltd., Switzerland

Mettler-Toledo,
United States of America

Invitrogen™, United States of America
Biometra, Germany

Agilent Technologies,
United States of America



HiLoad™ Superdex 200 pg 26/60

HiPrep™ 26/10 desalting column

HisTrap™ HP column

HiTrap™ Mab Select SuRe

Incubator (37°C, 8% CO 2, 280% relative humidity)

LaminarAir Flow
Magnetic stirrer, RCT basic

NanoDrop ND-1000 spectrophotometer
Octet® RED96 system

Odyssey® DLx Imaging system
Orbital Shaker Certomat SII

pH meter SevenExcellence™

Plate reader, Envision 2104 multiplate reader
Plate reader, Synergy 4

PLRP-S

Polyvinylidene difluoride membrane
PowerPac™ Basic Power Supply

QIAxpert®
Sierra SPR®-32 Pro

Single channel electronic pipette E4 XLS

Single channel pipets
ThermoMixer comfort
ThermoMixer F1.5
TSKgel® Butyl-NPR column

Vi-CELL™ BLU

Vortex mixer

Cytiva, United States of America
Cytiva, United States of America
Cytiva, United States of America
Cytiva, United States of America

Thermo Scientific GmbH, Germany

Merck Millipore, Merck KGaA,
Germany
IKA®-Werke GmbH & CO. KG,
Germany

Thermo Scientific GmbH, Germany
Sartorius, United States of America

Li-COR Biosciences,
United States of America

Sartorius, United States of America

Mettler-Toledo,
United States of America

Perkin Elmer Inc,,
United States of America

Heraeus Holding, Germany

Agilent Technologies,
United States of America

Merck KGaA, Germany

Biorad laboratories, Inc.,
United States of America

Qiagen, Germany
Brucker, United States of America

Mettler-Toledo,
United States of America

Eppendorf AG, Germany
Eppendorf AG, Germany
Eppendorf AG, Germany

Tosoh bioscience, Japan

Beckmann Coulter,
United States of America

VWR International,
United States of America
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3 Methods

The methods used are described in the following section. The methods are organized according
to molecular biological methods, biochemical and biophysical methods as well as cell biological

methods.

Molecular Biological Methods

3.1 Determination of DNA concentration

To determine the concentration of nucleic acids in aqueous solutions, spectrometric
measurements using NanoDrop ND 1000 were performed. Equal volume of 2 pL was used for
sample or blank measurement with milli-Q water. The Lambert-Beer law serves as the
foundational physical principle governing the absorption of aromatic nucleobases in DNA at
260 nm. The Azeo/A2s0 and Azeo/A230 absorbance ratios serve as quality benchmarks for DNA
purity, with optimal ranges being 1.8 and 2.0-2.2, respectively. Values below these ranges suggest

contamination with unwanted substances, usually proteins or aromatic compounds.

3.2 Transformation in E. coli

Expression plasmids were amplified using heat shock bacterial transformation of OneShot™
TOP10 Chemically Competent E. Coli cells. Briefly, 50 pL of ice thawed chemically competent
E. Coli cells were added to 1 pL plasmid DNA (approx. 500 ng/mL) and incubated on ice for
30 minutes followed by a heat shock in water bath at 42 °C for 45 seconds. Incubation of the
transformed cells was performed on ice for 2 minutes. Subsequently, 250 pL of preheated S.0.C.
medium was added. The cells were incubated at 37 °C, 450 rpm for 1 hour. Afterward 50 pL of the
cell suspension was plated on each selective agar plate containing LB-ampicillin. The plates were

incubated at 37 °C overnight.

3.3 Plasmid preparation

Single E. Coli colonies were selected from the agar plates and transferred into 100 mL LB-
ampicillin medium. The cultures were then incubated at 37 °C, 250 rpm for 18 h. To determine
the cell titer, the optical density (OD) of the cell culture grown overnight was measured at 600 nm
using UV/Vis spectrophotometer. Plasmid purification was executed utilizing the GenElute™ HP
Plasmid Midiprep Kit, following the manufacturer’s protocol. Elution of plasmid DNA was
accomplished with 1 mL of 10 mM Tris-HCl, pH 8.5, and quantification was performed using

NanoDrop ND 1000. The purified plasmid DNA was stored at -20°C until transfection.
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Biochemical and Biophysical Methods

3.4 Determination of protein concentration

Protein concentration was determined either by spectrophotometer NanoDrop ND 1000 or by
bicinchoninic acid (BCA) assay. For UV spectrophotometric measurement, equal volume of 2 uL
was used for blank measurement, with the corresponding sample solvent, and of the sample
resolution. Instrumental setting of Azgo was used to determine the antibody concentration (in
mg/mL), and protein concentration was calculated according to the Lambert-Beer law, taking the
molar extinction coefficient of the protein and the path lengths of the device into account. The BCA
assay was used to determine the protein concertation of lysates. Bivalent copper ions are reduced
to monovalent copper ions by the peptide bonds of proteins in alkaline environment. This reaction
is proportional to the number of peptide bonds and thus to protein concentration. A violet
complex of monovalent copper with two molecules BCA is detectable. A serial dilution of BSA
(0.06-2.0 mg/mL) served as protein standard curve. 10 pL of each sample or standard dilution
and 200 pL freshly prepared BCA reagent were transferred to 96-well microtiter plate. BCA
reagent A and B (4% copper sulphate) were mixed in a 1:50 ratio. After shaking for 30 s and
incubation for 30 min at 37°C in the dark, adsorption at 562 nm was measured. The protein
concentration of each sample was determined using linear regression analysis of the calibration

curve.

3.5 Preparative protein purification

3.5.1 Protein A and Amsphere™ A3 Affinity Chromatography

Antibodies and VHHs from cell free Expi293F™ supernatants were sterile filtered through 0.22 pm
PES filter before purification. Purification was performed with affinity chromatography using
AKTAxpress systems equipped with 5 mL HiTrap™ Mab Select SuRe (for antibodies) or 1 mL
Amsphere™ A3 affinity column (for VHHs) followed by a HiPrep™ 26/10 desalting column. Affinity
chromatography columns were equilibrated with 5 column volumes (CV) PBS, pH 7.4 at a flow
rate of 2.5 mL/min and desalting columns were equilibrated with 3 CV 24 mM HEPES pH 7.0 at
7.5 mL/min. Then, supernatant was loaded on affinity chromatography column followed by a
washing step of 5 CV. 3 CV of isocratic elution using 50 mM acetic acid, pH 3.2 (Protein A) and
50 mM sodium acetate, pH 3.0 (Amsphere™ A3) was used for sample elution. Eluate was directly
buffered exchanged through desalting column with 24 mM HEPES, pH 7.0. Fractions of 1 mL were
collected in 96-deep well plates. Fractions containing target protein were pooled and analyzed for

purity using SDS-PAGE and SE-HPLC. Proteins were concentrated using Amicon® Ultra
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centrifugal units (VHH: 3K MWCO, IgG: 50k MWCO) and sterile filtered using Ultrafree-CL filter
units (0.22 pm). Protein concentration was determined by UV-Vis spectroscopy at 280 nm. The
protein identity was determined via intact mass analysis. After purification, all proteins were snap

frozen in liquid nitrogen and stored at -80 °C until needed for subsequent experiments.

3.5.2 Immobilized Metal Affinity Chromatography (IMAC)

The scFv fragments from Expi297F™ supernatants comprising a Hise-tag were purified by IMAC
using AKTA pure system. A 1 mL HisTrap™ HP column was used. After harvesting Expi297F™
supernatant and sterile filtration through 0.22 pm PES filter, 1 mM nickel sulfate final was added
to the supernatant. HisTrap™ HP column was equilibrated with 50 mM sodium phosphate, 0.5 M
NaCl, pH 7.4 (5 CV) at 5 mL/min. Subsequently, an automatic sample application and column wash
at 2.5 mg/mL was performed on AKTA system. Complexed His¢-tagged scFv protein was stepwise
eluted with a six-step gradient (5 mL/min, 10 CV each step) of 20 mM, 50 mM, 100 mM, 200 mM,
300 mM and 500 mM imidazole in 50 mM sodium phosphate, 0.5 M NaCl. Samples of 1 mL were
gathered in 96-deep well plates. Fractions containing the desired protein were combined and
assessed for purity using SDS-PAGE and SE-HPLC. Proteins were concentrated using Amicon®
Ultra centrifugal units (scFv: 10K MWCO) and sterile filtered using Ultrafree-CL filter units
(0.22 pm). Protein was subjected to preparative SEC, if the SE-HPLC monomeric content was less
than 96%. Protein concentration was determined by UV-Vis spectroscopy at 280 nm. The protein
identity was determined via intact mass analysis. After purification, all proteins were snap frozen

in liquid nitrogen and stored at -80 °C until needed for subsequent experiments.

3.5.3 Preparative Size-Exclusion Chromatography (SEC)

Impure protein solutions i.g. antibodies, scFv, VHH and small-scale conjugates were purified by
preparative SEC to separate low and high molecular weight species, like aggregates. The process
involved using an AKTA pure or AKTA avant system. A HiLoad™ Superdex 200 pg 26/60 column
was used. The column was initially equilibrated with a 3 CV formulation buffer at 10.0 mL/min.
Subsequently, a protein solution concentrated to < 1 mL was loaded onto the column at a flow rate
of 1.0 mL/min via a sample loop. Fractions of 0.5 mL were collected for 1.5 CV in 96-deep well
plates. Fractions containing the desired protein were combined and assessed for purity using SE-
HPLC. Proteins were concentrated using Amicon® Ultra centrifugal units (VHH: 3K MWCO, scFv:
10K MWCO, IgG and conjugates: 50k MWCO) and sterile filtered using Ultrafree-CL filter units
(0.22 pm). After purification, all proteins were snap frozen in liquid nitrogen and stored at -80 °C

until needed for subsequent experiments.
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3.5.4 Buffer exchange

Desalting is a simple and fast method for rapidly removing of low molecular weight
contaminations while transitioning the sample into the desired buffer, all in one step. Therefore,
Zeba™ Spin Desalting Columns for transglutaminase, and PD-10 Desalting Columns for antibody
samples were used. The fundamental system here is size exclusion chromatography which
separated the sample mixture based on their molecular size. Firstly, larger molecules were eluted
followed by smaller molecules like salts or other impurities. The molecular weight cut offs
(MWCO) for Zeba™ Spin Desalting Columns was 7 K, and 5 kDa for PD-10 columns. All steps were
performed as prescribed by the manufacturer, first the column equilibration was performed by
application of three column volumes storage buffer, followed by adding the sample on top of the

column bed. Elution was performed using the desired buffer.

3.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is used to evaluate the protein purity or analyze the cell lysates under reduced or non-
reduced conditions. It separates proteins primarily according to their MW as they move towards
the anode under an electric field. To achieve this, protein samples were mixed with either 4x LDS
sample buffer for non-reduced samples, or 4x LDS sample buffer supplemented with a 10x sample
reducing agent for reduced samples, with the intention of breaking disulfide bonds. The samples
were denatured at 70 °C for 10 minutes in a heating block while shaking (550 rpm). Subsequently,
samples containing 2 pg of protein per lane, along with a molecular weight marker, were loaded
onto NuPage Bis-Tris gel (4 - 12%). The gel was installed in an electrophoresis chamber filled with
1x MES SDS running buffer. The running time was set to 40 minutes and 200 V constant with

125 mA/gel were set.

3.7 Protein detection using Coomassie staining

To visualize proteins directly after gel electrophoresis, the gels were washed with deionized
water, and protein bands were revealed by Coomassie staining. To achieve this, the gels were
immersed in “Der Blaue Jonas” Protein Stain on an orbital shaker for 1 hour, followed by distaining

with deionized water until background was reduced.

3.8 Protein detection using Western blot analysis

For Western blot analysis of cell lysates, adherent cells were seeded in 12-well tissue culture (TC)
plates and incubated overnight in the respective medium of the cell line. One million cells were
treated with analytes at standard cultivation conditions for 12 to 48 hours depending on the

experiment requirements. Cell lysis was performed, and lysates were subjected to SDS-PAGE.
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Western blotting mediated by fluorescent dyes was carried out either by dry blotting system iBlot
according to manufacturer’s instructions or by semi-dry blotting using Fastblot B44. The proteins
separated by SDS-PAGE analysis were transferred onto polyvinylidene difluoride (PVDF)
membranes and probed with target specific antibodies as outlined in chapter 2.3. Therefore, PVDF
membranes were blocked in 5% BSA in DPBS for 1h at RT. Afterwards, membranes were
incubated with primary antibodies in 1% BSA, 0.1% Tween®20 in DPBS overnight at 4 °C. After
three washing steps with 0.1% Tween®20 in DPBS, detection, antibodies were added and it was
incubated at RT for 60 min. After additional three washing steps with 0.1% Tween®20 in DPBS,
fluorescent bands were visualized using fluorescent reader Odyssey® DLx Imaging system and

Image Studio™ software.

3.9 Analytical chromatography methods

3.9.1 Size Exclusion-HPLC (SE-HPLC)

Analytical size exclusion chromatography (SE-HPLC) was employed to assess protein purity and
detect high molecular weight protein aggregates using a Bio Resolve SEC mAb column (4.6 x 150
mm, 2.5 pum, 200 A). The SEC parental buffer was 0.05 M sodium phosphate, 0.4 M sodium
perchlorate, pH 6.3. First, the equilibration of the column was performed with SEC parental buffer.
Flow rate of 0.35 ml/min was used until stable baseline was reached. Generally, sample amount
of 10 pg was injected, and 214 nm or 280 nm signal was detected. Furthermore, gel filtration
standard was prepared according to manufacturer’s instructions and used as molecular weight
standard reference. The elution was performed isocratic at a flow rate of 0.35 mL/min and a total
run time of 7 minutes were used. Data acquisition and processing was performed by using
ChemStation of LC 3D system (Agilent Technologies). Data were analyzed using ChemStation

software by integration of peaks.

3.9.2 Reversed Phase-HPLC (RP-HPLC)

Investigation of ligand to antibody ratio (DAR) and VHH-to-antibody ratio (VAR) of conjugated
proteins was carried out on Agilent 1260 infinity HPLC system equipped with a PLRPS column
(2.1 x 50 mm, 5 um, 4000 A). A gradient of 30 to 45% over 7.5 min at 1 mL/min of solvent B was
used. Generally, sample amount of 10 ug was injected, and 214 nm signal was detected. (Solvent A:
water supplemented with 0.1% (v/v) TFA, solvent B: acetonitrile supplemented with 0.1% (v/v)
TFA). All measurements were performed at 55 °C together with the flow rate of 1 mL/min. Data
acquisition and processing was performed by using ChemStation of LC 3D system. Data were
analyzed using ChemStation software by integration of peaks. Subsequently, labeling ratio was

calculated from peak area of individual species using unconjugated parent antibody as reference.
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3.9.3 Hydrophobic Interaction HPLC (HI-HPLC)

To measure the DAR and loading efficiency of PROTACs, conjugates and antibody-PROTAC
complexes were analyzed using HI-HPLC. Therefore, samples were adjusted to 0.5 M ammonium
sulfate and 42.5 pg sample were injected into Agilent 1260 infinity HPLC system equipped with a
TSKgel® Butyl-NPR (4.6 x 100 mm, 2.5 pm) column heated to 35 °C. Sample were separated by
applying a gradient of 40 to 80% over 40 minutes at 0.45 ml/min from 0.025 M Tris HCI pH 7.5 to
20% isopropanol, 0.025M Tris HCl, 2M ammonium sulfate pH 7.5. Signal recording was
performed at the wavelength of 280 nm. Data acquisition and processing was performed by using
ChemStation of LC 3D system (Agilent Technologies). Data were analyzed using ChemStation

software by integration of peaks.

3.10 LC-MS

To determine the DAR and VAR using LC-MS, the conjugates were diluted with 0.1% formic acid.
A final concentration of 0.05 mg/ml was set. Next, 100 pL of this solution was reduced with 1 pL
TCEP (500 mM) for 5 min at RT. The LC-MS analysis was conducted via an Exion HPLC system
(Buffer A: water containing 0.1% formic acid, Buffer B: acetonitrile containing 0.1% formic acid)
connected to a Sciex 6600+ mass spectrometer by a Turbo V ESI source. Protein solution was
loaded onto a bioZEN 3.6 um Intact C4, 2.1 x50 mm column (Phenomenex). Elution was
performed with a linear gradient from 15% to 95% buffer B with a flow rate of 0.25 ml/min for
3 min. Instrument settings were set to source voltage 5.5kV, declustering potential 180 V, source
temperature 350 °C, accumulation time 1 s, gas1 50 1/h, gas2 25 1/h, and curtain gas 10 1/h. The
mass spectrometer was calibrated with ESI positive calibration solution for the SCIEX X500B. Data
was processed with Genedata Expressionist 16.5. Spectra were deconvoluted with the maximum
entropy method. For protein mapping the following modifications were chosen with tolerance of
10 Da, glutamine to pyroglutamate conversion and C-terminal lysine loss. The mass spectrometric
analysis was executed by laboratory Roland Kellner, department of ADCs and Targeted NBE
Therapeutics, Merck Healthcare KGaA.

3.11 Bio-layer-Interferometry (BLI)

Bio-layer-Interferometry was performed to determine kinetics and affinity of molecular
interactions. Therefore, Octet® RED96 system (ForteBio, Pall Life Science) at 25 °C and Octet®

software for data acquisition and analysis was used.
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3.11.1 Quantitative BLI

For quantitative BLI of Expi293F™ supernatant containing Hise-tagged scFv molecules Octet®
HIS1K biosensors were used for immobilization. Four dilutions of the supernatant were
performed to calculate the concentration in the detection range. An eight-step dilution series from
50 pg/mL to 0.35 pg/mL of purified Hise-tagged scFv was used as standard curve. The
concentration was calculated based on the binding rate and using linear regression of the

standard curve.

3.11.2 Kinetic BLI

3.11.2.1 aRNF43 scFv variants

For RNF43 binding analysis of scFv, anti-human IgG Fc capture (AHC) biosensors were loaded
with recombinant human Fc-RNF43 fusion protein (5 pg/mL in PBS) for 180 s. The biosensors
were subsequently moved into kinetic buffer (KB) and allowed to incubate for 45 seconds,
followed by a 300-second association step. The analyte for association was diluted in a
concentration range varying from 20nM to 0.8 nM. The following dissociation step was
performed in KB for 600 s to determine kon and ko values (KB: PBS + 0.1% Tween-20 + 1% bovine
serum albumin (BSA)). For reference measurement and negative control analytes were replaced
by KB. Non-binding recombinant human HER2-Fc fusion protein and a Hise-tagged anti-EGFR scFv
were used as negative control. Data were fitted using ForteBio data analysis software 8.0. The KB
reference served as control curve and was subtracted from sample measurement before data

fitting. The Savitzky-Golay filter and a 1:1 global full-fit binding model were utilized.

3.11.2.2 Simultaneous binding

For simultaneous binding analysis, 63 nM of scFv-antibody conjugate was loaded onto AHC
biosensors for 180 s. Following biosensors were incubated in KB buffer for 45s. The first
association step was performed in 125 nM Hise-tagged RNF43 for 300 s and for the second
association step 125 nM respective antigen was used for 600 s. Respective controls and reference

measurements were included and data analysis was performed as mentioned before.

3.11.2.3 VHH-antibody conjugates

For kinetic binding analysis, a concentration of 12.5 pg/mL of parental antibodies and VHH-
antibody conjugate samples in PBS were loaded on AHC biosensor for 180 s. Then rinsed in KB for
45 s and associated with the corresponding antigen for 300 s. An antigen concentration range of
15.6 nM to 500 nM was used for rhHER2 and rhEGFR. Association was monitored for 180 s and

subsequent dissociation was performed in KB for 600 s. The association in KB was used as

51



reference value. Non-binding antigens were used for negative control. The buffer reference served
as control curve and was subtracted from sample measurement before data fitting. The Savitzky-

Golay filter and a 1:1 global full-fit binding model were utilized.

3.12  Surface plasmon resonance spectroscopy (SPR)

Binding kinetics between VHH-antibody conjugate and VHL-based PROTACs were assessed by
SPR. Therefore, antibody-VHH conjugates were immobilized onto a high-capacity amine sensor
chip (Bruker Daltonics) using the standard amine coupling method at 25°C. Prior to
immobilization, the carboxymethylated surface of the chip was activated with 200 mM 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide and 25 mM N-hydroxy succinimide for 10 min. The VHH-
conjugate variants were diluted to 10 pg/mL in 10 mM BisTris at pH 6.0. The immobilization was
performed on the activated surface chip for 3 to 7 minutes, achieving 3,000 to 9,000 response
units (RU). The remaining activated carboxymethylated groups were blocked with 1M
ethanolamine pH 8.0 in a 7 minute injection step. HBS-N, comprising 10 mM HEPES pH 7.4 and
150 mM NacCl, served as the background buffer during immobilization. PROTACs were pre-diluted
in DMSO, further diluted 1:50 in running buffer (12 mM phosphate, pH 7.4, 137 mM Nac(l, 2.7 mM
KCl, 0.05% Tween-20®, 2% DMSO0), and injected at 10 different concentrations using a two-fold
dilution series, ranging from 0.5 pM to 0.001 pM. A DMSO solvent correction (1% - 3%) was
applied to adjust for bulk signal variations and ensure data quality. Interaction analysis cycles
comprised a 300 s sample injection (30 pL/min; association phase) followed by 1800 s of buffer
flow (dissociation phase). All sensorgrams were processed by substracting the binding response
recorded from the control surface (reference flow-channel), followed by subtraction of the buffer
blank injection from the active flow-channel (target protein immobilized). All datasets were fitted
to a simple 1:1 Langmuir interaction model to determine the kinetic rate constants. The
experiments were conducted using an SPR-32 PRO instrument at 25 °C, and data analysis was

performed using the provided Sierra Analyser Software (version 3.4.5).

3.13 Conjugation methods

3.13.1 Random lysine conjugation (pHAb-dye labeling)

For pHAb-dye labeling, the Promega labeling kit was used. The conjugation of amine reactive dye
containing a succinimidyl ester group was performed according to manufacturer’s protocol.
Therefore, antibodies were prepared in 10 mM sodium bicarbonate buffer pH 8.5 using Zeba™
Spin Column and pHAb amine reactive dye was added with 20 molar excess. Afterward, the
mixture was incubated in darkness at 25 °C, 500 rpm for 1 h. Subsequently, free excess of dye was

removed by Zeba™ Spin Columns equilibrated with DPBS. Concentration of dye labeled conjugate
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and the degree of labeling were calculated as recommended by the manufacturer using UV-Vis

spectroscopy and LC-MS method.

3.13.2 Enzymatic conjugation

For site-specific enzyme conjugation, microbial transglutaminase (MTG) in 24 mM HEPES pH 7.0
formulation buffer was used. The concentration of the final antibody or scFv in the reaction
mixture was 5 mg/ml or 10 mg/ml. The linker peptide or VHH concentration used ranged from 5
to 10 molar equivalents per conjugation site. Additionally, the final MTG concentration was within
the range of 1 U/mL to 75 U/mL. Reaction mixes were incubated with 550 rpm either at 37 °C for
18 h or 30°C for 24 h and chilled to 10 °C. After incubation the reaction was stopped with 0.1 mM
final MTG blocker (Zedira) or directly purified by preparative SE-HPLC. The MTG was produced
inhouse and the enzyme activity determined via photometric assay ZediXclusive (Zedira) and

according to manufacturer’s instruction.

3.13.3 Copper-free strain-promoted azide-alkyne cycloaddition (SPAAC)

SPAAC was performed for modification of enzymatically modified antibodies and scFv variants.
Therefore, site-specifically conjugated alkyne-carrying antibodies and scFv variants equipped
with azide were mixed in the following ratio: 3 mg/mL to 5 mg/mL antibody with 1.5 molar
equivalents of scFv per conjugation site. Incubation was performed for 3 h or 24 h at 37 °C and

550 rpm and afterwards purified by preparative SE-HPLC.

3.14 Complex formation of PROTAC and VHH-antibody conjugate

Reaction to generate the complex of PROTAC and VHH-antibody conjugate was performed at
25°C, 650 rpm for 3 hours. Therefore, 10 uM final VHH-antibody conjugate was mixed with
different equivalent VHL-based PROTAC in PBS pH 7.4 + 5% DMSO. In cellular experiments, 0.3%
Tween-20® final was added to enable sample application to cells by Tecan D300e dispenser.
Sample preparation for HI-HPLC, SPR, BLI and flow cytometric analysis were performed without

addition of aqueous Tween-20®.

3.15 Determining antibody loading

3.15.1 Determination of ligand to antibody ratio — RP-HPLC

The level of ligand to antibody ratio was investigated using intact RP-HPLC. The populations of
unconjugated, one ligand, and two ligand per antibody were separated chromatographically. The
respective percentage area under the curve (AUC) from the results of the UV absorption spectrum

was used to calculate the ratio of ligand to antibody (DAR). The equation (1) sums the individual
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calculations consisting of the percentage AUC of the ligand per antibody divided by the total area

of all peaks multiplied by the respective VHH loading.

% AUC DAR 1 species % AUC DAR 2 species
%
% AUC total Ab species % AUC total Ab species

DAR =1 % (1)

3.15.2 Determination of VAR (VHH-antibody ratio) — HI-HPLC

For determination of VHH-to-antibody ratio (VAR), antibody species with individual VHH loading
were separated by HI-HPLC and analyzed using UV /VIS spectrometry. The VAR is calculated from
the sum of the weighted ratio of percental AUC multiplied by the degree of VHH represented by

that peak. The equation for VAR calculation is shown in equation (2).

2
VAR = Z % AUC * My pn @)
n=0 sumof the% AUC

3.16 Determination of complex formation between antibody and PROTAC

The complexation of VHH-conjugated antibody with PROTACs was determined using HI-HPLC.
Calculation of complexation was performed as described before. Equation (2) was modified by

replacing the degree of VHH with the degree of PROTAC (equation (3)).

Areagpg x 0 + Areapq * 1 + Areag, * 2

Complexati tio = i
omplexation ratio VAR * Areaiorq

3.16.1 Determination of DOL

The degree of labeling (DOL) value was determined using the absorption spectrum of the labeled
antibody. For this, free excess of dye was removed by gel filtration and the absorbance of the
pHADb-dye conjugated antibody was measured at 280 nm and 532 nm using NanoDrop ND 1000.
The molarity of the antibody was calculated according to equation (4) with the correction factor

(CF) for pHAD reactive dye of 0.256 and molar extinction coefficient of the antibody ().

Azgo — (As32 x CF
Antibody concentration = 280 — ( :32 ) (4)

The DOL was calculated with equation (5) using molecular weight (MW) of the antibody and the
extinction coefficient for pHAD reactive dye (¢) of 75000.

(As32 x MW of antibody)
DOL = - ; ;
Antibody concentration x €
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Cell Biological Methods

3.17 Cell cultivation

Cell suspensions were thawed rapidly in a water bath at 37 °C and mixed with 9 mL of pre-
warmed cell culture media. Following, the cell suspension was centrifuged for 5 min, 500 x g at
room temperature (RT). The supernatant was discarded, and the cell pellet was gently re-
suspended in 10 mL of pre-warmed medium. Adherent cancer cells were treated according to
standard culture conditions (37 °C, 5% CO2, 95% humidity) in tissue culture flasks of 25 cm?2 or
75 cm?. Cells were subcultured every three to four days. Prior passaging, a visual control of the
cell lines was performed using Evos FL microscope to exclude contamination, monitor the
phenotype such as shape, size, etc. and determine the confluence of the cells. Briefly, confluent cell
lines were washed using 13 mL DPBS and detached using 1 mL pre-warmed Accutase™ containing
proteolytic and collagenolytic enzymes. After incubation of 5-10 min at 37 °C, the detachment was
blocked by addition of 9 mL fresh medium. The viable cell number and cell viability were
determined using Vi-CELL™ BLU. For further cultivation, a suitable number of cells were seeded
in a new cultivation flask with fresh medium and placed in the incubator. Suspension cells

Expi293F™ were cultured in Erlenmeyer shake flasks congruent with the manufactures protocol.

3.18 Preparation of cell lysates

To analyze expression level of cellular target proteins within western blot analysis, adherent cells
were lysed, and protein concentration determined. The complete procedure was performed on
ice. Therefore, medium was removed, cells were washed with ice-cold DPBS, and lysis buffer was
added. Cells for western blot analysis of membrane bound targets were lysed with ice-cold
radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with cOmplete™ protease
inhibitor cocktail. After the incubation of 100 pL buffer per well for 20 min on ice, cells were
scraped using cell scraper and transferred to Eppendorf cups. Centrifugation for 30 min at 4 °C
and 12700 rpm was performed, and supernatant was snap frozen in liquid nitrogen. Cell lysates

were stored at -80 °C for further use.

3.19 Recombinant expression of VHH and scFv variants

The antibody fragments, scFv, and VHH were produced through transient transfection in the
Expi297F™ expression system, following the manufacturer's instructions and utilizing the
corresponding transfection kit. Cells were cultured in Expi297™ expression media from Life
Technologies, with the plasmids used in the transfection at a ratio of 1 ug per 1 ml cell culture

volume. The expression volumes varied between 50 mL and 200 mL approaches. Six days post-
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transfection, the supernatant was collected by centrifugation at 2000 rpm, 4 °C for 25 min and

sterile filtered before chromatographic purification.

3.20 Cell Binding Assay

The cellular binding experiments were performed using parental antibodies and antibody
conjugates on antigen expressing tumor cells using a flow cytometry-based assay. Cellular binding
was analyzed on two target-positive and one target-negative cancer cell lines. In general, in this
method, all steps were performed on ice, the centrifugation steps were done at 4 °C, 2000 rpm for
5 minutes using microcentrifuge and for the washing steps,100 uL cold DPBS + 1% (w/v) BSA per
well was used.

More precisely, cells were detached, and cell count of respective cancer cell lines was measured.
Following, cells were seeded in 96-well round-bottom microplate with 10000 cells/well. After
centrifugation, supernatant was removed, and cells were washed twice. Analytes were then added
in 1:2 dilution series, with a starting concentration approximately 100-fold higher than the
obtained Kp values. The incubation step was for 1 h on ice to prevent internalization. The plate
was then centrifuged and washed twice. The second labeling step was performed with AF488-
labeled antibodies targeting the analyte (IgG-scFv conjugates: #109-546-008, antibody-VHH
conjugates: #109-547-003, Jackson ImmunoResearch). The concentration ranged between
300 nM and 500 nM, with triple molar excess based on the molar concentration of the analyte.
Cells were incubated for 30 min on ice in absence of light, washed twice, centrifuged and the
resulting cell pellets resuspended in 200 pL DPBS + 1% (w/v) BSA containing Sytox Red™ (1:000).
After a further incubation of 15 min the plate was transferred to Attune™ NxT flow cytometer and
fluorescence of cells was analyzed (30000 counts/well). The fluorescence signal was analyzed
with emission filter 670/14 nm for Sytox Red™ (Exc. 638 nm) and emission filter 530/30 nm for
AlexaFluor® (Exc. 488 nm). In the direct staining experiment, VHL-Cy5 was complexed with
antibody-VHH conjugates. Therefore, the antibody samples were mixed with VHL-Cy5 in molar
equivalent ratio and incubated for 2 hours at 25 °C and 650 rpm in PBS + 5% DMSO. Samples were
protected from light. Subsequently, samples were desalted via Zeba™ Spin Desalting Column
7K MWCO. Further, procedure was as described before: cells were seeded in 96-well plates,
washed twice and incubated with 100 nM analyte for 60 min on ice and protected from light. After
two washing steps, cells were taken up in 200 uL DPBS + 1% (w/v) BSA containing Sytox Green™
(1:000). Fluorescence signal was analyzed with emission filter 670/14 nm for Cy5 (Exc. 651 nm)

plus emission filter 530/30 nm and Sytox Green™ (Exc. 504 nm).
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3.21 Immunofluorescence Assay

The protein degradation experiments were performed with antibody-VHH conjugates and
controls on SKBR3 cells using an immunofluorescence (IF) assay. Cells were seeded in 96-well
plates and treated at 70-90% cell confluency. Protein level were generally analyzed 24 hours after
treatment on target positive cells treated with antibody-VHH conjugates, isotype control and
respective negative controls. After incubation, three washing steps with DPBS were performed.
Binding reagents were diluted in 3% (w/v) BSA in DPBS pH 7.4, with final concentrations of
15.3 nM primary antibody, 32.9 nM secondary antibody and 8.12 pM Hoechst 33342 dye.
Triton X-100, formaldehyde and sodium azide were diluted in DPBS.

The IF assay was performed according to the following procedure. The media was removed, and
cells were washed with DPBS. Fixation was performed by incubation with 2% (v/v) formaldehyde
solution for 15 minutes, after washing cells were permeabilizated with 0.2% Triton X-100 for
10 minutes. The cells were blocked at RT for 60 minutes with 3% (w/v) BSA in DPBS and
incubated overnight at 4°C with the respective primary antibody. Following the staining with
secondary antibody was performed for 120 minutes and Hoechst 33342 staining for 90 minutes,
both in the dark and at room temperature. For long-term storage, 0.1% (v/v) sodium azide in
DPBS was added. Analysis was performed using the Cell Imaging Multimode Reader Cytation 5
(BioTek/Agilent) with 10x objective, GFP channel with Exc. 469 nm and Em. 525 nm, integration
time of 42 msec, camera gain 24 and led intensity 10. The DAPI settings included a 10x objective,
a DAPI channel with Exc. 377 nm and Em. 447 nm, integration time of 5 msec, camera gain 17 and
led intensity 10. Image processing was performed using BioTek gen5 software. Data analysis was
performed by normalizing the fluorescence intensity of each image to the final cell count obtained
by DAPI staining. GFP fluorescence intensity was subtracted using the fluorescence signal of the
media control samples. The BRD4 level was observed after 24 hour treatment of PROATC,
PROTAC-loaded conjugates or the respective negative controls. Further, as reference untreated

cells were used. Staining with secondary antibody only was used to exclude unspecific binding.

3.22 Internalization Assay

Internalization of parental antibodies and VHH-antibody conjugates was studied via live-cell
imaging. The cells were centrifuged at 2000 rpm for 5 min, supernatant was discarded, and cells
resuspended in respective medium. Cell suspension (10000 cells/well) were seeded in black 384-
well plate with pClear bottom (Greiner) and cultivated overnight under standard conditions (see
section 3.17). The antibodies labeled with pHAb-dye were mixed with a final concentration of
0.3% Tween-20, diluted to 3 uM and applied to the cells at a final concentration of 100 nM using

the Tecan D300e digital dispenser. Analysis was performed using Cell Imaging Multimode Reader
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Cytation 5 (BioTek/Agilent) including 10x objective, RPF channel with Exc. 531 nm and Em.
593 nm, integration time of 14 msec, camera gain 24 and led intensity 10. For brightfield images,
the following settings were used: 10x objective, integration time 9 msec, camera gain 24 and led
intensity 5. Images were acquired every 30 min for 24 h, cell cultivation during the experiment
was conducted in BioSpa 8 device. After the final set of images, 1 pg/mL Hoechst 33342 dye was
added using Tecan D300e dispenser to obtain an additional endpoint image for determination of
cell count by nuclear staining. The DAPI settings included a 10x objective, DAPI channel with
Exc. 377 nm and Em. 447 nm, integration time of 5 msec, camera gain 18 and led intensity 5.
Image processing was performed using BioTek gen5 software. Data analysis was performed by
normalizing the fluorescence intensity of each image to the final cell count obtained by DAPI
staining. The background signal was subtracted from the fluorescence signal of the zero hour
sample. Normalized intensities were then divided by DOL of the pHAb-dye of each construct and
plotted against the time. Internalization rates were obtained by linear regression of the data using

GraphPad Prism (GraphPad Software, Inc.).

3.23 Cell Viability Assay

Cytotoxicity assay was performed to evaluate cell viability after treatment with PROTAC-
complexed antibody-VHH conjugates and corresponding controls. Therefore, cancer cells were
seeded in the respective medium in white 384-well plates (2000 viable cells/well), followed by
incubation overnight at 37 °C and 5% CO.. Complexation of antibody-VHH conjugates with
different PROTACs was performed the next day and as described in section 3.14. Analytes were
added to the cells in 1:2 or 1:10 dilution series, starting at 100 nM using Tecan D300e dispenser.
Final concentrations of 0.003% Tween-20 and 0.05% DMSO were adjusted with 0.3% Tween-20
in PBS pH 7.4 and DMSO stock solution. Normalization of the application volume was performed
for each well. After addition of analyte, the cells were incubated at 37 °C and 5% CO». Analysis
using CellTiter Glo® reagent was performed after three or six days as described in the
manufacturer’s protocol. The luminescence signal was measured with Envision reader (Perkin
Elmer). Luminescence values were normalized to the luminescence of untreated cells, and a slope
sigmoidal response fit model was used for data analysis. The calculation and displayed dose-

response curves were plotted using GraphPad Prism (GraphPad Software, Inc.).
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4 Results

The following results section is subdivided into two chapters. The first chapter describes the
selective cellular delivery of PROTACs through a modular conjugation-based approach, which was
partially published in "Welding PROxAb Shuttles: A modular approach for generating bispecific
antibodies via site-specific protein-protein conjugation".181 The second chapter describes the
results of the modular approach for the generation of bispecific antibodies for the recruitment of

cell surface proteins and a transmembrane E3 ligase.

Chapter 1: Selective cellular delivery of PROTACs using a
modular conjugation-based approach.

4.1 Design and generation of VHH for selective PROTAC delivery

The subsequent chapter focuses on the structural composition and properties of the VHH used for

the direct conjugation, and details its generation, purification and analytical characterization.

4.1.1 VHH protein design to enable direct conjugation via MTG

Non-covalent PROTAC-antibody complex formation enables selective delivery of PROTACs into
tumor cells, as demonstrated in the PROxAb shuttle approach and previously fully described in
1.6.2.1.160 [gG antibodies are employed to target tumor-associated antigens which were fused with
VHHs. The VHHs were selectively able to bind to the E3 ligase-recruiting subunit of PROTACs, thus
enabling non-covalent drug delivery. The PROTAC-binding VHH is called 'MIC7’, and it binds with
high affinity to the E3 ligase VHL recruiting domain of PROTACs, VH032.1¢0 The PROTAC and
MIC7-based antibody-fusion protein incubation enables complex formation within hours and
induced degradation of the PROTAC target protein in cells expressing the antibody target on the
surface. While the most prevalent method for generating bispecific antibodies involves different
engineering technologies, it has limitations in terms of modularity, as each bsAb must be
manufactured individually.182 However, the recent advancement of various chemical conjugation
strategies in the ADC field has introduced new prospects for the chemical production of bispecific
antibodies, offering modular platforms for screening. Therefore, biochemical conjugation of
PROTAC-binding VHH to commercially available antibodies was envisioned to expand the
modularity and flexibility of this strategy. This converts non-engineered antibodies into bispecific
antibody-based PROTAC shuttles, enabling the rapid screening of antibody-PROTAC
combinations. Out of the available technologies for site-specific conjugation of native antibodies,

we opted for enzymatic coupling using microbial transglutaminase (MTG).
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While MTG is known to catalyze iso-peptide bond formation between glutamines and acyl
acceptor substrates, it was previously demonstrated that specific MTGs can address Q295 in the
HC of native IgG-based antibodies.”® To apply the modular MTG-mediated conjugation approach
for antibody VHH coupling, MIC7 was modified with an N-terminal triple-glycine (Gz) motif and
termed 'G3-MIC7'. The introduction of the spacer sequence and conjugation tag (for detailed
sequence information reader is referred to chapter 2.3) increased the molecular weight to
15.32 kDa and the pl value shifted from 7.11 to 5.24. The resulting conjugates exhibited equivalent
binding and internalization characteristics compared to the parental antibodies. Exposure to
PROTACs resulted in the formation of stable complexes that facilitated targeted protein

degradation and cell cytotoxicity selectively in target cells exclusively.

(A)

Conjugated Antibody-based

Antibody Antibody-MIC7 PROTAC deliverer

Cancer
Target cell

receptor

Figure 11 Modular approach to generate bispecific PROTAC-binding antibodies using bioconjugation. (A) Process for
generating an antibody-MIC7 conjugate loaded with PROTAC to enable (B) target receptor-mediated binding and
internalization of complexed PROTACs. Figure adapted from Lehmann et a/.182,

4.1.2 Expression, purification, and characterization of PROTAC-binding VHH Gs-
MIC7

The VHH ‘G3-MIC7’ was produced in mammalian Expi297F cells and purified using protein A
affinity chromatography with an Amsphere™ A3 column followed by a desalting step. During
purification, protein elution from the Amsphere™ A3 column was initiated by isocratic sodium
acetate pH 3.0 gradient (chromatogram shown in Figure S 1 (A)) and eluted fractions were
directly buffer exchanged using a desalting column. The final protein was collected in 1.5 mL
fractions, and the purity was determined using non-reducing SDS-PAGE. Additionally, samples
from each purification step were loaded (Figure S 1 (B)). Protein concentration was measured
using UV spectroscopy with NanoDrop. The protein yield was 16.4 mg per liter culture volume.
Analytical SE-HPLC was used to determine the final purity of the protein, which was 98% at a
concentration of 13.95 mg/mL (Figure S 1 (C)) and remained unchanged after freeze-thaw cycle.
To assess the binding capability of the expressed VHH to PROTAC, G3-MIC7 and GNE987 were
mixed, and complex formation was analyzed by Hydrophobic Interaction Chromatography (HI-
HPLC). The G3-MIC7 was complexed with one molar equivalent GNE987 for three hours at room
temperature. GNE987, a highly hydrophobic molecule with a logK of 2.08 165, caused a shift in
retention time of loaded VHH. This shift indicated the formation of 90% G3-MIC7+GNE987
complex (Figure 12).
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Figure 12 Chromatogram of analytical HI-HPLC. Overlay of the UV-absorption signals of G3-MIC7 (black) and PROTAC-loaded
G3-MIC7 (blue). 10.9% unloaded G3-MIC7 at retention time 8.89 min and 89.1% of Gs-MIC7+GNE987 at retention time
11.21 min were detected.

4.2 Site-specific conjugation of VHH 'G3-MIC7' to native IgG1-based antibodies

In this chapter, the enzyme-mediated conjugation of monospecific antibodies with VHHs to

produce bispecific antibody scaffolds is examined.

4.2.1 Evaluation of MTG-mediated conjugation of G3-MIC7 to Trastuzumab

Site-specific homogenous conjugation through enzymatic transamination between the primary
amine of the N-terminal linker attached to G3-MIC7 and the side chain of glutamine 295 of
Trastuzumab (Ttz) was catalyzed by MTG. Ttz was used as tool antibody in the course of this work
to evaluate and optimize MTG-mediated conjugation of VHH to antibodies. In general, a reaction
mixture with final concentrations of 5 mg/mL Ttz, buffer and 10 molar equivalents G3-MIC7 was
prepared. The reaction was initiated by adding 10 U/mL MTG and after 24 hours of shaking at
30 °C, the reaction was stopped using enzyme inhibitor C102 (Zedira) 0.1 mM final. The MTG
activity was previously determined using the Zedira activity kit.

To assess side reactions such as crosslinking of reactants, separate control reactions were
performed with either 5 mg/mL Ttz or G3-MIC7 mixed with 10 U/mL MTG. The reactions were
semi-quantitatively analyzed using reduced SDS-PAGE. The analysis revealed the presence of one
VHH per heavy chain (65 kDa) in the reaction mixture (Figure 13, lane 7). Notably, no cross-
linking was observed in the control reactions, here lanes showed bands of the individual
components under reduced conditions, including antibody light chain at 25 kDa and heavy chain
at 50 kDa, the VHH at 15 kDa and MTG at 38 kDa. To provide reference samples, individual
components and MTG-incubated parent molecules were analyzed separately. In addition, a
conjugation reaction with Gz-tag-free MIC7 was performed under the same reaction conditions to

verify the MTG recognition side, the data are shown in the appendix in Figure S 8.
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Figure 13 Semi-quantitative analysis of MTG-mediated conjugation. 4-12% Bis-Tris SDS-PAGE gel showing reduced reaction
mixes and respective controls. As expected, bands of parental antibody appear at 25 kDa (LC) and 50 kDa (HC) and free excess
of G3-MIC7 appears at approx. 15 kDa and MTG at 38 kDa. No cross-linking was observed between Ttz and MTG or G3-MIC7
and MTG. Within the reaction mixture (lane 7), a shift of the heavy chain band towards 65 kDa is visible. The Precision Plus
Protein™ Unstained Standard was used as the marker for size estimation. Figure adapted from Lehmann et al.181.

Further, the conjugation of VHH, antibody and MTG were varied to establish a relationship
between concentration and conjugation result in order to optimize the yield. To evaluate the
conjugation efficiency, the VHH-to-antibody ratio (VAR) was determined using LC-MS analysis. A
clear correlation was found. With increasing concentration of enzyme MTG, a higher conjugation
efficiency was obtained (Table 1). Similar results were obtained with increasing antibody
concentration, the VAR value increased. Highest VAR values were obtained with increasing molar

equivalents (molar eq.) up to 10 VHH per antibody.

Table 1 Evaluation of different reaction conditions for increasing conjugation efficiency. Studies were performed by keeping
two concentrations of the reaction components constant and varying one. The VHH-to-antibody ratio (VAR) represents the
conjugation efficiency determined by LC-MS.

Antibody conc. VHH [molar eq.] Enzyme amount [U/mL] VAR
3 2 3 0.85
3 5 0.94
3 2 10 1.03
3 2 10 0.86
5 2 10 1.01
5 6 10 1.75
5 10 10 1.88
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4.2.2 Generation of bispecific antibody-VHH conjugates via MTG

In this study, antibody-VHH conjugates were generated in preparative scale based on antibodies
targeting human epidermal growth factor 2 (HER2), human epidermal growth factor receptor
(EGFR) and digoxigenin (DIG). The VHH used for coupling with these antibodies was G3-MIC7, as
described previously. The resulting conjugates were named based on the connection of the
respective antibody with G3-MIC7, such as Ttz-MIC7 for Trastuzumab-MIC7, Ctx-MIC7 for
Cetuximab-MIC7, and aDIG-MIC7 for anti-digoxigenin antibody-MIC7.

The conjugation reactions between G3-MIC7 and the respective antibodies were performed
following the conditions identified in section 4.2.1. Subsequently, the reaction mixes were purified
and characterized. Purification was done using preparative SEC with PBS buffer pH 7.4, at a flow
rate of 0.35 mL/min, and peak collection in 0.5 mL fractions. An exemplary chromatogram
illustrating the purification process is shown in Figure 14. Figure S 2 shows the chromatogram of
preparative SEC purification of Ctx-MIC7 and aDIG-MIC7.

A) 3200
(A) 3000 Ttz/ Ttz-MICT —

2800 1800
ry q ™ MTGand - f\ | -— Ttz-MIC7
2400, / |

(B) 2000

» f free MIC7

2200 \ 14004

1800 ’ \

1600 ?D(‘C 1

w00

1200 .l |
1000 , 500 I
s00 |

0. | | WI 4004 \

a0 Aggregates —— || AR 200 i\ _/L
L ~ \ S \ W\
— ~—— . 0

RN TR PR R P T T 02505075 1 12515175 20525275 3 32535375 4 43545475 3 52555575 6 62565675 1
A

Irmin) o i)
(c) 100 - i
- Ttz /"_'
1600 —] i
ié b @ g — TtzMIC7 . @g
1400 I 0a1 | —
1200 e % 1200 il — %
1000 1000 1
: \ 3 ‘\ }
800 (! 500 |
500 | |
400 \ 400 [ N
l | )
| i\ RPN -

o phe—— i — ~ 0 .
05 1 15 2 25 3 35 4 45 5 55 & 65 7 75 6 85 5 95 1 05 1 s 02 HEEEEEEEEEEEEEEEEEERK]

(D) o0 —

— Ttz-MIC7

Figure 14 Chromatograms of Ttz-MIC7 preparation and analysis. (A) Chromatogram of preparative SEC. The probe was
injected onto a SEC column. Sample was separated by an isocratic gradient in target peak (Ttz/ Ttz-MIC7), HMW, excess Gs-
MIC7 and MTG. (B) Chromatogram of analytical SE-HPLC. Overlay of the UV-absorption signals of blue, the Ttz and black, the
purified Ttz-MIC7. The shift towards higher molecular weight is in the expected range but does not indicate formation of
further multimeric species. (C) RP-HPLC chromatogram of purified Ttz-MIC7. Overlay of the UV-absorption signals of the Ttz
and the purified Ttz-MIC7. No unconjugated mAb at retention time 3.85 min, 16.1% of VAR 1 species at retention time
4.10 min and VAR 2 species at retention time 4.19 min were detected. This reaction had an overall VAR of 1.80 (D)
Chromatogram of HI-HPLC analysis. Overlay of the UV-absorption signals of Ttz and the purified Ttz-MIC7. Purified Ttz-MIC7
analysis revealed final VAR of 1.72. Figure adapted from Lehmann et al.18%,

After concentration and sterile filtration, the resulting purified Ttz-MIC7 conjugate was analyzed
by analytical chromatography (Figure 14). Characterization included the determination of
monomeric content by SE-HPLC, and VAR determination using RP-HPLC and HI-HPLC. For VAR
determination, the obtained chromatogram was used to separate species with different numbers
of VHH conjugated from unreacted antibody. The VAR was calculated by assigning weighted area-

under-the-curve values to each species and using the equation (2) (as described in section 3.15.2).
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Additionally, LC-MS analysis confirmed VAR values (Figure S 2). Homogeneous Ttz-MIC7
conjugates with VAR > 1.72 were generated with a monomer content of 99% and a yield of 87.3%.
In addition to that, G3-MIC7 was conjugated to EGFR targeting antibody Ctx and digoxigenin
targeting antibody aDIG. The resulting conjugates were prepared in good yields of 72.8% and
79.5% respectively. While VAR of 1.84 was achieved in the preparation of Ctx-MIC7, the
preparation aDIG-MIC7 yielded VAR of 1.76. The monomeric content was high with values of

>99%,. The characterization results are summarized in Table 2.

Table 2 Upscaling conjugation of G3-MIC7 to different antibodies using MTG. Chromatographic analysis, including SE-HPLC,
allowed determination of the highest final purity and VAR determination was performed using RP-HPLC, HI-HPLC and LC-MS.
Percent yield was calculated by m(conjugate)/m(parental mAb)*100.

Antibody Yield [%] Purity [%] VARrec  VARuic  VARwmsesi  VARwmean

Ttz-MIC7 87.3 99.6 1.80 1.72 1.72 1.74

Ctx-MIC7 72.8 99.5 1.82 1.84 1.90 1.84
aDIG-MIC7 79.5 99.7 1.81 1.73 1.76 1.76

4.2.3 Modularity of MTG-mediated conjugation of Gs3-MIC7 proven by
conjugation to several IgG-based antibodies

This chapter focuses on the applicability of the modular approach of conjugating VHH to
antibodies with MTG. Several VHH-coupled conjugates were generated based on commercially
available IgG1l antibodies with glutamine 295 located in the Fc region. The antibodies for

generation of conjugated antibody-MIC7 were summarized in Table 3.

Table 3 Conjugation MIC7 VHH to several native mAbs to verify modular approach and confirm of conjugation site. Gs-
MIC7 was conjugated using MTG and reaction mixes were analyzed using LC-MS and SE-HPLC. Efficient conjugation with VHH-
to-antibody ratios (VAR) close to 2 and high purity was revealed. The glutamine to alanine substitution at position 295 showed
no conjugation, confirming Q295 position as selective antibody conjugation site.

Antibody VAR Monomeric content [%]
Trastuzumab 1.88 97.8
Trastuzumab Q295A LC-Qtag 1.86 93.1
Trastuzumab Q295A 0.0 98.5
Cetuximab PG-LALA 1.98 97.6
Cetuximab 1.97 97.2
Matuzumab 1.91 96.7
Atezolizumab 1.62 98.0
Avelumab 1.96 97.4
Pertuzumab 1.93 97.4
Rituximab 1.95 96.4
aDIG IgG1 1.84 97.4
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The conjugation of Gz-MIC7 to IgG1-based antibodies was performed according to the conditions
described in section 4.2.1, involving an analytical scale reaction mediated by MTG and stopped by
addition of 0.1 mM final concentration C102. The reaction mixes were analyzed by gel
electrophoresis (Figure S 5), SE-HPLC and ESI-MS (Figure S 6 and Figure S 7). Successful
conjugation of G3-MIC7 with Q295-bearing antibodies was observed, with the lowest VAR value
of 1.62 among the tested antibodies for Atezolizumab (Table 3). Variants of Cetuximab, including
the native form and the PG-LALA mutated form, exhibited VAR of 1.97 and 1.98, respectively.
Moreover, the antibodies Matuzumab, Avelumab, Pertuzumab, and Rituximab had VAR values

greater than 1.91, accompanied by a monomeric content of at least 96%.

4.3 Biophysical characterization of antibody-VHH conjugates

After successful conjugation, the antibody-VHH conjugates were evaluated for the antibody-
antigen binding and interaction between anti-PROTAC antibody MIC7 and PROTACs. Additionally,
the investigation included evaluation of the cell receptor binding and the observation of antibody-

mediated internalization.

4.3.1 Soluble antigen binding kinetics

The equilibrium dissociation constant (Kp) based on the association (kon) and dissociation rate
(kotr) were determined for antibody-VHH conjugates and parental antibodies by biolayer
interferometry (BLI) on the Octet RED96 system. Briefly, anti-human Fc (AHC) biosensor tips
were loaded with parental antibodies and conjugates at approximately 12.5 ug/mL. As isotype
control, a aDIG-MIC7 was used. Kinetic data sets were fitted using 1:1 Langmuir binding model
using Octet data analysis software with Savitzky-Golay filtering. Association and dissociation of
recombinant human (rh) HER2 or rhEGFR were monitored. The fitted curves of conjugates and

antibodies were shown in Figure S 9, while the kinetic parameters are summarized in Table 4.

Table 4 Binding kinetics of conjugates and parental antibodies against respective soluble antigen.

Antibody Antigen Kp [M] Kon [M -15-1] Kott [s 1]

Ttz-MIC7 rhHER2 2.2x10° 8.0x10¢ 1.7x10
Ttz rhHER2 2.5x10° 7.8x104 1.9x10+

Ctx-MIC7 rhEGFR 7.2x10° 1.8x105 1.3x10-3
Ctx rhEGFR 6.2x10° 1.9x105 1.2x10-3

BLI measurements revealed binding affinities in the single-digit nanomolar range, with minimal
differences in binding affinities between Ttz and Ttz-MIC7 towards rhHER2, as well as between

Ctx and Ctx-MIC7 towards rhEGFR. The data confirmed that conjugation of Ttz and Ctx with MIC7
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did not alter the kinetic soluble receptor binding profiles. Respective controls showed no

unspecific antigen binding or biosensor loading.

4.3.2 Kinetics of complex formation between antibody-MIC7 conjugates and
PROTACs

To study the binding kinetic between conjugated G3-MIC7 and PROTAC, surface plasmon
resonance (SPR) analysis was performed. SPR is a label-free optical technique to investigate
molecular interactions between proteins and small molecules. Briefly, Ttz-MIC7 and Ctx-MIC7
conjugates and parent antibodies were immobilized and serial dilutions of different VH032-based
PROTACs were injected and flowed along the surface. SPR measurements revealed that
conjugated VHH interacted with each tested PROTAC in single-digit to sub-nanomolar range
independent of the coupled antibody backbone (Ttz-MIC7 or Ctx-MIC7). Moreover, the
measurements showed similar Kp to previously published binding affinities of MIC7 and PROTAC,
suggesting that conjugation of MIC7 to native antibodies did not alter PROTAC binding behavior
(Table 5 and Figure S 10). The parental antibodies Ttz and Ctx showed no unspecific binding up

to a concentration of 0.5 uM.

Table 5 Binding affinities of conjugated VHH G3-MIC7 to PROTACs GNE987, GNE987P and ARV771. *no binding detected up
to a tested concentration of 0.5 uM. *determined off-rates are outside of instrument specifications and were therefore
reported as ko < 0.0001 1/s; reported KD values are estimated by an assumption of kon > 1.0 x 105 [1/(M*s)]. *n.d. — not
determined as koff is not measured unambiguously.

Antibody PROTAC K, [M] kon [1/(M*s)] Kof [1/5]
GNE987 <1.0x10"" n.d.$ <1.0x10**

Ttz-MIC7 GNE987P 3.82x10 " 7.09x 10° 1.59x 10
ARV771 2.19x 10" 1.83x10° 4.19x 10*
GNE987 <1.0x10"" n.d.$ <1.0x10**

Ctx-MIC7 GNE987P 3.83x10 0 4.97 x 10° 1.91x10*
ARV771 235x 10" 2.29x10° 5.04 x 10"

Trastuzumab GNE987, GNE987P, ARV771 no binding*
Cetuximab GNE987, GNE987P, ARV771 no binding”

4.3.3 Cellular binding of antibody-MIC7 conjugates and respective controls

As previously described, the Ttz-MIC7 conjugate exhibited desirable binding characteristics, with
high affinities for its specific targets HER2 and PROTAC. Hence, the subsequent step involved

analyzing whether the binding of soluble protein could be translated into functional binding of the
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target receptor on cancer cells. Selective binding of cell surface receptor was assessed by flow
cytometry. Cell lines were selected based on varying levels of HER2 receptor expression (HER 2pigh:
SKBR3 > BT474 > MDA-MB-435).183 HER2-binding variants Ttz-MIC7 and Ttz, were tested at
concentration of 100 nM on two HERZyn expression cell lines (SKBR3 and BT474) and one
HER2iow (MDA-MB-435). Controls were included, such as an isotype control antibody (aDIG-
MIC7), unstained cells, and cells treated only with AF488-labeled detection antibody, to account
for cellular autofluorescence. Histograms for relative cell surface HER2 labeling intensities are

depicted in Figure 15.

SKBR3 (HERZ) BT474 (HER2,,) MDA-MB-435 (HER2,,,)
. '1“ L I L Legend:
\ | = Ttz

- i - | " Ttz-MIC7
‘E 0 30 I
=) | | T 2
Q = Cells only
Q

Relative fluorescence

Figure 15 Cellular binding of Ttz-MIC7, Ttz and reference molecules to different HER2 expressing cell lines. The HER2-
targeting antibodies and references selectively bind to HER2 overexpressing cell lines, SKBR3 and BT474. A slight binding was
observed to HER2j,y cells MDA-MB-435. The experimental procedure included incubation of cells at a concentration of
100 nM for each treatment condition for 60 min at 4 °C. After incubation, cells were washed twice with DPBS + 1% (w/v) BSA
and then incubated for 30 min in the dark at 4 °C with 500 nM AF488-labeled detection antibody. After two further washes
with DPBS + 1% (w/v) BSA, the fluorescence intensity was measured by flow cytometry. Figure adapted from Lehmann et
al.18,

Ttz-MIC7 exhibited strong cellular binding to HER2 overexpressing cell lines BT474 and SKBR3,
comparable to the unconjugated Ttz variant. However, reduced binding was observed for HER2jow
MDA-MB-435 cells with both Ttz-MIC7 and Ttz. This binding behavior generally correlated with
higher expression of the target on the cell surface. Importantly, reduced cellular binding of the
isotype control aDIG-MIC7 was detected, indicating the absence of non-specific binding effects.

To further investigate the binding behavior, an additional experiment was performed that studied
the binding in relation to MIC7 loading. Therefore, cancer cells were treated with pre-complexed
Ttz-MIC7 and aDIG-MIC7 loaded with the fluorogenic probe VHL-Cy5, consisting of the VHL ligand
VHO032 and the fluorophore Cy5. Unbound ligands were removed from the complex mixtures via
Zeba™ Spin Column prior the flow cytometry analysis. Flow cytometric analysis confirmed
binding of VHL-Cy5-complexed Ttz-MIC7 to the cells in a receptor expression-dependent manner.
This further supports that VHH conjugation and VHH loading with VHL-ligand containing small

molecules does not impact antibody receptor binding (Figure S 11).
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4.3.4 Cellular uptake of antibody-MIC7 conjugates and respective controls

Besides selective binding, internalization and intracellular release of the drug are further
important factors for antibody based PROTAC delivery. To explore whether VHH conjugation
impacts antibody-mediated internalization, cellular uptake was investigated. Therefore, all HER2
binding variants and the isotype control were labeled with pH-sensitive fluorescent dye (pHAb-
dye). Under neutral pH conditions, the pHAb-dye exhibits minimal fluorescence. However, in the
acidic pH environment typically found in endosomal and lysosomal vesicles, the fluorescence
intensity significantly increases. This property enables detection of molecules that have
specifically accumulated intracellularly in the endosomal and lysosomal compartments. The
pHAD-dye structure contains a succinimidyl ester group that enabled coupling to lysine residues
of antibodies (Figure S 12). To investigate cellular uptake, Ttz, Ttz-MIC7, and aDIG-MIC7 were
labeled using random lysine coupling with a pHAb dye, following the manufacturer's protocol. To
compare the fluorescence signals between constructs labeled with pHAD dye, it is necessary to
normalize the signals by considering the different number of attached pHAb dye molecules.
Therefore, the labeling ratio was determined by LC-MS and UV spectroscopy and the degree of
pHAb-dye labeling (DOL) was determined based on the specific pHAb absorbance at 535 nm
(Figure S 12). A detailed experimental procedure for measuring and calculating the DOL can be

found in the method section 3.13.1.

Table 6 pHAb-dye labeled constructs generated for internalization studies. The labeling of the constructs was achieved
through random lysine conjugation. The DOL values, determined via LC-MS, correspond to the quantity of pHAb-dyes
conjugated to each antibody.

Antibody Degree-of-labeling (DOL)
Ttz-MIC7 6.7
aDIG-MIC7 9.3
Ttz 6.5

Table 6 summarizes the generated pHAb-dye labeled conjugates. Comparable DOL were achieved
for Ttz and Ttz-MIC7, the isotype control aDIG-MIC7 showed higher dye content. This was

considered in the final calculation to ensure appropriate normalization.
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Figure 16 Receptor-mediated internalization of pHAb-dye labeled constructs in HER2 expressing cell lines. (A) Intracellular
accumulation of Ttz-MIC7 in BT474, SKBR3 and MDA-MB-435 cancer cells were presented as an example for selected time
points. The cells were incubated at 37 °C, 80% humidity and 5% CO, with 100 nM pHAb-dye labeled Ttz-MIC7. Images of the
cells in the RFP channel (Exc. 531 nm, Em. 593 nm) were recorded every 30 min for 24 h using a cell imaging reader. (B) The
time series images demonstrated an increase in cellular uptake for HER2-binding constructs. The fluorescence intensity was
normalized based on both the cell number and the pHAb-dye DOL value of each construct.
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To evaluate the selective uptake of antibody-based PROTAC shuttle, pHAb-dye labeled conjugates,
Ttz, Ttz-MIC7 and aDIG-MIC7 were tested on HER2,,s (SKBR3, BT474) and HER2ow (MDA-MB-
435) cell lines. The parental antibody Ttz served as reference, while aDIG-MIC7 was used as
isotype control. The pHAb-dye labeled constructs were incubated on adherently grown cells, that
reached 70-80% confluency, and the pHAb-dye related fluorescence was continuously monitored
over a 24-hour incubation period. Subsequently, the cell nuclei were stained, and cell counts were
conducted using software assistance. The fluorescence intensity of the images obtained from
pHAb-labeled constructs was normalized to the pHAb-dye DOL and the cell count. The kinetics of
cellular uptake were determined by plotting the normalized fluorescence signal of the pHAb-dye
against time (Figure 16(B)). The HER2-targeting conjugates, Ttz and Ttz-MIC7, showed selective
intracellular accumulation, indicating intact receptor-mediated uptake and intracellular
trafficking to the endosomal and lysosomal compartments (Figure 16 (A)). The fluorescence
signal was detected in SKBR3 cells after approximately seven hours and in BT474 cells after
around 12 hours (Figure 16 (B)). Importantly, no difference was observed in the internalization
kinetics between unconjugated and VHH-coupled antibodies, Ttz and Ttz-MIC7, respectively. No
cellular uptake was observed in HERZ,w MDA-MB-435 cells. Additionally, no fluorescence signal
was detected for isotype control aDIG-MIC7 treated cells (Figure 16 (B), data set: filled triangle).

4.4 Chromatographical analysis of PROTAC loading and evaluation of complex
formation

The binding of VH032-based PROTACs, namely GNE987 and GNE987P, by MIC7 VHH is required

for selective delivery of the PROTAC to receptor-expressing cells and subsequent degradation of
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the target. Detailed confirmation of the binding affinity between MIC7 and VH032-based PROTACs
can be found in section 4.3.2. To analyze the formation of complexes between PROTAC and
antibody-MIC7 conjugate prior to cell treatment, HI-HPLC was used. Therefore, GNE987 and
GNE987P were complexed with Ttz-MIC7, Ctx-MIC7 and aDIG-MIC7. The complex formation was
achieved by incubating 3.5 mg/mL of antibody-VHH conjugate with 0.5, 1 or 2 molar equivalents
PROTAC per binding site in PBS pH 7.4. The incubation was performed at room temperature with
continuous shaking for 3 hours. To determine the PROTAC-to-VHH ratio after complexation, HI-
HPLC analysis was performed.

Areagy * 1 + Areag, *1 + Area gy * 2 (6)
VAR * Areaiota;

Loading ef ficiency =

Equation (6) was utilized to calculate the loading percentage, considering the VAR (VHH-to-
antibody ratio). While Areagro is the range referred to Ttz-MIC7 without any bound PROTAC, Arear:
the area of the range referred to Ttz-MIC7 with 1 PROTAC molecule and Areag; to the area of the
range referred to Ttz-MIC7 with 2 PROTAC molecules. VAR is the VHH-to-antibody ratio, and

areaoral the total area of all peaks in the chromatogram.
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Figure 17 Generation of Ttz-MIC7 PROTAC complexes. Incubation of Ttz-MIC7 with GNE987 at molar ratios of 1:0.5, 1:1 to
1:2 followed by monitoring of complex formation via HI-HPLC. RO, R1 and R2 indicate the ratio elution range corresponding
to conjugates loaded with 0, 1, or 2 PROTACs, respectively. Figure adapted from Lehmann et a/.18!

Figure 17 presents an overlay of HI-HPLC chromatograms, showcasing GNE987-loaded Ttz-MIC7
and the corresponding unloaded und parental control samples. The HI-HPLC analysis was
employed to visualize the outcome of the complexation reaction of GNE987 at molar ratios of

1:0.5, 1:1 and 1:2. As the loading of GNE987 increased, there was a noticeable elevation in overall
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hydrophobicity, reflected by an increase in retention time. The chromatograms provided evidence
of successful complex formation between GNE987 and Ttz-MIC7, with clear distinctions observed

between the loaded and unloaded variants.

Table 7 Complexation results of different PROTACs with Ttz-MIC7, Ctx-MIC7 and aDIG-MIC7. Loading efficiency was
determined for molar complexation rations of 1:2 Ttz-MIC7 to PROTAC. n.d.: not determined.

Parental mAb-MIC7 GNE987 GNE987P
VAR : . . .-
Construct Loading efficiency [%] Loading efficiency [%]
(VHH/mAD)
Ttz-MIC7 1.72 93.6 90.2
Ctx-MIC7 1.90 72.8 n.d.
aDIG-MIC7 1.76 98.1 93.2

The results demonstrate the complexation of different PROTACs with Ttz-MIC7, Ctx-MIC7 and
aDIG-MIC7 ata 1:2 molar ratio (Table 7). When two GNE987 molecules were mixed with Ttz-MIC7
(VAR 1.72), a high loading of 96% PROTAC-to-VHH was achieved. Similarly, at the same loading
ratio, GNE987P was loaded onto Ttz-MIC7 at 90%. The complexation of GNE987P with Ctx-MIC7
(VAR 1.90) resulted in 80% PROTAC loading. Additionally, the aDIG-MIC7 conjugate (VAR 1.76)
showed nearly complete loading of GNE987 at 98% and 93% with GNE987P. Supplementary
chromatographic overlays can be found in Figure S 13, providing further evidence of successful

complex formation between the different PROTACs and the respective antibody-VHH conjugates.

4.5 Biological evaluation of PROTAC-loaded antibody-VHH conjugates

The Ttz-MIC7 conjugate, with its confirmed binding to the target receptor and receptor-mediated
internalization, has the required properties to be considered as an antibody-based PROTAC
delivery vehicle. The antibody-VHH conjugates generated in the study have the potential to deliver
VHO032-based PROTACs, improving their selectivity while maintaining their efficacy in degrading
the target protein BRD4.

4.5.1 Evaluating BRD4 degradation selectivity via targeted delivery of BRD4
PROTACs to HER2-expressing cells

To evaluate the biological activity of the generated HER2-binding conjugate, Ttz-MIC7, serial
dilution of PROTAC-loaded Ttz-MIC7 or aDIG-MIC7 were incubated on HERZ2yg, cancer cells
(SKBR3) for 24 hours. Similar treatments were performed with PROTAC or Ttz-MIC7 only as
control. Prior to treatment, Ttz-MIC7 and aDIG-MIC7 were complexed with GNE987 and GNE987P

at a molar ratio of 1:1.
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Figure 18 Targeted BRD4 degradation mediated by antibody delivery of PROTAC. (A) Degradation of BRD4 evaluated in
SKBR3 (HER2,0s) cancer cells using immunofluorescence microscopy analysis. Cells were treated with 10 nM Ttz-MIC7 or aDig-
MIC7 complexed with GNE987P at molar ratio 1:1, along with respective controls, for 24 h. Following the treatment, cells
were fixated, permeabilized and stained using primary anti-BRD4 antibody. For staining with secondary antibody an Alexa
Fluor™ 488-labeled antibody was used (green). Cell nuclei are counterstained with Hoechst 33342 dye (blue). (B) Relation
between normalized BRD4 level and different treatment concentrations. The BRD4 level was normalized to cell count and
untreated cells. Serial dilution of treatment concentrations between 0.01 and 100 nM treatment were selected and plotted,
which were performed in technical triplicates. The solid line connects the data points for the BRD4 level at respective
concentration for the antibody-based treatment, while the dotted line connects free GNE987 and GNE987P data points.

The level of BRD4, the target protein, was assessed using immunofluorescence microscopy.
Therefore, after 24-hour incubation, the cells were washed, fixed and permeabilized.
Subsequently, samples were blocked with BSA in PBS and incubated overnight with anti-BRD4
antibody. The following day, Alexa Fluor™ 488-labeled detection antibody was added, and the cell
nuclei were stained with Hoechst 33342 dye. The cell count and fluorescence intensity were
quantified using Cell Imaging Multimode Reader Cytation 5.

The signal intensities obtained from BRD4 immunofluorescence images were normalized to the
cell count. To confirm the specificity of the detection antibody, direct staining with detection
antibody alone was performed (Figure S 14). This step ensured that the observed signal was a
result of target protein binding and not due to nonspecific interactions. Experiments were
performed in technical triplicates and biological duplicates. Treatment with Ttz-MIC7 complexed
with GNE987 and GNE987P, as well as GNE987 and GNE987P alone, showed BRD4 degradation,
indicating effective receptor-mediated delivery and degradation efficiency of the PROTAC (Figure
18 (A)). In SKBR3 cells, a notable decrease in normalized BRD4 levels was observed upon
treatment with 1, 10, and 100 nM concentrations of Ttz-MIC7 + GNE987 and Ttz-MIC7 + GNE987P
(Figure 18 (B)). Similarly, treatment with GNE987 and GNE987P alone at concentrations of 10 nM
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and 100 nM resulted in a reduction in BRD4 levels. In contrast, PROTAC-loaded isotype control
aDIG-MIC7 did not induce BRD4 degradation. Furthermore, treatment with unloaded Ttz-MIC7

and Ttz alone did not show significant BRD4 degradation (Figure 18 and Figure S 14).

4.5.2 In vitro cytotoxicity of PROTAC-loaded antibody-VHH conjugates

BRD4 is a pan-essential protein, and its degradation typically leads to cell death.18¢ Therefore, it
was studied if the loaded antibody-VHH conjugates can induce pharmacological effects in in vitro
cell viability assays. Hence, an orthogonal readout was used to demonstrate selective PROTAC
delivery. HER2-targeting conjugate Ttz-MIC7 and isotype control aDIG-MIC7 were loaded with
PROTACs GNE987 and GNE987P in a molar ratio 1:1 and incubated on HERZ g cells (SKBR3 and
BT474) and HER2)o cells (MDA-MB-435) together with unloaded controls and PROTACs only. Cell
viability was evaluated six days after compound addition using the ATP-based luminescent assay
CellTiter-Glo®. The resulting luminescence signal was utilized to generate a dose-response curve,
enabling the determination of the half-maximal inhibitory concentration (ICs0) and quantification
of the potency.

In BT474 and SKBR3, a reduction of viability about 70% was observed for PROTAC-loaded Ttz-
MIC7 with ICso values in the sub-nanomolar range. In MDA-MB-435 (HERZ,w) in contrast, no or
only low cytotoxic effects was observed in the tested concentration range up to 100 nM. At the
highest GNE987P concentration, a reduction of cell viability of 80-90% was observed for all cell
lines irrespective of HER2 expression with ICso values in single digit nanomolar range. In the
control treatment with Ttz-MIC7 and Ttz, a reduction in viability of approximately 40% was
observed for HERZpig, cell lines. Further, treatment with free GNE987 resulted in a maximal
reduction in cell viability of 95% in all cell lines and to ICso values in the sub-nanomolar range
(Figure 19 and supplement Table S 1). Notably, isotype control aDIG-MIC7 loaded with GNE987P

and GNE987 did not show significant reduction in cell viability in all experiments.
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Figure 19 Dose-response curves of PROTAC-loaded Ttz-MIC7 and respective controls. HER2pgh and HER2jw cells were
treated with Ttz-MIC7 and aDig-MIC7 complexed with (A) GNE987P (molar ratio 1:1) and (B) GNE987 and control molecules.
Cells were treated for six days with serial dilution. Each curve represents the mean of technical duplicates, standard deviation
shown as error bars. Figure adapted from Lehmann et al.181.

Furthermore, EGFR-targeting Ctx-MIC7 was loaded with GNE987P in a molar ratio 1:1 and
incubated on EGFRpign (A431 and MDA-MB-468) and EGFRiow (HEPG2) cells together with
GNE987P-loaded aDIG-MIC7, unloaded Ctx-MIC7 and GNE987P only. The cell viability was
evaluated three days after initiation of treatment by quantification of ATP with CellTiter-Glo®.
As shown in Figure 20, the viability of A431 and MDA-MB-468 cells (EGFRhign) was reduced by
approximately 90% upon treatment with GNE987P-loaded Ctx-MIC7, with ICso values in the sub-
nanomolar range. In contrast, minimal to no cytotoxic effects were observed in HEPG2 cells within
the investigated concentration range of up to 100 nM. At the highest concentration of GNE987P, a
75-80% decrease in cell viability was observed, accompanied by ICso values in the nanomolar
range. Notably, the isotype control aDIG-MIC7+GNE987P did not exhibit a significant reduction in

cell viability in any of the cell lines irrespective of EGFR expression.
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Figure 20 Dose-response curves of GNE987P-loaded Ctx-MIC7 and respective controls. EGFRhigh and EGFRow cells were
treated with Ctx-MIC7 and aDig-MIC7 complexed with GNE987P (molar ratio 1:1) and control molecules. Cells were treated

for three days with serial dilution. Each curve represents the mean of biological triplicates, standard deviation shown as error
bars.

To further investigate the antibody-mediated selectivity, the toxic effect of GNE987P loaded to
unconjugated G3-MIC7 were examined. Gz-MIC7 was loaded with GNE987P in a 1:1 molar ratio
and incubated on A431, MDA-MB-468 and HEPG?2 cell lines, together with unloaded G3-MIC7 and
GNE987P only (Figure 21). Following three days of compound incubation, cell viability was
evaluated using the CellTiter-Glo®. Treatment with GNE987P induced a substantial reduction in
cell viability, with 80-90% decreases observed across all cell lines. In contrast, no cytotoxic effects

were observed for GNE987-loaded G3-MIC7 and G3-MIC7 alone up to 100 nM.
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Figure 21 Dose-response curves of GNE987P-loaded G3-MIC7 and respective controls. Cells were treated for three days with
G3-MIC7 complexed with GNE987P (molar ratio 1:1) and control molecules in serial dilution. Each curve represents the mean
of biological triplicates, standard deviation shown as error bars.
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Chapter 2: A modular approach to generate bispecific anti-
bodies recruiting cell-surface proteins and a transmembrane
E3 ligase

4.6 Design and assembly of antibody-scFv conjugates

The subsequent chapter focuses on the structural composition and properties of the scFv variants
used for MTG-mediated conjugation. Furthermore, the generation, purification and analytical

characterization of scFv variant 1 is described.

4.6.1 scFv design for MTG-mediated conjugation

In the following chapter the focus is on binding transmembrane E3 ligase RNF43 and a cell surface
receptor. The two binding units were the native IgG-based mAb for binding the cell surface
receptor of interest and a single-chain variable fragment (scFv) for recruiting the E3 ligase RNF43.
The antibody and scFv were covalently linked through chemical conjugation. The simultaneous
binding induces close proximity between RNF43 and target receptor and subsequently initiates
degradation via endosome-lysosome pathway (Figure 22 (C)). The induced degradation is caused
by the protein-protein interaction between E3 ligase and cell surface receptor which would not

occur naturally.
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Figure 22 Schematic representation of chemoenzymatic conjugation steps to generate an antibody-based degrader and
the mediated target receptor degradation mode. (A) MTG-mediated direct conjugation strategy for generation of bispecific
anti-body-scFv conjugates was not successful. (B) Native IgG1-based antibodies are site-selectively coupled with click derivate
using microbial transglutaminase (MTG). A SPAAC reaction was performed to covalently bind scFv and antibody. (C) Mode of
action of transmembrane E3 ligase mediated internalization and lysosomal degradation.

MTG has previously been used to conjugate VHHs to various antibodies (Chapter 4.2) and resulted
in stable conjugates with high VAR values and good yields. Therefore, the conjugation strategy has
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been extended to the conjugation of scFv and mAb. MTG-mediated conjugation was performed
using mAb, Ttz and aRNF43 scFv, scFv1. The assembly of scFv1 from N- to C-terminus as follows:
conjugation-tag, penta-gylcine; Vy-YOL-linker-Vy; purification-tag, Hiss-tag (Table 8). The amino
acid sequence of the RNF43-binding Vi and V.. is from the patent of Boontanrart et al.185, covalently
linked via a YOL-linker (sequence: KLEEGEFSEARV).186 The N-terminal penta-glycine sequence
serves as recognition site of the MTG, for direct conjugation to the mAb.187 A Hise-tag for

purification of the scFv protein from the cell culture supernatant.

Table 8 Modified scFv variant used in this study. SeqID refers to each scFv variant. Protein orientation shows the Vy to V.
sequence alignment in N- to C-terminal direction, connected by either YOL (sequence: KLEEGEFSEARV) or glycine-serine
linker. A Hisg-tag for purification and the terminal tag for MTG-mediated conjugation were installed. The N- and C-terminal
tag represent the terminal attachment site of the scFv. N/A: not available.

N-terminal Protein ) Purification ) MW  Conjugation
SeqID Linker C-terminal tag
tag orientation tag [DA] strategy

scFvl  GGGGG V./V. YOL His, N/A 26485.5 direct
scFv2 N/A Vu/V,, YOL His, G,LLQGGGGS 271552  2-step
scFv3 N/A V./V, (G,S), His, GGLLQGA 26367.2  2-step
scFv4 N/A V./V, (G,S), His, GGLLQGA 26367.2  2-step
scFv5 N/A V./V, (G,S), His, (G,S),-GGLLQGA  26682.5 2-step
scFv6 N/A V./V, (G,S), His, ((G,S),),-GGLLQGA 26997.8  2-step
scFv7 N/A V./V. (G,S), His, ((G,S),),-GGLLQGA 27313.1  2-step

4.6.2 Expression and purification of Gs-tagged aRNF43 scFv variant 1

The scFv1 variant was produced using mammalian Expi293F cells and subsequently purified by
metal chelate affinity chromatography (IMAC), equilibrated in PBS pH 7.4. Protein elution was
achieved through a stepwise imidazole gradient, ranging from 0% to 100% of 0.5 M imidazole
(Figure S 15 (A)). The target protein fraction was eluted at imidazole concentrations between
200 mM to 500 mM imidazole. The scFv1 has an estimated molecular mass of approximately
26.5 kDa, which is consistent with the migration pattern observed during gel electrophoresis
(Figure S 15 (C)). Purification was further refined by removing aggregates using gel filtration on
Superdex 75 pg 16/40, equilibrated in 25 mM Histidine, 100 mM NaCl, pH 7.4. The peak

corresponding to the monomeric scFv1 was collected and concentrated using Amicon® Ultra-15
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centrifugal devices. The quality of the protein was assessed through SE-HPLC, indicating highly
purified scFv1 (Purity: 100%, Figure S 15 (D)).

4.7 MTG-mediated site-specific direct conjugation of scFv1 to native IgG1-
based antibody

The MTG-mediated direct conjugation of glycine-tagged scFv variants and native IgG-based mAb
was investigated for chemo-enzymatic generation of bispecific antibodies. In a reaction with
10 U/mL MTG, 10 molar equivalents scFv1l and 3 mg/mL Ttz were used. The reaction conditions
were 30°C and 24 hours and were based on the studies on antibody-VHH conjugation from
chapter 4.2. The first evaluation was performed semi-quantitatively using gel electrophoresis.
Sample preparation for SDS-PAGE was performed using reducing conditions. Band with the
molecular weight of 26,5 kDa for scFv1, 38,3 kDa for MTG and 49,3 kDa of reduced HC and
23,4 kDa reduced LC were detected (Figure S 16 (A)). No band was observed with the mass of
conjugated scFv to the heavy chain (approximately 75 kDa), indicating the absence of conjugation
between scFvl and the heavy chain of Ttz. Additionally, no conjugation to the antibody was
observed in the chromatographic analysis by RP-HPLC. Furthermore, high molecular weight
species were observed in SDS-PAGE as well as analytical SE-HPLC and were approximately 25%

(Figure S 16 (B)).

4.8 Design and generation of antibody-based degraders using two-step conju-
gation strategy

In the upcoming chapter, the structural composition and properties of the scFv variants employed
for MTG-mediated direct conjugation are described. Additionally, it covers the generation,

purification, and analytical characterization of various scFv variants.

4.8.1 The scFv protein design for two-step conjugation to IgG-based antibodies

A chemo-enzymatic two-step conjugation approach with MTG-mediated conjugation of click
derivatives to antibody and scFv, and following SPAAC reaction was next used to generate
bispecific antibodies (Figure 22 (B)). The combination of two key steps, the site-specific
conjugation of click-reactive handles to antibody and scFv via MTG, and the reaction of both
reactive components in the strain-promoted alkyne-azide cycloaddition (SPAAC), were analyzed
and optimized. The optimization process commenced with the development of various scFv
variants, each varying in linker length, conjugation site, and protein orientation. A total of six
different scFv variants with distinct structural properties were designed (Table 8). Each scFv
variant contained the Vy and Vi amino acid sequence of hSC37.67 reported in a previous patent

application.12¢ The scFv variants were connected either via a glycine-serine or YOL-inker.186
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A Hise-tag was introduced to harvest the scFv proteins from the cell culture supernatant. For
chemo-enzymatic conjugation, different MTG recognition tags were introduced at the N-terminus
of the aRNF43 scFv and are discussed subsequently. Additionally, the MTG recognition tags are
available as C-terminal tags in Table 8. The MTG recognition site of scFv2 contains the LLQG
peptide sequence evaluated in detail by Strop et al. in the MTG-mediated conjugation of linker-
drugs’s and is buried in glycine residues for tag elongation. Further, scFv2 consists of the N-
terminal Vg domain, followed by a YOL linker, V. domain and the Hise-tag. The calculated
molecular weight (MW) of scFv2 is 27155.2 Da. The peptide sequence LLQGA has also been
successfully used as an engineered recognition site on the antibody for MTG-mediated
conjugation of linker-drugs and was translated to the scFv3 to scFv7 variants.!88 The scFv3 was
generated with the N-terminal Vy domain, a glycine-serine (G.S)3 linker, followed by the Vi
domain and Hise-tag, along with the MTG recognition tag. scFv3 along with scFv4, shared an
identical sequence composition, but varied in the orientation of the Vy and V. domains.
Furthermore, scFv5, scFv6 and scFv7 consisted of the Vi domain, a (G4S)3 linker, Vi, domain, Hise-
tag, a prolonged (Ga4S)3 linker, and the MTG recognition tag. The MW increased accordingly from
26682.5 Daup to 27313.1 Da.

Furthermore, the choice of click derivative is an important parameter for the success of both the
MTG-mediated conjugation and the subsequent SPAAC reaction. For this purpose, nine different
derivatives were designed to evaluate the MTG-mediated conjugation efficiency, the impact on
antibody and scFv stability and the click reactivity. The derivatives were grouped based on their
structural features in dibenzocyclooctyne (DBCO), bicyclononyne (BCN) and azide (N3) (Table 9).
Each derivate carried the N-terminal Gz sequence, functioning as acyl-acceptor in the MTG
conjugation reactions. The DBCO and BCN derivatives featured of PEGs 1 and PEG; 2 chains,
respectively. The azide-series included two derivatives: PEGz 3 and PEGs 4, which incorporated
azido PEG molecules of different lengths to serve as counterparts to the cyclooctyne within the
SPAAC reaction. Additionally, two further variants, azido-peptides 5 and 6, introduced the N3
moiety to the side chain of lysine (Lys(N3)), with 5 featuring Gly-Gly spacer and 6 having a Gly-Ser

spacer unit.
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Table 9 Chemical structure of click derivatives used in this study. Derivate number and structure of each peptide are listed
and related to the click reactive side (R2).

Derivate number N-terminus R1 R2
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4.8.2 scFv expression, purification, and characterization

The scFv variants were produced in mammalian Expi293F cells and purified using IMAC affinity
chromatography. In general, the yield of purified scFv protein varied with overall good expression
with mean yields per culture volume between 57.8 mg/L and 82.7 mg/L. Protein yield for scFv4
was reduced changing the protein orientation of Vi-to-Vy. Highest monomeric purity (100%) of
all scFv variants was confirmed through SE-HPLC and gel electrophoresis. Additionally, the
sequence identity of the scFv variants was confirmed through LC-MS peptide mapping (Figure 23
and Figure S 17). Selective binding to the target antigen is a fundamental requisite of antibody-
based degraders. Kinetic parameters, such as the equilibrium dissociation constant (Kp) were
assessed via BLI using anti-human Fc biosensors (AHC). The antigen-binding ability of scFv
variants was studied towards rhRNF43. Dissociation constants were derived from concentration-
dependent antigen-binding. High binding affinities within sub-nanomolar range among the
different scFv variants were observed (Figure 23). The strong binding and thus low Kp values were

mainly driven by the low antigen dissociation (Figure S 18).
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Figure 23 (A) Protein yields after purification. (B) Confirmed sequence identity by peptide mapping and determination of
molecular weight. The binding affinity is expressed as Kp value and were derived by a 1:1 global full-fit binding model.

4.9 Two-step conjugation of scFv variants to native IgG1-based antibodies

This chapter focuses on the investigation of a chemoenzymatic two-step conjugation process. This
was partly conducted within the scope of Laura Basset master’s thesis under my supervision, with
the topic being provided by me. The workflow involves the installation of click derivatives
mediated by MTG, followed by SPAAC. Monospecific antibodies will be combined with aRNF43

scFv variants to generate bispecific antibodies.

4.9.1 Evaluation of MTG-mediated conjugation of click derivatives

In the first step of the chemo enzymatic generation of bispecific antibodies, the MTG-mediated
conjugation of the click-derivatives to mAb and scFv variants was performed.

For the conjugation of scFv variants, reaction mixtures containing 5 mg/mL scFv variant, 5 molar
equivalents click derivate and conjugation buffer were prepared. The reaction was started by
adding of 1 U/mL MTG. After 16 hours of shaking at 37 °C, the reaction was stopped using enzyme
inhibitor C102 and conjugation outcome was evaluated by determining the DAR using RP-HPLC
and LC-MS (Figure 24 and

Table S 2). Different click derivatives were analyzed for their conjugation efficiency based on the
DAR and impact on protein stability based on the monomeric content. A maximum DAR of 1 was
anticipated since the scFv variants contain one MTG recognition tag only. Monomeric content of

final monomer click derivate conjugate was analyzed by SE-HPLC.

81



(A) (B)

1.0
.1 _ 100.0 996“23.2_ 985 1000
-’_..____- _____ ppitet 1 S 100 ==
0.8 B----a" 3 -
5 75_
4 £
g 0.6 . S
© o4 £ 504
4= (9}
6 £
o
0.2 5 297
=
0.0 T T T T T T 0 T T T T T
scFv2 scFv3  scFv4  scFv5  scFvbe  scFv7 1 3 4 5 6

Figure 24 Results of click derivate conjugation to scFv variants. (A) Conjugation efficiency of different click derivatives to
scFv variants shown as DAR. (B) Mean and % SD of protein stabilities based on the monomeric content upon conjugation with
different click derivatives (1, 3-6). Data set obtained by SE-HPLC analysis.

The scFv conjugates based on DBCO derivate 1 showed comparable DAR values between 0.79 and
0.86 and high purities of 100%. The scFv conjugates with azido-PEG derivatives 3 and 4 reached
DAR values >0.9, while an increase in PEG length led to a decrease in DAR. The conjugates had
high purities of more than 99%. Azido-peptide 5 based scFv conjugates had DAR values between
0.74 and 0.83 and purities of >97.4%. The lowest DAR values with high purity were observed for
the scFv conjugates based on azido peptides 6, which contain serine residues in the spacer
sequence. Among the azide-scFv conjugates, azido-PEG derivate 3 showed the highest monomeric
purity and highest DAR value, thus being selected for the subsequent upscaling process.

Once the optimal combination of reaction conditions and click derivate was established, the focus
was now on the optimization of the attachment of the corresponding click derivatives to the
antibodies. Since the azide derivate 3 was selected for conjugation with the scFv variants, the ring-
strained alkyne derivatives were analyzed for antibody conjugation. Antibodies were conjugated
using 5 mg/mL mAb, 5 molar equivalents click derivate 1 or 2 and 10 to 75 U/mL MTG. Ttz was
used as reference antibody to evaluate the conjugation reaction. DAR values were evaluated by
RP-HPLC and LC-MS and monomeric content using SE-HPLC. A maximum DAR of 2 can be reached
since the native, homodimeric antibody contains two heavy chain Q295 residues and thus two
possible MTG conjugation sites. Both click derivatives 1 and 2 were successfully conjugated with

a DAR of 2 even at reduced MTG amounts and high purities >99% were obtained (Table S 3).
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Figure 25 Results of click derivate conjugation to Ttz. (A) Conjugation efficiency of click derivatives 1 and 2 to Ttz shown as
DAR. (B) Mean and = SD of protein stabilities based on the monomeric content upon conjugation with different click
derivatives. Data set obtained by SE-HPLC analysis.

4.9.2 MTG-mediated conjugation of click derivatives in preparative scale

For preparative-scale conjugation, scFv variants were conjugated to azide derivate, while
different antibodies targeting programmed death-ligand 1 (PD-L1), HER2 and EGFR as well as
anti-digoxigenin antibody (aDIG) were conjugated to ring-strained alkyne derivatives. After
optimizing conjugation conditions, click derivate 3 was conjugated to scFv variants and the click
derivatives 1 and 2 were used for conjugation to mAbs. For scFv conjugation reaction the
optimized conditions with 5 mg/mL scFv, 5 molar equivalents click derivate 3 and 1 U/mL MTG
were used. After incubation, conjugates were purified by preparative SEC using Superdex® 200
Increase 10/300 GL column equilibrated with PBS buffer pH 7.4. The collected fractions were
pooled based on product peak elution as obtained in the preparative SEC chromatogram.
Following, pooled samples were concentrated using Amicon® (MWCO:10K) and

chromatographically characterized.

Table 10 Azide-based scFv conjugates. All scFv variants were conjugated with click derivate 3 by MTG-mediated
transamination. DAR values are given as mean of RP-HPLC and LC-MS analysis. Monomer content of conjugates was derived
from SE-HPLC analysis.

SeqID Click DAR Purified protein yield [%] Monomeric content [%]
scFv2.3 3 091 57.3 100
scFv3.3 3 0.68 65.3 99.8
scFv5.3 3 0.77 73.9 100
scFv6.3 3 0.74 70.2 100
scFv7.3 3 0.82 61.3 100

High monomeric purity of all scFv conjugates was confirmed by analytical SE-HPLC. Table 10

displays DAR values assessed by RP-HPLC and LC-MS analysis (Figure S 19), ranging from 0.77 to
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0.91. The final yields, ranging between 57% and 74% whereby protein loss might primarily be

due to interactions with the column or membrane during the concentration process.

Table 11 Ring-strained alkyne-based antibody conjugates. Click derivate 1 was conjugated to Ttz, Ptz and Atz while 2 was
installed at Atz, Mtz, aDIG and Ctx. DAR is given by LC-MS analysis. Monomeric content was derived from SE-HPLC analysis.

SeqIlD  Click derivate DAR Purified protein yield Monomeric content [%]
Ttz.1 1 1.94 65 100

Ptz.1 1 1.84 61 100

Atz.1 1 2.00 62 100

Atz.2 2 1.96 49 100

Mtz.2 2 1.96 67 99.9
aDIG.2 2 1.92 73 100

Ctx.2 2 2.00 74 100

The monospecific antibodies, including Trastuzumab (Ttz), Pertuzumab (Ptz), Matuzumab (Mtz),
Cetuximab (Ctx), Atezulizumab (Atz), and aDIG (isotype control), were enzymatically conjugated
to ring-strained alkynes 1 and 2 on a preparative scale. The conjugation reaction was performed
using 5 mg/mL antibody, 10 molar equivalents of click derivative, and 50 U/mL of MTG. Reactions
were purified by SEC using a HiLoad® 16/600 Superdex®200 pg column equilibrated with PBS,
pH 7.4. Collected product fractions were pooled, concentrated using Amicon® (MWCO: 100K) and
characterized by SE-HPLC and LC-MS. High monomeric purity of all mAb conjugates was
confirmed by analytical SE-HPLC (Figure S 20). DAR values were determined by reduced RP-HPLC
and LC-MS analysis and ranged between 1.84 and 2.00 shown in Table 11. The final yields were
between 49% and 76%, with protein loss mainly due to aggregation during the conjugation

reaction.

4.9.3 Click reaction of scFv variants and antibodies using SPAAC mechanism

The final step to generate bispecific antibody scaffolds with scFv variants, was done by copper-
free SPAAC making use of the click reactive handles installed in the previous steps. Therefore, in
an initial reaction 3 mg/mL Ttz.1 was incubated with 3 molar equivalents scFv5.3 and analyzed
after 3 hours at 30 °C by SDS-PAGE. Semi-quantitative evaluation of non-reduced SDS-PAGE
showed characteristic pattern of antibody scaffolds with an increase in MW corresponding to the
amount of clicked scFv (Figure 26 (A)). This included MW values of 147 kDa, 174 kDa and 201 kDa
representing zero, one and two scFv conjugated to the antibody (scFv-to-antibody ratio, SAR) and
since no purification was performed free excess scFv5.3 was detected. Additionally, control

scFv5.3 and Ttz.1 were added separately in lane 2 and lane 3.
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After this initial proof-of-concept reaction, the SPAAC reaction was further investigated regarding
reaction time, temperature, and protein concentration. Reaction efficiency was evaluated using
SE-HPLC analysis by determining the percent click efficiency represented by scFv clicked per
antibody site. By extending the reaction time at constant antibody concentration of 3 mg/mLTtz.1
and 3 molar equivalents scFv5.3 at 25°C, the click efficiency increased from 65% after 3 hours to
79% after 24 h. Upon increasing the reaction temperature within a 3-hour reaction, the
percentage of clicked scFv per antibody increased from 65% at 25 °C to 76% at 37 °C. Next, the
effect of antibody concentration on click efficiency was studied using 3 mg/mL and 5 mg/mL
Ttz.1, resulting in click reactivities of 65% to 73%, respectively, at 25 °C and 3 hours. In summary,
by employing the conditions of 37 °C, 3 mg/mL, and a reaction time of 3 hours, the click reactivity

was enhanced by approximately 15%, resulting in a yield of 79%.
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Figure 26 Optimization of SPAAC reaction. (A) Semi-quantitative gel electrophoresis of Ttz.1-scFv5.3 after 3 hours and 30°C
SPAAC click reaction and controls. Samples were prepared under non-reduced conditions. (B) Ttz.1 was clicked with scFv5.3
using different reaction conditions. Reaction time (h), temperature (°C) and Ttz.1 protein concentration (mg/mL) was studied.
Reactivity was evaluated using SE-HPLC with respective chromatograms in Figure S 21 (B) and gel electrophoresis. The
percentage reactivity is determined by the proportion of 100% free, non-clicked antibody in the reaction mixture.

4.9.4 Generation of bispecific IgG-scFv conjugates via SPAAC reaction

In the final generation of bispecific antibodies using a two-step chemoenzymatic approach,
activated azido-scFv variants were coupled to ring-strained alkyne-conjugated antibodies in
preparative scale. The SPAAC reaction between the azido-scFv variants and their respective
antibodies was conducted by incubating 24 hours at 37 °C using 3 mg/mL activated antibody

and3 molar equivalents activated scFv. Following the reaction, the mixtures underwent
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purification and characterization processes. Purification was achieved through preparative SEC
using PBS buffer pH 7.4 with a flow rate of 0.35 mL/min, and the eluted fractions were collected
in 0.5 mL fractions and pooled. Characterization involved determining the molecular mass and
distribution via SDS-PAGE, monomeric content, and click reactivity through SE-HPLC analysis and
LC-MS.
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Figure 27 Antibody-based degrader production and analysis. (A) Chromatogram of preparative SEC analysis. The probe was
injected to a PBS pH 7.4 equilibrated column. Linear gradient was used for elution and fractions were collected and pooled.
The UV-signal is shown in black. (B) Chromatographical analysis of analytical SE-HPLC. The blue signal is the UV absorption of
Ttz and the black signal corresponds to Ttz.1-scFv5.3. (C) Semi-quantitative analysis of final purified Ttz.1-scFv5.3 and Ttz.
Non-reduced and reduced sample preparation was performed.

Table 12 summarizes the generated bispecific antibodies and Figure 27 details an exemplary
purification chromatogram and analysis results. The preparative SEC successfully removed excess
scFv and aggregates. Analytical SE-HPLC analysis confirmed high monomeric content of 98.3% to
100% for all purified bispecific conjugates (Figure 27 (B), Table 12 and supplement Figure S 22).
The SAR values were determined by SE-HPLC and LC-MS analysis and is given as a mean. To assess
click reactivity, the DAR was divided by SAR and expressed as a percentage of loading. Effective
click reactions were confirmed for Ttz.1 and Ptz.1 variants, with click reactivity ranging from
82.4% to 93.3% for scFv5.3, scFv6.3, and scFv7.3. In contrast, when the Atezolizumab-based Atz
was coupled with the DBCO derivative 4, a click reactivity of 60% was observed for scFv2.3.
However, when coupled with the BCN derivative 2, a higher click reactivity of 80.2% was
determined. For the additional Atz coupled to derivative 2, click reactivities around 86% were
observed when clicked with scFv1.3. The scFv2.3 reacted in the SPAAC with Mtz.2, aDIG.2 and
Ctx.2 with a click reactivity of 86.5, 86.7 and 88.0, respectively. The yield for the clicked bispecific

86



antibody scaffolds was greater than 50% for most of the constructs, except for Atz.1, which had a

yield of only 21.2%.

Table 12 Overview of generated antibody-based degraders using two-step chemoenzymatic conjugation.

SeqID + SeqID +

click click SAR Click Monomeric
SeqID (bsAb) derivate DAR derivate (s-cFv/ reactivity Yield [%] content [%]

(Ab) (scFv) antibody) [%]
Ttz.1+ scFv5.3 Ttz.1 1.94 scFv5.3 1.60 82.4 71.5 100
Ttz.1+ scFv6.3 Ttz.1 1.94 scFv6.3 1.62 83.5 68.5 100
Ttz.1+ scFv7.3 Ttz.1 1.94 scFv7.3 1.60 82.4 66.5 100
Ptz.1+ scFv5.3 Ptz.1 1.84 scFv5+3 1.68 91.3 62.5 100
Ptz.1+ scFv6.3 Ptz.1 1.84 scFv6.3 1.68 91.3 64.8 100
Ptz.1+ scFv7.3 Ptz.1 1.84 scFv7.3 1.66 90.2 60.0 100
Atz.1+ scFv3.3 Atz.1 1.67 scFv3.3 1.34 80.2 21.2 100
Atz.2+ scFv3.3 Atz.2 1.96 scFv3.3 1.16 59.2 479 100
Mtz.2+ scFv2.3 Mtz.2 1.92 scFv2.3 1.66 86.5 85.8 98.3
aDIG.2+ scFv2.3 aDIG.2 1.96 scFv2.3 1.70 86.7 89.8 100
Ctx.2+ scFv2.3 Ctx.2 2.00 scFv2.3 1.76 88.0 81.2 100

4.10 Binding analysis of IgG-scFv conjugates

After successful conjugation, the antibody-scFv conjugates were evaluated for the antibody-
antigen binding. Additionally, the investigation included simultaneous binding and the

observation of selective cell surface binding.

4.10.1 Binding kinetics and simultaneous binding

BLI analysis was performed to evaluate the effects of conjugation with the Q295 heavy chain on
the target binding properties of the bispecific antibodies as well as the monospecific controls. The
results of this chapter were partly developed in collaboration with Laura Basset as part of her
master's thesis under my supervision. For this analysis, the antibodies were immobilized onto
AHC biosensor tips, and the association and dissociation of rhHERZ2 and rhRNF43 were monitored.
The resulting kinetic parameters are summarized in Table 13, confirming that conjugation of scFv
variants to Q295 did not alter the kinetic binding profiles to the respective soluble receptors

RNF43 and HERZ2.
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Table 13 Binding of rhHER2 an rhRNF43 by conjugates and controls. Both affinities (Kp) and rates of association and
dissociates (Kon and Kgis) were determined.

Antibody Analyte Kp [M] Kon [M -15-1] Kais [s1]
Ttz rhHER2 3.8x10° 1.05x 105 4.01x10+
Ttz.1+scFv5.3 rhHER2 1.5x10° 9.68x 10+ 1.45x 10+
Ttz.1+scFv5.3 rhRNF43 1.2x108 7.51x105 8.65x10-3
Anti-RNF43 mAb rhRNF43 3.5x10° 6.61x105 2.33x103

To ensure that simultaneous binding of both antigens to bispecific conjugates is not hindered by
steric effects, a bridging experimental setup using BLI was performed. AHC biosensor tips were

first loaded with antibodies, followed by association of rhRNF43 and subsequently with rhHER2.
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Figure 28 Simultaneous binding analysis of RNF43 and HER2 by 1gG-scFv conjugate via BLI. The conjugates were immobilized
on AHC biosensors. Then, association of rhRNF43 followed by HER2 was monitored. For both association steps a shift could
be observed indicating simultaneous binding of both antigens. Buffer controls indicated no unspecific binding to AHC
biosensors.

Exemplary graphs depicting the association steps can be found in Figure 28. Since rhRNF43 (20.5
kDa) is smaller in size compared to rhHERZ2 (71 kDa), the shift in the association varies depending
on the antigen loading. In Figure 28, the addition of rhRNF43 resulted in a shift of 0.15 nm,
followed by an additional shift of 0.65 nm upon the subsequent addition of rhHERZ2. This indicates
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that an equimolar amount of RNF43 and HER2 is associated. The second shift revealed in the
interface pattern exclusively indicates the association of RNF43, as the buffer control did not show

any association with the biosensor tips.

4.10.2 Selective binding of cell surface receptor based on receptor expression
levels

The IgG-scFv conjugates demonstrated favorable kinetic characteristics, exhibiting affinities in
single to double-digit nanomolar range to their respective targets. Following this, an evaluation
was carried out to ascertain whether the binding of soluble protein could be translated into the
functional binding of target proteins presented on cells. Hence, the binding of 100 nM bispecific
conjugate to various cancer cell lines was assessed using flow cytometry. The cancer cell lines
were selected based on varying levels of receptor expression for HER2 and RNF43 which were
chosen based on theoretical RNA expression stated in DepMap portal from Broad Institute (Figure
29 (A)).189 The cell lines were grouped using transcript per million (TPM) introduced by Lia et
al.,190 which is calculated based on the number of reads assigned to each gene sequence. Three
groups were defined, cell lines with low expression TPM less than 20 (log; TPM: 4.32), medium
expression TPM between 20 and 1000 (log, TPM: 4.32-9.96) and high expression with TPM log:
greater than 1000 (logz TPM: 4.32, Figure 29 (B)). The criteria to classify gene expression was on

the basis of open-source Expression Atlas from European Bioinformatics Institute (EMBL-EBI).191
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Figure 29 Theoretical RNA expression levels of HER2 and RNF43 in different cancer cell lines. (A) Expression level is stated
as log, of transcripts per million (TPM) stated in DepMap portal from Broad Institute.’8® The Log, TPM represents the
expression level of the gene at one million transcripts in one sample. (B) The cell lines were grouped into low (light grey),
medium (grey) and high (black) HER2 expressing cell lines depending on their TPM value.

The isotype control mAb (aDIG), unstained cells or cells only treated with detection antibody
served as control to quantify the level of cellular self-fluorescence. Furthermore, RNF43 binding
was examined using a full-length anti-RNF43 mAb with the same CDR region as the investigated

scFv variants.
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Figure 30 Cellular binding of IgG-scFv conjugates and references to several cell lines. Cell lines were incubated with 100 nM
antibody and binding was revealed with AF488-labeled detection antibody. (A) HER2 expressing cells incubated with Ttz.1-
scFv5.3 (red) and Ttz (blue) and a fluorescent detection antibody show equal MFI compared to controls (aDIG.2-scFv5.3
(black), aRNF43 mAb (grey), and AF488-labeled anti-human detection antibody (green) in flow cytometry analysis. (B) MFI
values obtained for Ttz.1-scFv5.3 and Ttz on HER2 cell lines expressing different levels of HER2.

The relative fluorescence intensities are illustrated as exemplary histograms in Figure 30,
demonstrating a correlation between theoretical HER2Z mRNA expression levels and the observed
signal intensities. The IgG-scFv conjugates displayed strong cellular binding to HER2
overexpressing cell lines (HCC1954, OE19, NCI-N87), comparable to respective monospecific
reference antibody. In cell lines with medium HER2 expression levels (HEPGZ2, CaCo2, MDA-MB-
453, MCF7), the IgG-scFv conjugates exhibited minimal stronger binding compared to the
corresponding parental antibody. Notably, no HER2 and RNF43 binding was observed for the
MDA-MB-468 cell line, serving as negative control. Furthermore, no RNF43 signal was detected
using the present molecules, including the scFv variants and commercial mAb (Figure 30 and
Figure S 23 (A)). These values align with the theoretical RNA levels provided in the Broad
Institute's DepMap portal, where TPM is below 20 (Figure 29). The extremely low RNF43
expression level was confirmed through native mass spectrometry analysis of several cell line
lysates. Notably, RNF43 was not detected among the first 6000 proteins analyzed in these cells
(data not shown). A noticeable increase in RNF43 binding was observed with an extended
incubation time (Figure S 23 (B)). However, in contrast, the signal for HER2 decreased with longer
incubation periods, potentially due to the trastuzumab-induced degradation of HER2 (Figure S

24). Hence, it is important to exercise caution and carefully interpret the results obtained from
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flow cytometry experiments. The procedure used in this study may not be suitable for

investigating RNF43 binding, as later discussed.

4.11 Evaluation of targeted protein degradation mediated by generated IgG-
scFv conjugates

The results of this chapter were partly developed in collaboration with Laura Basset as part of her

master's thesis under my supervision.

Although binding of RNF43 epitope was not detected in cellular flow cytometry assays, the
biological activity of generated IgG-scFv conjugates was studied. Given recent findings indicating
a substantial difference in abundance between E3 ligase and target protein, the current study
aimed to explore whether HER2 or PD-L1 could be degraded by targeting the transmembrane E3
ligase RNF43 using the IgG-scFv conjugates.128 Western blot experiments and flow cytometry
analysis were conducted in receptor positive cell lines to analyze IgG-scFv conjugates binding
RNF43 for receptor degradation (detailed description see section 3.8). Briefly, cells were exposed
to 10 nM analyte for 24 hours, and after cell preparation, detection was conducted using
antibodies against the receptor of interest (HER2 or PD-L1), along with GAPDH or actin serving
as loading controls. IgG-scFv conjugates based on Ttz and Ptz effectively reduced the HER2 level
in HEPG2 (HER2yedium) cells, although parental antibodies also exhibited a significant reduction.
Treatment with the scFv5 variant did not show any observable decrease in HER2 levels (Figure
31). Furthermore, $-actin, used as the loading control, did not show any changes, and in negative
MDA-MB-468 cells, no HER2 signal was detected (Figure S 25). These results were consistent
across two assays, Western blot analysis, and flow cytometry, with two to three technical
replicates performed for each method.

In addition to targeting HER2 degradation, the study also addressed PD-L1 for TPD. Experimental
settings were used as previous, but no reduction in PD-L1 was observed in the PD-L1-positive
cells (T24, HCC827, MDA-MB-231) using Western blot analysis (Figure 31). Due to glycosylation
heterogeneity, PD-L1 appeared as a doublet in Western blot analysis.192 No changes of GAPDH
levels were detected. Flow cytometry analysis revealed a modest decrease in PD-L1 levels in
samples treated with Atz.2-scFv3.3. However, the extent of this reduction varied among the tested
cell lines and technical replicates. Despite conducting optimization studies on treatment duration
or concentration, and assay development, the data did not exhibit conclusive evidence of

improved target degradation induced by Atz.2-scFv3.3 (data not shown).

91



(A) (B)
HEPG2 [HER2, ) HEGZ (HERZ peqium) HEGZ (HERZeqium)

1 234 56
T 1004 T 1004
1 - Bufferonly -'_Eu L: J
- HER2 ET g0 EE 80
2 - scFvs 5 £ s £
3 Ttz 5 ° 60 g P e
- L2 g b % E 7
s E z 5
83 g3
4 - Ttzl-scFvs.3 % 40 &8 a0
5 - pu M g
- B-Actin o 20 E 209
6 - Ptzlsch53 x r'l r-l rl z
T T T T T T 0 T T T T T T
& P @ P A R A
& @ T ESF
2N 4 & R .
& & A g i
© (D)
HCCB287 MDA-MB-231 120—
T24 (PD-L100) (PD-L1y) (PD-LLyiph) g 1 = Bufferonly
kbal M a b ¢ d a b c d M a b c d -Té 100~ paa- i g $Ta g e pat scFv3
p | on = = E .
o < e e BT §F a0l T =1 At
— Rl £ E
“© — —— [ GAPDH _g g B3 Atz.1-scFv3.3
v s G0
om
a - Bufferonly ‘E:._-E
b - AtzlscRu33 a8 107
- = -
?
¢ - scFv3d3 E 20
d - Atz g il
o T 1
MDA-MB-231 T24 HCC827

Figure 31 Target cell receptor degradation. (A) Western Blot analysis of HER2 level in HEPG2 cells after treatment with 10 nM
Ttz.1-scFv5.3 and Ptz.1-scFv5.3 for 24 hours. For reference monospecific molecules, including scFv5, Ttz and Ptz along with
buffer treatment were used. After treatment cells were lysed and 150 UM protein was used for analysis. B-actin served as
housekeeping control and was detected with fluorophore-labeled secondary antibody. (B) Flow cytometric analysis of HER2
level on HEPG2 cell surface. Cells were treated with 10 nM Ttz.1-scFv5.3 and Ptz.1-scFv5.3 for 24 hours and after harvest and
staining FACS analysis was performed. Treatment results are normalized to buffer only treatment. The values represent the
mean of technical triplicates with SD as error bar. (C) Western Blot analysis of PD-L1 level in different cancer cell lines (MDA-
MB-231, T24, HCC827) after treatment with 10 nM Atz.1-scFv3.3 for 24 hours. GAPDH was used as housekeeping protein. (D)
Flow cytometric analysis of PD-L1 level on surface of different cell lines (MDA-MB-231, T24, HCC827) after treatment with
Atz.1-scFv3.3 and controls. Treatment results are normalized to buffer only treatment. The values represent the mean of
technical triplicates with SD as error bar.

5 Discussion

5.1 Expression of antibody-fragments in mammalian cells

As part of this work, different antibody fragments, including VHH and scFv, were expressed in
mammalian cells and purified by affinity chromatography. The chosen mammalian expression
platform was anticipated advanced protein folding, post-translational modifications, and ensured
stable and robust expression. The decision to not use bacterial or yeast expression systems,
despite their fast growth rates and efficient protein expression, was based on reports of solubility
or stability problems and incorrect protein folding.193 For the synthesis of DNA vectors encoding
the fragments, the VHH amino acid sequence from the patent PROxAb shuttle!85, as well as the Vi
and Vi, domains of the scFv variants from the patent application of Boontanrart et al.126, were
chosen. Overall, comparable protein yields were achieved, with the highest monomeric purity
exceeding 98%. Firstly, the non-covalent VHO032-based PROTAC binder G3-MIC7 was investigated,
a VHH from the patent application of Rieker et al.185, which was successfully modified by an N-

terminal Gs-tag.
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Following Amsphere™ A3 chromatography, a protein yield of 16.7 mg/L was obtained with a high
purity of 98%. Subsequently, the functionality of MIC7 was investigated by complex formation
between Gz-MIC7 and VHL-engaging PROTAC GNE987 which was confirmed through HI-HPLC
analysis. Additionally, different RNF43-binding scFv variants with variations in their molecular
design were evaluated regarding their antibody-based TPD efficiency. These scFv variants were
assembled in two orientations: Vy-linker-V. and Vi-linker-Vy. The rationale for testing both
orientations arose from previous studies by Luo et al.194, who demonstrated that the expression
of scFv in Pichia pastoris system is dependent on Vi -linker-Vy orientation. Ahmad et al.38
published findings supporting the importance of Vy-linker-V, orientation for successful
expression.

Observation of the expression rate showed differences in the sequence arrangements of the Vi,
and Vy subunits. The occupation of the N-terminal position by the Vi subunit resulted in an
expression rate of only 11.7 mg/L for scFv4. Consequently, there was a decrease in yield of
approximately 20% compared to the Vu-linker-V, orientation. An important parameter of stable
expression is the correct folding of scFv molecules. Here, linker design plays a crucial role. As a
rule of thumb, the linkers should be around 10-25 amino acids long and contain glutamine and
lysine to increase solubility and glycine and serine for better flexibility.24 Apart from considering
the length and orientation of the linker, the specific composition of amino acids also significantly
affects the success. Studies have shown that a distance of 3.5 nm (35 &) between the carboxy and
amino termini, corresponding to approximately twelve amino acid residues, is necessary for
ensuring stable folding and proper linkage.193 One extensively studied and commonly used linker
structure is the (G4S)3 combination consisting of 15 amino acids with short side chains to promote
high flexibility and hydrophilic amino acids to minimize interactions between the linker and
variable domains, thus enhancing solubility. Additionally, we conducted an investigation on a
twelve amino acid long YOL linker, which possesses similar properties as mentioned above.186
Notably, no difference in the expression yield of the scFv variants was observed between the two
linkers. Furthermore, the effects of employing three, six, or nine (G4S1) motifs as spacers between
the scFv backbone and the MTG conjugation site was examined. These designs aimed to evaluate
stability, flexibility, and any potential interference with antigen binding sites across all valences.
However, elongation of the spacer was primarily designed to examine steric hindrances in the
two-step bioconjugation process of scFv variants to mAbs. It is worth noting that scientific
literature supports the inclusion of three (G4S1) motif sequences as an effective means to achieve
satisfactory levels of both stability and flexibility in genetic IgG-scFv fusion proteins.19

The observed decrease in expression levels with the elongation of spacer sequences could
potentially be attributed to interactions with cellular compartments, reduced solubility, or

decreased stability in the supernatant influenced by the increased spacer length.193
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Lastly, the incorporation of Hiss peptide proved to be a reliable sequence for protein recovery
from the supernatant through the specific interaction between Hises peptide and immobilized
charged metal ion resin of the IMAC column. Evaluation of antigen binding for the produced scFv
variants demonstrated a high affinity in BLI. These scFv variants exhibited nanomolar affinity
towards rhRNF43, placing them within the range of the monospecific anti-RNF43 antibody control
and other molecules mentioned in the AbTAC paper for comparison.12’ The observed high affine
binding was driven by the absence of dissociation, while the association constant was in the range
of 6 x 105M/s. Concluding, binding kinetics revealed that all scFv variants as well as VHH, were
capable of binding to their respective antigens and thus neither the Vy/V, orientation nor the

spacer length had an effect on antigen binding.

5.2 Bioconjugation for generation of antibody-MIC7 conjugates as vehicle for
PROTAC delivery

The importance of the enzymatic conjugation strategy for site-specific coupling has already been
highlighted in various studies in the ADC field. Enzymatic conjugation is rapidly gaining popularity
as it provides homogeneous products and thus pharmacokinetic advantages.”3 For example,
modification of antibodies or antibody fragments with glutamine tags has enabled MTG-mediated
conjugation.’4+75 Surprisingly, none of the numerous glutamines naturally occurring in the
antibody proved to be an efficient substrate for MTG when the usual MTG variant and reaction
conditions were used. However, one glutamine, Q295 in the heavy chain of the antibody is
addressable by MTG when the neighboring glycosylation site was removed.’¢ Further studies
optimized the enzyme via mutations, to use Q295 as a conjugation site for site-specific coupling
oflinker payloads even without de-glycosylation.” MTG, shows high flexibility in its choice of acyl-
acceptor substrates, however, the N-terminal primary amine of the triple glycine (G3z) has been
shown to be among the most efficient recognition sequences. Previous protein-protein coupling
studies have shown G3 to be an MTG recognition peptide, as demonstrated by Tanaka et al.19%, who
linked two proteins (EGFP and DHFR) using MTG as catalyst, and Bourmans and colleagues,
successfully coupled Gs as an acyl-acceptor substrate for MTG in their patent application.19”

In the present work, the conjugation of VHH to the Fc heavy chain on Q295 was achieved via
enzymatic conjugation. By using Gz as an acyl acceptor substrate in the MTG-mediated
transamination reaction, conjugation of Gz-MIC7 to antibody was evaluated.

The VHH G3-MIC7 was successfully conjugated to Ttz using MTG at a ratio of 1.88 VHH per
antibody (VAR) when position Q295 was present. Reactivity studies revealed a correlation
between higher VAR values and increasing antibody concentration, as well as larger amounts of
MTG, resulting in enhanced conjugation efficiency. Moreover, a greater molar equivalent of VHH

in the reaction mixture resulted in further enhancement of conjugation efficiency. Following the
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establishment of the final conditions, further extension of VHH conjugation was carried out with
ten additional IgG1 antibodies, all possessing Q295 in the Fc region. The conjugation efficiency for
all these antibodies exceeded 93% of the available conjugation sites. This resulted in antibodies
with two conjugation sites carrying at least 1.86 VHHs in the conjugated variant. However, an
exception was observed with atezolizumab, which showed a VAR of 1.62. This difference can be
attributed to the N297A (Amino acids position according to the EU nomenclature) mutation in the
Fc region of atezolizumab, resulting in absence of N-glycosylation pattern. This has not yet been
observed in the conjugation of linker-drugs; in fact, an increased conjugation efficiency of
antibody was observed when conjugating with MTG.19 However, the literature reports reduced
thermal stability of Cy2 and higher aggregation rates were observed for deglycosylated
antibodies, which could be a reason for lower VAR.199

Overall, the VHH-antibody conjugates had a high purity of >97%. Conjugation of Ttz with C-
terminal light chain (LC) glutamine tag (LLQGA) and Q295A mutation was used to evaluate
conjugation sites alternative to Q295. The glutamine tag at the light chain was found to have
improved accessibility and flexibility in MTG-mediated conjugation of linker peptides, which was
investigated in various studies.”8 Although the conjugation efficiency was identical when
comparing the conjugation of G3-MIC7 to LLQGA-tagged Ttz with Ttz Q295 conjugation, a higher
level of HMW species, approximately 6.9%, was observed for LLQGA-tagged Ttz. Additionally,
MTG-mediated conjugation with MIC7 lacking the Gs-tag required for conjugation was performed
to confirm the MTG recognition motif and excluded an additional MTG recognition site, specifically
accessible lysine residues in the CDR region or lysines on the protein surface (Figure S 8).
Additionally, successful conjugation of G3-MIC7 to Ttz, Ctx, and aDIG was achieved using MTG in a
5 mg batch. The reaction led to a heterogeneous mixture of species with different VHH load and
high molecular weight species. Preparative SEC separated the product from HMW, excess VHH
and MTG resulting in VAR values of greater 1.74. Neither the purification method nor the antibody
variant had any effect on conjugation efficiency or final yield, indicating that efficient conjugation
with high purity was achieved. Targeted delivery of PROTACs offers the advantage of minimizing
side effects, thereby enabling the use of higher doses. The conjugation method employed in this
study enables the coupling of two VHHs per antibody, facilitating the delivery of two PROTACs.
Modifying antibodies with MTG-tags provides a platform to achieve higher VAR values, thereby
increasing the PROTAC loading per antibody. This approach is a common strategy in ADC drug
delivery to enhance cell killing.200

Nevertheless, the successful site-specific conjugation of VHH demonstrated the potential of the
strategy to produce bispecific molecules in a modular approach. This strategy is not necessarily

limited to the generation of conjugates for selective, non-covalent PROTAC delivery.
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By combining VHHs with unique target specificities and antibodies possessing additional
specificities, a combinatorial library of bispecific antibodies can be rapidly generated, allowing for
efficient screening of optimal target combinations, offering considerable potential for various
therapeutic applications. The interest and necessity for scalable and robust methods to screen
bispecific antibody constructs have been effectively addressed in the "AJICAP second generation”
strategy.85 This approach involves the use of affinity peptides to pre-orient reactive amino groups,
enabling the binding of Fab fragments to antibodies.

However, it is important to note that this strategy involves a two-step synthesis process in which
excess reaction compounds must be removed between steps. Alternative approaches for
generating dual binding constructs include intein-based conjugation,2! the SypTag/SypCatcher
approach,202 or the controlled exchange of Fab arms.203 However, these technologies have
limitations, as they rely on specific functionalities present in antibodies or Fc fragments and
cannot be applied to commercially available and native antibodies but require genetic

introduction of tags prior to expression.

5.3 Generation of antibody-based protein degraders

Following the successful conjugation of G3-MIC7, the feasibility of direct conjugation was explored
with a RNF43-binding scFv. The N-terminal Gz peptide sequence served as a suitable acyl-acceptor
substrate for MTG-mediated transamination in VHH conjugation. Therefore, a glycine sequence
(Gs) was positioned ahead of the Vy-linker-V;, sequence in the scFv construct (scFv1), and identical
conjugation conditions were employed. However, in the semi-quantitative gel electrophoresis, no
evidence of selective conjugation, represented by a clear and distinct shift to higher masses
indicating the presence of one or two scFv per antibody, was observed. Instead, aggregates were
visible, as indicated by smeary bands primarily located within the gel pockets, visible under both
non-reduced and reduced conditions. This visual observation was confirmed by analytical SE-
HPLC, in which 23% of high molecular weight species was detected. The reduced stability of scFv
in the salt-free conjugation buffer or the occurrence of cross-linking between scFv molecules may
be factors contributing to the low conjugation efficiency and formation of HMWS. In buffer
solutions with higher salt concentrations, protein stability can be enhanced due to the binding of
salt ions to charged residues on the protein surface, resulting in increased hydration.204

When comparing the structural composition of a VHH and scFv, differences in size result in
varying proportions of surface-exposed amino acids. This increases the probability of the 25 kDa
scFv to containing an additional recognition site for MTG cross-linking. The e-amino group of
lysine, for example, serves in nature as the primary amine for the stable y-glutamyl-¢e-lysine

linkage of MTG, which can result in the non-desired cross-linking of scFv.

96



Overall, the structural flexibility of the specific amino acid, the structural arrangement of the
target protein, and the polarity of neighboring amino acids are key factors for successful MTG-
mediated conjugation.”0 Generally, MTG shows quite promiscuous behavior towards options of
acyl-acceptor substrate and different primary amines.2% In the absence of primary amines, side
reactions occur, such as the deamidation of glutamines to glutamic acid, with water acting as an
acyl acceptor.206 Despite the challenges encountered, exploring a modular system for screening
antibody-based degraders would be an intriguing avenue of investigation. A strategy was
developed in which the target specificities of native antibodies were combined with scFv variants
that possessed specificity against membrane-bound E3 ligase, enabling the rapid generation of a
combinatorial library for targeted protein degradation (TPD).

Next, an intermediate step was introduced, whereby the parental molecules were first equipped
with a small molecule click derivative and subsequently assembled in a strain-promoted azide-
alkyne cycloaddition (SPAAC) reaction. In initial proof-of-concept studies, different click
derivatives were conjugated to the scFv variants via MTG conjugation and evaluated based on
purity and DAR. Subsequently, the conjugation efficiency of the click derivatives to the antibodies
was analyzed. The selection of click derivatives was based on published data. Cyclootyne and
azide, the two components of SPAAC, have already been described as components for covalent
linkage in various molecules.207 For MTG-mediated conjugation, the click derivatives contained N-
terminal Gz peptide sequences which was well established for linker-peptide conjugation.”8
Overall, the scFv variants and native antibodies were successfully conjugated by MTG using the
peptide click derivatives: DBCO, BCN and Azide. At first, the different click derivatives were
conjugated to the different scFv variants, and the results are now being discussed individually.
The ring-strained alkynes and scFv proved to be good partners for high conjugation efficiency,
reflected in >86% occupied conjugation position and high DAR values. However, the alkyne had
negative impact on the stability of scFv. In contrast to the results with ring-strained alkyne, the
conjugation of different scFv variants with PEG azide derivatives 3 and 4 yielded highly pure
products with a purity level greater than 99%. The DAR values achieved with these conjugates
were greater than 0.9. Furthermore, when directly comparing the conjugation efficiency of 3 and
4, a decrease was observed with increasing length of the PEG linker. Interestingly, these findings
contradict the results reported in the literature regarding MTG-mediated conjugation of amino-
PEG to C-terminal tags at mAbs, but are consistent with previous unpublished in-house
experiments.208 Despite previous indications of the positive influence of extended peptide chains
in the MTG reaction, this effect was not observed in the MTG conjugation of derivatives 5 and 6 to
the scFv.19¢ Additionally, the incorporation of serine residues in 6 to enhance solubility in aqueous
solutions, a strategy previously employed in scFv linkers, did not yield any improvements in

conjugation efficiency.
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In summary, these results indicate that large hydrophobic click derivatives, such as derivative 1,
and long glycine peptide chains within 5 and 6 are not suitable for conjugation to RNF43-binding
scFv variants due to steric hindrances or excessive linker flexibility. These obstacles can impede
the enzymatic reaction, as supported by both the elongation of linkers in the study and previous
literature findings.197 Consequently, click derivative 3 was identified as a suitable option for
efficient and high-yield conjugation of scFv.

Following these optimization studies, the scFv variants were conjugated with click derivative 3
using MTG on a 20-mg scale and subsequently purified through preparative SEC. DAR values
ranging from 0.77 to 0.91 were attained with the highest purity. Notably, the highest purity was
obtained with each activated scFv molecule. As reported in the literature, stability of scFv
molecules was demonstrated when coupled with azide moieties, where the scFv proteins were
activated with G3-N3 peptides using SrtA and catalase was equipped with DBCO via NHS ester
coupling.209 As discussed in section 5.3, transglutaminase shows minimal restriction in its
selection of acyl-acceptor substrates and can also link water molecules to glutamines in the
absence of primary amines. The substrate specificity likely played a role in facilitating cross-
linking during the direct conjugation of scFv to the antibody. Conversely, in the conjugation of
click derivatives to scFv variants, an excess of preferred primary amines was present during the
reaction process, avoiding side reactions.

Since the azide moiety for the SPAAC reaction was conjugated to the scFv variants, the ring-
strained alkyne derivatives had to be conjugated to the antibodies. Fortunately, the
hydrophobicity of the alkynes had no impact on the solubility and stability of the DAR 2 Ttz
conjugates, which was achieved even at lower MTG levels of 30 U/mL. Finally, the two ring-
strained alkyne structures, 1 and 2, were conjugated with antibodies in a larger scale to test the
performance in SPAAC reaction. The antibodies Ttz, Ptz and Atz were successfully equipped with
DBCO derivative 1 with DAR values greater 1.84 using MTG. In addition, the BCN-based click
derivate 2 was successfully conjugated to Ttz, Mtz, aDIG and Ctx (DAR >1.92). In all MTG-mediated
conjugations, a final highest purity was achieved, with yields of purified conjugates ranging
between 50% and 70%. It should be noted that the increased hydrophobicity resulting from scFv
conjugation may lead to stronger interactions with column resin and membranes during
processes such as concentration or sterile filtration, possibly resulting in increased protein loss.
The copper-free SPPAC reaction, which was awarded the Nobel prize, has proven to be extremely
versatile in both in vitro and in vivo applications. The Bertozzi group effectively used click
derivatives, specifically DBCO and azide, for conjugating glycoproteins to antibodies.173
Additionally, in the second-generation AJICAP approach, Fab fragments were successfully

attached to DBCO-modified antibodies using click chemistry.8s
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Within the present work, semi-quantitative gel electrophoresis demonstrated a successful click
reaction of ring-strained alkynes attached to Ttz and scFv5+3 after just 3 hours at 30 °C. Gradual
modifications of the reaction conditions, including reaction duration, temperature, and antibody
concentration, increased the click reactivity from 65% to a maximum of 79%, with temperature
elevation having the greatest impact. By extending the reaction time at elevated temperature, the
click reactivity reached a maximum of 91.3%. However, a consistent amount of approximately 6%
HMW species was observed at both 25 °C and 37 °C. While Ahn et al.175 described a complete click
reaction performed over three days at room temperature, Fuji et al.85 did not provide specific
percentage values for the click efficiency of Fabs onto the antibody, indicating missing analytical
methods. This was also a difficulty in the present study, where only LC-MS was used to assess
conjugation efficiency and validation of the conjugation was based solely on semi-quantitative gel
electrophoresis. Comparison of solubility, stability, and click efficiency among the scFv variants
with varying spacer lengths in scFv5, scFv6, and scFv7 revealed negligible differences. The
shortest spacer length in scFv5 provided sufficient flexibility to avoid steric hindrance during
bispecific conjugate generation. Furthermore, the solubility and stability of the final constructs
were not influenced by the length of the scFv spacer. The reactivity of the two ring-strained
alkynes in the click reactions was consistently efficient, ranging from 82% to 90%, regardless of
the specific antibodies involved or the clicked scFv variants. These results align closely with the
theoretical reactivity of alkynes towards benzyl azide, as reported in Debets et al. publication.65
However, a difference in click efficiency of 20% was observed when comparing conjugation to Atz
and click reaction with scFv3+6. This difference is reflected in SAR values, which range from 1.16
to 1.34. Additionally, the yield of these two molecules, Atz.5-scFv3.6 and Mtz.5-scFv3.6, was below
50%, indicating potential antibody-dependent stability issues for Atz, which is A-glycosylated,
leading to reduced reactivity. As already discussed before, literature reported higher aggregation
rates for deglycosylated antibodies.19° The glycosylation of the antibody significantly contributes
to its stability and solubility.210 For instance, enhancing the solubility of IgG1 was accomplished

by adding an extra glycosylation site in either the Fab domain?2!! or on Q179N212 in the heavy chain.

5.4 Complexation of antibody-MIC7 and PROTAC enables selective target
degradation

PROTACs have revolutionized the field of targeted protein degradation. They possess the ability
to induce proteolysis by binding to E3 ligases and recruiting target proteins. However, the broad
expression of E3 ligases in both healthy and tumor tissues limit the selectivity of PROTACs, leading
to potential off-target effects. In order to fully target the range of TPD-eligible targets, the
development of solutions for delivery of PROTACs are advisable. The first wave of degraders

based on small-molecule designs are under optimization for oral delivery.2!3 These strategies
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focus on short, rigid linkers to minimize rotatable binding properties and a minimal number of
hydrogen bond donors.214 Furthermore, various parameters such as lipophilicity and water
solubility, polar surfaces or chemical stability are considered in the design of the chemical
molecules.?15216 The development of PROTACs, which are mainly based on ligand systems, has
been primarily focused on the E3 ligases CRBN and VHL. However, the large diversity of E3 ligases
in humans allows an extension of the approach to other disease- or tissue-specific degraders.21?
For example, E3 ligands have been identified against DDB1-CUL4-associated factor (DCAF1)218
and mouse double minute 2 homologue (MDM2).219.220221 DCAF1 is an E3 ligase required in the
cancer cell cycle and thus less likely to be downregulated as a resistance mechanism against
PROTAC treatment, while MDM2 negativly regulates the tumor suppressor p53.222.223

Aside from optimizing the comprehensive chemical structure of TPD molecules, the use of drug
delivery systems allows to improve the generally low permeability and cancer cell selectivity.
Nanoparticles, which have seen substantial growth in recent years, offer a suitable solution for
this purpose.z2¢ They facilitate the delivery of PROTACs through nanoscale drug-delivery systems,
enhancing stability, distribution, and specific accumulation and release in tissue.225

Additional approaches for enhancing selectivity involve small-molecule drug conjugates
(SMDCs)226 or degrader ADCs (DACs).227 SMDCs and DACs share the strategy of conjugating
therapeutic agents with specific ligands that bind tumor cells. SMDC combined with PROTACs
showed a significant increase in tumor tissue penetration due to the combinatorial improvement
of water solubility and tumor antigenic capacity.228 The first reported DAC targeted CLL1, an
overexpressed surface target in acute myeloid leukemia (AML), along with BRD4, which has
transcriptional and epigenetic regulatory functions. GNE987, a potent BRD4 degrader, was linked
to an anti-CLL1 mAb using cysteine conjugation to engineered cysteines.!*3 This demonstration
revealed that antibody conjugation can improve unfavorable pharmacokinetic properties of the
degrader. Further DACs have been developed in recent years to target BRD4 in STEAP1-
expressing prostate cancer cells¢> or HER2-overexpressing breast cancer cells.’57 Beginning this
year, two cereblon (CRBN)-engaging DACs were published, while Nakazawa et al. generated a
CEACAMG6-trageting DAC to inhibit pancreatic cancer growth,?29 the group by Zhang et al
developed a CD79b DAC linked with a CRBN Binding Bruton’s Tyrosine Kinase (BTK) Degrader.230
In addition to BRD4-targeting DACs, ERa-targeted degraders!sé, TGF3R2-targeted degraders?3!
and GSPT1-targeting DACs232 were developed in recent years.22” The recently described PROxAb
Shuttle approach enables the targeted delivery of PROTACs in a DAC-like manner, but without the
chemical modification of the PROTACs.160

The PROxAb Shuttle technology is a non-covalent platform designed for the rapid generation of
tumor-addressing antibody-PROTAC chimeras. As part of this work, the flexibility and modularity

of the strategy was further enhanced.
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In this study a modular approach for selective PROTAC delivery was developed using enzymatic
bioconjugation. Following the successful MTG-mediated conjugation of G3-MIC7 to Ttz and Ctx and
subsequent purification the physicochemical properties of the parental antibodies and their
conjugates were investigated, including antigen binding, cell receptor binding, internalization,
and biological activity. The binding kinetics of protein-protein interactions were assessed using
the well-established BLI technique, which revealed no differences in antigen binding kinetics
between the parental antibodies and VHH conjugates. Both Ttz-MIC7 and Ctx-MIC7 exhibited sub-
nanomolar Kp values, consistent with the binding affinities of the parental antibodies and reports
in literature.233 Negative controls indicated the absence of non-specific antigen binding or
biosensor loading, highlighting that conjugation of 14.5 kDa VHHs to the C42 domain of antibodies
did not interfere with antibody-antigen binding.

Subsequently, the binding affinities of VHHs to three VH032-based PROTACs were evaluated using
SPR. While no differences in MIC7 binding affinity were observed when conjugated to different
antibodies, the MIC7 conjugates showed varying binding affinities with different PROTACs. High
binding affinity in the sub-nanomolar range was calculated for GNE987P binding, while MIC7
showed nanomolar binding affinities for GNE987 and ARV771. These findings are in line with
previous studies involving the genetic fusion of MIC7 to the C-terminus of Ctx.160 The lower
binding affinity of MIC7 to ARV771 compared to GNE987 might be related to the presence of an
additional methyl group in the VH032 subunit. The differences in MIC7's affinity to GNE987 and
GNE987P could be due to the interaction of the PEG chain with neighboring amino acids during
the binding process. The binding of MIC7 to PROTACs was confirmed by the absence of binding
with the parental antibodies, up to a tested concentration of 0.5 pM.

Flow cytometry was used to confirm the selective receptor binding of Ttz-MIC7 and Ttz to cancer
cells with varying HER2 expression levels, including SKBR3, BT474, and MD-MB-435. Ttz-MIC7
and Ttz demonstrated comparable binding to cancer cells expressing HER2 receptor, while non-
specific binding was not observed with the isotype control. Moreover, significantly reduced
binding was observed in the HER2,w cell lines, indicating the specificity of the binding interaction.
To validate the effective delivery of PROTACs, it is essential for the antibody-based PROTAC
shuttles to undergo internalization within the target cells. Internalization relies on various
processes including phagocytosis, macro- and micropinocytosis, or clathrin-dependent receptor-
mediated endocytosis.23* With the last as the best characterized and predominant mechanism for
cell receptor internalization and the uptake of bound antibodies. Receptor-mediated
internalization was observed for antibody-VHH conjugates and parental molecules to study
potential effects related to VHH conjugation. Selective internalization was confirmed using pHAb
dye-labeled Ttz-MIC7, along with references. The pH-sensitive dye exhibited high fluorescence in

the acidic environment of lysosomes, enabling the detection of successful internalization.235
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The conjugates were labeled through random lysine conjugation, resulting in different degrees of
labeling, which were considered when calculating the normalized fluorescence signals. Live-cell
imaging conducted over a period of 24 hours revealed a selective increase in fluorescence signals
upon treatment with Ttz-MIC7 and Ttz in receptor-expressing cells. Receptor-mediated
internalization was confirmed by the absence of fluorescence signals in HER2)o, cell lines and
when treating HERZpign cell lines with the isotype control aDIG-MIC7. Additionally, previous
reports by Jager et al.,23¢ have indicated a correlation between receptor-dependent internalization
rate and lower mean fluorescence intensity (MFI) values in BT474 cells with lower HER2 levels
compared to SKBR3 cells with higher HER2 levels.237 Such variations might be influenced by target
density and cell cycle status. For instance, the doubling time of SKBR3 cells is approximately 30
hours, whereas for BT474 cells, it ranges from 60 to 80 hours, potentially affecting internalization
based on the cell cycle phase of both cell lines.238 239 Mitosis during the G2 /M checkpoint has been
shown to strongly inhibit endocytosis.240 Overall, the presented data indicates that the strategy of
direct MTG-mediated G3-MIC7 conjugation to native antibodies did not alter the physicochemical
and receptor-binding properties of the final molecule.

Next, the biological activity of the MIC7 conjugates was evaluated by complex formation with
BRD4-degrading PROTACs, namely GNE987 and GNE987P. BRD4, a transcription regulator
protein present in healthy and tumor cells, is an attractive target in cancer and an interesting
target of PROTAC-induced degradation due to its role in transcription dysregulation.241 BRD4 is a
member of the bromodomain and extra-terminal (BET) protein family. Interestingly, the
regulation of the expression and function of the proto-oncogene MYC is closely linked to BRD4.184
They both have overlapping effects and directly regulate each other, thus BRD4 contributes to the
maintenance of homeostatic MYC levels and MYC regulates functions of BRD4 by inhibiting its
histone acetyl transferase (HAT) activity.242 This has implications for the transcriptional
regulation and stability of the MYC oncoprotein. Several BET inhibitors have demonstrated
promising results in cancer treatment, yet they still face certain challenges in intrinsic acquired
drug resistance.243 First selectively designed BRD4 inhibitors were mostly pan-BET inhibitors,
which led to toxic side effects such as nausea or vomiting.244

However, the inhibitor studies highlighted the close association between BET proteins and cancer.
This promotes a detailed investigation of BET-targeted PROTACs.245244¢ GNE987 and GNE987P are
PROTACs designed to target the bromodomain-containing protein (BRD4) and the von Hippel-
Lindau tumor suppressor (VHL).143 VHL is a key component of an E3 ligase complex. VHL-
engaging PROTACs are currently undergoing clinical development for cancer therapy.z46.247
Although they offer unique advantages, the BET-targeted PROTACs have limitations such as
metabolic instability, poor cell permeability, reduced in vivo pharmacokinetics and efficacy, and

off-target toxicity. The unique benefits of BET-targeted PROTACs promotes the development of
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alternative strategies for targeted delivery to address their limitations.248247 The complexation of
PROTAC and MIC7 conjugates enabled targeted receptor-mediated uptake through the binding
antibody. Consequently, the release of PROTACs occurred in receptor-expressing cells, extending
the selectivity while minimizing off-target effects.

The successful loading of PROTACs was confirmed by HI-HPLC analysis and the percentage of
PROTAC loading was calculated based on the average number of MIC7 conjugated per antibody
molecule (VAR). Concentration-dependent complexation of GNE987 and GNE987P with all MIC7
conjugates (Ttz-MIC7, Ctx-MIC7, and aDIG-MIC7) was observed, achieving nearly complete
loading with a twofold excess of PROTAC. Loading Ttz-MIC7 and Ctx-MIC7 with a GNE987 ratio of
1:2 resulted in loading efficiencies of 94% and 98%, respectively, while loading with GNE987P
achieved efficiencies of 90% and 93%. SPR analysis confirmed the complexation of GNE987 and
GNE987P with both Ttz-MIC7 and Ctx-MIC7. However, quantitative determination of PROTAC
loading for all PROTAC-antibody combinations was challenging due to limitations in achieving
sufficient chromatographic peak separability within the HI-HPLC chromatogram. A loading
difference of 20% was observed between Ttz-MIC7 and Ctx-MIC7 when loaded with GNE987, with
lower loading efficiency calculated for Ctx-MIC7. These discrepancies may arise from the high salt
concentration during sample preparation and chromatographic analysis, which can compromise
complex stability and diminish PROTAC binding. An attempt to adjust the salt gradient was not
applicable as it resulted in reduced peak resolution. Given the challenges in analytical resolution
and the minimal variation observed in VAR values among the conjugates, a 50% PROTAC
complexation approach was adopted for subsequent biological evaluations to ensure identical
PROTAC loading for direct comparisons.

The biological activity of BRD4 degrading PROTACs was observed in HER2 expressing SKBR3
cells. Complexed GNE987P and free GNE987P effectively induced BRD4 degradation, whereas
unloaded Ttz-MIC7 and the isotype control aDIG-MIC7 loaded with GNE987P had no impact on
BRD4 levels. Thus, indicating antibody-dependent selective delivery of PROTACs in target cells
and their subsequent lysosomal escape. Together with the unaffected BRD4 levels observed in
cancer cells treated with the PROTAC-loaded isotype control, this suggests that PROTACs are
captured by the conjugated MIC7. This not only highlights the selectivity achieved through
antibody-mediated delivery, but also indicates the high complex stability under cell culture
conditions. Degradation results obtained for GNE987 and Ttz-MIC7 + GNE987 showed similar
results to related GNE987P treatments. In the work of Dragovich et al. several DACs were
generated, including conjugates with anti-STEAP1 mAb and GNE987 or GNE987P.165 Higher
aggregation behaviour was observed for the GNE987P conjugates, which attributed to the
aliphatic linker connecting BRD4 binder and VHL ligand, and the resulting higher lipophilicity
compared to the PEGylated spacer unitin GNE987P.165
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Additionally, the use of an anti-CLL1 antibody alongside the increased stability and improved
pharmacokinetic properties of the conjugate using GNE987 was reported.143 The observed BRD4
degradation, when treated with the complexed PROTAC even at a low concentration of 1 nM,
demonstrated the influence of receptor-mediated uptake. This enabled efficient delivery of the
PROTAC molecules with low solubility, bypassing their limitation of passive transmembrane
diffusion. Particularly, treatment of complexed, less hydrophobic GNE987P showed increased
BRD4 degradation efficiency compared to the free molecule, likely due to more efficient cellular
uptake of GNE987P through receptor-mediated internalization mechanisms. In comparison, the
receptor-mediated uptake of GNE987, which is already a membrane-permeable molecule, showed
a less pronounced boosting effect. Consistent with our findings, previous studies by Maneiro et
al157 demonstrated enhanced BRD4 degradation in immunofluorescence assays following
targeted delivery of GNE987.

In cell viability assay, complexed PROTACs demonstrated similar increased toxicity compared to
free PROTACSs, targeting two distinct receptors: EGFR and HER2, across various receptor-
expressing cell lines. GNE987 showed a strong ability to kill tumor cells, but it also showed
cytotoxicity towards non-target cells, resulting in increased side effects, and higher systemic
exposure. On the other hand, complexed GNE987 and GNE987P exhibited comparable cell killing
to their free counterparts but selectively affected target receptor-expressing cells. This is
advantageous, since the control molecule aDIG-MIC7, when complexed, did not affect cell viability.
Furthermore, the complexation of GNE987 with Ttz-MIC7 demonstrated sub-nanomolar ICso
values in SKBR3 and BT474 cells, consistent with previous results on BRD4 degradation, and
further described in the PROxAD shuttle approach.185 As expected, no toxic effects were observed
in cell lines with low or absent target receptor expression. However, a difference in toxicity was
observed between GNE987P and GNE987.

While both PROTACs, when complexed with Ttz-MIC7, exhibited sub-nanomolar ICso values, the
free PEGylated linker variant GNE987P showed reduced efficacy compared to GNE987, consistent
with its lower cell permeability. Nonetheless, when GNE987P was complexed with a receptor-
binding antibody and selectively internalized by tumor cells via receptor-mediated uptake, the
toxic effect of complexed GNE987P was similar to that of complexed GNE987. This observation in
different target receptor-expressing cell lines suggests the potential applicability of this approach
to other antibody formats, as exemplified by the selective toxicity observed with Ctx-MIC7 against
EGFR. Additionally, the treatment control GNE987-complexed with unconjugated G3-MIC7 did not
exhibit cytotoxicity in any of the cancer cell lines, confirming the expected antibody-mediated
selectivity.

Overall, it is important to consider that the in vitro experiments were performed in closed

systems, which limits their direct translation to the in vivo system. In vitro, the PROTAC can be re-
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bound by the MIC7 antibody, leading to an equilibrium between free and bound PROTAC. In the
in vivo system, if the complex stability is low, the PROTAC can dissociate and may not re-bind but
rather be cleared, thereby altering the equilibrium based on the kinetics. However, the SPR
analysis indicated slow dissociation rates and a prolongation of PROTAC half-life from hours to
days using the antibody-VHH complex.181

Numerous PROTACs show strong target binding properties and high degradation efficiencies, yet
they possess characteristics that complicate administration. For instance, free GNE987P
demonstrated BRD4 degradation but was further improved through complexation with the
antibody and the targeted delivery of GNE987P. The improvement was reflected in a reduction in
the minimum effective concentration when GNE987P was complexed. Therefore, this strategy
provides an example for non-covalent drug delivery and might be of interest for further
applications.t¢5s Examples of such non-covalent drug delivery have been reported by Ocean et al.24
or Schmied et al.259, who successfully used non-covalently linked drugs for effective transfer

across the blood-brain barrier.

5.5 Addressing membrane-bound E3 ligase for degradation of extracellular
targets

Membrane proteins, which comprise 23% of encoded genes, pose challenges for PROTAC-based
targeting due to the requirement of cytosolic binding domains for small molecule ligands.166
However, advancements in large molecule-based degradation technologies such as LYTACs,!73
AbTACs,127 and PROTABs!28 have demonstrated the potential of large molecules in targeted
protein degradation. Of particular interest are the E3 ubiquitin ligase targeting approaches of
AbTACs and PROTABs, which utilize bispecific antibodies targeting both the receptor of interest
and the RNF43 receptor to facilitate degradation of the protein of interest (POI). In this study, a
modular approach based on enzymatic conjugation was used for the modular generation of
antibody-based degraders. Following the successful two-step conjugation and subsequent
purification, the physicochemical properties of the parental antibodies and their conjugates were
investigated, including antigen binding, cell receptor binding, and biological activity.

The ability of antibodies to bind antigens was confirmed through binding kinetics measured using
BLI. The conjugate Ttz.1-scFv5+3 and the control molecules Ttz and RNF43 binding full-length
antibody were evaluated for their affinity towards soluble recombinant antigens. The affinity of
the scFv-antibody conjugate Ttz.1-scFv5+3 for soluble recombinant antigens was measured in the
nanomolar range, with single-digit nanomolar affinity observed for rhHER2 binding and double-
digit nanomolar affinity for rhRNF43 binding. Conjugation did not significantly impact the binding
to soluble antigens, as the control molecules Ttz and RNF43-binding full-length antibody also

showed nanomolar-range binding affinities. Although a reduction in binding affinity in the single

105



digit nanomolar range was observed for rhRNF43 binding by the conjugate compared to free scFv
variants, this discrepancy could be attributed to the experimental setup in which the antigen was
loaded onto biosensor tips and scFv was subsequently added. Existing studies have characterized
the antigen binding of the scFv from Boontanrart et al. with an affinity of 4.2 nM,126 while the
binding constant of AbTAC, enabling successful PD-L1 degradation, was reported as 12.5 nM
against RNF43.127

Bispecific antibodies possess the capability to simultaneously bind multiple antigens. BLI
experiments confirmed the association of RNF43 with immobilized bispecific scFv antibody
conjugates and subsequent binding of HER2, indicating that both soluble antigens can be sterically
accommodated. A recently published study critically examined the antibody-based detection of
mainly endogenous RNF43.12¢ The study discredited the absence of evaluation of the antibodies
used in prior studies and revealed missing and false-positive signals of the antibodies tested in
their experiments. This may have also impacted the underlying experiments.

Next, the binding of the bispecific scFv-antibody conjugates to cell lines with varying receptor
surface expression levels was investigated. The binding to HER2 exhibited an expression-
dependent pattern, correlating with the theoretical RNA levels. Conversely, there were minimal
binding intensities observed with the tested RNF43-binding full-length antibodies, and the
binding of the bispecific scFv-antibody conjugates was solely mediated by HER2 binding. These
findings differ from previous studies where binding of the RNF43-binding antibody to specific
epitopes in MDA-MB-231 cells was detected. Notably, the MDA-MB-231 cells examined in this
study showed no detectable RNF43 receptor expression. It should be noted that a subsequent
study reported a low frequency of RNF43 RNA transcripts in these cells, which nevertheless
resulted in target degradation. Furthermore, the studies demonstrated that high affinities of
RNF43 binders are not mandatory for successful targeted protein degradation and that
degradation strongly depends on binding to the correct epitope and antibody formatting.178

The final TPD efficiency studies in Western blot and flow cytometry showed degradation of the
targets upon treatment with the bispecific scFv-antibody conjugates. Despite the absence of
binding of the investigated RNF43 moiety in HEPG2 cells in flow cytometry assays, a maximum
degradation of 89% was observed for Ttz.1-scFv5.3 to Ptz.1-scFv7.3 in Western blot. The
experimental design was based on studies by Ahn et al. investigating HER2 degradation using Ptz
and corresponding LYTACs in HEPG2 cells.175 Notably, despite the different approaches between
LYTACs and our approach, treatment with Ptz alone and Ptz.1-scFv7.3 showed similar
degradation rates under the same treatment conditions. While Ahn et al. reported degradation
rates of 76% and 38% for LYTAC and Ptz, respectively, this work observed HER2 degradation
rates of 75% and 43% for Ptz.1-scFv7.3 and Ptz (Figure 31 (A) and (C)).
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This demonstrates that the conjugates generated through two-step conjugation are capable of
inducing lysosomal TPD. However, to make more precise statements, the extension of the data set
with controls such as paired treatment of monospecific variants and isotype controls is necessary.
Additionally, a comparison of the two HER2 epitopes targeted by Ttz and Ptz revealed that
degradation levels can increase by up to 15% when Ttz is used instead of Ptz as antibody-based
degrader. The conformational changes induced by the binding of Ttz could promote the
interaction with RNF43 or enhance the process of internalization and subsequent degradation.
The induction of protein degradation by Ttz itself is explained by the cross-linking of the HER2
receptor after mAb binding.191 The importance of the targeted epitope of the POI was also
highlighted by Gramespacher et al, who investigated various EGFR-binding antibodies targeting
different epitopes of the receptor.178

To compare the bispecific “knob-into-hole” molecules of the AbTAC and PROTAB approaches, the
RNF43-binding scFv3 was conjugated to PD-L1-binding antibody Atz. The assay criteria were
adapted based on the conditions described in the AbTAC publication.12” Across three different PD-
L1 overexpressing cell lines, Western blot analysis did not show a decrease in PD-L1 levels, and
only a reduction of around 20% was observed in flow cytometry. This contrasts with the
degradation efficiency reported by Cotton et al. for their AbTAC constructs, where a maximum PD-
L1 degradation of 63% was observed after 24 hours of treatment.12? The variability in degradation
efficiency can be attributed to several factors, including the binding properties of the antibodies,
the cell surface expression levels of the receptors, the stoichiometry of the E3 ligase, the kinetics
of endocytosis upon antibody binding, the turnover rate of the POIs, or the specific E3 ligase being
targeted.127.128 The RNF43-binding scFv used in this study showed reduced PD-L1 degradation
compared to the KIH approach described for AbTAC generation. Besides the binding of different
epitopes, the conjugation of scFv to the Cu2 region of the heavy chain might lead to a greater
distance between the two binders and thus inhibit degradation. This elongation of distance may
allow targeting of receptors that are not directly neighboring and thus blocking degradation. The
geometric limitation of antibody binding arms to membrane-anchored targets is approximately
9 nm,?51. 252 restricting their interaction to the immediate vicinity and lateral diffusion of antigens
within the membrane.253

Consequently, the successful degradation of the POl relies significantly on the interaction between
RNF43 and the POI on the cell surface. The antibody format plays a central role in enabling
efficient degradation.128 This was observed in protein engineering studies where the influence of
the distance between the bound antigen on the kinetics of ubiquitin transfer and degradation of
the target was investigated using one-armed Fv-IgG formats.'28 Another strategy showed
successful degradation of EGFR, PD-1 and erythropoietin receptor (EPOR) through the

development of Receptor Elimination by E3 Ubiquitin Ligase Recruitment (REULR) molecules as

107



a VHH-based platform.129 Based on the results of these studies and the conjugation strategy of the
underlying work, expanding the conjugation platform to antibody fragments e.g. scFv-VHH or
VHH-VHH conjugates is relatively straightforward and potentially enhances the target
degradation. Furthermore, Gramespacher et al. studied the impact of orientation and valency on
the degradation of PD-L1 using various antibody scaffolds.178 They fused scFv molecules against
PD-L1 with monospecific anti-RNF43 antibodies, either at the terminal ends of the mAb heavy
chains or at the C-terminus of the light chain. The findings indicate that antibody formatting can
affect degradation efficiency, and that bivalent IgG constructs with dual binding are effective for
achieving higher efficacies.1’8 Considering this, the careful selection of the conjugation site may
enhance the degradation of the target.

In summary, the findings indicate that the conjugates generated through the two-step conjugation
approach can induce lysosomal targeted protein degradation. However, additional controls, such
as paired treatments with monospecific variants and isotype controls, are necessary to provide
more precise and reliable evaluation. Furthermore, the choice of the targeted epitope plays a
crucial role in the degradation efficiency, as certain epitopes may result in higher degradation

rates due to their specific interaction with the receptor.

6 Conclusion

This study presents modular approaches to create bispecific antibody-protein conjugates for
targeted delivery of PROTACs to specific cells and to act as antibody-based degraders. It
demonstrates the successful assembly of bispecific antibodies through MTG-based direct
conjugation of VHHs to antibodies. This approach enabled the selective delivery of PROTACs to
cells. After successful conjugation of two G3-MIC7 VHHs at two available sites in different
commercially available antibodies, the remaining binding properties and PROTAC loading were
demonstrated. In cellular assays, enhanced biological activity of the complexed antibody-shuttled
PROTACs was observed, both in target degradation and cytotoxic activity on target receptor-
expressing cell lines.

However, the transfer of the direct conjugation strategy of G3-MIC7 VHH to a glycine-tagged
RNF43-binding scFv variant was unsuccessful. This led to the introduction of a two-step
conjugation approach to produce antibody-based degraders. The installation of azide and strained
alkynes on scFv and antibody enabled successful SPAAC reaction, generating conjugates capable
of inducing lysosomal targeted protein degradation. However, it also points out the necessity of
including additional controls, such as paired treatments with monospecific variants and isotype

controls, to ensure more accurate evaluation of the results.

108



Furthermore, the target epitope is important for the efficiency of degradation, as certain epitopes
can lead to higher degradation rates due to their specific interaction with the receptor. In addition,
the binding properties of the antibodies, the expression levels of the receptors on the cell surface
and the stoichiometry of the E3 ligase, among other factors, are enormously important for the
efficiency of degradation.!28 The potential influence of the distance between the binding sites due
to the conjugation of scFv with the CH2 region of the antibody heavy chain is also a factor that can
affect the degradation results.

Overall, the study has made progress in the development of antibody-based degraders and
emphasizes the need for further research, consideration of various factors and controls, and
precise and reliable evaluation process to fully assess the potential of antibody-based degraders.
The work has demonstrated the generation of modular approaches to successfully create
bispecific antibodies using chemoenzymatic strategies, offering potential applications beyond
coupling two binders, such as coupling cytotoxic proteins. The coupling of cytotoxic proteins
enables the separate expression of the antibody in mammalian cells and the toxin in bacteria or
plant cells and the subsequent fusion. The non-covalent binding of PROTACs also extends the
possibilities, which has already been shown in some approaches by non-covalent delivery of
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Figure S 1 Purification and characterization of mammalian expressed Gs;-MIC7. (A) Affinity chromatography of purification
and desalting of HEK293F supernatant using AKTA Xpress with Amsphere™ A3 and HiPrep™26/10 desalting column. (B) Semi-
quantitative SDS-PAGE analysis of fractions revealed of purification steps using 4-12 % Bis-Tris gel and non-reduced sample
preparation. Final pooled fraction of G3-MIC7 is in lane 10. (C) Analytical SE-HPLC chromatogram of final G3-MIC7 shows high
monomeric purity. Figure adapted from Lehmann et al.181,
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Figure S 2 Chromatograms of preparative SEC of antibody-VHH conjugates. (A) Purification MTG-mediated conjugation
reaction of Ctx-MIC7. High molecular weight (HMW) species are 3.5% and eluted at 17.1 min, while the target Ctx-MIC7 eluted
at 19.8 min. The free VHH and MIC7 eluted at 32.7 min. (B) Purification after MTG-mediated conjugation reaction of aDIG-
MIC7. HMW are approximately 4% and eluted at 19.5 min, while the target Ctx-MIC7 eluted at 23.1 min. The free VHH and
MIC7 eluted at 34.8 min. HPLC 1260 system with Superdex 200 10/300 GL increase column was used. Figure adapted from

Lehmann et al.181,
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Figure S 3 VHH-to-antibody ratio (VAR) determination after purification of antibody-VHH conjugates. Deconvoluted MS
spectra for assinging RP peaks to individual LC or HC species conjugated with VHH ‘MIC7’ via MTG-mediated conjugation to
(A) Cetuximab, (B) Trastuzumab or (C) aDIG antibody. LC corresponds to the antibody light chain, HC to the heavy chain and

HC+VHH represents the heavy chain conjugated with VHH. Figure adapted from Lehmann et a/.181,
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Figure S 4 Determination of VAR after conjugation reaction of Ttz (Q295A) and G3-MIC7. (A) Reduced SDS-PAGE after MTG-
mediated conjugation of Ttz Q295A. Ttz Q295A showed expected bands at 25 kDa (LC) and 50 kDa (HC). The reaction mix
(RNX) shows the same bands plus unconjugated VHH G3-MIC7 (approx. 15 kDa) and MTG (approx. 38 kDa) but no additional
bands that would indicate VHH-mAb conjugation. (B) Deconvoluted MS spectra used to assign RP peaks to individual LC or
HC species and VHH ‘MIC7’.
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Figure S 5 Antibody-VHH conjugates of MTG-mediated coupling reaction. (A) Semi-quantitative analysis by gel
electrophoresis of reduced reaction mixes and controls. In lanes of parental antibodies, bands at 25 kDa and 50 kDa were
detected. A shift to 65 kDa is visible in the reaction mixture and represents the conjugation of VHH to the HC. (B) Non-reduced
sample preparation of reaction mix containing Rituximab (Rix), Cetuximab (Ctx) and Trastuzumab (Ttz) antibody variants, Gs-
MIC7 and MTG and parental antibodies. Bands of 150 kDa (VAR 0), 165 kDa (VAR 1) and 180 kDa (VAR 2) in non-reduced SDS-
PAGE were visible in reaction mixtures. Reduced (C) and non-reduced (D) reaction mixes and references of Matuzumab (Mtz),
Atezolizumab (Atz), Avelumab (Ave) and Pertuzumab (Ptz) analyzed by gel electrophoresis. MTG at 38 kDa and excess VHH at
15 kDa were detected in both reduced and non-reduced SDS-PAGEs. Figure adapted from Lehmann et al.181,
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Figure S 6 A;14 signal of analytical SE-HPLC chromatogram of MTG-mediated conjugation reaction mixes. Antibody-VHH
conjugate elute between 3.17 min and 3.36 min, MTG at 4.25 and free excess VHH at 4.59 min. High molecular weight (HMW)
species eluted about 2.82 min. and were less than 3.96%.
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Figure S 7 Deconvoluted MS spectra of antibody-VHH conjugates for VAR determination. Peaks represent components of
reaction mix including LC, MTG, HC and HC+VHH. Data set was acquired by the Lab of Roland Kellner, Merck KGaA.
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Figure S 8 Analysis of conjugation reaction mix of MIC7 missing Gs-tag. (A) Semi-quantitative analysis of conjugation reaction
and parental antibody. MTG-mediated conjugation was performed using Gs-tag free MIC7 to verify MTG recognition motif
and to exclude additional MTG recognition site. (B) Overlay of analytical SE-HPLC chromatograms of Ttz (black) and
conjugation reaction (RNX, blue). 2% HMW were observed in Ttz and RNX at 2.94 min. Peak retention of Ttz at 3.37 min in
RNX and reference confirms absence of conjugation. MTG elutes at 4.48 min and free MIC at 4.81 min.

131



Ttz-MIC7 + rhHER2

250nM

N Ctx-MIC7 + rhEGFR
] L L
05 50w
T —— 1250M

£ £
£ £
@ 5

c c 200 400 800 800
g @

£ £

a 4
Tt £

3 g
£ £
Time [s] Time [s]

—_ aDIG-MIC7 + rhEGFR —_ aDIG-MIC7 + rhHER2
E|oe T - E

= i £

£ os £

5 &

£ £

o | 04 7]

£ =}

® @

(=% o

w | 02 @

8 @

A B e ————— I L I~

&) o . 1 1 2

= 0 200 400 800 800 = -

Time [s] Time [s]

Figure S 9 Antigen binding analysis of antibody-VHH conjugate via BLI. The data were fitted using a 1:1 global full-fit binding
model. The wavelength interference shift in nm is plotted on the x-axis of the sensorgrams, and the y-axis represents the
time in seconds (s), with the fittings displayed in red. Figure adapted from Lehmann et al.18%,
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Figure S 10 PROTAC binding analysis of Ttz-MIC7 and Ctx-MIC7 and controls Ttz and Ctx via SPR analysis. All datasets were
fit to a 1:1 Langmuir binding model. The fit is represented by a black line, and the data were obtained in triplicates. Data set
was acquired by the laboratory of Dr. Daniel Schwarz, Merck KGaA.
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Figure S 11 Cellular binding of Ttz-MIC7, Ttz and reference molecules to different HER2-expressing cell lines. Ttz-MIC7
complexed with VHL-Cy5 shows binding to HER2,.s cell lines. No significant binding to HER2jow was observed. In addition, a
reduced fluorescence signal was observed in VHL-Cy5-treated cells, indicating non-specific interaction induced by VHL-Cy5.
No fluorescence signal was detected for Ttz, as VHL-Cy5 was not complexed.
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Figure S 12 (A) Structure of pHAb-amine reactive dye with NHS-active ester reacting with amino groups of e.g., lysine side
chains. (B) Absorption spectra at 535 nm and fluorescence spectra at 566 nm of pHAb dye.
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Figure S 13 HI-HPLC chromatograms of successful complexation between PROTACs and respective antibody-VHH
conjugates. (A) An overlay of aDIG-MIC7 with GNE987 at a molar ratio of 1:2 (blue), along with the chromatogram of the
aDIG parental antibody (pink). (B) Ttz-MIC7 complexed with GNE987P at a molar ratio of 1:2 (blue), with the chromatographic
overlay showcasing Ttz (pink). (C) The complexation of aDIG-MIC7 with GNE987P at a molar ratio of 1:2 (blue), compared
with the chromatogram of the parental antibody (pink). (D) The complex formation of Ctx-MIC7 with GNE987P at a molar
ratio of 1:2 (blue), alongside the chromatogram of Ctx only (pink).
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Controls

Treatment

Figure S 14 Immunofluorescence microscopy of SKBR3 cancer cells. The cells underwent treatment with a 10-fold serial
dilution of GNE987 and GNE987P, Ttz-MIC7 or aDIG-MIC7 loaded with GNE987 and GNE987P, and unloaded Ttz-MIC7, while
untreated cells were utilized as a reference. Staining with only the secondary detection antibody was conducted to eliminate
false-positive signals. Images were taken with Cell Imaging Multimode Reader Cytation 5 (BioTek/Agilent) including 10x
objective and LED intensity 10. GFP channel: ex.: 469 nm, em: 525 nm and DAPI channel: ex.: 377 nm, em.: 447 nm were used.
Integration time of 48 ms with a camera gain of 24 were applied for the GFP channel. For the DAPI channel 5 ms integration
time and camera gain of 17 were used.
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Table S 1 Inhibitory activity of complexed and free PROTACs. ICsgvalues are given as mean for N=3 technical replicates. nd:
not determined, -: low or no impact on cell viability. Table adapted from Lehmann et al.181,

ICso [M] SKBR3 BT474
Non- Non-
GNE987 GNE987P GNE987 GNE987P
complexed complexed
Ttz-MIC7  4.2x10-10 5.5 x10-10 1.5 x10-° 6.7 x10-10 7.3 x10- 1.1 x10-°
aDIG- 2.2x107 >1.0x 107 >1.0x 107 >1.0x 107 2.9x107 >1.0 x10-
Ttz - - 8.5 x10-10 - - 8.0 x10-10
free 5.5 x10-
-8 - -10 -8 -
PROTAC 10 2.5x10 3.5x10 1.3x10
A431 MDA-MB-468
Non- Non-
GNE987 GNE987P GNE987 GNE987P
complexed complexed
Ctx-MIC7 1.8 x10-10 4.3x10-10 3.2x10° 1.8 x10-10 24x1010  >1.0x107
aDIG- nd 3.0x108 >1.0x 107 nd >1.0x10- >1.0x107
Ctx - - 3.1x10° - - >1.0x 107
free
-10 -8 - -11 -8 -
PROTAC 1.8x10 3.7x10 9.3x10 2.8x10
. © -
A N
— Aygy MAU Conductivity Imidazole " - Az‘m mAU "
(8l Mba] M a b ¢ d e f g o} .
6 . & - Expi293F supematant 138 ,‘7 GRNF43 scFvl
250 b - Fowthrough IMAC 130. |
150 £ - Pooled peak A s |
1: - d  — Poaled peak B "o |
o - & - Poaled peak C i | [
7 - £ — Poaled peak D s [
. - o E et : I
10 ‘ 4

Figure S 15 IMAC purification process exemplarily shown for scFv1 variant targeting RNF43. (A) AKTA pure chromatogram
showing the elution of protein in IMAC affinity chromatography with 50 mM sodium phosphate, 0.5 M NaCl, pH 7.4 and
stepwise gradient of 500 M imidazole final. (B) SDS-PAGE analysis using 4-12% Bis-Tris gel of the following samples: non-
reduced Expi293F supernatant, IMAC flowthrough, pools of peak A-E. (C) AKTA pure chromatogram showing the elution of
purified protein (peak E) in the desalting step. (D) Asso signal of analytical SE-HPLC chromatogram of purified scFvl shows
high purity and no high molecular weight species.
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Figure S 16 (A) SDS-PAGE analysis using 4-12% Bis-Tris gel of the following samples: conjugation reaction mix of Ttz, scFvl
and MTG and Ttz only. Samples were prepared as non-reduced and reduced set. (B) Aaso signal of analytical SE-HPLC
chromatogram of purified scFvl shows the Ttz peak and 25% high molecular weight species. Unconjugated scFvl and MTG
eluted at approximately 4.41 min.
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Figure S 17 Determination of identity of scFv variant 2. The MS spectra shows the MW of 27132.9 Da for scFv2, which is
within the expected range. The sequence was confirmed by peptide mapping and LC-MS. This data set is shown as an example
for scFv2 and can be transferred to the other variants. Data set was acquired by the laboratory of Roland Kellner, Merck

KGaA.
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scFv 2 rhRNF43 35x10%° 6.93x10° 242x10*
scFv 3 rhRNF43 40x10% 6.92x10° 2.80x 10
scFv 4 rhRNF43 58x10%° 7.32x10° 424x10"
scFv 5 rhRNF43 2.83x 107 9.37x10° 2.65x107°
scFv 6 rhRNF43 3.73x 10° 8.71x10° 3.25x10°
scFv 7 rhRNF43 3.39x10° 1.29x 10° 438x107

Figure S 18 Binding analysis of scFv variants with rhRNF43 antigen via BLI. (A) Association and dissociation were fitted by a
1:1 global full-fit binding model. The x-axis of the sensorgrams represents the wavelength interference shift in nm and the y-
axis the time in seconds (s). Fittings are shown in red. (B) Respective dissociation constants (Kp) were calculated from fitting
using FortéBio data analysis software.

Table S 2 Test conjugation for activated scFv variants. For scFv variants DAR is given as a mean from RP-HPLC and LC-MS
analysis. SE-HPLC purity refers to the final monomer click derivate conjugate.

4

5

6

DAR Purity [%]

DAR Purity [%]

DAR Purity [%]

1
DAR Purity [%]
scFv 2 10.79 100
scFv3 10.78 100
scFv4 10.89 100
scFv5 [ 0.86 100
scFv 6 | 0.84 100
scFv7 10.86 100

3
DAR Purity [%]
091 100
0.68 100
0.95 99.2
0.95 99.3
0.95 99.3

0.9 99.2
0.9 99.3
0.9 99.3

0.81 98
0.74 97.4
0.83 100

0.57 100
0.53 100
0.62 100

Table S 3 Test conjugation for activated scFv variants. For Ttz DAR is given as a mean from RP-HPLC and LC-MS analysis. SE-
HPLC purity refers to the final monomer click derivate conjugate.

1 2
[U/mL] DAR Purity [%] DAR Purity [%]
10 1.90 99.1 1.84 99.2
15 2.00 99.4 1.92 99.4
25 1.96 99.1 1.92 99.3
50 1.98 98.8 1.88 99.0
75 1.96 98.8 1.98 99.0
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Figure S 19 Chromatographical purification and characterization of MTG-mediated click derivate conjugation of scFv
variants. A,go chromatogram of preparative SEC was used to separate the product peak from HMW. A;14 chromatogram of
analytical SEC reveals the monomeric purity of the final conjugates and RP-HPLC was used to determine the final DAR.
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Figure S 20 Chromatographical purification and characterization of MTG-mediated click derivate conjugation of antibodies.
Azs0 chromatogram of preparative SEC was used to separate the product peak from HMW. A14 chromatogram of analytical
SE-HPLC reveals the monomeric purity of the final conjugates and reduced LC-MS was used to determine the final DAR. LC-
MS data set was acquired by the Lab of Roland Kellner, Merck KGaA.
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Figure S 21 (A) SDS-PAGE analysis using 4-12% Bis-Tris gel of the following samples: Ttz.1 (lane a), scFv5.3 (lane b) and reaction
mix after 3 hours and 30 °C SPAAC click reaction (lane c). Samples were prepared under non-reducing conditions. (B) Overlay
of analytical SE-HPCL chromatogram with A,so signal of SPAAC reaction mixes including Ttz.1 and scFv5.3 at different reaction
conditions. The clicked bispecific Ttz.1-scFv5.3 elutes after 3.29 min, while the Ttz.1 elutes at 3.60 min. HMW species of
approximately 4% were detected at 2.92 min and non-clicked scFv5.3 eluted after around 4.46 min.
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Figure S 22 Determination of scFv- to-Antibody ratio (SAR) of IgG-scFv conjugates. (A) SE-HPLC chromatograms (Az14nm) of
purified IgG-scFv conjugates. (B) Deconvoluted MS spectra were employed to assign RP peaks to light chain and heavy chain
species conjugates with scFv variants. Data set was acquired by the Lab of Roland Kellner, Merck KGaA.
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Figure S 23 Cellular binding analysis of Ttz and aRNF43 antibodies via flow cytometry. (A) Ttz.1-scFv5.3 shows binding to
HER2pos cell lines. No significant binding to HER2o,, was observed. No fluorescence signal was detected for aDIG.2-scFv5.3
and detection antibody control. (B) Cellular RNF43 binding obtained by the flow cytometric analysis of (A).
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Figure S 24 Cellular antibody binding to HER2},gn cell lines HEPG2 of Ttz and aRNF43 antibody and MCF7 over the time course
of1h,2hand3h.
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Figure S 25 Target degradation on HER2,,, cell line MDA-MB-468. (A) Western Blot analysis of HER2 levels after 24 hours
treatment with 10 nM Ttz.1-scFv5.3 and Ptz.1-scFv5.3. Monospecific molecules, including scFv5, Ttz and Ptz were used as a
reference along with buffer treatment. After treatment, cells were lysed and 150 uM protein was used for Western Blot
analysis. B-actin served as a housekeeping control and was detected with fluorophore-labeled secondary antibody. (B) Flow
cytometric analysis of HER2 level on MDA-MB-468 cell surface. Cells were treated with 10 nM Ttz.1-scFv5.3 and Ptz.1-scFv5.3
for 24 hours and after harvest and staining FACS analysis was performed. Treatment results are normalized to buffer only
treatment. The values represent the mean of technical triplicates with SD as error bar.

B List of figures

Figure 1 Structure of antibody and fragments. (A) The IgG-based antibody is depicted in a
schematic representation, featuring two identical heavy (HC) and light chains (LC). The
fragment crystalline (Fc) region is composed of Cx2 and Cu3 domains, while the fragment
antigen binding (Fab) unit is formed by Vu and Cx1 of the HC and Vi and C., of the LC. The
antigen binding sites are formed by the Fragment variable (Fv) form with the CDR 1-3
regions. The glycosylation site is in the Fc fragment at position N297. (B) Schematic
representation of antibody fragments. The monovalent Fab, capable of binding the antigen
with the variable region, lacks the Fc part and does not exhibit effector functions. The scFv,
comprising the Vy and Vi, along with a linker unit, weighs approx. 25 kDa and can bind its
antigen through the CDR regions. The smallest antigen-binding unit, the camelid heavy-
chain variable domain (VHH), weighs around 15 kDa and binds the antigen with one
0101000 0¥ oY W00 D] 2 g o3 (o ) PP PP 7

Figure 2 Bispecific antibody formats categorized by non-IgG-like formats without Fc-
fragment and Fc-fragment based formats. The Fc-fragment based fragments are further
classified in asymmetric and symmetric architecture. Each color represents a variable
domain (variable heavy chain specificity 1 - green, variable light chain specificity 1 - light
green, variable heavy chain specificity 2 - blue, variable light chain specificity 2 - light
blue), the connecting peptide linkers are shown as black line. The dark grey colored CL.
shows the light chain switch for. The “knob-into-hole” amino acid exchange for correct

heavy chain pairing is shown as black circle within the C43 domain of the antibody........ 10
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Figure 3 Schematic conjugation strategies for generation of different antibody-drug
conjugates (ADC). FDA-approved ADCs are typically conjugated via chemical methods,
such as the reaction of cysteines with maleimides in a Michael addition. Newer approaches
of chemoenzymatic and enzymatic strategies show promising results in pre-clinical
studies. For simplicity, the conjugation to the antibody is only shown on one chain of the
0] (0] 1= 1 VTSP 13

Figure 4 Strain-promoted azide-alkyne cycloaddition (SPAAC). The bicyclononyne- (BCN) or
dibenzocyclooctyne- (DBCO) derivate reacts with organic azide and forms a stable 1,2,3-
triazol. The R groups represent the rest of the molecule. ... 14

Figure 5 Mechanism of transglutaminase-mediated transamidation. MTG catalyzes the
transfer of primary amines to the y-carboxamide group of the glutamine. The nucleophilic
attack of Cys64 on the y-carboxamide group of the acyl-donor results in the formation of
a thioester, accompanied by the release of ammonia. Subsequently, the e-amino group of
the acyl-acceptor (in this case, lysine) interacts with the side chain, leading to the
formation of an iso-peptide bond between the donor and acceptor, while regenerating
Cys64. Figure based on DEWEId €f AL72 ... sssessssssesssesssssesssssssssesans 15

Figure 6 Canonical Wnt-signaling of RNF43 regulating the surface level of Fzd receptor in
presence and absence of RSPO. (A) RNF43 inhibits the interaction through intrinsic
ubiquitination and subsequent degradation of Fzd, leading to the downregulation of the
Wnt signaling pathway. (B) Rsondin binds RNF43 and LGR4/5/6 and induces
autoubiquitination of RNF43 and following lysosomal degradation of RNF43. Wnt/f3-
catenin signaling pathway is activated. Fzd - Frizzled receptor, LRP5/6 - lipoprotein
receptor-related proteins 5 and 6, Ub - Ubiquitin, RSPO - Rspondin, LGR4/5/6 - G-protein-
coupled receptor 4,5,6. Figure based on Hao et al.120 .........nenenenseeneensesnesssessssssssesssennns 20

Figure 7 The ubiquitin-proteasome system. Ubiquitin activation by ubiquitin-activating
enzyme (E1), then the transmission of activated ubiquitin (Ub) moiety to ubiquitin-
conjugating enzymes (E2) and transfer of activated Ub from E2 to a cysteine residue on
ubiquitin-protein ligases (E3) or directly to the substrate. The polyubiquitinated substrate
is then degraded by the 26S proteasome complex that causes release and reusable Ub and
Ei3 TIZASE. ettt ettt ts et s bR R R R AR AR 22

Figure 8 Target protein degradation mediated by PROTACs through the UPS. (A) The
PROTAC consists of a ligand for the POI (turquoise) and a E3 ligase ligand (rose) linked by
a spacer, enabling the target to be brought into proximity to an E3 ligase complex (gray).
Subsequently, the target protein is ubiquitinated (yellow) and degradation is enabled by
recognition of the 26S proteasome. Following degradation, the PROTAC can be recycled
and bind again. (B) VH032-based PROTAC GNE987P targeting BRD4.143 ..........couonimrereenes 24
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Figure 9 Schematic representation of the mechanisms of NBE-based targeted protein
degradation. Glycan-based recycling receptors are addressed by 1stand 2nd generation of
LYTAC, which share the same mechanism of action. AbTAC and PROTAB are bispecific
antibodies targeting an E3-ligase and the target of interest and cause receptor-mediated
uptake and degradation through the endosome-lysosome pathway. KineTACs comprising
a target binding arm and a cytokine arm for binding the cytokine receptor. .......cccouenees 28

Figure 10 Vector map of pTT5 plasmid. This was used for mammalian expression and contains
essential elements, shown using the example of aRNF43 scFv2. It includes an origin of
replication (EBV oriP), an ampicillin resistance, a bacterial origin of replication (pUC ori),
a cytomegalovirus immediate early promotor (CMV) and the adenovirus tripartite leader
(TPL). The TPL is a synthetic intron that includes an enhancer element from the
adenovirus major late promotor, which enhances protein expression. Downstream of the
protein sequence is the rabbit -globulin polyadenylation signal, while upstream is the

leader sequence. The pTT5 vector was developed by the National Research Council of

Figure 11 Modular approach to generate bispecific PROTAC-binding antibodies using
bioconjugation. (A) Process for generating an antibody-MIC7 conjugate loaded with
PROTAC to enable (B) target receptor-mediated binding and internalization of complexed
PROTAC S. Figure adapted from Lehmann et al181...........oneeneeeerneesnseenesssessssesssesssesssessseesnns 60

Figure 12 Chromatogram of analytical HI-HPLC. Overlay of the UV-absorption signals of Gs-
MIC7 (black) and PROTAC-loaded G3-MIC7 (blue). 10.9% unloaded Gs-MIC7 at retention
time 8.89 min and 89.1% of G3-MIC7+GNE987 at retention time 11.21 min were detected.

Figure 13 Semi-quantitative analysis of MTG-mediated conjugation. 4-12% Bis-Tris SDS-
PAGE gel showing reduced reaction mixes and respective controls. As expected, bands of
parental antibody appear at 25 kDa (LC) and 50 kDa (HC) and free excess of Gz-MIC7
appears at approx. 15 kDaand MTG at 38 kDa. No cross-linking was observed between Ttz
and MTG or G3-MIC7 and MTG. Within the reaction mixture (lane 7), a shift of the heavy
chain band towards 65 kDa is visible. The Precision Plus Protein™ Unstained Standard was
used as the marker for size estimation. Figure adapted from Lehmann et al.181.................. 62

Figure 14 Chromatograms of Ttz-MIC7 preparation and analysis. (A) Chromatogram of
preparative SEC. The probe was injected onto a SEC column. Sample was separated by an
isocratic gradient in target peak (Ttz/ Ttz-MIC7), HMW, excess G3-MIC7 and MTG. (B)
Chromatogram of analytical SE-HPLC. Overlay of the UV-absorption signals of blue, the Ttz
and black, the purified Ttz-MIC7. The shift towards higher molecular weight is in the

expected range but does not indicate formation of further multimeric species. (C) RP-
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HPLC chromatogram of purified Ttz-MIC7. Overlay of the UV-absorption signals of the Ttz
and the purified Ttz-MIC7. No unconjugated mAb at retention time 3.85 min, 16.1% of
VAR 1 species at retention time 4.10 min and VAR 2 species at retention time 4.19 min
were detected. This reaction had an overall VAR of 1.80 (D) Chromatogram of HI-HPLC
analysis. Overlay of the UV-absorption signals of Ttz and the purified Ttz-MIC7. Purified
Ttz-MIC7 analysis revealed final VAR of 1.72. Figure adapted from Lehmann et al.18!..... 63
Figure 15 Cellular binding of Ttz-MIC7, Ttz and reference molecules to different HER2
expressing cell lines. The HER2-targeting antibodies and references selectively bind to
HER2 overexpressing cell lines, SKBR3 and BT474. A slight binding was observed to
HER2j,w cells MDA-MB-435. The experimental procedure included incubation of cells at a
concentration of 100 nM for each treatment condition for 60 min at 4 °C. After incubation,
cells were washed twice with DPBS + 1% (w/v) BSA and then incubated for 30 min in the
dark at4 °C with 500 nM AF488-labeled detection antibody. After two further washes with
DPBS + 1% (w/v) BSA, the fluorescence intensity was measured by flow cytometry. Figure
adapted from Lehmann et LIBL........eoenneninensnsesnssss s ssssssssssssssssssssssssssssssssssssssassssssaes 67
Figure 16 Receptor-mediated internalization of pHAb-dye labeled constructs in HER2
expressing cell lines. (A) Intracellular accumulation of Ttz-MIC7 in BT474, SKBR3 and
MDA-MB-435 cancer cells were presented as an example for selected time points. The cells
were incubated at 37 °C, 80% humidity and 5% CO. with 100 nM pHAb-dye labeled Ttz-
MIC7. Images of the cells in the RFP channel (Exc. 531 nm, Em. 593 nm) were recorded
every 30 min for 24h using a cell imaging reader. (B) The time series images
demonstrated an increase in cellular uptake for HER2-binding constructs. The
fluorescence intensity was normalized based on both the cell number and the pHAb-dye
DOL value Of 8aCH CONSIIUCL. ..eureereereemeeseereersessseesseesseessesssesssessssesssesssesssesssessssssssssssessssessessssesssesssessans 69
Figure 17 Generation of Ttz-MIC7 PROTAC complexes. Incubation of Ttz-MIC7 with GNE987
at molar ratios of 1:0.5, 1:1 to 1:2 followed by monitoring of complex formation via HI-
HPLC. RO, R1 and R2 indicate the ratio elution range corresponding to conjugates loaded
with 0, 1, or 2 PROTAC s, respectively. Figure adapted from Lehmann et al.181.................... 70
Figure 18 Targeted BRD4 degradation mediated by antibody delivery of PROTAC. (A)
Degradation of BRD4 evaluated in SKBR3 (HER2.s) cancer cells using
immunofluorescence microscopy analysis. Cells were treated with 10 nM Ttz-MIC7 or
aDig-MIC7 complexed with GNE987P at molar ratio 1:1, along with respective controls,
for 24 h. Following the treatment, cells were fixated, permeabilized and stained using
primary anti-BRD4 antibody. For staining with secondary antibody an Alexa Fluor™ 488-
labeled antibody was used (green). Cell nuclei are counterstained with Hoechst 33342 dye

(blue). (B) Relation between normalized BRD4 level and different treatment
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concentrations. The BRD4 level was normalized to cell count and untreated cells. Serial
dilution of treatment concentrations between 0.01 and 100 nM treatment were selected
and plotted, which were performed in technical triplicates. The solid line connects the data
points for the BRD4 level at respective concentration for the antibody-based treatment,
while the dotted line connects free GNE987 and GNE987P data points.......inennennns 72
Figure 19 Dose-response curves of PROTAC-loaded Ttz-MIC7 and respective controls.
HER2high and HER2)ow cells were treated with Ttz-MIC7 and aDig-MIC7 complexed with
(A) GNE987P (molar ratio 1:1) and (B) GNE987 and control molecules. Cells were treated
for six days with serial dilution. Each curve represents the mean of technical duplicates,
standard deviation shown as error bars. Figure adapted from Lehmann et al.181............... 74
Figure 20 Dose-response curves of GNE987P-loaded Ctx-MIC7 and respective controls.
EGFRupigh and EGFRjow cells were treated with Ctx-MIC7 and aDig-MIC7 complexed with
GNE987P (molar ratio 1:1) and control molecules. Cells were treated for three days with
serial dilution. Each curve represents the mean of biological triplicates, standard deviation
SNOWTL @S EITOT DATS. ..ottt b s s s s R s s s 75
Figure 21 Dose-response curves of GNE987P-loaded G3-MIC7 and respective controls. Cells
were treated for three days with G3-MIC7 complexed with GNE987P (molar ratio 1:1) and
control molecules in serial dilution. Each curve represents the mean of biological
triplicates, standard deviation ShOWN as ErTOr DATS.......cneneeneseensesssessessesesssessssssesssssesssennes 75
Figure 22 Schematic representation of chemoenzymatic conjugation steps to generate an
antibody-based degrader and the mediated target receptor degradation mode. (A)
MTG-mediated direct conjugation strategy for generation of bispecific anti-body-scFv
conjugates was not successful. (B) Native IgGl-based antibodies are site-selectively
coupled with click derivate using microbial transglutaminase (MTG). A SPAAC reaction
was performed to covalently bind scFv and antibody. (C) Mode of action of
transmembrane E3 ligase mediated internalization and lysosomal degradation. .............. 76
Figure 23 (A) Protein yields after purification. (B) Confirmed sequence identity by peptide
mapping and determination of molecular weight. The binding affinity is expressed as Kp
value and were derived by a 1:1 global full-fit binding model.........ecnenrenreerecreeenneens 81
Figure 24 Results of click derivate conjugation to scFv variants. (A) Conjugation efficiency of
different click derivatives to scFv variants shown as DAR. (B) Mean and * SD of protein
stabilities based on the monomeric content upon conjugation with different click
derivatives (1, 3-6). Data set obtained by SE-HPLC analysis.......ccoeneneenseeneeseenseseeneesseennes 82
Figure 25 Results of click derivate conjugation to Ttz. (A) Conjugation efficiency of click

derivatives 1 and 2 to Ttz shown as DAR. (B) Mean and * SD of protein stabilities based
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on the monomeric content upon conjugation with different click derivatives. Data set
obtained by SE-HPLC QNalySis. ...c.oeeineeneineesseisesseesesssessessssssesssessssssssssssssssssssssssssssssssssssssssanes 83
Figure 26 Optimization of SPAAC reaction. (A) Semi-quantitative gel electrophoresis of Ttz.1-
scFv5.3 after 3 hours and 30°C SPAAC click reaction and controls. Samples were prepared
under non-reduced conditions. (B) Ttz.1 was clicked with scFv5.3 using different reaction
conditions. Reaction time (h), temperature (°C) and Ttz.1 protein concentration (mg/mL)
was studied. Reactivity was evaluated using SE-HPLC with respective chromatograms in
Figure S 21 (B) and gel electrophoresis. The percentage reactivity is determined by the
proportion of 100% free, non-clicked antibody in the reaction mixture........occooeeenseenreennees 85
Figure 27 Antibody-based degrader production and analysis. (A) Chromatogram of
preparative SEC analysis. The probe was injected to a PBS pH 7.4 equilibrated column.
Linear gradient was used for elution and fractions were collected and pooled. The UV-
signal is shown in black. (B) Chromatographical analysis of analytical SE-HPLC. The blue
signal is the UV absorption of Ttz and the black signal corresponds to Ttz.1-scFv5.3. (C)
Semi-quantitative analysis of final purified Ttz.1-scFv5.3 and Ttz. Non-reduced and
reduced sample preparation wWas Performed. ... —————" 86
Figure 28 Simultaneous binding analysis of RNF43 and HER2 by IgG-scFv conjugate via BLIL.
The conjugates were immobilized on AHC biosensors. Then, association of rhRNF43
followed by HER2 was monitored. For both association steps a shift could be observed
indicating simultaneous binding of both antigens. Buffer controls indicated no unspecific
DINdIiNg t0 AHC DIOSEIISOTS. «..ueuieneureenreeseesreeseesssessessessesssessesssesessss s sss s s sesssesss st sssssssesssessssssssnes 88
Figure 29 Theoretical RNA expression levels of HER2 and RNF43 in different cancer cell
lines. (A) Expression level is stated as log, of transcripts per million (TPM) stated in
DepMap portal from Broad Institute.18® The Log, TPM represents the expression level of
the gene at one million transcripts in one sample. (B) The cell lines were grouped into low
(light grey), medium (grey) and high (black) HER2 expressing cell lines depending on their
TPIM VALUE. ...ttt ettt esss st s s s bbb bbb 89
Figure 30 Cellular binding of IgG-scFv conjugates and references to several cell lines. Cell
lines were incubated with 100 nM antibody and binding was revealed with AF488-labeled
detection antibody. (A) HER2 expressing cells incubated with Ttz.1-scFv5.3 (red) and Ttz
(blue) and a fluorescent detection antibody show equal MFI compared to controls (aDIG.2-
scFv5.3 (black), aRNF43 mAb (grey), and AF488-labeled anti-human detection antibody
(green) in flow cytometry analysis. (B) MFI values obtained for Ttz.1-scFv5.3 and Ttz on
HER?2 cell lines expressing different levels of HERZ..........coenecneenneeneseeseeseeseesseesseeene 90
Figure 31 Target cell receptor degradation. (A) Western Blot analysis of HER2 level in HEPG2
cells after treatment with 10 nM Ttz.1-scFv5.3 and Ptz.1-scFv5.3 for 24 hours. For
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reference monospecific molecules, including scFv5, Ttz and Ptz along with buffer
treatment were used. After treatment cells were lysed and 150 uM protein was used for
analysis. B-actin served as housekeeping control and was detected with fluorophore-
labeled secondary antibody. (B) Flow cytometric analysis of HER2 level on HEPG2 cell
surface. Cells were treated with 10 nM Ttz.1-scFv5.3 and Ptz.1-scFv5.3 for 24 hours and
after harvest and staining FACS analysis was performed. Treatment results are normalized
to buffer only treatment. The values represent the mean of technical triplicates with SD as
error bar. (C) Western Blot analysis of PD-L1 level in different cancer cell lines (MDA-MB-
231, T24, HCC827) after treatment with 10 nM Atz.1-scFv3.3 for 24 hours. GAPDH was
used as housekeeping protein. (D) Flow cytometric analysis of PD-L1 level on surface of
different cell lines (MDA-MB-231, T24, HCC827) after treatment with Atz.1-scFv3.3 and
controls. Treatment results are normalized to buffer only treatment. The values represent

the mean of technical triplicates with SD as €rror Dar. ... 92
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D Abbreviations

AA Amino acid

Ab Antibody

Abs (or A) Absorbance

AbTAC Antibody-based PROTAC

ADC Antibody-drug conjugate

ADCC Antibody-dependent cellular cytotoxicity
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AHC
APC
Ar
ASGPR
Atz
AUC
Ave
BCA
BCN
BD
BET
BiTE
BLI
BRD4
BSA

c

CDC
CDR
CI-M6PR
CKla
CRBN
CRC
Ctx
CuAAC
Cv
Cv
DAR
DBCO
DIG
DOL
E1l

E2

E3
ECD4
EGFR

anti-human IgG Fc capture biosensors
Antigen-presenting cells

Peak area [mAU*sec]
Asialoglycoprotein receptor
Atezolizumab

Area under the curve

Avelumab

Bicinchoninic acid

Bicyclononyne

Bromodomain

Bromo- and extra-terminal family
Bispecific T-cell Engager
Bio-layer-Interferometry
Bromodomain-containing protein 4
Bovine serum albumin
Concentration [M]
Complement-dependent cytotoxicity

Complementary Determining Regions

Cation-independent mannose 6-phosphate receptor

Casein kinase 1a
Cereblon
Colorectal cancer

Cetuximab

copper(I)-catalyzed Huisgen azide-alkyne cycloadditions

Column volume

Column volumes
Drug-to-antibody ratio
dibenzocyclooctyne
Digoxigenin

Degree of labeling
Ubiquitin-activating enzyme 1
Ubiquitin-conjugating enzyme 2
Ubiquitin-protein ligase 3
Extracellular domain 4

Epidermal Growth Factor Receptor
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ESI-MS

Fab

Fc

FcRs
FDA
Fzd

Gs
GalNAc
GCO

HC
HER2
HI-HPLC
IF
IGF1R
IMAC
Kb

KIH
KineTAC
1

L

LC
LGR4/5/6
LplA
LRP5/6
LYTAC
M6Pn
mAb
MAPK
MED
MFI
MTD
MTG
Mtz
MW

Electrospray ionization mass spectrometry
Flow rate [uL/sec]

Antigen-Binding Region

Fragment Crystallizable

Fc receptors

Food and Drug Administration

Frizzled receptor

Triple glycine sequence
N-acetylgalactosamine

Global Cancer Observatory

Heavy chain

Human epidermal growth factor receptor 2
Hydrophobic interaction chromatography
Immunofluorescence Assay

Insulin-like growth factor 1 receptor
Immobilized Metal Affinity Chromatography
Equilibrium dissociation constant
"knob-into-hole"-technology

Cytokine receptor-targeting chimeras

Flow cell path length [cm]

Liter

Light chain

G-protein-coupled receptor 4,5,6

Lipoic acid protein ligase A

Lipoprotein receptor-related proteins 5 and 6
Lysosome-Targeting Chimeras

Mannose 6-phosphonates

Monospecific antibody

Mitogen-activated protein kinase
Minimum efficacious dose

Mean fluorescence intensity

Maximum tolerated dose

Microbial transglutaminase

Matuzumab

Molecular Weight
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MWCO Molecular weight cut off

N3 Azide

NBE New Biological Entities

PD-L1 Programmed cell death ligand-1

PEG Polyethylene glycol

PI3K Phosphatidylinositol-3 kinase

PI3K Phospholipid inositol-3-kinase

PK Pharmacokinetic

POI Protein of interest

PROTAB Proteolysis-targeting antibody

PROTAC Proteolysis Targeting Chimeras

Ptz Pertuzumab

PVDF polyvinylidene difluoride

REULR Receptor Elimination by E3 Ubiquitin Ligase Recruitment
Rix Rituximab

RNF43 Ring finger protein 43

RP-HPLC Reversed phase chromatography

RP-HPLC Reversed Phase-HPLC

RSPO Rspondin

RT Room temperature

RTK receptor tyrosine kinases

RU Response units

S. Lad Streptomyces Ladakanum

SAR scFv-to-antibody ratio

scFv Single-Chain Variable Domain

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEC Size exclusion chromatography

SEC Size-Exclusion Chromatography

SHP-2 Src homology 2 domain-containing protein tyrosine phosphatase-2
SPAAC Strain-promoted azide-alkyne cycloaddition
SPR Surface plasmon resonance spectroscopy
SrtA Sortase A

TC Tissue culture

TFA Trifluoroacetic acid

TPD Targeted Protein Degradation
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Ub
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WHO

Trastuzumab

Ubiquitin

VHH-antibody ratio

Camelid Heavy-Chain Variable Domains
Von Hippel-Lindau

World Health Organization
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