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Zusammenfassung und wissenschaftlicher Erkenntnisgewinn

Diese Arbeit befasst sich mit der Herstellung und Charakterisierung von multispezifischen
symmetrischen Antikérpern fiir die Krebsimmuntherapie. Im Gegensatz zu asymmetrischen Antikérpern,
bei denen Protein Engineering Technologien angewendet werden miissen, um die korrekte Paarung der
verschiedenen Polypeptidketten zu gewdhrleisten, bestehen symmetrische Antikorper aus zwei
identischen schweren und leichten Ketten. Folglich weisen diese Molekiile hinsichtlich der etablierten
Herstellung und des konventionellen Zulassungsverfahrens &hnliche Eigenschaften wie monoklonale
Antikorper (mAb) auf. Two-in-One Antikorper sind symmetrische tetravalente IgG-ahnliche bispezifische
Antikorper (bsAbs), bei denen jedes Antigenbindungsfragment (fragment antigen binding, Fab) zwei
verschiedene Antigene adressiert. Die gleichzeitige Bindung von zwei tumorassoziierten Antigenen
(TAAs) auf derselben bosartigen Zelle bietet Vorteile wie erhohte Spezifitit und geringere
Immunevasion. Die Optimierung der Affinitdt kann die Wirksamkeit von Arzneimittelkandidaten weiter

verbessern und unerwiinschte Nebenwirkungen begrenzen.

Die erste Untersuchung im Rahmen dieser kumulativen Dissertation befasste sich mit der Generierung
eines symmetrischen Two-in-One Antikorpers, der den epidermalen Wachstumsfaktor-Rezeptor (EGFR)
und den programmierten Zelltod-Liganden-1 (PD-L1) bindet, zwei therapeutische Zielmolekiile, die in
vielen soliden Tumoren hochreguliert sind. Dazu wurde die schwere Kette eines vom Huhn stammenden
anti-PD-L1 common light chain (cLC) Antikorpers mit einer vom Huhn stammenden anti-EGFR Hefe-
Display (YSD) Antikorperbibliothek kombiniert und anschlief3end auf Bindungseigenschaften an beide
Antigene untersucht. Der isolierte Two-in-One Antikérper HCP-LCE adressierte EGFR und PD-L1
gleichzeitig mit demselben Fab-Fragment und wies vorteilhafte biophysikalische Eigenschaften auf. BLI-
Messungen und zellbasierte Assays ergaben, dass HCP-LCE die EGFR-Signaliibertragung durch Bindung
an die EGFR Dimerisierungsdoméane II hemmt und die PD-1/PD-Ll-Interaktion blockiert.
Bemerkenswerterweise wurden beide Antigene mit vergleichsweise geringen Bindungsaffinititen im
zweistelligen bis dreistelligen nanomolaren Bereich adressiert, jedoch wurden spezifische und
hochaffine zelluldare Bindungseigenschaften auf EGFR- und PD-L1-doppelpositive Tumorzellen
nachgewiesen. HCP-LCE ist der erste Two-in-One Antikorper ohne complementarity-determining region
(CDR) Engineering, der mit einem einzigen Fab-Fragment zwei Antigene gleichzeitig bindet. Dieser
Ansatz der Bibliotheksgenerierung ebnet den Weg fiir die weitere Entwicklung von aus der
Vogelimmunisierung stammenden Two-in-One Antikorpern mit mal3geschneiderten

Bindungseigenschaften.

In dem zweiten Projekt wurde ein symmetrischer trispezifischer natiirlicher Killer (NK) Zell-Engager

(NKCE) auf der Grundlage des zuvor isolierten Two-in-One Antikorpers entwickelt. Durch die
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gleichzeitige Adressierung eines TAA und eines spezifischen Markers auf der Oberfldche von NK-Zellen
wird die Immunfunktion von NK-Zellen zur Eliminierung von Tumorzellen fiir die Tumortherapie
nutzbar gemacht. Zum Aufbau eines solchen Antikérpers wurde die cLC-Technologie eingesetzt, eine
etablierte Methode zur Vermeidung von Fehlpaarungen der leichten Kette in multispezifischen
Antikorpern. Dazu wurde die leichte Kette des Two-in-One Antikérpers HCP-LCE als cLC fiir die
Herstellung einer vom Huhn stammenden anti-CD16a YSD-Bibliothek verwendet. Das isolierte cLC Fab-
Fragment, das an CD16a bindet, wurde in einer Head-to-Tail-Konfiguration mit dem parentalen Two-in-
One Antikorper fusioniert, wodurch ein symmetrischer trispezifischer 2+2 Antikérper entstand, der
gleichzeitig EGFR, PD-L1 und CD16a mit sechs unabhéngigen Paratopen auf vier Fabs adressierte. Der
Antikorper zeigte eine spezifische zelluldre Bindung an EGFR- und PD-L1-doppelpositive Tumorzellen
und verursacht eine NK-Zell-vermittelte Tumorzellabtétung (ADCC) bereits bei niedrigen
Konzentrationen. Diese Studie leistet Pionierarbeit bei der unkomplizierten Herstellung trispezifischer
cLC Immunzell-aktivierender Antikorper in einem 242 Design, die aufgrund ihrer symmetrischen

Architektur die nachfolgende Prozessentwicklung erleichtern.

Der dritte Teil dieser Arbeit befasste sich mit der Affinititsoptimierung des Two-in-One Antikorpers
hinsichtlich der EGFR-Bindung durch zielgerichtete Mutagenese und YSD in Kombination mit
fluoreszenzaktivierter Zellsortierung (FACS). Einzelne Aminosduren der CDR1 und CDR3 der leichten
Kette wurden randomisiert, und die resultierende YSD Bibliothek lieferte eine Two-in-One Variante, die
eine 60-fache Verbesserung der EGFR-Bindungsaffinitit durch den Austausch einer einzelnen
Aminosaure an Position drei der CDR3 der leichten Kette aufwies, wiahrend die PD-L1-Bindung nicht
beeintrachtigt wurde. Die AlphaFold2-basierte Modellierung sagte voraus, dass der Austausch der
neutralen Aminosdure Tyrosin gegen die saure Aminosdure Glutaminsdure die Bildung einer
zusatzlichen Salzbriicke zwischen der eingefiihrten Glutaminsdure und einem Arginin an EGFR-Position
165 verursacht. Die erhohte Affinitdt wurde durch BLI-Messungen, Echtzeit-Antigenbindungsmessungen
auf Oberflichen mit einer Mischung aus beiden rekombinanten Proteinen und zelluldren
Bindungsstudien mittels Durchflusszytometrie und Echtzeit-Interaktionszytometrie nachgewiesen.
Dieser Ansatz zur Affinitdtsoptimierung bietet eine breit anwendbare generische Strategie fiir die

Affinitatsreifung von Two-in-One Antikorpern.

vii



Scientific Novelty and Significance

This work is focused on the generation and characterization of multispecific symmetric antibodies for
cancer immunotherapy. In contrast to asymmetric antibodies, where protein engineering technologies
need to be applied to ensure the correct pairing of the different polypeptide chains, symmetric antibodies
consist of two identical heavy and light chains. Consequently, these molecules exhibit monoclonal
antibody (mAb)-like characteristics in terms of established manufacturing and a conventional approval
process. Two-in-One antibodies are symmetrical tetravalent 1gG-like bispecific antibodies (bsAbs) in
which each fragment antigen binding (Fab) addresses two distinct antigens. Simultaneous targeting of
two tumor-associated antigens (TAAs) on the same malignant cell offers advantages like increased
specificity and reduced immune escape. Affinity optimization can further improve the efficacy of drug

candidates and limit adverse effects.

The first investigation within this cumulative thesis was dedicated on the generation of a symmetrical
Two-in-One antibody targeting epidermal growth factor receptor (EGFR) and programmed cell death
ligand-1 (PD-L1), two therapeutic targets upregulated in many solid tumors. To this end, the heavy chain
of a chicken-derived anti-PD-L1 common light chain (cLC) antibody was combined with a chicken-
derived anti-EGFR light chain yeast surface display (YSD) library, followed by subsequent screening for
binding properties towards both antigens. The isolated Two-in-One antibody HCP-LCE simultaneously
targeted EGFR and PD-L1 at the same Fab fragment and exhibited favorable biophysical characteristics.
BLI measurements and cell-based assays revealed that HCP-LCE inhibited EGFR signaling by binding to
EGFR dimerization domain II and blocked the PD-1/PD-L1 interaction. Remarkably, both antigens were
addressed with comparatively low binding affinities in the double- to triple-digit nanomolar range, but
specific and high-affinity cellular binding properties were demonstrated on EGFR and PD-L1 double
positive tumor cells. HCP-LCE represented the first Two-in-One antibody without complementarity-
determining region (CDR) engineering, targeting two antigens simultaneously with a single Fab
fragment. This approach of library generation paves the way for the further development of Two-in-One

antibodies derived from avian immunization with tailor-made binding properties.

In a second project, a symmetrical trispecific natural killer (NK) cell engager (NKCE) was generated
based on the previously isolated Two-in-One antibody. By the simultaneous targeting of a TAA and a
specific marker on the surface of NK cells, the immune function of NK cells to kill tumor cells is harnessed
for tumor therapy. For the generation of such an antibody, the cLC technology was applied, an
established method to circumvent light chain mispairing in multispecific antibodies. To this end, the
light chain of the Two-in-One antibody HCP-LCE was used as cLC for the generation of a chicken-derived

anti-CD16a YSD library. The isolated CD16a engaging cL.C Fab fragment was fused in a head-to-tail setup
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with the parental Two-in-One antibody, resulting in a symmetrical trispecific 242 antibody that
simultaneously bound EGFR, PD-L1 and CD16a with six independent paratopes on four Fabs. The
antibody exhibited specific cellular binding on EGFR and PD-L1 double positive tumor cells and induced
NK cell-mediated tumor cell killing (ADCC) already at low concentrations. This study pioneers the
straightforward generation of trispecific cLC immune cell engager molecules in a 2+2 design, which

facilitates subsequent process development due to the symmetrical architecture.

The third part of this work focused on the affinity maturation of the Two-in-One antibody for EGFR
binding by site-directed mutagenesis and YSD in combination with fluorescence-activated cell sorting
(FACS). Individual amino acids of the light chain CDR1 and CDR3 were randomized and the resulting
YSD library provided a Two-in-One variant that exhibited a 60-fold improvement in EGFR binding
affinity due to the replacement of a single amino acid at position three of the light chain CDR3, while
PD-L1 binding was not impaired. AlphaFold2-based modeling predicted that the exchange of the neutral
amino acid tyrosine to the acidic amino acid glutamic acid causes the formation of an additional salt
bridge between the introduced glutamic acid and an arginine at EGFR position 165. The increase in
affinity was demonstrated by BLI measurements, real-time antigen binding measurements on surfaces
with a mixture of both recombinant proteins and cellular binding studies using flow cytometry and real-
time interaction cytometry. This easily adaptable approach provides a generic strategy for the affinity

maturation of Two-in-One antibodies.
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1. Introduction

Host defense is one of the most important functions of living organisms, as they are constantly exposed
to microbial pathogens and viral infections (1). In higher organisms such as vertebrates, the immune
system is divided into two entities determined by the speed and specificity of the response: the innate
and the adaptive immune system (2). While the innate immune system is activated as the first line of
defense shortly after infection enabling a rapid, general immunological response, the adaptive immune
system requires more time to develop an antigen-dependent, highly specific response (3).

The innate immune system is based on physical and chemical barriers to infection, including the
epidermis and the mucosal epithelia, as well as on different cell types that recognize invading pathogens
and activate antimicrobial immune responses (4, 5). It is restricted to a limited number of genetically
predetermined, germline-encoded receptors, the so-called pattern-recognition receptors (PRRs), which
are specific for distinct conserved structures on pathogens, termed pathogen-associated molecular
patterns (PAMPs). Upon recognition of PAMPs, PRRs induce proinflammatory and antimicrobial
responses by activating a variety of intracellular signaling pathways resulting in the secretion of
inflammatory mediators such as cytokines, chemokines, interferons, and antimicrobial peptides (6, 7).
The cellular components of the innate immune system include antigen-presenting dendritic cells (DCs),
phagocytotic macrophages and granulocytes, and cytotoxic NK cells (4). NK cells are able to kill virus-
infected somatic cells and tumor cells by releasing perforins and granzymes, while their activation
depends on a variety of inhibitory and activating receptors that interact with the surface of healthy and
malignant cells (8). Moreover, NK cells recognize cells with downregulated major histocompatibility
complex (MHC) class I expression (“missing self”), leading to their killing, the release of cytokines, and
the activation of macrophages, which eliminate infected cells via phagocytosis (9-11).

The adaptive immune system is activated by antigen-presenting DCs and has evolved to enable specific
pathogen detection by providing a broader repertoire of recognizing self- and non-self-antigens (12, 13).
It relies on B lymphocytes, which arise in the bone marrow, on T lymphocytes, which mature in the
thymus, and on the diversity and specificity of their antigen receptors, the B cell receptors (BCRs), and
the T cell receptors (TCRs), respectively (13, 14). The diversity of these receptors is generated by somatic
recombination of gene fragments encoding for variable receptor structures, which is described in more
detail in chapter 1.1. (15). Besides specificity, another essential feature of adaptive immunity is the
formation of an immunological memory. During the first exposure to a pathogen, sets of long-lived
memory T and B cells are established, which are rapidly activated upon subsequent exposure to the same
pathogen to elicit a fast, specific, and effective protective immune response (13). The adaptive immune
response can be further subdivided into the humoral immune response, which is mediated by the
secreted form of BCRs, termed antibodies, and the cell-mediated immune response, in which TCRs are

involved. The humoral immune response is initiated by recognition of an antigen via the BCR and the




subsequent activation of immature B cells (16). Antigen recognition leads to internalization of the
complex and antigen degradation in the proteasome. The resulting peptides are displayed on the surface
of the B cell via MHC class II molecules (17). These complexes are recognized by activated CD4+ T
helper cells, which subsequently stimulate the B cell, leading to B cell proliferation and differentiation

into antibody-secreting plasma cells or memory cells (3, 18).

1.1. Antibody structure, function, and diversification

Antibodies are heterotetrametric glycoproteins composed of two identical light chains (LCs) and two
identical heavy chains (HCs). Each heavy and light chain as well as the two HCs are linked via disulfide
bonds. All antibody domains exhibit the characteristic immunoglobulin (Ig) fold comprising two tightly
packed, anti-parallel B-sheets that are covalently linked by an intra-domain disulfide bridge (Figure 1A)
(19, 20). Human LCs belong to one of two functionally similar classes, k (kappa) or A (lambda), with
both LC classes consisting of a C-terminal constant domain (CL) and an N-terminal variable domain
(VL). The HCs belong to one of the five isotypes IgA, IgD, IgE, IgG, and IgM, each of which has an
independent role in the adaptive immune system. IgA, IgD, and IgG consist of one N-terminal variable
domain (VH) and three C-terminal constant domains (CH1, CH2, CH3), while IgE and IgM exhibit one
N-terminal VH and four C-terminal CH domains (CH1, CH2, CH3, CH4). Besides, IgA and IgM contain
an additional joining (J) chain which enables the formation of dimers or pentamers, respectively (19).
The immunoglobulin isotype IgG, which is further subdivided into IgG1, 1gG2, 1gG3, and IgG4, is the
most prevalent in human serum (70-85% of the total serum Igs) (21). The overall structure of the four
human IgG subclasses, of which IgG1 is the most common, is very similar, however there are differences
that affect binding to accessory molecules and receptors and thus functionality (22). In contrast to the
other isotypes, in which glycosylation is found in almost all constant domains, IgG antibodies have a
single glycosylation site at position N297 within the CH2 domain (23).

One IgG antibody molecule consists of three functional components, two Fabs represented by a protein
complex of VH-CH1 and VL-CL, and the crystallizable fragment (Fc) consisting of CH2-CH3 (Figure 1A-
C). The two Fabs are connected to the Fc by a hinge region, which enables high flexibility of the Fabs in
conformation. However, the flexibility differs between the various IgG subclasses. The antigen binding
paratope is formed by certain residues located in the fragment variable (Fv) region, consisting of VH and
VL. Each domain contributes three CDRs, which are characterized by a high structure and sequence
diversity. These six loops, CDR-L1, CDR-L2, CDR-L3 for VL and CDR-H1, CDR-H2, CDR-H3 for VH, are
located in close proximity to each other (Figure 1D). CDR-H3 is the most diverse loop and is often
considered the most important CDR for antigen binding. The framework regions (Fr), which are located

between the CDRs, are relatively conserved and are numbered Frl to Fr4 (19, 24, 25).
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Figure 1: Structural and schematic representation of an IgG1 antibody. A) Structural model of an IgG1 antibody
in the ribbon view. B) Structural model of an IgG1 antibody in a space-filling view. C) Schematic structure of an
IgG1 antibody. Variable regions are shown in light green and light pink for VH and VL, respectively, making up
the variable fragment. Constant domains are depicted in dark green and blue for the heavy chain and in dark
pink for the light chain. D) Structural model of the six complementarity-determining regions that form the
paratope. Structure models are based on PDB 1IGT and were created with PyMol. Abbreviations: fragment
variable: Fv; fragment crystallizable: Fc; fragment antigen binding: Fab; complementarity-determining region:
CDR. Figure created with BioRender.com.

While the Fv fragment of an antibody is involved in antigen binding, the Fc region is essential for the
interaction with effector molecules and cells involved in the stimulation of immune defense mechanisms.
The Fc region of an IgG antibody interacts with Fc gamma receptors (FcyR) and the first subcomponent
of the C1 complex (Clq) to mediate mechanisms such as antibody-dependent cellular cytotoxicity
(ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent cellular phagocytosis
(ADCP) (19, 26). ADCC can be mediated by three types of receptors: FcyRI (CD64) expressed on
monocytes, macrophages, and DCs, FcyRII (CD32) expressed on most myeloid cells, and FcyRIIIA (CD16)
primarily expressed on NK cells. While FcyRI targets IgG with high affinity, FcyRII and FcyRIIIA are low-
affinity receptors (27-30). Binding of FcyRIIIA, often referred to as the main receptor for ADCC, to
antibody-opsonized target cells induces cellular cytotoxicity through the NK cell-mediated release of
perforins and granzymes. The potency of ADCC is influenced by the IgG subclass, the epitope, the
flexibility and affinity of the antibody, the fucosylation and glycosylation pattern, and the FcyR
polymorphisms (21, 31). CDC is triggered by the binding of C1q to the Fc region of cell-bound antibodies,




resulting in subsequent recruitment of a number of complement proteins and the formation of a
membrane attack complex (MAC) that mediates the lysis of target cells (32, 33). ADCP is the mechanism
by which target cells opsonized with antibodies activate the FcyRs on the surface of macrophages to
trigger phagocytosis, leading to internalization and degradation of the target cell by acidification of the
phagosome (34).

Besides mediating effector functions, the Fc part of an IgG antibody is targeted by the neonatal Fc
receptor (FcRn) expressed on endothelial cells, prolonging the serum half-life of IgGs to approximately
20-23 days. Since the FcRn exhibits a significantly higher affinity for the Fc domain of an IgG at acidic
pH than under neutral conditions, the antibody is bound in the acidified endosome after uptake via
pinocytosis and is subsequently recycled to the cell surface and released into the bloodstream (35, 36).
The diversity of the human antibody repertoire is estimated to comprise more than 10*! unique antibody
sequences (3). This theoretical diversity is a result of the somatic recombination of antibody gene
segments during B cell development. The exons encoding for the antibody VH region are assembled from
variable (V), diversity (D), and joining (J) gene segments, whereas for the VL region, V and J gene
segments are combined, a process termed V(D)J recombination (37, 38). Conserved DNA sequences
flank each gene segment and serve as recognition sites for the joining process, which is mediated by an
enzyme complex. This complex includes the proteins recombination activating gene 1 and 2 (RAG1 and
RAG2), which introduce double-strand breaks at the flanking DNA sequences, and enzymes that are
involved in general DNA double-strand repair which together with the RAG proteins perform the DNA
rejoining (37, 39, 40). In addition, the joining mechanism itself increases the number of possible antigen
binding sites through the random loss and addition of nucleotides at the junction sites, which is referred
to as junctional diversification. This significantly increases the diversity of coding sequences, particularly
in CDR-H3 (38, 40). In mature B cells, somatic hypermutation (SHM) further increases diversity of
antibodies in response to antigen stimulation by introducing several single nucleotide substitutions into
the rearranged V(D)J gene segment. SHM is triggered by activation-induced deaminase (AID), an
enzyme that induces cytosine to uracil deamination (41, 42). Another diversification mechanism, which
is also initialized by AID, is the class switch recombination (CSR). In naive B cells, the BCR is of the IgM
or IgD isotype (43). CSR is a process of recombinational deletion in which the exons of the IgM or IgD
constant region are removed and the functional VDJ segment is brought into proximity of the exons of
downstream Ig constant regions allowing the switch to IgG, IgA, or IgE. Thus, within a few days after
the first contact with an antigen, the genes encoding for low-affinity antigen-specific IgM antibodies are

converted into genes that code for high-affinity antibodies (41, 44).




1.2. Antibodies as therapeutic agents

Based on the innate properties of antibodies, including high affinity and specificity, Fc-mediated effector
functions, and the ability to modulate biological responses, mAb therapies have emerged as a powerful
class of therapeutics. The importance of antibodies in combating diseases has been known since 1890,
when Emil von Behring showed that the symptoms of diphtheria in animals can be reduced by
transferring sera from rabbits infected with attenuated pathogens (45, 46). However, it quickly emerged
that polyclonal animal sera have significant limitations in terms of the quantities that can be produced,
the variability of batches, and immunological complications associated with the administration of
repeated doses of exogenous proteins (47, 48). In 1975, Georges Kohler and César Milstein invented the
hybridoma technology, which revolutionized biomedical research and diagnostics and paved the way for
mAb-based therapies (49). The hybridoma technology is based on the fusion of a short-lived antibody-
producing B cell from immunized rodents with an immortalized myeloma cell, resulting in the generation
of long-lasting hybridoma cells that constitutively express a large amount of one specific mAb (50). Mabs
are defined as “monospecific antibodies that are made by identical immune cells that are all clones of a
unique parent cell” (51). This platform led to the discovery of the first therapeutic mouse hybridoma
mAb, Muromonab-CD3, which was approved for human use by the Food and Drug Administration (FDA)
in 1986. However, it has been shown that mAbs of murine origin are highly immunogenic and cause the
formation of human anti-mouse antibodies (HAMASs), which also shortens the serum half-life of these
antibodies (52, 53). Muromonab-CD3 triggered a HAMA response that caused neurotoxicity in treated
patients (54). In addition, the ability of the murine Fc region to induce ADCC in patients is limited (55).
To overcome these limitations of murine mAbs, various strategies have been developed to increase their
sequence similarity to human antibodies while maintaining binding affinity and specificity. First,
chimeric antibodies were generated in which murine variable domains were combined with human
constant regions (Figure 2A) (56). In 1994, Abciximab was approved as the first chimeric antibody for
the treatment of platelet aggregation (57). In many cases, chimeric antibodies exhibited reduced
immunogenicity and were capable of mediating ADCC, but still induced HAMA responses (58). Later,
humanization of antibodies was introduced by grafting the CDRs of murine antibodies into a human
acceptor framework sequence (Figure 2A) (59). Besides CDR grafting, alternative humanization
methods such as resurfacing (60), super-humanization (61), or human string content optimization (62)
have been developed. Resurfacing preserves the non-exposed residues of the non-human antibody, as
only the surface residues are replaced by residues present in human germlines (63). The first humanized
antibody, Daclizumab, generated via CDR grafting, was approved by the FDA for the treatment of
transplant rejection in 1997 (64). Since then, humanized antibody therapies have accounted for a high
proportion of approved antibody therapies each year. While approximately 40% of chimeric antibodies

induce anti-drug antibody (ADA) responses in vivo, only 9% of humanized antibodies do so (58). The




current state of the art are fully human antibodies where antigen specificity has been selected either in
vivo using transgenic animals exhibiting a human antibody repertoire or by antibody engineering
processes combined with screening (65, 66). The first fully human IgG antibody, Adalimumab, was
approved by the FDA in 2002 for the treatment of rheumatic diseases (67). However, even fully human
sequence derived antibodies can induce an ADA response (68). Currently, nearly 200 antibody
therapeutics have received marketing approval or are under regulatory review, and more than 130
antibody therapeutics are being investigated in late-stage clinical studies (phase 2, phase 2/3, or
phase 3) for the treatment of various diseases (69). The majority of antibody therapeutics in the United
States or the European Union are approved for the treatment of cancer, followed by immune-mediated

disorders and infectious diseases (Figure 2B) (70).

chimeric humanized

high potential for immunogenicity low

45% Oncology
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Figure 2: Different degrees of monoclonal antibody humanization and the primary indications of approved
antibody therapeutics. A) Mouse-derived antibody domains are shown in green, human-derived antibody
domains are colored pink. A chimeric antibody combines the Fc region of a human antibody with the Fab
fragment of a murine antibody. By grafting of mouse-derived CDRs into a human framework, a humanized
antibody variant is generated. The immunogenicity potential decreases with the number of mouse-derived
amino acids present. Structure models are based on PDB 1IGT and were created with PyMol. B) Primary
indications for antibody therapeutics approved or in regulatory review in the United States or European Union
according to (70).

Despite the great success of antibodies for the treatment of various disease, there are certain limitations
of their use in clinical applications, including poor tissue penetration and Fc-mediated bystander
activation of the immune system (71). To avoid the latter, antibody engineering approaches have been

developed that prevent the binding of Fc domains to FcyRs, which will be discussed in chapter 1.4.1..




Antibody fragments such as Fabs (50 kDa), single chain variable fragments (scFvs, 25 kDa), camelid-
derived nanobodies (Vuns, 15 kDa), and shark-derived Vnars (13 kDa) are much smaller than full-length
IgGs (150 kDa) (Figure 3), which promotes their penetration into tissues, including solid tumors (71,
72). Fab fragments consist of the variable domains VH and VL and the constant domains CH1 and CL of
an IgG molecule, whereas scFvs are composed of the variable domains VH and VL connected by a flexible
polypeptide linker (72). Vuns and Vnags are the antigen binding domains of heavy chain only antibodies
(HcAbs) which are naturally produced by camelids and sharks, respectively (73). Antibody fragments
retain antigen specificity of the full-length antibody, while elimination from the body occurs faster (71).
To date, several Fab fragments have been FDA approved, of which Abciximab, a Fab fragment of a
chimeric mAb, was the first to be approved in 1994 (74). However, the use of antibody fragments in
therapy also shows limitations, such as possible immunogenicity, insufficient affinity due to monovalent
target binding, lower stability compared to full-length antibodies, and short half-life (71). The fusion of
two Fabs or scFvs results in bivalent F(ab "), antibody variants or tandem scFvs, respectively (Figure 3).
In addition to the use of antibody fragments as single or multimeric molecules, fusions to different
termini of full-length IgGs can be generated, resulting in bispecific or multispecific antibodies which are

addressed in chapter 1.5. and 1.6..
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Figure 3: Schematic representation of antibody fragment structures. The constant domains are depicted in
dark green for CH1, blue for CH2 and CH3 and dark pink for CL. The variable chains are shown in light green and
light pink for VH and VL, respectively. Abbreviations: Immunoglobulin: Ig; single chain variable fragment: scFv;
fragment crystallizable: Fc; fragment antigen binding: Fab. Figure created with BioRender.com.




1.2.1. Therapeutic antibodies in immuno-oncology

Cancer is a leading cause of death worldwide, accounting for almost 10 million deaths in 2020. The most
commonly diagnosed cancers were female breast cancer, lung cancer, and prostate cancer, with the most
common causes of death being lung, liver, and stomach cancers (75). Along with conventional treatment
methods like surgery, chemotherapy, and radiotherapy, mAb-based immunotherapy is considered one
of the most important components of cancer therapy (76). The advantages of targeted therapy are fewer
adverse effects, higher efficacy, and reduced off-target toxicity (77). However, the safety and efficacy of
therapeutic mAbs in oncology depends on the type of target antigen. In 1998, the protein CD20 was
identified, which is abundantly expressed on cancerous B cells in non-Hodgkin “s lymphoma, but not on
healthy, immature B cells. This made CD20 the first target for mAb-based cancer therapy and the
chimeric anti-CD20 antibody Rituximab the first mAb to be approved for the treatment of cancer in 1997
(78). TAAs targeted by therapeutic mAbs in oncology may belong to different categories, including
hematopoietic differentiation antigens, glycoproteins expressed by solid tumors, antigens involved in
angiogenesis, antigens of growth and differentiation signaling, and stromal and extracellular matrix
antigens (79). Growth factor receptors are one of the most common TAAs identified in a variety of cancer
patients, among them EGFR and the human epidermal growth factor receptor 2 (Her2) (80-82). Four
anti-EGFR antibodies (Cetuximab, Panitumumab, Nimotuzumab, and Necitumumab) and three anti-
Her2 antibodies (Trastuzumab, Pertuzumab, and Margetuximab) have already been FDA approved (83,
84). Anti-EGFR antibodies block the ligand-induced EGFR tyrosine kinase signaling and thus inhibit
malignant cell proliferation and differentiation. In addition, the antibodies are able to trigger effector
functions like ADCC, which leads to tumor cell killing (85). Another promising type of mAb cancer
therapy is the blockade of immune checkpoint proteins. Cytotoxic T lymphocyte antigen-4 (CTLA-4) and
programmed cell death-1 (PD-1) are co-inhibitory receptors expressed on the surface of T cells that
negatively regulate T cell-mediated immune responses to maintain self-tolerance and limit collateral
tissue damage (86, 87). However, tumor cells take advantage of these inhibitory molecules to induce
tumor tolerance and T cell exhaustion (88). Accordingly, immune checkpoint inhibitors (ICIs) targeting
CTLA-4, PD-1, or PD-L1 have the potential to reactivate the immune response against tumor cells (89).
In 2011, the anti-CTLA-4 antibody Ipilimumab was approved as the first checkpoint inhibitor for the
treatment of metastatic melanoma (76, 90). Many mAbs addressing the PD-1/PD-L1 axis have been
evaluated in clinical trials for cancer treatment, of which nine have been approved by the FDA, including
Atezolizumab, Avelumab, and Durvalumab targeting PD-L1 and Pembrolizumab, Nivolumab,
Cemiplimab, Dostarlimab, Retifanlimab, and Toripalimab targeting PD-1 (87, 91-93). Immunotherapies
with PD-1 or PD-L1 blockers have been used successfully in many types of cancer, including melanoma,
non-small cell lung cancer, renal cell carcinoma, ovarian cancer, bladder cancer, and lymphoma (94,

95). Lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin and mucin-domain containing-3




(TIM-3), and T cell immunoglobulin and ITIM domain (TIGIT) are considered the next generation of co-
inhibitory receptors that have expanded the repertoire of potential immunotherapeutic targets in various
types of cancer (96). In recent years, antibodies targeting “innate immune checkpoints”, such as CD47,
have been developed. CD47 is ubiquitously expressed in human cells and binds to the signal regulatory
protein a (SIRPa), which is expressed on macrophages to prevent macrophage-mediated phagocytosis
(97). Although CD47 is a promising target for cancer therapy and clinical trials with anti-CD47 mAbs
have shown excellent results, toxicity issues need to be considered as adverse events such as anemia and

thrombocytopenia have been reported (98).

1.3. Generation of therapeutic antibodies

To date, various techniques have been developed for the discovery and generation of antibodies with
desired biological properties from non-human, human, and transgenic human antibody repertoires,
including the hybridoma technology described in chapter 1.2. and library-based antibody display
approaches (99, 100). The main feature that enables the isolation of a desired candidate using antibody
display technologies is based on the linkage of the protein of interest (i.e. the phenotype) to its genetic
information (i.e. the genotype). This principle of genotype phenotype coupling enables the selection of
binders from several billion different protein variants via a high-throughput screening process (101). For
the construction of antibody libraries, different sources of diversity can be utilized. Immune libraries are
typically derived from immunized animals and are thus predisposed for recognition of certain antigens
(102). Since the antibody repertoire has already been affinity optimized in vivo, these libraries usually
contain high-affinity antibody variants (100). The first immunization hosts described were mice, rats,
and rabbits (103, 104). More recently, chicken immunization has shown great promise and is therefore
discussed in detail in chapter 1.3.2.. Regardless of the immunization host, humanization of the antibody
candidates is required to avoid immunogenic reactions (68). However, the immunization of transgenic
animals that harbor the human Ig variable region gene repertoire enables the generation of fully human
antibodies (105, 106). In contrast to an immune library, which is predisposed for recognizing certain
antigens, a single naive library derived from primary B cells from non-immunized or healthy donors is
of general use for the generation of antibodies targeting all types of antigens, including toxins and self-
antigens. The random combination of heavy and light chains increases the antibody diversity of the
donors by multiple orders of magnitude (102, 107). However, antibodies isolated from naive libraries
usually exhibit lower affinities compared to antibodies isolated from immune libraries (108). A method
for antibody repertoire generation that is independent of a natural source is the design of a synthetic
library in which antibody diversity is designed in silico and subsequently synthesized in a controlled
manner. This enables the use of a highly optimized human framework and the introduction of a defined

diversity at the CDRs (102). Using this method, complex libraries can be designed that contain synthetic




antibodies with affinities and specificities beyond the capacity of natural antibodies (109). In semi-
synthetic approaches, natural and synthetic antibody sequences are usually combined (67).

Numerous molecular display technologies have been established for protein engineering, in which the
libraries of protein variants are connected to ribosomes or mRNA (110, 111), or to the surface of phages
(112, 113), bacteria (114), mammalian (115, 116), or yeast (117) cells. Prokaryotic display, especially
phage display, is the most commonly used display technology due to its simplicity, high efficiency, and
low cost. The origin of phage display dates back to 1985, when George P. Smith showed that filamentous
phages are able to display a peptide of interest on their surface after inserting a foreign DNA fragment
into the filamentous phage coat protein gene (112). McCafferty and Winter were the first to utilize this
technology in antibody discovery (113, 118). M13, one of the filamentous bacteriophages of Escherichia
coli, is the most widely used phage for antibody display while most phage display systems are based on
pllI-antibody fusion proteins due to the structural flexibility of the coat protein pIIl and its ability to
display large proteins without loss of function (119-121). Antibody candidates with the desired
characteristics can be enriched in a process referred to as “panning” by incubating the library with the
respective antigen (121). Nevertheless, this technology relies on the bacterial expression, secretion, and
folding apparatus, not allowing correct protein folding and glycosylation of mammalian proteins (122).
Therefore, alternative cellular display systems such as yeast display (117), which is described in chapter
1.3.1., bacterial display (114), or mammalian display (116) have been developed. Ribosome display and
mRNA display are cell-free in vitro methods where the number of library members is not limited by the
transformation efficiency of the host, allowing the generation and screening of large diversities (102 —
10! variants) (110). However, the accessibility of functional ribosomes per library reaction is a limiting

factor of ribosome display which can reduce the library size on protein level (111).

1.3.1. Yeast surface display

YSD combines the advantages of eukaryotic systems such as post-translational modifications and correct
protein folding and glycosylation with low technical and time requirements (123). This method,
developed by Eric T. Boder and K. Dane Wittrup in 1997, is based on the display of recombinant proteins
on the surface of Saccharomyces cerevisiae by genetic fusion of the protein of interest (POI) to a microbial
cell surface protein (117). Several different anchor proteins have been evaluated for the efficient display
of the POI, with the most commonly used being the a-agglutinin mating complex, consisting of two
subunits referred to as Agalp and Aga2p (124, 125). In nature, a-agglutinin acts as an interaction partner
for a-agglutinin, which mediates cell-cell interactions between haploid yeast cells of opposite mating
types to facilitate fusion into diploid yeast cells (126). Using the Aga2p system, up to 10° copies of the
fusion protein are displayed on a single yeast cell (117). Genetically, the Aga2p fusion protein is encoded

on a plasmid, whereas the Agalp protein is encoded in the yeast genome. The expression of both proteins
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is under the control of a galactose-inducible promotor (125). Induction of protein expression results in
surface presentation of the fusion protein by the formation of two disulfide bonds between Aga2p and
the B1,6-glucan-anchored Agalp domain (127, 128). Various antibody fragments, among them scFvs,
Fab fragments, and camelid Vun domains, were successfully displayed on yeast (129). The earliest studies
reported the display of scFv mutants in the context of affinity maturation (117). However, YSD has also
successfully been used for the isolation of antibodies from Fab libraries. Large Fab libraries with a
diversity of more than 10° variants can be generated by yeast mating of two haploid yeast strains of
opposing mating types that contain plasmids with orthogonal selection markers encoding VH-CH1-
Aga2p and VL-CL, respectively (130, 131). The resulting diploid yeast cells present functional Fab

fragments on their surface (Figure 4).

target protein
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Figure 4: Schematic representation of a yeast surface displayed Fab fragment. The VH-CH1-Aga2p fusion
protein is connected to the Agalp by two disulfide bridges. The light chain (pink) is expressed as a solitary
polypeptide chain that associates to the VH-CH1 fusion protein. Fluorophore-labeled detection reagents are
used to identify yeast cells that display a functional Fab fragment and simultaneously bind to the antigen. Figure
created with BioRender.com.

One of the main advantages of YSD is its compatibility with FACS, which enables online and real-time
analysis of library candidates and thus precise control of selection on a quantitative basis (132). A two-
dimensionally sorting strategy enables the gating of clones with structural integrity that bind the labeled
target protein. The detection of functional clones without frame shifts or stop codons is achieved by
employing epitope tags or by using fluorescently labeled detection reagents directed against constant
domains of the displayed protein (100). Using FACS, it is possible to discriminate finely in terms of
affinity, enabling the isolation of mutants with only slightly improved affinity compared to wild-type

proteins when screening for affinity maturation (133).
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1.3.2. Chicken-derived antibodies

During antibody generation, the choice of the immunization host depends on various factors, such as
antigen conservativity in different species and the availability of facilities for animal-related work (134).
Although most antibodies are derived from mammalian immunization, the generation of antibodies
targeting well-conserved mammalian proteins by immunization of mammals is challenging as they are
weakly immunogenic. The phylogenetic and evolutionary divergence of avians, including chickens
(Gallus gallus; 310 million years), from mammals circumvents the problems associated with antigen self-
tolerance and increases the likelihood for the production of antibodies that target human antigens
(Figure 5A). Furthermore, the immune system of chickens recognizes epitopes on a human protein that
would not be addressed by the mammalian immune system (135-137). While only 15% of human drug
targets are highly conserved in chickens, the proportion is significantly higher in mice (48%) (138-140).
Avians only produce antibodies of the IgA, IgM, and IgY isotype, with IgY being the most abundant serum
antibody in chickens (141). The nomenclature of IgY is derived from its high concentration found in egg
yolk (142). IgY shares structural homology with the mammalian isotype IgE and functional similarity
with mammalian IgG (143). Similar to IgE, an additional CH4 region is observed in IgY, resulting in a
molecular weight of about 180 kDa (Figure 5B). Due to the absence of the hinge region between CH1
and CH2, IgY is less flexible than IgG (144-146).
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Figure 5: Phylogenetic tree and avian IgY antibody structure. A) Phylogenetic tree of different species (mice,
rabbits, llama, and chicken) used as hosts for immunization in terms of evolutionary distance to humans
according to (140). B) Schematic representation of an avian IgY antibody. Variable regions are shown in light
orange and light purple for VH and VL, respectively. Constant domains are depicted in red and orange for the
heavy chain (CH1 — CH4) and in purple for the light chain (CL). Figure created with BioRender.com.
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The variable genes of chicken IgYs are also subdivided into four framework regions and three CDR
regions, with hypervariability predominantly found in the CDRs. Compared to human IgG, chicken IgY
exhibit a significantly longer and less hydrophobic CDR-H3, with non-canonical cysteine residues
incorporated, which are hypothesized to form intrachain disulfide bonds conferring additional structural
stability (147, 148). Based on the cysteine-pattern, chicken antibodies are divided into six different types
(147). While human light chains belong to one of two classes (A or k), only the A light chain is expressed
in avians. Apart from the fact that the IgY CDR-L1 is significantly shorter than that of IgG, the A VL
domains of IgY and IgG exhibit sequence and structural homology (149-151).

The generation of antibody diversity in chickens differs from the diversification of antibodies in humans
which is described in chapter 1.1.. In contrast to the human Ig germline, in which several gene families
exist for the heavy and light chains, chickens comprise only one functional germline-encoded heavy and
light chain gene segment (152). Consequently, chicken VH and VL coding genes share the identical 3"
and 5° leader sequence, which enables the amplification of these genes and thus the generation of
chicken-derived immune libraries with two sets of oligonucleotides (153). Although V(D)J
rearrangement occurs in chickens, it provides only minimal sequence diversity, as only one single locus
undergoes rearrangement (134). The mechanism responsible for diversity incorporation into the chicken
Ig repertoire is known as somatic gene conversion. Here, non-reciprocal upstream located pseudogene
segments are transferred onto the recipient germline gene segment. This process, in which 80 — 100
heavy chain and 25 light chain pseudogenes can be rearranged, relies on high DNA homology between
the pseudogene and the germline gene acting as the acceptor in the recombination event (148, 152, 154,
155). Repeated somatic gene conversion together with heavy and light chain pairing potentially results
in a repertoire of 3 x 10° antibody variants (156). AID-mediated single point mutations introduce
additional diversity (148).

Symphogen ‘s PD-1 targeting antibody Sym021 is the first humanized chicken-derived mAb to enter
clinical trials in 2019 (NCT03311412, NCT04641871, NCT04672434) (157). Numerous chicken-derived
antibodies are in preclinical development, some of which target proteins that are highly conserved in
mammals, such as Pfizer 's anti-BDNF antibody and the anti-KCNA3 antibody developed by Ligand and
Tetragenetics, a trend that is expected to accelerate as more alternatives to conventional rodent

immunization emerge (140, 158, 159).

1.4. Antibody engineering

Antibody engineering involves the demand-oriented modification of the biochemical and biophysical
properties of antibodies. These modifications often only affect a small subgroup of the amino acids within
the protein (160). For molecular engineering, random or targeted mutagenesis can be applied (161).

Targeted (structure-guided) engineering is based on structural knowledge, which is essential for the
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identification of the amino acid residues to be modified. Specific amino acid substitutions at particular
positions are introduced by site-directed mutagenesis, whereas semi-rational engineering involves
multiple amino acid substitutions at contiguous or non-contiguous positions (162). During random
mutagenesis, the DNA encoding the entire protein or a structural domain is modified by error-prone PCR
(ep-PCR), with the mutations occurring randomly rather than selectively (161, 163). The resulting
libraries of mutants are recombinantly expressed and screened to identify variants with the desired

properties (162).

1.4.1. Fc engineering

As described in chapter 1.1., the antibody Fc region induces immune effector functions by interacting
with FcyRs and the complement system. This is a significant characteristic, since Fc-mediated effector
functions have shown to be an important mechanism contributing to the therapeutic effect of many
approved antibodies (164). Therefore, Fc engineering strategies have been developed to increase the
FcyR binding affinity in order to enhance the Fc effector functions and thus increase the efficacy of the
antibody (165, 166). Since almost all approved therapeutic mAbs belong to the IgG class (mostly IgG1),
research focused mainly on Fc engineering of this isotype (165). The key Fc residues involved in the
interaction with FcyRs, which were found to be in the lower hinge and proximal CH2 region, were
focused in mutational studies (167). A Trastuzumab variant carrying the mutations S239D, A330L, and
I332E (according to the EU numbering scheme) showed an increased binding affinity to FcyRIIIA and
FcyRIIB, resulting in a significant enhancement of ADCC (168). Combination of the mutations F243L,
R292P, Y300L, V305I, and P396L caused a 10-fold increase in FcyRIIIA binding, but only a minimal
increase in binding to FcyRIIB, enhancing the activating-to-inhibitory (A:I) ratio and thus Fc effector
functions (169). In addition to mutational studies, glycoengineering emerged as a powerful tool for the
modification of Fc-mediated cellular effector functions, as glycosylation at the N297 residue was found
to be critical for the induction of ADCC (170, 171). Afucosylation is the most common glycoengineering
technique to improve effector functions, since the fucose at position N297 impairs the optimal interaction
of 1gG with FcyRIIIA (23, 172). The CD20 targeting mAb Obinutuzumab developed using the Glycart
GlycoMab® technology was the first glycoengineered antibody approved for cancer therapy in 2015
(165, 173). However, not all antibodies engineered for enhanced effector function achieved the expected
patient benefit (165).

For some indications, such as the blockade of surface receptors or cytokines, Fc-receptor functions may
be more detrimental than beneficial (174). This is particularly important for immune checkpoint
inhibiting antibodies used in cancer therapy, as depletion of the target cells is not desirable.
Consequently, Fc-silenced antibody formats were developed. OKT3 antibodies with IgG1 and IgG4
L234A/1235A (abbreviated as LALA) Fc domains were not able to target the low affinity FcyRs and Clq,
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leading to a significant reduction in ADCC and CDC (175). Schlothauer et al. coupled the novel mutation
P329G with the previously described LALA variant, creating the triple mutant LALA-PG, which resulted
in abrogated ADCC when introduced into an IgGl anti-EGFR antibody (176). Glycoengineering
techniques removing the glycan at position 297 (N297A, N297Q, and N297G) also reduce binding to all
FeyRs and C1q (177-179). Beyond preventing Fc-mediated bystander activation of the immune system,
Fc-silenced antibodies are of great value for investigating the mode of action of therapeutic antibodies
(176). In addition to the modulation of Fc-mediated effector functions, Fc engineering is utilized to
enhance FcRn binding or to promote heavy chain heterodimerization in the context of multispecific

antibodies, which will be described in chapter 1.5..

1.4.2. Affinity maturation

Isolated antibodies often do not exhibit the binding properties required for their therapeutic application.
For the development of drug candidates, affinity optimization is crucial as it can impact the efficacy of
the mAb and thus the dose and dosing regime, limit adverse effects, and reduce therapy costs (180,
181). Even antibodies derived from immunized animals that have undergone several rounds of SHM in
vivo may need to be optimized in their affinity to the antigen of interest (161, 182). In vitro affinity
maturation usually involves the diversification of variable antibody domains followed by the selection of
high-affinity binders, a direct evolution process similar to SHM that occurs naturally in mammalian B
cells (41, 183). Mutation sites can be located at the center of the antigen binding interface, although
peripheral residues have also proven to be advantageous for affinity maturation. The key residues of the
binding site are usually hydrophobic and already optimized for specific antigen interactions while the
surrounding residues are rather hydrophilic and solvent-exposed, so that the incorporation of charged
residues might improve antigen interactions (19). Depending on the length and number of interactions
with the antigen, mutations in CDR-H3 and CDR-L3 offer promising opportunities for affinity
maturation, as demonstrated in several studies. By randomizing several amino acids in CDR-H3 and
CDR-L3, an anti-VEGF scFv variant with 18-fold improved binding affinity was isolated via phage display
(184). Based on a similar randomization approach, a variant of an anti-complement protein receptors
C5aR1/2 mAb containing four mutations in CDR-H3 and three mutations in CDR-L3 was generated,
resulting in an affinity improvement by three orders of magnitude compared to the parental antibody
(185). The generation of an antibody library containing all possible combinations of single and multiple
mutations in all CDRs of a usual variable domain would require a library size of more than 10°° variants,
making it infeasible to screen using a common display technology (161). To improve CDR diversification
efficiency and reduce library size, hot-spot mutagenesis (186), look-through mutagenesis (187), or
simultaneous mutagenesis (188) can be applied. Simultaneous mutagenesis of all six CDRs of an anthrax

toxin neutralizing antibody enabled the selection of an antibody variant with 19-fold improved affinity
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from a phage display library with an average mutation rate of four (188). Li et al. showed that affinity-
enhancing mutations cluster at sites where somatic mutations often occur in vivo, referred to as hotspots
(189). In recent years, different strategies of computer-assisted in silico affinity maturation have been
developed, including homology modelling (190), molecular dynamics simulation (191), molecular
docking (192), mutation hotspots design (193), and interface residues analysis (194, 195). Clark et al.
reported an improvement in the affinity of an integrin VLA1 targeting antibody by an order of magnitude
applying structure-based computational methods (196). Computer-aided methods have the advantage
of identifying variants from large virtual libraries (~10* members) in a short time and at low cost (161).
As the different approaches indicate, the choice of an optimal diversification strategy together with a
suitable display and screening method is an important determinant of the success of affinity maturation

(183).

1.5. Bispecific antibodies

BsAbs represent an attractive class of therapeutics that hold great potential for the treatment of complex
diseases such as cancer involving various factors and multiple signaling pathways (197-200). These
molecules target either two distinct antigens or two distinct epitopes of the same antigen, enabling
unique therapeutic modes of action (201). Cell-bridging bispecifics are designed to link immune cells to
malignant cells, whereas non-cell-bridging (antigen-crosslinking) bsAbs usually block two signals of cell
survival and cell growth simultaneously, enhancing inhibitory or stimulatory effects in malignant cells
or immune cells, respectively (202). Compared to conventional mAbs, this offers advantages in terms of
specificity, efficacy, toxicity, and drug resistance (200).

Although the concept of bsAbs was proposed by Nisonoff and colleagues in the 1960s (203, 204), the
first bsAbs were generated in the 1980s using the hybrid-hybridoma (quadroma) technology pioneered
by Milstein and Cuello (205). Since the approval of the first bsAb in 2009, 14 bsAbs were approved for
marketing to date, including eleven for cancer therapy (206). More than 85% of bsAbs in clinical trials
are cancer therapeutics and the number of new clinical trials is steadily increasing, expecting a large
number of bsAbs to be approved in the next three to five years (202, 207). Notably, two approved bsAbs
(Emicizumab and Faricimab) have already achieved blockbuster status, underlining the commercial
promise of this class of therapeutics (208).

The main challenge during the development of bsAbs is the correct pairing of the two different heavy
and light chains, which when mismatched produce a variety of side products (209, 210). In order to
achieve correct heavy and light chain pairing, several strategies have been developed (Figure 6).
The Knobs-into-Holes (KiH) technology proposed by Ridgway et al. in 1996 is based on the replacement
of a smaller amino acid with a larger amino acid (T336Y) in the CH3 domain of one heavy chain to form

a “knob” structure, and the substitution of a larger amino acid with a smaller amino acid in the other
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heavy chain to form a “hole” structure (Y407T) allowing for heterodimerization of both chains based on
steric hindrance (211, 212). Further improvement of the KiH model resulted in the introduction of a
T336W mutation at the CH3 knob domain and three mutations (T336S, L368A, Y407V) at the CH3 hole
domain, enabling a more stable interaction between both heavy chains (213, 214). Other approaches
utilize electrostatic steering to direct heterodimerization by electrostatic attraction. Substitution of the
two charge interactions in the wild-type CH3 domains (K409D in one CH3 domain and D339K in the
other) was found to favor the formation of heterodimers (215). Heterodimerization is further improved
by introducing additional substitutions (K409D, K392D / D399K, E356K; CH3 charge pairs) (216). The
DEKK platform introduces both L351D and L368E mutations in one of the heavy chains combined with
L351K and T336K substitutions in the other, leading to the formation of stabilizing salt bridge
interactions (217). By applying the strand-exchange engineered domain (SEED) technology,
complementary CH3 heterodimers are formed. The SEED CH3 domains of the resulting SEEDbodies are
composed of alternating segments derived from human IgA and IgG CH3 sequences (AG SEED CH3 and

GA SEED CH3) which promote heterodimerization through steric complementary contact surfaces (218).

Heavy chain heterodimerization

7

steric hindrance : electrostatic steering ; steric complementary
Knobs-into-Holes ' DD-KK ' contact surface
SEEDbody

IgG-derived . . IgA-derived

'
% ' ' Y,

Light chain pairing

common CrossMab orthogonal
light chain ' ' Fab-interface

Figure 6: Schematic overview of engineering strategies to force heterodimerization of heavy chains and
correct light chain pairing of IgG-based bispecific antibodies with Y-shaped architecture. Figure created with
BioRender.com.
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Protein engineering that forces heterodimerization of heavy chains solves only part of the problem
associated with the formation of bispecific IgGs. A straightforward approach described to solve the light
chain pairing problem involved the use of a cLC that is compatible with the two distinct heavy chains,
so that no additional light chain engineering is required (219). Here, the heavy chain CDRs are mainly
involved in antigen recognition and binding, while the light chain mediates a stabilizing effect (220).
Roche 's CrossMab technology switches the constant domains (CH1 and CL) or the variable domains
(VH and VL) of one Fab, causing pairing of the unmodified heavy and light chain as well as pairing of
the modified chains (221). Another technology that promotes correct light chain pairing is the
engineering of the heavy and light chain interface by introducing a set of mutations. In an ortho-Fab IgG
approach, complementary mutations were introduced at the HC and LC interface of one Fab without

modifying the other (222).

1.5.1. Two-in-One antibodies

Two-in-One antibodies are a subclass of bsAbs that recognize two different antigens with a single Fab
fragment (Figure 7) (214, 221). They are also referred to as dual action Fab (DAF) antibodies due to
the duality of the high-affinity antigen recognition embedded within one antigen binding site. Consisting
of two identical heavy and light chains, these bispecific tetravalent IgG-like molecules exhibit mAb-like

characteristics in terms of established manufacturing and a conventional approval process (223).

conventional Two-in-One antibody
bispecific antibody with dual action Fabs

antigen 1 antigen 2
¢ )
L 4

o Znah

/

\pm

¢ two different polypeptide chains
» tetravalent

o four different polypeptide chains
e bivalent
¢ |IgG-like architecture ¢ |gG-like architecture

Figure 7: Schematic representation of a conventional bispecific antibody and a Two-in-One antibody. The
bivalent IgG-like bispecific antibody (left) consist of four different polypeptide chains (heavy chains are shown
in orange and green and light chains are shown in red and blue) and targets one antigen with each Fab fragment.
The tetravalent IgG-like Two-in-One antibody (right) consist of two different polypeptide chains (heavy chain is
shown in orange and light chain is shown in red) and targets two antigens with each antigen binding site. Figure
created with BioRender.com.
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The first Two-in-One antibody was generated based on mutagenesis of the light chain CDRs of the Her2
targeting antibody Trastuzumab, which resulted in Her2 and vascular endothelial growth factor (VEGF)
binding (224, 225). The heavy chain CDRs of Trastuzumab dominate the Her2 binding energy, so that
the change of eleven residues in the light chain CDRs enabled binding of the unrelated antigen VEGF
while preserving Her2 specificity (223, 226). Crystal structures revealed that the antigens are bound
with overlapping paratopes. The functional paratope for Her2 is primarily located at the VH CDRs, while
the critical sites for VEGF binding mainly include VL residues, as demonstrated via mutational studies
(223, 224). Duligotuzumab, a Two-in-One antibody targeting EGFR and Her3, was developed by light
chain CDR randomization of an anti-EGFR antibody, maintaining the CDR-L3 sequence important for
EGFR binding. Compared with two monospecific anti-EGFR and anti-Her3 antibodies alone or in
combination, Duligotuzumab proved to be more effective, most likely due to the avidity effect (227).
However, clinical trials (NCT01911598, NCT01986166) generally reported limited activity (228, 229).
In the Two-in-One formats described, the six CDRs are modified to bind two antigens with overlapping
paratopes. Dual targeting Fab (DutaFab) molecules, in contrast, comprise two independent binding sites,
with paratopes restricted to three of the six CDRs. The H-side paratope consists of the CDRs H1, H3, and
L2 and the L-side paratope comprises the CDRs L1, L3, and H2. Both paratopes can be independently
selected and modularly combined. Therefore, DutaFabs are able to simultaneously bind two different

antigens at the same Fv region (230).

1.5.2. Dual tumor targeting antibodies

Dual TAA-targeting antibodies belong to the class of non-cell-bridging (antigen-crosslinking) bsAbs and
offer several advantages over antibodies targeting a single TAA, including increased tumor selectivity,
simultaneous modulation of two functional pathways in the tumor cell, and circumvention of drug
resistance or immune escape mechanisms (231, 232). To increase tumor selectivity and reduce on-target
toxicity towards healthy tissue, maximum discrimination between healthy and malignant cells is
required. Although dual TAA targeting increases the selectivity for tumor cells compared to healthy cells
expressing only one of the two antigens, selectivity can be further improved by affinity optimization of
the antigen binding domains (233, 234).

Treatment of a multifactorial disease is always associated with the risk of immune escape and drug
resistance (231). The dual TAA-targeting antibody Amivantamab inhibits both EGFR and c-Met, which
utilize highly overlapping downstream signaling pathways, potentially restricting the activation of
compensatory pathways (235). It is the first-in-class dual TAA-targeting antibody that received FDA
approval in 2021 (236). Synergistic effects were also demonstrated for targeting and blocking other TAA
combinations. One example for this is the co-targeting of EGFR and PD-L1, combining immune

checkpoint blockade with a directed anti-cancer effect for an enhanced anti-tumor response (237, 238).
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1.5.3. Immune cell engagers

Immune cell engagers (ICEs) belong to the class of cell-bridging bsAbs and target both immune effector
cells and tumor cells. The recruitment and engagement of immune cells and the formation of an immune
synapse between effector and tumor cells promotes the MHC-independent elimination of target tumor
cells (239, 240). Depending on the type of immune effector cell to be engaged, ICEs are subdivided into
T cell engagers (TCEs) and NKCEs. Most TCEs contain a binding domain directed against CD3, which is
associated with the TCR complex and involved in TCR signaling. This leads to the activation of T cells
and their redirection against the target tumor cells. Tumor cell lysis is mediated by the release of perforin
and granzyme (241, 242). To avoid side effects associated with systemic CD3 cross-linking in the absence
of target cancer cells, monovalent CD3 binding is crucial (243, 244). In addition, most IgG-like TCEs
entering clinical trials are Fc-silenced to prevent cross-linking of FcyR-bearing immune cells (245). By
the end of 2023, nine TCEs have been approved for therapeutic usage (Figure 8). The first was the
quadroma-based bsAb Catumaxomab targeting epithelial cell adhesion molecule (EpCAM) and CD3,
which was approved for malignant ascites in 2009. The trifunctional antibody with a functionalized Fc
was voluntarily withdrawn from the US market in 2013 and for commercial reasons by the European
Commission in 2017 (246, 247). In 2014, the FDA approved the bispecific T cell engager (BiTE)
Blinatumomab, a CD3 x CD19 scFv-based TCE, for the treatment of acute lymphoblastic leukemia. Since
Blinatumomab consists of two tandem scFvs, making the molecule relatively small in size (55 kDa), it
has a short half-life of approximately two hours, but penetrates easily into tumor tissue (248, 249). The
three bispecific T cell engaging immunotherapies Tebentafusp, Teclistamab, and Mosunetuzumab were
FDA approved in 2022. Tebentafusp is a gp100-targeting TCR / anti-CD3 scFv bispecific fusion protein
approved for the treatment of unresectable or metastatic uveal melanoma (250, 251). As the first
bispecific B cell maturation antigen (BCMA)-directed CD3 TCE, Teclistamab was approved for the
treatment of patients with relapsed or refractory multiple myeloma (252, 253). The bispecific CD20 x
CD3 IgG-like antibody Mosunetuzumab was approved for relapsed or refractory follicular lymphoma.
Mosunetuzumab exhibits an aglycosylated, non-functional Fc domain and was generated using the KiH
technology (244, 254). Two additional CD20 and CD3 targeting bispecific TCEs were approved in 2023.
The first was Epcoritamab, a full-length Fc-silenced bispecific IgG1 antibody generated by controlled
Fab-arm exchange and approved for the treatment of relapsed or refractory diffuse large B cell lymphoma
and high-grade B cell lymphoma (255, 256). Subsequently, Glofitamab was approved for selected
relapsed or refractory large B cell lymphomas. Glofitamab is a full-length IgG-like bsAb with a 2:1
configuration that enables bivalent binding to CD20 on B cells and monovalent CD3 binding (257, 258).
Two other IgG-like TCEs approved in 2023 for relapsed or refractory multiple myeloma are the bispecific
BCMA x CD3 antibody Elranatamab, and the G protein-coupled receptor family C group 5 member D
(GPRC5D) and CD3 targeting antibody Talquetamab (259, 260).
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Figure 8: Timeline of regulatory approved TCEs. Figure created with BioRender.com.

A number of TCEs with different architectures that address a range of TAAs are currently undergoing
clinical trials (206, 240, 242). A limitation observed for many TCEs is the occurrence of side effects like
cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS)
(261).

The redirection of NK cells to kill tumor cells represents an alternative to T cell-based therapies, where
CRS tends to be much milder (262). Most NKCEs contain an antibody fragment directed against the
activating, low-affinity receptor CD16a, which is mainly expressed on NK cells and macrophages. To
maximize the potential of NK cell-directed ADCC, the usage of an anti-CD16a moiety offers several
advantages over the native Fc domain, including high affinity binding to both CD16a allotypes and
conserved NK cell binding in the presence of competing IgG, resulting in enhanced anti-tumor activity
(263). However, also immunotherapies targeting different surface molecules on NK cells such as NKG2D,
NKp46, or NKp30 have been developed (264). The most advanced NKCEs are developed by Affimed
using the redirected optimized cell killing (ROCK®) antibody platform (265). The tetravalent bispecific
CD30 x CD16 tandem diabody AFM13 showed higher potency and efficacy than a comparable bivalent
variant or native IgG and IgG-optimized molecules and has demonstrated anti-tumor activity as
monotherapy in a number of clinical trials (266, 267). Another class of bispecific antibody formats that
specifically recruit NK cells via antibody binding sites are bispecific killer cell engagers (BiKEs). Like
tandem diabodies, they also consist only of variable binding domains connected by flexible linkers (244).
In summary, bispecific ICEs represent a promising platform for cancer immunotherapy for the treatment
of various tumor types. However, further preclinical and clinical research efforts are needed to overcome

challenges like drug resistance, manufacturing difficulties, and adverse effects (240, 242).
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1.6. Trispecific antibodies

It was back in 1991 that Jung et al. were the first to describe Fc-free trispecific antibody fragments (268).
Eight years later, Hudson et al. reported that scFv monomers can be assembled into multimers such as
trispecific triabodies (269). In the same year, a trispecific F(ab )3 antibody conjugate with specificities
for CD64, EGFR, and Her2 was developed by Somasundaram et al. to redirect effector cell-mediated
cytotoxicity against cancer cells expressing either one or both TAAs (270). Since then, the development
of trispecific antibodies (tsAbs) has accelerated continuously and the effects of different target
combinations, different structural architectures, and different mechanisms of action were investigated
(271). The number of articles reporting on tsAbs has increased significantly since 2015, as shown by
PubMed ‘s search results. However, no tsAbs has yet been approved for market authorization. Many
tsAbs in preclinical development and clinical trials are ICEs. In the case of TCEs, either two TAAs are
targeted in addition to CD3, which offers the advantages of dual tumor targeting antibodies described
in chapter 1.5.2., or CD28 is targeted together with CD3 and a TAA (271-273). Since CD28 is a key co-
stimulatory factor in the T cell response, the later target combination has the advantage of enhancing
anti-tumor activity (273). Based on their cross-over dual variable Ig-like (CODV-Ig) antibody platform,
Sanofi generated two trispecific CD3 and CD28 binding TCEs which are currently being investigated in
phase 1 clinical trials, the CD3 x CD28 x CD38 targeting antibody SAR442257 (NCT04401020) and the
CD3 x CD28 x Her2 targeting antibody SAR443216 (NCT05013554) (274-276). The 1gG4 isotype Fc
domains of the antibodies are silenced to abrogate binding to Fc receptors (277). An example of a dual
TAA-targeting trispecific TCE in a 2+1 format is the CD3 x Ly6E x B7-H4 antibody developed by Roche.
To ensure correct chain pairing, the KiH technology and charge pairing mutations in two Fab domains
were implemented (278). Johnson & Johnson’s fully human dual TAA-targeting IgG1-based CD3 x
CD79b x CD20 tsAb JNJ-80948543 is currently undergoing a phase 1 clinical trial (NCT05424822). The
antibody is composed of an anti-CD79b Fab, an anti-CD3 scFv, and an anti-CD20 scFv, as well as a
silenced Fc region (279). Consisting of three common light chain Fab fragments in a 2+1 format, the
tsAb ISB 2001 developed by Ichnos Sciences SA targeting CD3 x BCMA x CD38, which is based on the
Trispecific Engagement by Antibodies based on the TCR (TREAT) technology, is also investigated in a
phase 1 study (NCT05862012) (280). The described IgG-like trispecific TCEs formats are shown
schematically in Figure 9A. Other formats of trispecific TCEs such as IL15-based antibodies or molecules

containing a moiety for increased serum half-life are described in detail elsewhere (271, 277).
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Figure 9: Schematic overview of selected trispecific antibodies in preclinical development. A) IgG-like trispecific
T cell engager. B) Trispecific NK cell engager. The three antigen binding domains are color-coded. Fc fragments
are depicted in grey. Figure created with BioRender.com.

NKCEs can also benefit from improved properties by introducing three binding domains into one
molecule. To induce significantly stronger NK lysis of primary leukemic cells, a CD33 x CD16 x CD123
single-chain triplebody was generated (281). Based on this tsAb, the optimized clinical candidate SPM-2
was designed, which carries humanized and disulfide-stabilized scFvs (282). Another dual TAA-targeting
CD16-directed trispecific but tetravalent antibody format, termed aTriFlex, consisting of a monospecific
anti-CD16 diabody and two TAA-targeting scFvs, was developed to selectively redirect NK cell
cytotoxicity to target positive cells. The antigens BCMA and CD200 expressed on the surface of multiple
myeloma cells were chosen to demonstrate the increased selectivity of target cell binding and subsequent
NK cell cytotoxicity towards target antigen co-expressing cells (283). Bogen et al. developed an IgG-like
2+1 tsAb targeting EGFR, PD-L1, and CD16 using the KiH and cLC technology to combine dual tumor
targeting, immune checkpoint blockade, and NK cell mediated cytotoxicity (284). In addition to
trispecific NKCEs addressing CD16 together with two TAAs, several molecules targeting a TAA and
triggering two NK cell activation receptors have been developed. These include molecules based on

Innate Pharma’s Antibody-based NK cell Engager Technology (ANKET) platform. Gauthier et al.
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reported the generation of trifunctional NKCEs composed of two Fab fragments targeting NKp46 and a
TAA separated by an Fc domain to promote ADCC via CD16 binding. The trifunctional NKCEs were more
potent than clinical therapeutic antibodies targeting the same tumor antigen or a mixture of reagents
that activate NKp46 and CD16 separately (285, 286). Currently, the ANKET molecules
IPH6101/SAR443579 (CD123 x CD16 x NKp46; NCT05086315) and IPH6401/SAR445514 (BCMA x
CD16 x NKp46; NCT05839626) are evaluated in phase 1/2 clinical studies. The described trispecific
NKCEs formats are shown schematically in Figure 9B. Dragonfly “s Trispecific NKCE Therapies (TriNKET)
is another platform for the development of multifunctional NKCEs. DF1001 (Her2 x CD16 x NKG2D;
NCT04143711) and DF9001 (EGFR x CD16 x NKG2D; NCT05597839) are two of several molecules that
belong to this platform (287).

As the described molecules show, tsAbs are capable of addressing multiple mechanisms of action
simultaneously by activating immune cells or blocking immune checkpoints and signaling pathways
while specifically localizing tumor cells, resulting in an improved anti-tumor efficacy. However, the
development of complex therapies such as tsAbs is challenging in terms of manufacturability and the
ongoing clinical trials will provide important information on the advantages of tsAbs compared to other
immunotherapies. Nevertheless, it is already apparent to date that multispecific antibodies are emerging

as a development trend with great potential as next-generation cancer immunotherapy (271, 277).
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2. Objective

Over the last three decades, mAbs evolved remarkably from scientific tools to effective human
therapeutics. To date, nearly 200 antibody therapies have received marketing approval for the treatment
of various diseases, including cancer, immune-related disorders, and infectious diseases. However, due
to their monospecificity, mAbs are limited in their mode of action. BsAbs, in contrast, enable unique
therapeutic mechanisms of action that can neither be achieved by conventional mAbs nor by their
combination, offering advantages in terms of specificity, efficacy, toxicity, and drug resistance. The
generation of IgG-like asymmetric bsAbs requires the application of protein engineering technologies to
avoid chain mispairing, which complicates the development of these molecules. A subclass of bsAbs that
recognize two different antigens with a single Fab fragment, so-called Two-in-One antibodies, consist of
two identical heavy and light chains, which is why these symmetrical molecules exhibit mAb-like
characteristics in terms of established manufacturing and a conventional approval process. However, the
generation of Two-in-One antibodies often involves CDR engineering, and some molecules are unable

to target both antigens simultaneously with one Fab fragment.

The first aim of this study was the generation of a Two-in-One antibody derived from immunized
chickens without engineering of the antibodies” CDRs. Unlike in rodents, the diversification of avian
antibodies is based on gene conversion, and it is not described in the literature whether chicken-derived
antibodies are suitable or even advantageous for the generation of Two-in-One antibodies. EGFR and
PD-L1, to therapeutic targets that are upregulated in many solid tumors, were selected as target antigens
as the simultaneous binding of two cancer-specific targets on the same malignant cell increases the tumor
specificity of bsAbs. To generate an EGFR and PD-L1 binding Two-in-One antibody, the heavy chain of
a chicken-derived anti-PD-L1 common light chain antibody was combined with a chicken-derived anti-
EGFR immune light chain library by yeast mating and the resulting common heavy chain YSD library
was screened by FACS. The isolated Two-in-One antibody was analyzed regarding its binding properties
by BLI measurements and functional cell-based assays were performed to validate the inhibition of EGFR-

dependent signal transduction and the blockade of the PD-1/PD-L1 interaction.

Based on the previously isolated Two-in-One antibody, the second aim of this study was the generation
of a trispecific common light chain NK cell engager. TsAbs are considered promising molecules, as the
combination of three antigen specificities in one molecule enables unique modes of action. NK cell
engagers bridge NK cells with tumor cells to harness the innate immune function of NK cells in tumor
therapy. The use of a common light chain is an established method to circumvent light chain mispairing
in multispecific antibodies. Different antibody architectures, which varied in their valency towards the

target antigens EGFR, PD-L1, and CD16, were investigated and the effect of bivalent target binding was
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examined by cellular binding experiments. Ultimately, a reporter based ADCC assay was performed to
evaluate the effector cell engaging properties of the tsAbs. Since most tsAbs described in the literature
consist of three independent monomeric antigen binding units, a hexavalent symmetric 242 IgG-like
antibody represents a new antibody format, paving the way for the generation of Two-in-One antibody-

based tsAbs.

For the development of drug candidates, affinity optimization is crucial as it may impact the efficacy of
the drug and limit adverse effects. Even antibodies that have undergone several rounds of somatic
hypermutation in vivo may not have the desired antigen affinity, which can be optimized by in vitro
affinity maturation. The third aim of this study was to investigate whether a bispecific Two-in-One
antibody can be affinity-matured for one of its two antigens without loss of binding of the other. To
improve the EGFR binding affinity of the previously isolated EGFR and PD-L1 binding Two-in-One
antibody, site-directed mutagenesis and YSD in combination with FACS were applied. Binding properties
of the generated antibody variants were examined by BLI measurements, real time antigen binding
experiments on mixed surfaces, and cellular binding assays. In addition, details of the antibody-antigen

interaction were predicted by AlphaFold-based modeling.
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Various formats of bispecific antibodies exist, among them Two-in-One antibodies in
which each Fab arm can bind to two different antigens. Their IgG-like architecture
accounts for low immunogenicity and also circumvents laborious engineering and
purification steps to facilitate correct chain pairing. Here we report for the first time the
identification of a Two-in-One antibody by yeast surface display (YSD) screening of
chicken-derived immune libraries. The resulting antibody simultaneously targets the
epidermal growth factor receptor (EGFR) and programmed death-ligand 1 (PD-L1) at
the same Fv fragment with two non-overlapping paratopes. The dual action Fab is
capable of inhibiting EGFR signaling by binding to dimerization domain Il as well as
blocking the PD-1/PD-L1 interaction. Furthermore, the Two-in-One antibody
demonstrates specific cellular binding properties on EGFR/PD-LL1 double positive tumor
cells. The presented strategy relies solely on screening of combinational immune-libraries
and obviates the need for any additional CDR engineering as described in previous
reports. Therefore, this study paves the way for further development of therapeutic
antibodies derived from avian immunization with novel and tailor-made binding properties.

Keywords: bispecific antibody, two-in-one antibody, dual action fab, yeast display, chicken-derived

INTRODUCTION

In recent years, an increasing number of bispecific antibody (bsAb) approaches have been developed
(1, 2). BsAbs, which can simultaneously target two distinct antigens, enabled new therapeutic
mechanisms of action that can neither be addressed by conventional monoclonal antibodies (mAbs)
nor by their combination (3-5). A subclass of bsAbs are Two-in-One antibodies with dual action
Fabs (DAFs), in which each Fab arm addresses two distinct antigens, resulting in a bispecific,
tetravalent IgG-like molecule (6, 7). The classical IgG like bispecific antibody setting requires correct
heavy chain heterodimerization as well as correct light chain pairing, which statistically results in
only 12.5% of correctly assembled molecules (Supplementary Figure 1) (8). Two-in-One
antibodies, in contrast, consist of two identical heavy and light chains and can be produced
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without additional engineering of constant chains (9). Therefore,
the need to include unnaturally occurring amino acid sequences
as found in knob-into-hole antibodies (10) or orthogonal Fab
interfaces (11) is circumvented.

The first Two-in-One antibody was generated by Bostrom
et al. based on mutagenesis of the light chain complementarity-
determining regions (CDRs) of the HER2 specific antibody
trastuzumab resulting in HER2 and VEGF binding (12).
Subsequently, mutagenesis approaches were used towards the
generation of Two-in-One antibodies targeting HER3 and EGFR
(13), IL-4 and IL-5 (14), or VEGF and angiopoietin 2 (15). The
Two-in-One antibody duligotuzumab, which targets HER3 and
EGEFR (13), has been tested in clinical trials for treating epithelial-
derived cancer (16, 17), highlighting the importance of this class
of therapeutics. However, these antibodies all exhibit partially
overlapping CDR residues leading to antigen 1 blocking the
binding of antigen 2, consequently allowing binding of only one
antigen at the same time.

DutaFabs, in contrast, comprise two independent binding
sites within the CDR loops. The H-side paratope consists of CDR
H1, H3 and L2, while the L-side paratope comprises CDR L1, L3
and H2. Therefore, these Fabs are able to target two antigens
simultaneously with the same Fv region, however the design of
DutaFabs is comparatively complex (18). Furthermore,
tetravalent IgG-like bispecific constructs were described that do
not consist of regular Fab arms but rather of engineered arms in
which one VH domain is attached to each of the constant CH;
and CL domains (19). Here, one VH is placed at its usual
position and the second VH replaces the VL domain in a
conventional IgG. It was found that the tetra-VH IgGs can
simultaneously bind two antigens on each arm of the IgG
molecule (19).

Due to their ability to cross-link receptors, mediate proximity
between immune effector cells and tumor cells, or block two
disease-related signaling pathways, bsAbs are exceptional
therapeutic entities for cancer treatment (20-22). Tumor-
specificity of bsAbs can be elevated by simultaneous targeting
of two cancer-specific antigens on the same malignant cell (23).
Two therapeutic targets being upregulated in many solid tumors
are the programmed death ligand 1 (PD-L1) and human
epidermal growth factor receptor (EGFR) (24, 25).
Overexpression of PD-L1 is observed in a variety of
malignancies and represents a mechanism by which cancer
evades immune surveillance (24, 26). EGFR, which is natively
expressed on epithelial cells in the skin and lung, is overexpressed
in a wide range of cancers including bladder cancer, lung cancer,
colorectal cancer, and breast cancer, where it is involved in
tumor progression and metastasis (25, 27-29). Koopmans and
coworkers demonstrated that tumor-specificity can be increased
by EGFR directed PD-L1 blockade, resulting in a potentially
favorable safety profile of the described bsAb (30).

Most approved therapeutic mAbs were generated by
immunization of rodents, including mice, rabbits, or other
mammalian species (31). However, due to their close
phylogenetic relationship to humans, targeting epitopes which
are broadly conserved in mammalian species is challenging.

Chicken immunization, in contrast, may result in antibodies
targeting epitopes that are not accessible by immunization of
mammals (32, 33). Additionally, library generation can be done
with a single set of primers because of the gene diversification in
birds, significantly reducing the hands-on time and costs
compared to rodents (34). Recently, our group described the
isolation of highly affine chicken-derived antibodies using yeast
surface display (YSD) in combination with fluorescence-
activated cell sorting (FACS) (34-36).

In this study, we describe the isolation and characterization of
the first Two-in-One antibody that simultaneously targets PD-L1
and EGFR with two independent paratopes on a single Fab. It is
derived from immunized chickens by combining the heavy chain
of a common light chain antibody with an immune light chain
library without engineering the antibodies’ CDR regions
(Figure 1). The Two-in-One antibody demonstrated specific
cellular binding properties on EGFR- and PD-LI-expressing
tumor cells, as well as inhibition of EGFR-dependent signal
transduction and blockage of the PD-1/PD-L1 interaction.

RESULTS

Two-in-One Library Generation
and Screening
In order to generate a Two-in-One antibody, we sought to
combine the heavy chain of a chicken-derived antibody with a
chicken-derived immune YSD light chain library followed by
subsequent screening for binding properties towards two
antigens. As model targets, the extracellular domains of PD-L1
(PD-L1-ECD) and EGFR (EGFR-ECD) were chosen. Currently,
various monoclonal antibodies targeting either EGFR, including
the therapeutic antibodies panitumumab (37), necitumumab
(38), nimotuzumab (39) and cetuximab (40), or PD-L1, among
them durvalumab (41), avelumab (42) and atezolizumab (43) are
approved for tumor treatment in multiple countries. Recently,
our group isolated a chicken-derived anti-PD-L1 antibody called
ICI2 (44). Since ICI2 exhibited a common light chain as it was
utilized in a multispecific setup, we assumed that the heavy chain
CDRs were mainly responsible for antigen recognition and could
tolerate various light chains, as reported for other antibodies (45,
46). In order to isolate a Two-in-One antibody targeting both
PD-L1 and EGFR, the ICI2 heavy chain was paired with a
diversity of anti-EGFR light chains (Figure 1). The light chain
library was generated by amplification of VL genes from cDNA
derived from a chicken immunized with EGFR-ECD and
subsequent insertion into a pYD;-derived vector encoding a
human lambda CL by homologous recombination in BJ5464
yeast as previously described (44). The light chain diversity of
2.9x10° transformants was combined with EBY100 yeast cells
encoding the ICI2 VH-CH, fragment by yeast mating (Figure 1),
resulting in adequate oversampling of the estimated light chain
diversity, which was estimated to be about 5x10® unique variants.
This diploid common heavy chain yeast library was screened
by FACS over three consecutive sorting rounds with 250 nM
EGFR-Fc (Supplementary Figure 2A). This resulted in the
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enrichment of a yeast population carrying the genes for Fab
fragments recognizing both EGFR-Fc and PD-L1-Fc with
250 nM of the respective antigen. Fc binding could be
excluded based on binding analysis to an unrelated Fc fusion
protein (Supplementary Figure 2B). Sequence analysis of ten
randomly chosen clones revealed one distinct VL sequence,
which was enriched in the sorting process.

EGFR Epitope Mapping on the

Subdomain Level

Expi293F cells were co-transfected using the isolated VL
sequence reformatted into a pTT5-derived vector encoding a
lambda CL sequence and a pT'T5 vector encoding the ICI2 heavy
chain as described before (44, 47). Purification of the Two-in-
One antibody, hereafter referred to as HCP-LCE (heavy chain
PD-L1 - light chain EGFR), was performed using Protein A
affinity chromatography.

The extracellular region of EGFR consists of two homologous
ligand-binding domains (domains I and III) and two cystine-rich
domains (domains II and IV) (48). The binding of EGF to the
EGFR monomers at domains I and III promotes domain
rearrangement to expose the dimerization arm in domain II
finally resulting in the generation of EGFR homodimers (49, 50).
For full EGFR activation, ligand binding and EGFR dimerization
are crucial (27).

To analyze which of the four extracellular EGFR domains
HCP-LCE targeted, flow cytometric analysis was performed
using yeast cells displaying truncated fragments of the EGFR-
ECD, as described previously (51, 52) (Figure 2A). Since HCP-
LCE exclusively targets EGFR fragment 1-294 but neither 1-124
nor 1-176, it was mapped to EGFR domain II, which is involved
in receptor dimerization (Figure 2B). Cetuximab is known to
target domain III inhibiting EGF-binding to EGFR, while
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FIGURE 1 | Schematic representation demonstrating the generation of the Two-in-One antibody HCP-LCE. The anti-PD-L1 antibody ICI2 is derived from a
common light chain YSD library. The VH fragment of the anti-PD-L1 antibody ICI2 was paired with an anti-EGFR VL library by yeast mating. FACS screening and
subsequent reformatting into the full-length antibody format enabled the isolation and production of a Two-in-One antibody targeting PD-L1 and EGFR. Created

matuzumab blocks the receptor activation by sterically
preventing the domain rearrangement (53). Binding of HCP-
LCE to EGFR domain II may suggest inhibition of receptor
dimerization and subsequent activation.

Affinity Measurement

Biolayer interferometry (BLI) measurements were performed in
order to determine the affinity of HCP-LCE to both PD-L1 and
EGFR. In order to confirm that non-overlapping paratopes were
present and binding to both antigens was possible with a single
Fab, an additional one-armed HCP-LCE variant was produced
using Knob-into-Hole (KiH) technology, as previously described
(10). Furthermore, affinity measurements of the HCP-LCE heavy
chain combined with an unrelated light chain (ICI2_H2) and
that of the HCP-LCE light chain together with an unrelated
heavy chain (LCE) to the two proteins of interest
were performed.

HCP-LCE was able to bind both antigens with a Kp of
78.3 nM and 236 nM for PD-L1 and EGFR binding,
respectively, exhibiting a high off-rate (Figure 3A, Table 1).
The one-armed variant showed slightly lower affinities to both
antigens which might presumably be caused by the lower avidity
(Supplementary Figure 3). Variant ICI2_H2 exclusively
targeted PD-L1 with an affinity in the double digit nanomolar
range, whereas variant LCE showed no binding to either PD-L1
or EGFR (Figure 3A, Table 1). This suggests that only the three
HCP-LCE heavy chain CDRs are responsible for PD-L1 binding,
contrary to EGFR binding involving overlapping heavy and light
chain CDRs.

Since EGFR and PD-L1 are widely expressed on healthy cells
(30, 54), simultaneous binding of both proteins is essential to
increase tumor-specificity. To analyze the binding behaviour of
HCP-LCE and to verify whether both antigens can be targeted
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simultaneously with a single Fab, 0oaHCP-LCE was loaded onto
AHC biosensors and sequentially incubated with both target
proteins of interest. Here it was essential to use the one-armed
variant, since the symmetric HCP-LCE antibody could target one
antigen with each Fab arm. Binding to PD-L1 first and EGFR
second as well as reverse binding was considered. The oaHCP-
LCE variant was able to bind both antigens simultaneously,
regardless of the order of target protein incubation
(Figure 3B). These findings indicate that the paratopes do
not overlap.

Biophysical Characterization

Size-exclusion chromatography (SEC) profiles demonstrated
that HCP-LCE exhibited favorable properties with almost no
measurable aggregation (Table 1, Supplementary Figure 5).
Monospecific antibodies ICI2_H2 and LCE showed an excellent
aggregation profile, while the bispecific EGFR- and PD-LI-
binding antibody SEB7xICI2_H2 and the 0aHCP-LCE variant
exhibited aggregation of 10.8% and 11.20%, respectively
(Table 1). SEB7 has already been characterized previously (52).

A1 166 313 482 621
Domain | Domain Il Domain IlI Domain IV
1-124
1-176
1-294
273-621
294 -543
475-621
B
EGFR fragment EGFR fragment EGFR fragment
1-124 1-176 1-294
27 28 15
u 2 HCP-LCE
1% W [/l secondary control
Qas os
o °
° 0 0 0 0* 0 0 0 0 0 0 0
-
5
S EGFR fragment EGFR fragment EGFR fragment
273-621 294-543 475-621
28 2] E2 )
23 23 231
7 L& | 174
s s 06
° 0 0
0 0 10 0 10 0 o 0 0 0 0 0 ° 0 0 0 0* 0
Antibody binding [PE fluorescence]
FIGURE 2 | YSD-based EGFR epitope mapping of HCP-LCE. (A) Schematic representation of EGFR extracellular domains | to IV and the six EGFR fragments
investigated in this study. (B) Binding of HCP-LCE (orange) to yeast cells expressing different truncated EGFR fragments was detected using the goat anti-human Fc
PE antibody. Measurements without HCP-LCE (grey) served as a negative control. HCP-LCE binds to EGFR fragment 1-294.

Retention times were as expected (Table 1, Supplementary
Figure 5), indicating the accurate size of the antibodies
produced, which is in accordance with SDS-PAGE analysis
(Supplementary Figure 4). In the case of both antibodies with
KiH, 0aHCP-LCE and SEB7xICI2_H2, SDS-PAGE demonstrated
the expression of similar amounts of both heavy chains, with the
TwinStrep-tagged Fc having a significantly higher molecular
weight than the His-tagged Fc (Supplementary Figure 4).

Thermal stability was analyzed using NanoDSF, yielding Ty
values between 58.9°C and 67.3°C, indicating high thermal
stability of all variants (Table 1, Supplementary Figure 5). For
full-length antibodies, two to three Ty, values are expected based
on unfolding of the Fab fragment and CH,/CH; domains (55).
The lowest Ty value was utilized to compare the stability of all
antibodies generated.

EGF and PD-1 Competition

To investigate antibody-mediated ligand receptor blockade, a
competition assay was performed by aid of biolayer
interferometry. For analysis of EGF competition, anti-human
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FIGURE 3 | Characterization of antigen binding of the Two-in-One antibody HCP-LCE by BLI-measurements. (A) BLI-measurements of HCP-LCE, ICI2_H2 and
LCE against EGFR and PD-L1. HCP-LCE binds both antigens, whereas ICI2_H2 exclusively targets PD-L1. LCE shows no binding to either antigen. (B) BLI-assisted
simultaneous binding assay. The one-armed HCP-LCE variant was loaded onto biosensors and antigens are added step-wise, revealing simultaneous EGFR and

IgG Fc Capture (AHC) biosensors were loaded with HCP-LCE
and subsequently associated to 250 nM EGFR pre-incubated
with 250 nM or 1000 nM EGF. Due to the binding of EGFR to
EGF, the complex exhibits a larger molecular size compared to
EGEFR alone. Binding of HCP-LCE to this complex, therefore,
results in a higher increase in layer thickness compared to
binding of EGFR alone (Figure 4A), indicating that the
antibody does not target the interaction site of EGF and EGFR,
which is consistent with the YSD-based epitope mapping
experiment (Figure 2B). EGF binds simultaneously to EGFR
domains I and III, whereas HCP-LCE targets EGFR domain II,
which is involved in receptor dimerization (48).

For total EGFR activation, ligand binding and EGFR
dimerization are essential. EGF binding to EGFR promotes
domain rearrangement to expose the dimerization arm in
domain II (49). Since HCP-LCE targets domain II, it was
investigated whether the Two-in-One antibody is able to
inhibit EGF-induced EGFR dimerization by measuring the
downstream phosphorylation of AKT in EGFR-positive A549
cells. In the presence of HCP-LCE (100 pg/mL), AKT
phosphorylation is significantly reduced compared to the
EGF stimulated control (20 ng/mL) (Figure 4B). Anti-EGFR
antibody SEB7 and SEB7xICI2_H2, which also target EGFR
domain II (52), showed comparable inhibition of AKT
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phosphorylation as HCP-LCE. The EGFR domain IIT binder
Cetuximab (56) completely inhibited EGF-induced
phosphorylation of AKT (Figure 4B) since binding of
domain III blocked EGF binding (52). To conclude, EGFR
signaling is significantly inhibited by HCP-LCE binding to
dimerization domain II without interfering EGF-binding to
its receptor.

To investigate HCP-LCE-mediated PD-1/PD-L1
competition, HCP-LCE was loaded onto FAB2G biosensors
and was associated to 250 nM PD-L1 pre-incubated with either
250 nM or 1000 nM of PD-1. HCP-LCE exhibited significantly
impaired binding to PD-L1 in the presence of PD-1, indicating
that the antibody targets and blocks the PD-1/PD-L1 interaction
site (57) (Figure 5A). This antibody-mediated PD-1/PD-L1
blockade was expected, as the heavy chain of HCP-LCE is
derived from the anti-PD-L1 antibody ICI2 described by
Bogen and coworkers, which demonstrated blockage of the
PD-1/PD-L1 axis (44).

Verification of the PD-L1 blockage activity of HCP-LCE was
performed in a cell-based context using the Promega PD-L1
blockade assay kit. HCP-LCE showed notable PD-L1 blockade,
although with a less dominant effect compared with ICI2_H2
(Figure 5B). This diminished ECs, value most probably
originates from the lower affinity towards PD-L1 binding.
However, in combination with the original common light
chain dFEB4-1, the ICI2 heavy chain exhibited a blockage of
the PD-1/PD-L1 interaction comparable to durvalumab, as well
as a significantly higher affinity PD-L1 binding (44).
SEB7xICI2_H2 exhibited comparable PD-L1 blockade as HCP-
LCE, despite monovalent target binding of the bispecific
antibody. The anti-EGFR antibody SEB7 did not interfere with
PD-1/PD-L1 interaction even at high concentrations
(Figure 5B). Conclusively, the binding of PD-1 to PD-L1 is
significantly inhibited by HCP-LCE, indicating its function as a
checkpoint inhibitor.

Cell Titration on A431 Cells

Since HCP-LCE is expected to provide increased tumor-
specificity compared to the bispecific antibody SEB7xICI2_H2
and the corresponding monospecific antibodies due to
simultaneous binding of EGFR and PD-L1 at each Fab arm,
cell binding experiments were performed on EGFR/PD-L1
double-positive A431 cells by flow cytometry. Cells were
stained with the respective antibody at a concentration ranging
from 0.12 pM to 500 nM utilizing a four-fold dilution series and
binding was verified using an anti-human Fc PE detection
antibody. HCP-LCE exhibited cellular binding with an ECs,
value of 1.37 nM, while the ECs5, value of the bsAb
SEB7xICI2_H2 was comparable (Figure 6). EGFR
overexpression on cancer cells typically exceeds that of PD-L1
(44), as demonstrated by A431 binding of the monospecific
antibodies (Figure 6; Supplementary Figure 6A). The
antibodies did not show binding to EGFR/PD-L1 double-
negative HEK cells, excluding non-specific cell binding
(Supplementary Figure 6). These data indicate that
simultaneous binding of EGFR and PD-L1 at both Fab arms
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FIGURE 4 | EGF competition and EGFR signaling assays. (A) BLI-assisted EGF competition assay. HCP-LCE was loaded onto AHC biosensors and subsequently
associated to EGFR pre-incubated with varying EGF concentrations. HCP-LCE binds to EGFR despite EGF binding. (B) Cell-based EGFR signaling assay. EGF-
induced AKT phosphorylation was analysed in EGFR-positive A549 cells. SEB7 (green), ICI2_H2 (orange), the bispecific construct SEB7xICI2_H2 (blue), cetuximab
(red) and durvalumab (black) were tested in comparison to the Two-in-One antibody HCP-LCE (pink). All measurements were performed in triplicates. Created with
BioRender.com.
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FIGURE 5 | PD-1 competition and PD-1/PD-L1 blockage assays. (A) BLI-assisted PD-1 competition assay. HCP-LCE was loaded onto FAB2G biosensors and
subsequently associated to PD-L1 pre-incubated with varying PD-1 concentrations. The binding of HCP-LCE to PD-L1 at different PD-1 concentrations reveals
dose-dependent binding. (B) Cell-based PD-1/PD-L1 blockage assay. SEB7 (green), ICI2_H2 (orange), the bispecific construct SEB7xICI2_H2 (blue) and durvalumab
(black) were tested in comparison to the Two-in-One antibody HCP-LCE (pink). ECsq values: durvalumab, 0.39 nM; ICI2_H2, 8.60 nM; SEB7xICI2_H2, 179 nM;
HCP-LCE, 214 nM. Luciferase activity is plotted against the logarithmic antibody concentration. All measurements were performed in duplicates, and the experiments
were repeated at least three times, yielding similar results. Created with BioRender.com.
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FIGURE 6 | Cell binding of EGFR and PD-L1 on A431 cells. Cell titration of HCP-LCE (pink), ICI2_H2 (orange), SEB7 (green) and the bispecific construct (blue) on
EGFR/PD-L1 double positive A431 cells. A variable slope four-parameter fit was utilized to fit the resulting curves. ECsg values: HCP-LCE, 1.37 nM; SEB7, 3.92 nM;
SEB7xICI2_H2, 2.83 nM. All measurements were performed in triplicates, and the experiments were repeated at least three times, yielding similar results.

enhances A431 cell binding, compared to monovalent or bivalent
target protein binding.

DISCUSSION

Most antibodies utilize the heavy chain CDRs as the dominant
moiety in antigen binding and can tolerate some mutations at the
light chain CDRs (45, 46). This property was exploited to isolate
the first Two-in-One antibody from a phage display library by
mutating the light chain CDR fragments (12, 58). Subsequently,
further engineering approaches were used for the generation of
Two-in-One antibodies involving computational-based design,
structural-guided design or random mutagenesis (13-15, 18, 19).

In this study, we generated the first chicken-derived Two-in-
One antibody without CDR engineering that simultaneously
targets EGFR and PD-L1 within the same Fv region. To this
end, we paired the heavy chain of the chicken-derived anti-
PD-L1 antibody ICI2 (44) with a chicken-derived anti-EGFR
light chain immune library by yeast mating. Isolation of the Two-
in-One antibody HCP-LCE was performed by three rounds of
FACS-based selection using YSD. HCP-LCE showed binding
affinities in the double- to triple-digit nanomolar range, favorable
aggregation behaviour and remarkable thermostability,
consistent with previously published results (44, 52). This
approach of library generation enables the generation of Two-
in-One antibodies targeting two unrelated proteins without
additional engineering of the CDRs. In contrast to bispecific
antibodies, which target one antigen with each Fab arm, HCP-
LCE is capable of simultaneous binding two antigens with a
single Fab, resulting in increased avidity.

An antibody subgroup that is also based on a common heavy
chain are kappa-lambda () bodies. The kA body platform uses
a fixed heavy chain that is combined with a lambda or kappa
light chain naive or synthetic antibody repertoire and
subsequently selected for target binding by phage display (59).

HCP-LCE was generated according to a similar approach, with
the difference that the Two-in-One antibody is not synthetic-,
but rather derived from immune libraries.

The conventional, symmetric IgG architecture of HCP-LCE
reduces the need for multi-step purification and allows for
straight-forward manufacturing since the main challenge in
producing bispecific antibodies arises from their heterogeneous
structure (60). Like DutaFabs (18), HCP-LCE is able to
simultaneously bind two target molecules with one Fab arm.
The co-binding of two targets or epitopes on the same Fv
fragment might enable unique mechanisms of action based on
receptor clustering or on positioning proteins in functional
distance. However, it is important to note that HCP-LCE does
not contain two independent paratopes. BLI measurements
indicated that exclusively the HCP-LCE heavy chain is
responsible for PD-L1 binding, in contrast to EGFR binding
involving overlapping heavy and light chain CDR residues.
Binding to PD-L1 is not disrupted by the use of an unrelated
light chain, suggesting that PD-L1 is targeted exclusively by the
three heavy chain CDRs. However, both the heavy and light
chains of HCP-LCE are required for EGFR binding, indicating
that CDR residues of both antibody chains are responsible for
binding. Nevertheless, the heavy chain CDR residues required
for EGFR binding do not appear to overlap with the residues
involved in PD-L1 binding, otherwise simultaneous binding
would not be possible. To investigate the arrangement of both
paratopes, co-crystallographic analysis would be of great interest.

Flow cytometric measurements demonstrated that HCP-LCE
targets an epitope on domain II of EGFR, which is involved in
receptor dimerization (48). Cetuximab and matuzumab, two
EGFR-binding antibodies, are known to bind EGFR domain
III, which together with domain I mediates EGF binding (53, 61).
Although biolayer interferometric measurements confirmed that
the EGFR domain II binder HCP-LCE does not block EGF
binding, the Two-in-One antibody significantly inhibited EGFR
downstream signaling, as demonstrated by analyzing AKT
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phosphorylation. Furthermore, HCP-LCE disrupted the PD-1/
PD-L1 interaction by binding to an overlapping epitope with the
therapeutic antibody durvalumab (44). Since the PD-1:PD-L1
axis is an immune checkpoint for NK cells and T cells, PD-L1
blockage may contribute to NK cell- and T cell-mediated killing
(62-65).

Monoclonal antibody therapy is a treatment option for
patients suffering from EGFR-related tumor burden (66). Since
EGEFR is natively expressed on epithelial cells in the skin and
lung, the major side effect associated with treatment using EGFR
targeting mAbs is skin toxicity, including skin rash, dry skin, hair
growth disorders, and nail changes (67, 68). Koopmans and
coworkers demonstrated an elevated tumor-specificity and
tumor uptake by an EGFRxPD-L1 bispecific antibody (30). By
simultaneous binding of EGFR and PD-L1, HCP-LCE might
exhibit elevated tumor-selectivity, which could reduce side
effects. This requires maximum discrimination between single-
positive healthy cells and double-positive malignant cells.
Moreover, due to the comparatively low affinity of HCP-LCE
to EGFR (236 nM), increased EGFR cell expression, which is
predominantly found on tumor cells (69), is required for
targeting of the antibody. This could result in reduced on-
target/off-tumor binding. In addition, the low binding affinity
conceivably causes EGFR binding exclusively on cells that
additionally express PD-L1 due to spatial proximity and local
concentration. This concept has been described for bsAbs
targeting tumor-specific receptors with high affinity on one
arm and CD47 with lower affinity on the other arm (70-72).
CD47 is ubiquitously expressed in human cells and has been
found to be overexpressed in many tumors (73). The low-affinity
binding to CD47 and the associated increased tumor selectivity
results in a higher safety profile of the described bsAbs.
Currently, four of these antibodies are in clinical or preclinical
study (74). In the case of HCP-LCE, the antibody would inhibit
PD-L1 in an EGFR-dependent manner, which could significantly
reduce side effects.

HCP-LCE is a chimeric antibody consisting of chicken-
derived VH and VL domains, grafted onto a human IgGl
scaffold. Starting from a heavy chain binder that was obtained
by VH library screening likely facilitates the discovery of binders
to a different target using a VL library of an immunized chicken.
Unlike in mice, the light chain repertoire of chicken antibodies is
generated via gene conversion (75). This might be one reason for
chicken-derived antibodies being suitable for the generation of
light chain binders. In regard to immunogenicity, humanization
of the Two-in-One antibody is essential for potential therapeutic
applications. Our group recently demonstrated an effective
approach to humanize avian-derived antibodies based on
Vernier residue randomization and high throughput screening
(76) that could be applied for this purpose but is beyond the
scope of this proof-of-concept study.

Taken together, we present a straightforward method for the
isolation of chicken-derived Two-in-One antibodies without
CDR engineering by combining the heavy chain of an anti-
PD-L1 common light chain antibody with an anti-EGFR
immune light chain library and YSD screening. The resulting

antibody HCP-LCE simultaneously targets EGFR and PD-LI at
the same Fv fragment while exhibiting favorable biophysical
properties and aggregation behaviour. The Two-in-One antibody
is able to inhibit EGFR signaling by binding to dimerization
domain II and can also block the PD-1/PD-LI interaction.
Furthermore, HCP-LCE demonstrated specific cellular binding
properties on EGFR/PD-L1 double-positive tumor cells. To our
knowledge, this represents the first Two-in-One antibody
without CDR engineering that simultaneously targets two
antigens with one Fab fragment.

MATERIAL AND METHODS

Plasmids and Yeast Strains
For yeast surface display, pYD;-derived vectors (Yeast Display
Vector Kit, version D, #V835-01, Thermo Fisher Scientific) were
used. The heavy chain encoding plasmid contained the AGA2
signal peptide, followed by the ICI2 (44) VH-CH, sequence and
the AGA2 gene, a tryptophan auxotrophic marker as well as an
ampicillin resistance. The light chain plasmid encoded an
oMFpp8 signal sequence, followed by the VL-CLA sequences, a
leucine auxotrophic marker and a kanamycin resistance gene.
Gene expression of either plasmid was controlled via the
galactose-inducible promotor (GAL;). For soluble expression of
full-length chimeric antibodies, pTT5-derived vectors (47) were
used, encoding either the heavy or light chain constant domains.
Bispecific variants were expressed using pTT5-derived vectors
encoding the full-length chimeric antibody with either a knob or
hole mutation (10) within the CH; sequence, and a C-terminal
His- or Twin-Strepll-Tag, respectively. For the one-armed
variant, a pTT5-derived vector encoding the Hinge-CH,-CHj;
domain with the hole mutation and a C-terminal Twin-StrepII-
Tag was utilized.

The Saccharomyces cerevisiae strains EBY100 [MATa URA3-
52 trpl leu2Al his3A200 pep4:HIS3 prblA1.6R canl GAL
(pIU211:URA3)] (Thermo Fisher Scientific) and BJ5464
(MATo URA3-52 trpl leu2A1his3A200 pep4:HIS3 prbl1Al.6R
canl GAL) (American Type Culture Collection) were
transformed with the plasmids harbouring the heavy chain and
light chain genes for Fab display, respectively. Yeast strains were
cultivated in YPD medium composed of 20 g/L peptone/casein,
20 g/L glucose and 10 g/L yeast extract. Cultivation of haploid
and diploid yeasts in SD-CAA and SG-CAA media was
performed as described previously (77).

Library Generation and Sorting

For yeast library generation, the VH-CH, fragment of the anti-
PD-L1 antibody ICI2 (44) was combined with an anti-EGFR VL-
CLA library (44). The ICI2 VH gene was amplified by PCR using
Q5 polymerase (NEB) and the heavy chain pYD; vector was
linearized utilizing Nhel HF and BamHI-HF (NEB) according to
the manufacturer’s protocol. Homologous recombination of
ICI2 VH gene into pYD; was conducted in EBY100 yeast cells
according to the protocol described by Benatuil et al. (78).
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Generation of the utilized anti-EGFR VL-CLA yeast library
was described by Grzeschik et al. (35). To combine the light
chain diversity with the common ICI2 heavy chain for
subsequent Fab display, yeast mating was performed as
described before (77).

For library sorting, cells of the diploid yeast library were
grown overnight in SD-Trp-Leu medium at 30°C and 120 rpm.
The next day, cells were harvested by centrifugation and used to
inoculate SG-Trp-Leu medium at an ODg of 1.0 and incubated
overnight at 30°C and 120 rpm. Cells were harvested by
centrifugation, washed once with PBS-B [PBS + 0.1% (w/v)
BSA] and incubated with 250 nM EGFR-ECD-Fc chimera
(R&D Systems) for 30 min on ice. After washing once with
PBS-B, cells were incubated with a goat anti-human-Lambda
Alexa Fluor 647 F(ab’)2 antibody (SouthernBiotech, diluted
1:75) to detect Fab surface presentation, and a goat anti-
human IgG-Fc-PE conjugate (Fisher Scientific, diluted 1:50) to
detect target binding for 15 min on ice. Following another
washing step, cells were screened by FACS using a Sony SH800S.

Reformatting, Expression and

Purification of Full-Length, One-Armed
and Bispecific Antibodies

Plasmid isolation from yeast cells was performed using the
Zymoprep Yeast Plasmid Miniprep Kit (Zymo Reasearch)
according to the manufacturer's protocol. Isolated plasmids
were transformed into E. coli XL1-Blue and sequenced at
Microsynth Seglab (Goéttingen). The resulting VL gene was
amplified by PCR using Q5 polymerase (NEB) according to the
manufacturer’s protocol, incorporating Sapl sites to enable
subsequent Golden Gate cloning into pTT5-derived vectors as
described previously (47). For soluble expression, Expi293F
(Thermo Fisher, A14527) cells were transiently transfected
following the manufacturer's protocol. Cells were cultivated in
Expi293 Expression Medium (Thermo Fisher) at 37°C and 8.0%
CO, at 110 rpm. For purification of full-length antibodies, sterile-
filtered cell culture supernatant was applied to a Protein A HP
column (GE Healthcare) five days after transfection using an
AKTA pure system (GE Healthcare). One-armed and bispecific
molecules were captured by IMAC (HisTrap HP, GE Healthcare),
followed by Strep-Tactin XT affinity chromatography according to
the manufacturer’s protocol. Buffer exchange against PBS was
performed using a HiTrap Desalting column (GE Healthcare).

Epitope Mapping on the Subdomain

Level via YSD

YSD-based epitope mapping was performed using yeast cells
displaying six different truncated versions of EGFR-ECD (amino
acids 1-124, 1-176, 1-294, 273-621, 294-543 and 475-621), as
described previously (51, 52). Cells were harvested by
centrifugation, washed once with PBS-B and incubated with
200 nM HCP-LCE for 30 min on ice. Surface presentation was
verified using a biotinylated anti-c-myc antibody (Miltenyi
Biotech, diluted 1:75) and Streptavidin APC (Thermo Fisher,
diluted 1:75). Separately, antibody binding was verified by an
anti-human IgG Fc PE-conjugated antibody (Fisher Scientific,

diluted 1:50). Cells were analyzed by flow cytometry using a
SH800S (Sony Biotechnology).

Affinity Determination, Receptor-Ligand
Competition and Simultaneous Binding
Assay via Biolayer Interferometry

For affinity determination of chimeric antibodies, anti-human
IgG-Fc capture (AHC) biosensors were equilibrated in PBS
pH 7.4 for 10 min and subsequently loaded with 10 pug/ml of
the antibody of interest until a layer thickness of 1 nm was
reached. All following steps were performed using kinetics buffer
(KB, Sartorius). Association was measured for 600 s using
varying concentrations of EGFR-ECD or PD-L1-ECD
(produced in-house) ranging from 7.8 nM to 500 nM followed
by dissociation for 600 s. KB was used as a negative control.
Binding kinetics were determined based on Savitzky-Golay
filtering and a 1:1 Langmuir binding model.

For the EGF competition assay, AHC biosensors were loaded
with 10 pug/ml of HCP-LCE until a layer thickness of 1 nm was
reached. Subsequently, 250 nM EGFR-ECD pre-incubated with
either 0 nM, 250 nM or 1000 nM EGF was applied for 600 s.

For the PD-1 competition assay, anti-human Fab-CH,; 2nd
Generation (FAB2G) biosensors were loaded with 10 pg/ml of
HCP-LCE until a layer thickness of 1 nm was reached.
Subsequently, 250 nM PD-L1-ECD pre-incubated with either
0 nM, 250 nM or 1000 nM PD-1 was applied for 600 s.

For the simultaneous binding assay, AHC biosensors were
loaded with 10 pg/ml of 0aHCP-LCE until a layer thickness of
1 nm was reached. After measurement of the association to
250 nM antigen 1 for 300 s, association to 250 nM antigen 2 was
determined for 300 s. As controls, 0aHCP-LCE was incubated
with antigen 1 or PBS only. EGFR-ECD and PD-L1-ECD were
used as antigens and the order of association was analyzed in
both settings.

All measurements were performed using the Octet RED96
system (ForteBio, Molecular Devices) at 30°C and 1000 rpm.

NanoDSF and Size

Exclusion Chromatography

Thermal stability of produced antibodies was characterized by
nano differential scanning fluorimetry (NanoDSF) using the
Prometheus NT.48 Protein Stability Instrument (NanoTemper
Technologies). Tryptophan fluorescence of a 0.5 mg/mL protein
solution was measured at 350 and 330 nm applying a
temperature gradient from 20°C to 95°C with a temperature
slope of 1°C/min. T values were defined as the first maxima of
the ratios of the first derivative of fluorescence at 330 nm and
350 nm.

Size exclusion chromatography (SEC) using TSKgel
SuperSW3000 column (Tosoh Bioscience) together with 1260
Infinity chromatography system (Agilent Technologies) was
utilized to analyze the aggregation behaviour of antibodies.
Chromatography was performed at a flow rate of 0.35 mL/min
for 20 min, and protein elution was detected by measuring
absorbance at 280 nm.
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Cultivation of A431 and A549 Cells

A431 human epidermoid carcinoma cells (ATCC® CRL-1555TM)
and A549 human epithelial lung carcinoma cells (DSMZ ACC
107) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fisher), supplemented with 10% fetal bovine
serum (FBS) superior (Merck Millipore) and 1% Penicillin-
Streptomycin (Sigma Aldrich). Cells were cultured in T75 cell
culture flasks at 37°C in a humidified atmosphere with 5% CO,
and passaged every three to four days after reaching
80% confluence.

ECS50 Determination

Cellular binding of the produced antibodies was determined by
affinity titration using EGFR/PD-L1 double positive A431 cells.
EGFR/PD-L1 double negative HEK cells were used to analyze
unspecific cell binding. To this end, 10° cells/well were seeded in
96-well plates, washed with PBS-F [PBS + 2% (w/v) FBS] and
subsequently incubated with the respective antibody in varying
concentrations (500 nM to 0.24 nM in a two-fold serial dilution)
for 30 min on ice. Following another washing step, anti-human
IgG-Fc PE-conjugated antibody was applied for 20 min. After
washing, mean fluorescence was determined by flow cytometry
using a CytoFLEX S (Beckman Coulter) and plotted against
logarithmic antibody concentration. The resulting curves were
fitted with a variable slope four-parameter fit using GraphPad
Prism. All measurements were performed in triplicates, and the
experiments were repeated at least three times, yielding
comparable results.

AKT Pathway Signaling Assay

Two days prior to the assay, A549 cells were seeded onto sterile
48-well cell culture plates at a cell density of 10° cells/well. The
following day, cells were serum-starved in DMEM medium
overnight. Subsequently, cells were pre-incubated with the
desired antibody concentration for 1 h, followed by stimulation
with 20 ng/mL rhEGF for 10 min at 37°C. Following stimulation,
cells were quickly rinsed with pre-chilled PBS and lysed using
Complete Lysis Buffer. For AKT phosphorylation analysis, the
cell lysates were analysed using the AKT Signaling Whole Cell
Lysate Kit (MesoScale Discovery) according to the
manufacturer’s protocol. The electrochemiluminescence (ECL)
values were plotted using GraphPad Prism.

Cell-Based PD-1/PD-L1 Blockage
Reporter Assay

For the cell-based PD-1/PD-L1 blockade assay, the Promega
PD- 1/PD-L1 Blockade Bioassay (J1250) was used according to
the manufacturer’s instructions. Antibodies of interest were
tested at a 3-fold dilution series, ranging from 2 uM to 0.3 nM
for HCP-LCE, ICI2_H2 and SEB7xICI2_H?2 and from 222.2 nM
to 0.1 nM for Durvalumab. SEB7 was used as a control at a
concentration of 2 uM. After incubation at 37°C and 5% CO, for
six hours, luciferase activity was measured and plotted against

logarithmic antibody concentration. The resulting curves were
fitted utilizing a variable slope four-parameter fit.
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Supplementary Figure 1. Chain assembly of bispecific antibodies. A) Possible heavy and light
chain pairing combinations of bispecific antibodies. The correctly paired variant is marked in red.
B) For Two-in-One antibodies, there is only one possibility of chain assembly. C) A bispecific
antibody binds one antigen with each Fab fragment. D) Two-in-One antibodies target two
antigens with each Fab arm.
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Supplementary Figure 2. Isolation of HCP-LCE. A) Sorting of the diploid common heavy chain
yeast library. Surface presentation is depicted on the y-axis utilizing the anti-human lambda chain
antibody AF647 labelled, while EGFR-Fc binding is shown on the x-axis using the anti-human
Fc-PE antibody. B) Flow cytometric analysis of the isolated yeast population after three
consecutive rounds of FACS screening. Surface presentation is depicted on the y-axis utilizing the
anti-human lambda chain antibody AF647 labelled, while EGFR-Fc, PD-L1-Fc and IL11-Fc
binding is shown on the x-axis using the anti-human Fc-PE antibody.
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Supplementary Figure 6. Cellular binding on A431 cells and HEK cells. A) Cell titration of
ICI2_H2 on EGFR/PD-L1 double positive A431 cells (orange) and on EGFR/PD-L1 double
negative HEK cells (light orange). A variable slope four-parameter fit was utilized to fit the
resulting curves. B) Cell titration of HCP-LCE, SEB7xICI2_H2, ICI2 _H2 and SEB7 on
EGFR/PD-L1 double negative HEK cells. The y-axis is chosen as in figure 6 for comparability of
the graphs. A variable slope four-parameter fit was utilized to fit the resulting curves. The assay
was repeated twice, yielding comparable results.
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To construct a trispecific IgG-like antibody at least three different binding
moieties need to be combined, which results in a complex architecture and
challenging production of these molecules. Here we report for the first time the
construction of trispecific natural killer cell engagers based on a previously
reported two-in-one antibody combined with a novel anti-CD16a common
light chain module identified by yeast surface display (YSD) screening of chicken-
derived immune libraries. The resulting antibodies simultaneously target
epidermal growth factor receptor (EGFR), programmed death-ligand 1 (PD-L1)
and CD16a with two Fab fragments, resulting in specific cellular binding
properties on EGFR/PD-L1 double positive tumor cells and a potent ADCC
effect. This study paves the way for further development of multispecific
therapeutic antibodies derived from avian immunization with desired target
combinations, valencies, molecular symmetries and architectures.

KEYWORDS

trispecific antibody, two-in-one antibody, NK cell engager, common light chain, yeast
surface display

Introduction

While monoclonal antibodies (mAbs) have tremendous potential for treating a variety
of diseases, certain modes of action require two different cells to be positioned in close
proximity to achieve the desired therapeutic effect. Due to their monospecificity, this is not
possible with a mAb or combination therapy, but can be achieved by combining antibody-
like fragments in one molecule (1, 2). Since the first proposition of bispecific antibodies
(bsAbs) targeting two independent epitopes in the 1960s (3), they have been extensively
explored in translational and clinical studies (4, 5).

One possible mode of action for bsAbs, which are referred to as NK cell engager
(NKCE), is the recruitment of natural killer (NK) cells by simultaneously binding to a
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tumor-associated antigen (TAA) and a specific marker on the
surface of NK cells to harness the immune function of NK cells
in tumor therapy (6).

Among many other proteins, NK cells express CD16a, also
known as FcyRIIIa, which is targeted with low affinity by the Fc
region of TAA-bound IgG antibodies (7). These IgG molecules can
thus mediate antibody-dependent cellular cytotoxicity (ADCC), an
effective mechanism for tumor cell killing by NK cells (8). The anti-
CD20 antibody rituximab was the first cytotoxic ADCC-capable
mAb to be approved for the treatment of non-Hodgkin's
lymphoma in 1997 (9). Since then, more than 30 cytotoxic
antibodies have been developed (10) and considerable efforts have
been made to increase the efficacy of these therapeutic antibodies by
Fc engineering (11). Preclinical models and clinical outcome of
patients have shown that ADCC is one of the most important
mechanisms contributing to the therapeutic effect of many
approved antibodies, including rituximab, cetuximab and
trastuzumab (12). Thereby, binding affinity to CD16a seems to be
an important component. The 158V isoform of CD16a, which
mediates a stronger binding to IgGl Fcs compared to its 158F
counterpart, has been shown to be positively associated with clinical
outcome in patients (13, 14).

To further increase affinity and cytotoxicity, antibody-like
molecules have been developed that target CD16a with higher
affinity than the wild-type Fc of an IgGl antibody (15). An
example of this are bispecific killer cell engagers (BiKEs) targeting
CD16a with one binding arm and a TAA with the other e.g.
Epithelial Cell Adhesion Molecule (EpCAM) (16) or CD133 (17),
respectively. Trispecific killer engagers (TriKEs) are an improved
version of BiKEs with CD16a and TAA targeting single chain
variable fragments (scFvs) cross-linked with a human IL-15
moiety, having an additional stimulatory effect on NK cell
proliferation and activation (18). Innate Pharma is developing
trifunctional NKCEs consisting of antibody fragments targeting
two NK cell-activating receptors, CD16a and NKp46, and one TAA
including CD19, CD20 and EGFR (19). Some approaches utilize
two CD16a engaging binding moieties. The company Affimed has
introduced its bispecific ROCK® (Redirected Optimized Cell
Killing) antibody platform into the clinic. This platform is based
on a tetravalent bispecific antibody consisting of altogether four
diabodies with two fragment variable (Fv) domains against CD16a
and a TAA (20).

One TAA that has already shown impressive outcomes in vitro
and in vivo in combination with CD16a as an NKCE (19) and has
even been clinically validated in phase 1/2a clinical trials (AFM24,
NCT 04259450) as part of the bispecific ROCK® platform (20) is
epidermal growth factor receptor (EGFR). Overexpression of EGFR
has been reported in a variety of cancers, where it is involved in
tumor progression and metastasis (21-23).

Furthermore, AFM24 is also being investigated in phase 1/2a
clinical trials in combination with atezolizumab, an anti-programmed
death-ligand 1 (PD-L1) antibody (NCT05109442). PD-L1 is
overexpressed in many malignancies and represents a mechanism by
which cancer evades immune surveillance (24, 25). Moreover, NK cell
activity can be negatively affected by immune checkpoints such as
PD-1/PD-L1 axis (26). Therefore, the combination of targeting CD16a,
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EGEFR and PD-L1 could provide significant clinical benefit also in view
of the recently reported finding that tumor-specificity can be elevated by
simultaneous targeting EGFR and PD-L1 by a bispecific antibody (27).

Recently, we reported the isolation of a chicken-derived two-in-
one antibody (HCP-LCE) targeting EGFR and PD-L1 with two
independent paratopes on a single Fab (28). Unlike classical IgG-
like bispecific antibodies that require heterodimerization of the
heavy chains and correct light chain pairing (29), two-in-one
antibodies are symmetrical molecules consisting of two identical
heavy and light chains (30). Consequently, they can be produced
without engineering of constant chains, eliminating the need to
incorporate unnaturally occurring amino acids as found in knob-
into-hole antibodies (31) or orthogonal Fab interfaces (32). This
chicken-derived two-in-one antibody inhibits EGFR signaling by
binding to dimerization domain II and blocks the PD-1/PD-L1
interaction (28). Notably, while individual affinities to EGFR and
PD-LI are moderate with Kp, values in the triple and double digit
nanomolar range, the two-in-one combined antibody displays high
affinity binding to cells expressing both targets (28).

Although most approved therapeutic antibodies have been
generated using rodent immunization (33), immunization of
chickens has gained interest in the scientific community. Due to
the wider phylogenetic distance from humans, chicken immunization
may result in antibodies targeting epitopes not accessible upon
immunization of rodents (34, 35). In addition, gene diversification
in birds allows library generation with a single set of primers,
significantly reducing hands-on time and costs compared to
rodents (36). Subsequently, chicken-derived antibodies with high
affinity can be isolated using yeast surface display (YSD) in
combination with fluorescence-activated cell sorting (FACS) (36-38).

In this study, we describe the construction and characterization of a
symmetric trispecific common light chain antibody based on a
previously identified two-in-one antibody targeting EGFR and PD-
L1. By utilization of the light chain of this two-in-one antibody as a
common light chain (cLC) in a chicken-derived anti-CD16a immune
heavy chain library, a novel CD16a engaging cLC antibody was
identified and subsequently fused in a head-to-tail setup with the
parental two-in-one antibody. The resulting trispecific antibody
(HC16-HCP) has the ability to simultaneously bind PD-L1, EGFR
and CDl16a with six independent paratopes on four single Fabs,
without additional engineering of the CDR regions and in a generic,
symmetrical architecture. Comparable to the two-in-one antibody
HCP-LCE, it exhibits specific cellular binding on EGFR and PD-L1
double positive tumor cells, blocks the PD-1/PD-L1 axis and mediates a
potent ADCC effect as an NKCE. This work paves the way for the
generation of chicken-derived trispecific common light chain immune
cell engager molecules in a straightforward manner and facilitates
subsequent process development through its symmetrical architecture.

Results
Library generation and screening

Recently, we isolated a chicken-derived two-in-one antibody
(HCP-LCE) that simultaneously targets EGFR and PD-L1 with the
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same Fv region (28). Notably, additional studies revealed that the two-
in-one antibody targets keratinocytes and fibroblasts with a lower on-
cell affinity than cetuximab (Supplementary Figures 1A, B).
Therefore, HCP-LCE may be expected to cause milder side effects
compared to EGFR high affinity binding antibodies such as
cetuximab, for which the main side effect is skin toxicity, including
rash, dry skin, hair growth disturbances and nail changes (39, 40).
Based on its ability to inhibit EGFR signaling by binding to
dimerization domain II, block the PD-1/PD-L1 interaction and
mediate specific cellular recognition to EGFR/PD-L1 double-
positive tumor cells, HCP-LCE was chosen as a starting molecule to
introduce a NK cell engaging module. Since the most straightforward
approach to circumvent light chain pairing problems in multispecific
antibodies is the use of a common light chain that pairs with all VH
moieties (41, 42), the HCP-LCE light chain was combined with a VH
library from chickens immunized with the CD16a extracellular
domain aimed at screening for high affinity binders (Figure 1). To
this end, the heavy chain yeast surface display library was generated

10.3389/fimmu.2023.1170042

by amplification of VH genes from cDNA derived from a chicken
immunized with CD16a-Fc and boosted with monomeric CD16a and
subsequently inserted into a pYD;-derived vector encoding a human
CH, domain by homologous recombination in EBY100 yeast, as
previously described (43). The heavy chain diversity was combined
with BJ5464 yeast cells encoding the HCP-LCE VL-CLA fragment by
yeast mating (Figure 1), resulting in an estimated library size of
4x10® variants.

The diploid common light chain yeast library was screened
by FACS over four consecutive sorting rounds using Hiss-tagged
monomeric CDI16a, resulting in an enrichment of a binding
population (Supplementary Figure 2A). Sequence analysis of
eight randomly chosen clones revealed one distinct VH
sequence, which was enriched during the sorting process. The
isolated anti-CD16a antibody is referred to as HC16. Binding to
the Hisg-Tag of the protein could be excluded by binding
analysis of a yeast single clone to an unrelated Hiss-tagged
protein (Supplementary Figure 2B).
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Schematic representation demonstrating the generation of trispecific antibody variants based on the two-in-one antibody HCP-LCE. (A) The VL
fragment of the anti-PD-L1/anti-EGFR two-in-one antibody HCP-LCE was paired with an anti-CD16a VH yeast surface display library by yeast
mating. FACS screening and subsequent reformatting into full-length antibody format enabled the isolation of the anti-CD16 antibody HC16. (B)
Based on the antibodies HCP-LCE and HC16, three different trispecific anti-PD-L1/anti-EGFR/anti-CD16 antibody variants were generated. Created

with BioRender.com.
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Cloning and biophysical characterization of
trispecific antibodies

For the generation of EGFR, PD-L1 and CDl6a targeting
antibody variants, Fab fragments of the two-in-one antibody
HCP-LCE and the anti-CD16a antibody HC16 were fused in a
head-to-tail setup into a 2 + 2 double Fab format (termed HC16-
HCP) and an 1 + 1 IgG-like format (termed KiH variant) via
Golden Gate Cloning. For the symmetrical 2 + 2 variant HC16-
HCP, similar to a Fabs-in-tandem immunoglobulin (FIT-Ig) (44),
two Fabs were located on each heavy chain, connected by a flexible
linker. Contrary to the crisscross orientation of the FIT-Igs (44), the
VH of the inner Fab was connected to the CH; domain of the outer
Fab. Since the light chains were identical for each binding moiety of
the 2 + 2 variant HC16-HCP, the possibility of mismatch between
heavy and light chains was eliminated. The Fc exhibited the LALA
mutation to circumvent Fc : CD16a-interactions (45, 46). Following
production in Expi293F cells, HC16-HCP was purified like a
conventional IgG via Protein A affinity chromatography due to its
symmetrical architecture, circumventing the need to include
unnaturally occurring amino acid sequences in constant chains as
found in knob-into-hole antibodies or orthogonal Fab interfaces
(31). In addition, a trispecific 1 + 1 variant (KiH variant; Figure 1)
and a one-armed double Fab HC16-HCP variant (termed oaHC16-
HCP) were generated in which the Fc fragments exhibited the knob-
into-hole mutations to force heterodimerization of the heavy chains
(31). To ensure the isolation of heterodimers only, a TwinStrepII-
Tag was fused to the C-terminus of the Knob heavy chain (HC),
whereas a Hisg-Tag was placed C-terminally to the Hole-HC,
enabling two-step purification via IMAC followed by StrepTactin
purification as previously described (28).

SDS-PAGE analysis revealed the presence of all expected heavy
and light chains under reducing conditions, as well as the expected
molecular size under non-reducing conditions without degradation
products (Supplementary Figure 3A). For the KiH variant, the two
heavy chains run higher than the unmodified two-in-one HCP-LCE
heavy chains, due to the additional Twin-StrepII- and Hiss-tag used
for purification. The significantly higher molecular weight of the 2 +
2 variant HC16-HCP compared to a full-length antibody was

10.3389/fimmu.2023.1170042

confirmed during size-exclusion chromatography (SEC) by the
lower retention time. SEC profiles demonstrated that HC16-HCP
exhibited favorable properties with almost no measurable
aggregation (Supplementary Figure 3B). Thermostability
investigated by SYPRO Orange revealed melting temperatures
between 64.0°C and 66.0°C, with the parental antibodies HCP-
LCE and HCI16 exhibiting 58.9°C and 61.5°C respectively,
indicating no reduction in thermal stability (Table 1).

Affinity measurement

BLI measurements were performed to determine the affinity of
the different trispecific variants to all three targets of interest. All
three antibody variants were able to target CD16a as well as EGFR
and PD-L1 (Figure 2A). The binding affinities to EGFR and PD-L1
were in similar ranges to those previously published for the two-in-
one antibody HCP-LCE (28). This suggests that the outer CD16a
targeting Fab arm does not significantly interfere with EGFR and
PD-LI binding of the inner two-in-one Fab arm of the 2 + 2 variant
HC16-HCP and the 0aHC16-HCP variant. The parental antibody
HC16 exclusively targeted CD16a with a Ky value of 18 nM and
exhibited no binding to EGFR (Supplementary Figure 4). The
binding affinities of the trispecific variants to CD16a were in
similar ranges to that of the parental antibody (Figure 2). This
supports the notion that EGFR binding of the HCP-LCE light chain
is supported by the presence of the anti-PD-L1 heavy chain (28).

In order to maintain tumor selectivity of the two-in-one antibody
and additionally obtain effector cell recruitment, simultaneous binding
to all three targets is essential. To analyze whether CD16a, EGFR and
PD-LI can be targeted simultaneously with two Fab arms, the KiH
variant and the double Fab 0aHC16-HCP variant were loaded onto
anti-human IgG Fc Capture (AHC) biosensors and incubated
sequentially with the target proteins of interest. Here, it was
important to use the one-armed variant, since the symmetrical 2 + 2
HC16-HCP is hexavalent. Binding to PD-L1 first, EGFR second and
CD16a third was considered (Figure 2B). Both variants were able to
bind all three targets simultaneously with two Fab fragments,
supporting the suggestion that the outer Fab arms does not disrupt
the EGFR and PD-L1 binding properties of the two-in-one Fab.

TABLE 1 Biophysical properties of HCP-LCE, HC16-HCP, 0aHC16-HCP, KiH including affinity, kinetic binding rates and melting temperatures.

Antibody Ko [nM] Kon M 5] Kqis [s']
PD-L1 CD16a EGFR PD-L1 CD16a EGFR PD-L1 CD16a
HCI16-HCP | 331 + 68.0 + 17 + 5.06 x 10° + 7.75 x 10° + 137x10° + 1.68x 107" + 526 x 1072 + 233x107° 66.0°C
29.9 1.82 0.21 3.39 x 10* 1.58 x 10* 1.14 x 10° 9.16 x 10 2.14x 107
0aHC16- 463 + 64.8 + 19.9 + 422x10° + 8.83x10° + 136 x 10° + 196 x 10" + 573 x 1072 + 270 x 107 + 64.0°C
HCP 51.2 1.84 2.01 35x 10* 1.90 x 10* 9.76 x 107 143 x 1072 1.06 x 107 1.91x 107
KiH 320 + 57.7 + 219 + 5.63 x 10° + 117 x 10° 1.14x10° 1.80x 10" + 6.76 x 107 + 3.09x 107 + 64.5°C
26.8 4.10 0.23 3.50 x 10* 6.24 x 10* 1.07 x 10° 1.01 x 10 317 x 107 2.10x 10°
HCI16 - - 183 + - - 1.55x 10° + - - 2.83x 107 + 61.5°C
0.20 123x10° 2.14x 107
HCP-LCE 236 + 783 + - 4.15x 10° + 9.73x 10° + - 9.81x 1072 + 7.62x 1072 + - 58.9°C
10.7 1.36 1.58 x 10* 1.37 x 10* 2.41x10° 778 x 107
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Characterization of antigen binding of the trispecific antibody variants by BLI-measurements. (A) BLI-measurements of the double Fab variant HC16-
HCP, the knob-into-hole (KiH) variant and the one-armed (oa) double Fab variant oaHC16-HCP against CD16a, EGFR and PD-L1. All antibody
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binding. Created with BioRender.com.

EGF and PD-1 competition

To study whether not only the binding kinetics of the two-in-
one antibody were preserved but also the antibody-mediated
ligand receptor blocking properties, BLI-assisted competition
assays were performed. To investigate PD-1/PD-L1 competition,
the respective antibodies were loaded onto FAB2G biosensors
and associated with 250 nM PD-L1 preincubated with either 250
nM or 1000 nM PD-1-Fc. Binding of both trispecific antibody
variants to PD-L1 was significantly impaired in the presence of
PD-1 (Figure 3A), suggesting that the ability of the two-in-one
antibody to target and block the PD-1/PD-L1 interaction site
is preserved.

HCP-LCE targets EGFR domain II, which is involved in
receptor dimerization (28, 47). Since EGF binds simultaneously to
EGFR domains I and III, the antibody does not block the EGF/
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EGFR interaction. Ligand binding and EGFR dimerization are
essential for full EGFR activation, so HCP-LCE inhibits EGFR
signaling by inhibiting dimerization of EGFR. For analysis of EGF
competition, AHC biosensors were loaded with the respective
antibody and associated with 250 nM EGFR preincubated with
250 nM or 1000 nM monomeric EGF. Binding of the antibodies to
the EGFR/EGF complex resulted in an increase in layer thickness
compared with binding to EGFR alone (Figure 3B), indicating that
both trispecific antibodies, like the two-in-one antibody, do not
target the interaction site of EGF and EGFR.

Cellular EGFR and PD-L1 binding

To ensure that the 2 + 2 HC16-HCP variant shows comparable
tumor-targeting to the two-in-one antibody HCP-LCE, cellular binding

frontiersin.org


BioRender.com
https://doi.org/10.3389/fimmu.2023.1170042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Harwardt et al.

experiments were performed on EGFR/PD-L1 double positive A431
and A549 cells by flow cytometry. Cells were stained with the respective
antibodies at a concentration ranging from 0.1 pM to 80 nM for A431
cells and from 5.12 pM to 80 nM for A549 cells utilizing a five-fold
dilution series. Binding was verified using an anti-human Fc PE
detection antibody. As a control, the cells were stained with the KiH
variants at a concentration ranging from 0.1 pM to 400 nM for A431
cells and from 5.12 pM to 400 nM for A549 cells. The 2 + 2 antibody
HC16-HCP exhibited cellular. Binding with an ECs, value of 0.68 nM
on A431 cells and 1.49 nM on A549 cells, which was within the range of
the two-in-one antibody (Figure 4). The ECs, values of the 1 + 1 KiH
variant and the 0aHC16-HCP were also in a similar range for both cell
lines. However, the antibody variants consisting of only one two-in-one
Fab exhibited a higher ECs, value by a factor of approximately 6 on
A431 cells and about 30 on A549 cells (Figure 4). Since EGFR
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expression on A431 cells is significantly higher than that on A549
cells (48), lower ECs, values were expected on A431 cells. The similar
ECs5 values of the antibodies HCP-LCE and HC16-HCP, as well as of
the 1 + 1 KiH variant and 0aHC16-HCP, were also in line with
expectations, as they each consist of the same number of EGFR/PD-
L1 binding Fab fragments. The different valency of EGFR/PD-L1
binding likely contributes to the lower ECs, value of the double Fab
HC16-HCP variant, which, contrary to the KiH variants, targets the
antigens bivalently instead of monovalently. Similarly, the lower binding
maximum observed for the monovalent constructs was to be expected
due to the lack of avidity effects. The antibodies did not show binding to
EGFR/PD-L1 double negative Daudi cells, excluding non-specific
cellular binding (Supplementary Figure 5). These data indicate that
the tumor-targeting ability of the two-in-one Fab fragment remains
functional even when another antibody fragment is fused to it. In
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EGF and PD-1 competition assay by BLI. (A) BLI-assisted PD-1 competition assay. The two-in-one antibody HCP-LCE (pink), the KiH variant (blue)
and the double Fab variant HC16-HCP (orange) were loaded onto FAB2G biosensors and subsequently associated to PD-L1 preincubated with
varying PD-1 concentrations. Binding of the antibody variants to PD-L1 at different PD-1 concentrations reveal dose-dependent binding. (B) BLI-
assisted EGF competition assay. The two-in-one antibody HCP-LCE (pink), the KiH variant (blue) and the double Fab variant HC16-HCP (orange)
were loaded onto AHC biosensors and subsequently associated to EGFR preincubated with varying EGF concentrations. The trispecific antibody

variants bind to EGFR despite EGF binding. Created with BioRender.com.
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Cellular binding of trispecific variants on EGFR and PD-L1 double positive cells. Cell titration of double Fab HC16-HCP (orange), double Fab
0aHC16-HCP (green), KiH variant (blue) and HCP-LCE (pink) on EGFR/PD-L1 double positive A431 and A549 cells. A variable slope three-parameter
fit was used to fit the resulting curves. EC50 values of A431 cellular binding: HCP-LCE, 0.25 nM; HC16-HCP, 0.68 nM; KiH, 3.93 nM; oaHC16-HCP,
6.60 nM. EC50 values of A549 cellular binding: HCP-LCE, 2.58 nM; HC16-HCP, 1.49 nM; KiH, 31.09 nM; 0aHC16-HCP, 34.86 nM. All measurements
were performed in duplicates and the experiments were repeated at least three times, yielding similar results. Created with BioRender.com.

addition, tumor selectivity is assumed to be maintained as demonstrated
by cellular MRC-5 binding (Supplementary Figure 1C).

Antibody-dependent cell-mediated
cytotoxicity reporter assay

Fundamental aspects of an NK-cell engager are immune cell
stimulation and cell killing. To compare the ADCC effect of the
trispecific variants, the Promega ADCC luminescent reporter
assay was used with EGFR/PD-L1 double-positive A431 cells as
target cells. All variants contained the LALA mutation , except for

Frontiers in Immunology

HCP-LCE were, additional to a LALA variant, an antibody with
wild-type Fc was tested. As expected, HCP-LCE exhibiting the
LALA mutation failed to mediate an ADCC effect even at high
antibody concentrations. The 1 + 1 trispecific KiH variant
mediated an ADCC effect that showed a two-fold higher
induction than the bivalent EGFR and PD-L1 binding HCP-LCE
exhibiting a wild-type IgG1 Fc. The 2 + 2 HC16-HCP trispecific
showed the most potent ADCC effect, indicating the effector cell
engaging properties of the anti-CD16a Fab fragment (Figure 5).
No signal was detected in the absence of tumor cells, suggesting
that HC16-HCP does not activate NK cells via CD16a cross-
linking (Supplementary Figure 6).
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In summary, the generated trispecific antibody of symmetric
architecture (HC16-HCP) is able to simultaneously target PD-L1,
EGFR and CD16a with six independent paratopes on four
individual Fab fragments. Comparable to the two-in-one antibody
HCP-LCE, it exhibits specific cellular binding to EGFR and PD-L1
double positive tumor cells, blocks the PD-1/PD-L1 axis and
mediates a potent ADCC effect as an NKCE.

Discussion

Trispecific antibodies are considered promising molecules
since, compared to bispecific antibodies, the additional specificity
expands the repertoire of targets and provides flexibility in
designing the antigen binding valence. Consequently, trispecific
antibodies are available in many different formats and target
combinations (49-51).

In this study, we generated the first chicken-derived trispecific
antibody based on a two-in-one antibody simultaneously targeting
EGFR, PD-L1 and CD16a with two Fab fragments. To this end, the
light chain of the chicken-derived EGFR and PD-L1 targeting two-
in-one antibody HCP-LCE (28) was paired with a chicken-derived
anti-CD16a heavy chain immune library by yeast mating. Isolation
of the anti-CD16a antibody HCI16 tolerating the common light
chain was performed by four rounds of FACS-based selection using
YSD. Based on the antibodies HCP-LCE and HC16, two different
trispecific common light chain antibodies were generated, which
differ in their structure and antigen binding valency. One of the two
variants consists of a 2 + 2 format (HC16-HCP), while the KiH
variant is constructed like a conventional 1 + 1 IgG-like antibody.
The tumor-targeting ability of the two-in-one Fab fragment
remained intact and the trispecific antibody variants additionally
showed a potent ADCC effect.

Most trispecific antibodies consist of three independent
monomeric antigen binding units (49, 50). Another trispecific
antibody that resembles the structure of the 1 + 1 trispecific
variant is the CD38xCD3xCD28 crossover variable domain
(COVD) antibody SAR442257. Here, CD38 is targeted by a
conventional Fab and the other arm consists of two linked Fv
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fragments targeting CD3 and CD28 (52). SAR442257 is currently
investigated in a phase I clinical trail (NCT04401020). The same
molecular architecture was used by Xu et al. to generate an antibody
that targets three different epitopes of HIV envelope (53).
Nevertheless, the structure of the 1 + 1 trispecific variant
resembles that of a natural IgG more closely, since it consists of
two conventional Fab fragments. One advantage of a mAb-like
structure is that immunogenicity is expected to be like that of a
conventional mAb.

A class of antibodies close to the 2 + 2 trispecific HC16-HCP
variant include FIT-Ig molecules (44). FIT-Igs are symmetrical and
tetravalent IgG-like bispecific molecules, where two Fabs are fused
directly in a crisscross orientation leading to correct VH/VL pairing.
A similar structure results in similar advantages which include
simple purification of homodimers using standard procedures
without extensive optimization. FIT-Ig molecules demonstrate
favorable drug-like properties, in vitro and in vivo functions, and
efficient manufacturing for commercial development (44, 54),
which is also expected for the 2 + 2 trispecific variant.

Remarkably, the inner HCP-LCE arm of the 2 + 2 variant
exhibits binding kinetics comparable to the parental two-in-one
antibody. Previous studies using 2 + 2 bispecific antibodies found
that the affinity of some mAbs at the inner position decreased
slightly, whereas no major effects on affinity were observed for other
antibodies, which most likely depends on the shape of the paratope
of the inner Fab (44, 54-56). This highlights the suitability of two-
in-one antibodies for use in a 2 + 2 architecture. Interestingly, the
newly isolated antibody HC16 carrying the two-in-one light chain
exclusively targets CD16a, corroborating the notion that EGFR
binding of the light chain is supported by the presence of the PD-L1
heavy chain (28), while no contribution to binding or even adverse
effects are provided by the CD16a binding VH domain.

By utilizing the HCP-LCE Fab arm as tumor targeting fragment,
the trispecific molecules of this study might have increased tumor
selectivity. Koopmans and coworkers demonstrated elevated tumor
specificity by an EGFRxPD-L1 antibody (27). Because of the
comparatively low affinity of HCP-LCE to EGFR, increased target
expression, which is predominantly found on tumor cells (57), is
required for targeting of the antibody. The low binding affinity
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ADCC cell-based reporter assay. The trispecific constructs KiH (blue), HC16-HCP (orange), oaHC16-HCP (green) and HCP-LCE (grey) with the LALA
mutation were tested in comparison to HCP-LCE with a wildtype IgG1 Fc (pink). ECsq values: HC16-HCP, 0.03 nM; caHC16-HCP, 4.96 nM; KiH, 5.29
nM; HCP-LCE, 10.23 nM. Luciferase activity is plotted against the logarithmic antibody concentration. A variable slope three-parameter fit was used
to fit the resulting curves. All measurements were performed in duplicates and the experiment was repeated at least three times, yielding similar

results. Created with BioRender.com
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could cause EGFR binding exclusively on cells that additionally
express PD-L1 due to spatial proximity and local concentration,
based on the same concept described for bispecific antibodies
targeting CD47 (58-60). This notion is supported by the lower
on-cell affinity to MRC-5 and NHEK cells compared to cetuximab.
The associated increased tumor selectivity would lead to a more
favorable safety profile of the trispecific antibodies.

The design of the two reported trispecific antibody variants
varies mainly in their valency towards EGFR, PD-L1 and CD16a,
with 2 + 2 HC16-HCP binding bivalently and 1 + 1 variant only
monovalently. The effect of bivalent target binding was primarily
seen in the cellular binding assay on EGFR and PD-L1 double
positive cells, which resulted in lower ECs, values. In addition, a
significant more potent ADCC effect was observed with bivalent
CD16a binding.

Bivalent targeting of CD16a by the 2 + 2 variant HC16-HCP
might result in NK cell fratricide after crosslinking two NK cells.
Preclinical studies with NKCEs and TriKEs have reported low/no
NK cell-mediated fratricide in in vitro cytotoxicity assays despite
the potential co-engagement of CD16a or NKp46/CD16a on
separate NK cells (19, 20). Moreover, the use of an effector-
competent Fc could induce even stronger NK cell activation.
However, NK cell activity also depends on the distance between
target and effector cell (61-63). Therefore, an anti-CD16a Fab
adjacent to the tumor arm targeting NK cells might mediate a
more favorable distance between target and effector cells than an Fc.

In summary, the trifunctional antibodies exhibit the following
properties: 1) dual tumor-targeting by EGFR and PD-L1 binding to
increase tumor selectivity, ii) immune checkpoint inhibition by
blocking the PD-1/PD-L1 axis, and iii) potent NK cell-mediated
cytotoxicity by CD16a targeting (Figure 6). As a result, the
symmetrical 2 + 2 antibody mediates tetravalent TAA binding
and bivalent NK cell binding. To our knowledge, this is the first
hexavalent antibody of this format. The advantages of the
symmetrical 2 + 2 and the IgG-like 1 + 1 trispecific constructs
may pave the way to generate more trispecific molecules based on a
two-in-one antibody. In this context, different target combinations
and modes of action are possible.

Material and methods
Plasmids and yeast strains

For yeast surface display, pYD;-derived vectors (Yeast Display
Vector Kit, version D, #V835-01, Thermo Fisher Scientific) were
used. The heavy chain encoding plasmid contained the AGA2 signal
peptide, followed by the VH-CH; sequences and the AGA2 gene, a
tryptophan auxotrophic marker and an ampicillin resistance. The
light chain plasmid encoded an oMFpp8 signal sequence, followed
by the HCP-LCE (28) VL-CLA sequence, a leucine auxotrophic
marker as well as a kanamycin resistance gene. Plasmid gene
expression was controlled by the galactose-inducible promotor
(GAL;). For soluble expression of full-length and double Fab
chimeric antibodies, pTT5-derived vectors (64) encoding either
the heavy or light chain constant domain were utilized. The KiH
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variant was expressed using pTT5-derived vectors encoding the
full-length chimeric antibody with either a knob or hole mutation
(31) within the CH; sequence and a C-terminal Hisg- or Twin-
StreplI-Tag, respectively. For the one-armed double Fab variant, a
pTT5-derived vector encoding the Hinge CH,-CH; domain with a
hole mutation and a C-terminal Twin-StrepII-Tag was used.

For Fab display, Saccharomyces cerevisiae strains EBY100
[MATa URA3-52 trpl leu2Al his3A200 pep4:HIS3 prbl1Al.6R
canl GAL (pIU211:URA3)] (Thermo Fisher Scientific) and
BJ5464 (MATo URA3-52 trpl leu2Alhis3A200 pep4::HIS3
prblAl. 6R canl GAL) (American Type Culture Collection) were
transformed with the plasmids containing the heavy and light chain
genes, respectively. Cultivation of haploid and diploid yeasts in
YPD, SD-CAA and SG-CAA media was performed as previously
described (65).

Library generation and sorting

For yeast library generation, the VL-CLA fragment of the two-
in-one antibody HCP-LCE (28) was combined with a chicken-
derived anti-CD16a VH-CH;, library (43). The HCP-LCE VL gene
was amplified by PCR using Q5 polymerase (NEB) and the light
chain pYD; vector was linearized utilizing BamHI-HF (NEB) and
Nhel-HF (NEB) according to the manufacturer’s protocol.
Homologous recombination of HCP-LCE VL gene in pYD; was
performed in BJ5464 yeast cells according to the protocol described
by Bernatuil et al. (65). In order to combine the anti-CD16a heavy
chain diversity with the common HCP-LCE light chain for
subsequent Fab display, yeast mating was performed as described
previously (66).

For library sorting, the diploid yeast library was grown overnight in
SD-Trp-Leu medium at 30°C and 120 rpm. The next day, cells were
harvested by centrifugation and used to inoculate SG-Trp-Leu medium
at an ODgy, of 1.0. After incubation at 30°C and 120 rpm overnight,
cells were harvested by centrifugation, washed once with PBS-B [PBS +
0.1% (w/v) BSA], and incubated on ice with 1puM or 200nM
biotinylated CD16a-Hiss (produced in-house) or CD16a-Hiss
(produced in house) for 30 minutes. Following a PBS-B wash, cells
were incubated with a goat anti-human-Lambda Alexa Fluor 647 F(ab’)
2 antibody (SouthernBiotech, diluted 1:75) to detect Fab surface
presentation and Streptavdin-APC conjugate (Thermo Fisher
Scientific, diluted 1:75) or a 6x-His Tag antibody (Fisher Scientific,
diluted 1:75) to detect target binding for 15 minutes on ice. An
additional PBS-B was step was followed by FACS screening of the
cells using a Sony SH800S.

Reformatting, expression and purification
of full-length, one-armed and
trispecific antibodies

Plasmid isolation from yeast cells was performed using the
Zymoprep Yeast Plasmid Miniprep Kit (Zymo Reasearch)
according to the manufacturer’s protocol. The isolated plasmids
were transformed into E. coli XL1-Blue and sequenced at
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Schematic representation of the three functionalities of trispecific 2 + 2 antibody variant HC16-HCP. While simultaneous binding of EGFR and PD-L1
mediated an elevated tumor specificity, EGFR downstream signaling is inhibited and PD-L1 is blocked, inhibiting interaction with PD-1 on NK cells.
The recruitment of cytotoxic NK cells via CD16a engagement leads to an effective ADCC.

Microsynth Seqlab (Géttingen). The resulting VH gene was amplified
by PCR using Q5 polymerase (NEB) according to the manufacturer’s
protocol, incorporating Sapl sites for subsequent Golden Gate
cloning into pTT5-derived vectors as previously described (43).
Expi293F cells (Thermo Fisher Scientific, A14527) were transiently
transfected with Expifectamine293 (Thermo Fisher Scientific) for
soluble expression following the manufacturer’s instructions. The
cells were cultured in Expi293 Expression medium (Thermo Fisher
Scientific) at 37°C and 8.0% CO, at 110 rpm. For purification of full-
length and double Fab antibodies, sterile-filtered cell culture
supernatant was applied to a Protein A HP column (GE
Healthcare) five days after transfection using an AKTA pure
system (GE Healthcare). The KiH and one-armed variant were
captured by IMAC (HisTrap HP, GE Healthcare), followed by
Strep-Tactin XT affinity chromatography according to the
manufacturer’s protocol. Buffer exchange against PBS was
performed using a HiTrap Desalting column (GE Healthcare).

Affinity determination, receptor-ligand
competition and simultaneous binding
assay via biolayer interferometry

For affinity determination, anti-human IgG-Fc capture (AHC)
biosensors were loaded with 10 ug/ml of the antibody of interest
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until a layer thickness of 1 nm was reached. For the following steps
kinetics buffer (KB, Sartorius) was used. Association was measured
for 300 s using varying concentrations of EGFR-ECD, PD-L1-ECD
or CD16a-ECD (produced in-house) ranging from 7.8 nM to 500
nM followed by dissociation for 300 s. Binding kinetics were
determined based on Savitzky-Golay filtering and a 1:1 Langmuir
binding model.

For the EGF competition assay, AHC biosensors were loaded
with 10 pg/ml of the antibody of interest until a layer thickness of 1
nm was reached. Subsequently, 250 nM EGFR-ECD pre-incubated
with either 0 nM, 250 nM or 1000 nM monomeric EGF was applied
for 600 s.

For the PD-1 competition assay, anti-human Fab-CH1 2nd
Generation (FAB2G) biosensors were loaded with 10 pg/ml of the
antibody of interest until a layer thickness of 1 nm was reached.
Subsequently, 250 nM PD-L1-ECD pre-incubated with either 0 nM,
250 nM or 1000 nM PD-1-Fc was applied for 600 s.

For the simultaneous binding assay, anti-human IgG-Fc capture
(AHC) biosensors were loaded with 2 pg of the KiH variant or the
one-armed variant until a layer thickness of 1 nm was reached. After
measuring association to 250 nM PD-L1-ECD for 200 s, 250 nM
EGFR-ECD followed by 250 nM CD16a-ECD were added stepwise,
each for a period of 200 s.

All measurements were performed using the Octet RED96
system (FortéBio, Molecular Devices) at 30°C and 1000 rpm.
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Thermal stability, SDS-PAGE and size
exclusion chromatography

To determine thermal stability, antibodies were incubated with
SYPRO Orange (Thermo Fisher Scientific) and a thermal shift assay
was performed using a CFX Connect Real-Time PCR System
(BioRad). The temperature gradient was set from 10°C to 95°C
with an increment of 0.5°C/10s. The derivatives of the melting
curves were determined using the CFX Maestro software to
calculate the melting temperature (Ty,).

SDS-PAGE analysis was performed to characterize the
produced antibodies. For this purpose, 3 ug of purified antibody
were loaded onto a Mini-PROTEAN TGX 4-15% gel (BioRad) with
either reducing or non-reducing Laimmli buffer and subsequently
stained with Coomassie.

Size exclusion chromatography (SEC) using a Superdex 200
increase 10/300 GL column (Cytiva) together with an AKTA pure
system (GE Healthcare) was performed at a flow rate of 0.15 mL/
min for 20 min.

Cultivation of A431, A549, MRC-5 and
Daudi cells

A431 (DSMZ ACC 91), A549 (DSMZ ACC 107) and MRC-5
(ATCC CCL-171) cells were cultured in Dulbecco’s Eagle Medium
(DMEM, Thermo Fisher), supplemented with 10% fetal bovine
serum (FBS) superior (Merck Millipore) and 1x penicillin/
streptomycin (Sigma Aldrich). Cells were cultured in T75 cell
culture flasks at 37°C in a humidified atmosphere with 5% CO,
and passaged every 3-4 days after reaching 80% confluence. Daudi
cells were maintained in RPMI 1640 supplemented with 20% FBS
and 1x penicillin/streptomycin. Cells were subcultured every 2-3
days and incubated at 37°C and 5% CO,_ Ready-to-use NHEK cells
(PromoCell) were utilized for cellular binding studies.

Cellular binding assay

Cellular binding of the produced antibodies was determined by
affinity titration using EGFR/PD-L1 double positive A431 and A549
cells as well as EGFR positive MRC-5 and NHEK cells. To this end,
10° cells/well were seeded in 96-well plates, washed with PBS-F
[PBS + 2% (w/v) FBS] and subsequently incubated with the
respective antibody in varying concentrations for 30 min on ice.
Following another washing step, anti-human IgG-Fc PE-conjugated
antibody was applied for 15 min. After washing, mean fluorescence
was determined by flow cytometry using a CytoFLEX S (Beckman
Coulter) and plotted against logarithmic antibody concentration.
The resulting curves were fitted with a variable slope three-
parameter fit using GraphPad Prism. All measurements were
performed in duplicates, and the experiments were repeated at
least three times, yielding comparable results. EGFR/PD-L1/CD16a
triple negative Daudi cells were used to analyze nonspecific
cellular binding.
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Antibody-dependent cell-mediated
cytotoxicity (ADCC) reporter assay

The ADCC assay was performed using the Promega ADCC
Reporter Bioassay Kit (G7010) according to the manufacturer’s
protocol. The day before the assay, 10.000 A431 cells were seeded
into a 96-well plate. A five-fold serial dilution of the antibodies of
interest was tested (0.1 pM - 200 nM). The double Fab variant was
analyzed in the range of 0.02 pM - 40nM. The assay was performed
at 37°C and 5% CO, for six hours. Luciferase activity was plotted
against logarithmic antibody concentration and a variable slope
four-parameter fit was used for fitting of the resulting curves.
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Supplementary Figure 1. Cellular binding on MRC-5 and NHEK cells. Cell titration of Cetuximab
(black), HCP-LCE (pink), HC16-HCP (orange) and KiH variant (blue) on EGFR positive MRC-5
and NHEK cells. A variable slope three-parameter fit was utilized to for the resulting curves.
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Supplementary Figure 2. Isolation of HC16. A) Sorting of the diploid common light chain yeast
library. Surface presentation is depicted on the y-axis utilizing the anti-human lambda chain
antibody PE labelled, while CD16-His-Biotin or CD16-His binding is shown on the x-axis using
Streptavidin APC conjugated or the anti-6xHis AF647 antibody. B) Flow cytometric analysis of
the isolated single clone after four consecutive rounds of FACS screening. Surface presentation is
depicted on the y-axis utilizing the anti-human lambda chain antibody PE labelled, while CD16-
His (pink) and PD-L1-His (blue) binding is shown on the x-axis using the anti-6xHis AF647
antibody.
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Supplementary Figure 3. SDS-PAGE analysis and SEC profiles. A) SDS-PAGE analysis of
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reducing conditions (left) and under non-reducing conditions (right) revealing high purity and the
expected molecular weights. B) SEC profiles of HCP-LCE (pink) and HC16-HCP (orange)
revealing high purity and the expected molecular weights.
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Supplementary Figure 4. Binding kinetics of HC16 by BLI-assisted measurements. BLI-
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targets CD16a exclusively.

Cellular binding
A431 and Daudi

2%106- -~ double Fab HC16-HCP
-o- KiH variant
1.5%106- i . -e- double Fab 0aHC16-HCP
- ‘ /§/+ -o- 2in1 HCP-LCE
L 1x10°- /S & @ . Daudi double Fab
L/ HC16-HCP
5x10%- 7 ~» Daudi KiH variant
_y Daudi double Fab
0aHC16-HCP
104 102 102 10" 10° 10" 102 10° _y Daudi2in1 HCP-LCE

Antibody [nM]

Supplementary Figure 5. Cellular binding on A431 cells and Daudi cells. Cell titration of HC16-
HCP (orange), KiH variant (blue), 0aHC16-HCP (green) and HCP-LCE (pink) on EGFR/PD-L1
double positive A431 cells (circles) and on EGFR/PD-L1 double negative Daudi cells (triangles).
A variable slope three-parameter fit was utilized to fit the resulting curves. The assay was repeated
twice, yielding comparable results.
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Abstract: The optimization of the affinity of monoclonal antibodies is crucial for the development of
drug candidates, as it can impact the efficacy of the drug and, thus, the dose and dosing regimen,
limit adverse effects, and reduce therapy costs. Here, we present the affinity maturation of an
EGFRxPD-L1 Two-in-One antibody for EGFR binding utilizing site-directed mutagenesis and yeast
surface display. The isolated antibody variants target EGFR with a 60-fold-improved affinity due to
the replacement of a single amino acid in the CDR3 region of the light chain. The binding properties
of the Two-in-One variants were confirmed using various methods, including BLI measurements,
real-time antigen binding measurements on surfaces with a mixture of both recombinant proteins
and cellular binding experiments using flow cytometry as well as real-time interaction cytometry. An
AlphaFold-based model predicted that the amino acid exchange of tyrosine to glutamic acid enables
the formation of a salt bridge to an arginine at EGFR position 165. This easily adaptable approach
provides a strategy for the affinity maturation of bispecific antibodies with respect to the binding of
one of the two antigens.

Keywords: antibody affinity maturation; bispecific antibody; Two-in-One antibody; yeast display;
EGEFR binding; PD-L1 binding

1. Introduction

Over the last few decades, monoclonal antibodies (mAbs) have become an important
class of therapeutics for the treatment of various diseases. To increase efficacy and reduce
side effects, high affinity and specificity of an antibody to its antigen is essential [1]. An
antigen-binding paratope consists of six complementarity-determining regions (CDRs),
three of the heavy chain and three of the light chain [2]. During antibody affinity maturation,
CDRs undergo a high degree of somatic mutation. In mammals, the generation of high-
affinity antibodies occurs in activated B cells by the mutagenic diversification of the variable
regions of immunoglobulin (Ig) genes, a process called somatic hypermutation (SHM) [3,4].
As a result of an alternating process between the stochastic SHM of Ig genes and the
selection and clonal expansion of B cells that contain affinity-enhanced mutations, the
affinity of antibodies increases massively during an immune response [5].

Therapeutic antibodies can be derived from a variety of sources, such as mice, rats,
rabbits, chickens, or non-human primates [6,7]. The advantage of animal immunization
is that the antibodies have already undergone in vivo affinity maturation through several
rounds of SHM [8]. However, even an in vivo-derived antibody may not have the desired
affinity for the antigen, which, subsequently, can be optimized by in vitro affinity matura-
tion [9]. For this, random or targeted mutagenesis can be applied [8]. Using the random
mutagenesis method, a wide range of mutants can be generated from native antibodies
by error-prone PCR, with the mutations occurring randomly rather than selectively [8,10].
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The targeted mutagenesis method uses site-directed mutagenesis to produce a library of
antibody variants, where the mutations can be designed to occur exclusively in the CDR
regions [8,11]. The best matured antibody variant can be isolated by an affinity screening
process using a display panning technology such as phage display [12], yeast surface
display [13], or ribosome display [14,15]. However, for an antibody library including all
possible combinations of single and multiple mutations at all CDRs of a usual variable
domain, a library size exceeding 10*° variants would be required, making it infeasible to
screen using a common display technology [8]. Hot-spot mutagenesis [16], look-through
mutagenesis [17], and simultaneous mutagenesis [18] are strategies for improving CDR
diversification efficiency and reducing library size.

Mutagenesis approaches have been used in several studies to improve the binding
affinity of mAbs. Tillotson et al. used the random mutagenesis approach via error-prone
PCR followed by yeast surface display screening to isolate single-chain variable fragment
(scFv) mutants that target the transferrin receptor (TfR) with a 3-7-fold-improved binding
affinity [19]. A panel of Fab antibody fragments with up to a 10-fold improvement in affinity
to the tetravalent antigen streptavidin were obtained by Beucken et al. after the selection of
a yeast-displayed library diversified by error-prone PCR [20]. Hu et al. utilized the targeted
diversification of multiple CDR regions of a humanized anti-receptor tyrosine kinase 2
(ErbB2) antibody together with phage display to identify a mutant with a 158-fold-increased
affinity [21].

Optimizing the affinity of monospecific antibodies can impact the efficacy of a drug
and, therefore, the dose and dosing regimen, limit adverse effects, and significantly reduce
therapy costs, making optimal affinity a critical factor of drug discovery [10,22,23]. In
the case of bispecific antibodies (bsAbs), the affinity of the drug needs to be optimized
with respect to two targets [24]. BsAbs are remarkable therapeutic entities for cancer
treatment as they are able to cross-link receptors or block two disease-related signaling
pathways [25-27]. By simultaneously targeting two cancer-specific antigens on the same
malignant cell, the tumor specificity of bsAbs can be enhanced [28]. Two therapeutic targets
that are upregulated in many solid tumors are programmed death-ligand 1 (PD-L1) and
epidermal growth factor receptor (EGFR) [29,30]. We recently reported the isolation of
a chicken-derived Two-in-One antibody (HCP-LCE) that simultaneously targets PD-L1
and EGFR with two independent paratopes on a single Fab fragment [31]. Two-in-One
antibodies are symmetrical molecules consisting of two identical heavy and light chains,
meaning that additional engineering of constant chains is not required [32]. This antibody
was the first Two-in-One antibody to be isolated by the separate immunization of two
chickens with the EGFR and PD-L1 extracellular domains, followed by combining the
respective heavy and light chain modules into a Fab format to isolate antibody variants
that bind both targets simultaneously. HCP-LCE inhibits EGFR signaling by binding
to dimerization domain II and blocks the PD-1/PD-L1 interaction, exhibiting moderate
individual affinity for each antigen [31].

In this study, we investigated whether a Two-in-One antibody could have its affinity
optimized for the binding of one target molecule (EGFR) without losing the binding of the
second functionality (PD-L1). To our knowledge, the affinity maturation of a Two-in-One
antibody obtained by animal immunization and combinatorial screening is described for
the first time herein. We optimized the affinity of HCP-LCE regarding EGFR binding via
site-directed mutagenesis and yeast surface display (YSD) in combination with fluorescence-
activated cell sorting (FACS). By randomizing individual amino acids of the light chain
CDR1 (LCDR1) and CDR3 (LCDR3), Two-in-One variants that exhibit a 60-fold improve-
ment in EGFR binding affinity due to the replacement of a single amino acid at LCDR3
position three were isolated, while PD-L1 binding was not impaired. AlphaFold-based
modeling predicted that the increased affinity is caused by the formation of an additional
salt bridge.
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2. Materials and Methods
2.1. Yeast Library Construction and Screening

For yeast library construction, primers degenerated via NNS coding at one of the
nine amino acids of LCDR1 or at one of the 12 amino acids of LCDR3 were designed. For
each mutated position, two PCR reactions each containing 200 uM dNTPs (New England
Biolabs, Ipswich, MA, USA), 0.5 uM forward primer, 0.5 uM reverse primer, 10 ng LCE
template DNA, and 10 U Q5® High-Fidelity DNA Polymerase (New England Biolabs) in Q5
Reaction Buffer (New England Biolabs) were performed. The PCR mixture was subjected
to an initial denaturation step of 98 °C (30 s) followed by 30 cycles of 98 °C (10 s), 68 °C
(20 s), and 72 °C (30 s). This was followed by a final elongation at 72 °C for 300 s. Both
PCR fragments were ligated during a second PCR under the same conditions, resulting in
a full-length VL sequence. Subsequently, VL genes were transferred into a pYD;-derived
vector via homologous recombination in yeast (Saccharomyces cerevisiae strain B]5461) as
described previously [31]. Library generation in BJ5464 cells was conducted according to
Benatuil and colleagues [33]. To combine the light chain diversity with the heavy chain of
HCP-LCE for subsequent Fab display, yeast mating was performed as described before [34].

The induction of gene expression and Fab surface presentation was achieved by the
inoculation of yeast cells in Synthetic Galactose minimal medium with Casein Amino Acids
(SG-CAA) at an ODg of 1.0 and incubation overnight at 30 °C and 180 rpm. For library
sorting, the cells were harvested by centrifugation, washed with PBS + 0.1% (w/v) BSA
(PBS-B) and incubated with 500 nM EGFR-Fc (round 1), 100 nM EGFR-Hisg + 500 nM HCP-
LCE (round 2) or 50 nM EGFR-Hisg (round 3) for 30 min on ice. Following a PBS-B
wash, the cells were incubated with a goat anti-human-Lambda AF647-conjugated F(ab’)2
antibody (SouthernBiotech, Birmingham, AL, USA, diluted 1:75) to detect Fab surface
presentation and an anti-human IgG Fc PE-conjugated antibody (Thermo Fisher Scientific,
Waltham, MA, USA, diluted 1:50) to detect target binding or with a goat anti-human-—
Lambda PE-conjugated F(ab’)2 antibody (SouthernBiotech, diluted 1:75) and a 6xHis-
Tag AF647-conjugated antibody (Thermo Fisher Scientific, diluted 1:75) for 15 min on
ice. An additional PBS-B washing step was followed by FACS screening using a Sony
SHB800S device.

2.2. Expression and Purification of Two-in-One Variants

The reformatting, expression, and purification of full-length antibodies was performed
as described previously [31,35]. Isolated yeast vectors were sequenced, and the VL fragment
was reformatted into pTT5-derived vectors by golden gate assembly. For the soluble
expression of full-length chimeric antibodies, Expi293F™ cells (Thermo Fisher Scientific)
were transiently transfected using the ExpiFectamine™ 293 Transfection Kit (Thermo
Fisher Scientific) following the manufacturer’s protocol. For purification, cell culture
supernatants were collected five days post transfection, sterile-filtered, and applied to a
MabSelect™ PrismA HP column (GE Healthcare, Piscataway, NJ, USA) using an AKTA
pure™ chromatography system (GE Healthcare). One-armed molecules were captured by
IMAC (HisTrap HP, GE Healthcare), followed by Strep-Tactin XT affinity chromatography
according to the manufacturer’s protocol. Buffer exchange against PBS was performed
using a HiTrap™ Desalting column (GE Healthcare).

2.3. Cell Lines

Expi293FTM cells were cultured in Expi293TM Expression Medium (Thermo Fisher
Scientific), sub-cultured every 3—4 days, and incubated at 37 °C and 8% CO,. A431 and
Ab549 cells were cultured in Dulbecco’s Eagle Medium (DMEM, Thermo Fisher Scientific)
supplemented with 10% FBS (Merck Millipore, Burlington, MA, USA) and 1% Penicillin—
Streptomycin (Sigma Aldrich, St. Louis, MI, USA) in T75 cell culture flasks at 37 °C and
5% CO, and sub-cultured every 3—4 days. Jurkat cells were maintained in RPMI-1640
supplemented with 10% FBS and 1% Penicillin-Streptomycin, sub-cultured every 3—4 days,
and incubated at 37 °C and 5% CO,.
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2.4. Thermal Shift Assay

Experiments to determine the thermal stability of the antibody variants were performed
using a CFX Connect Real-Time PCR Detection System (BioRad, Hercules, CA, USA) with
a temperature gradient from 20 °C to 95 °C and 0.5 °C/10 s. The derivatives of the melting
curves were calculated using the corresponding BioRad CFX Maestro 3.0 software to determine
the melting temperature (Tys). All reactions were performed in PBS in the presence of 1 mg/mL
protein and SYPRO Orange (Thermo Fisher Scientific, diluted 1:100).

2.5. YSD-Based Epitope Mapping

EGEFR epitope mapping on the subdomain level was performed using yeast cells
displaying truncated versions of EGFR-ECD (amino acids 1-124, 1-176, 1-294, 273-621,
294-543, and 475-621), as previously described [36,37]. The cells were harvested by centrifu-
gation, washed once with PBS-B, and incubated with 250 nM of the respective antibody for
30 min on ice. Surface presentation was verified using an FITC conjugated anti-c-myc anti-
body (Miltenyi Biotech, Bergisch Gladbach, Germany, diluted 1:75). Separately, antibody
binding was verified using an anti-human IgG Fc PE-conjugated antibody (Thermo Fisher
Scientific, diluted 1:50). The cells were analyzed by flow cytometry using the CytoFLEX S
System (Beckman Coulter, Brea, CA, USA).

2.6. Biolayer Interferometry

For affinity determination via biolayer interferometric measurements, the Octet RED96
system (ForteBio, Sartorius, Goéttingen, Germany) was used. Anti-human IgG-Fc capture
(AHC, Sartorius, Gottingen, Germany) biosensors were soaked in PBS pH 7.4 for at least
10 min before the start of the assay and subsequently used for the immobilization of the
HCP-LCE variants. A quenching step in kinetics buffer (KB, Sartorius, Gottingen, Germany)
was followed by an association step using EGFR-ECD or PD-L1-ECD at concentrations
ranging from 250 nM to 7.81 nM or 500 nM to 7.81 nM, respectively, followed by a dis-
sociation step in KB. Data analysis was performed using ForteBio data analysis software
9.0.0.14. Binding kinetics, including the equilibrium constant Kp, were determined using
Savitzky-Golay filtering and a 1:1 Langmuir binding model.

For the PD-1 competition assay, HCP-LCE and LCE-E were immobilized on anti-
human Fab-CH1 2nd-Generation (FAB2G, Sartorius, Gottingen, Germany) biosensors.
Subsequently, 250 nM PD-L1-ECD pre-incubated with either 0 nM, 250 nM, or 500 nM PD-1
was applied for 600 s.

For the simultaneous binding assay, AHC biosensors were loaded with one-armed
(oa) versions of HCP-LCE or LCE-E. After the measurement of the association to 250 nM
PD-L1 for 300 s, the association to 250 nM EGFR was determined for 300 s. As controls,
0aHCP-LCE and 0aL.CE-E were incubated with PD-L1 only.

2.7. switchSENSE® Measurements

switchSENSE® measurements were performed in a helix* instrument (Dynamic
Biosensors, Munich, Germany) using standard adapter chips (ADP-48-2-0, Dynamic Biosen-
sors) in the static fluorescence proximity sensing (FPS) mode. In preparation of the mea-
surement, the target proteins were conjugated to the ligand strand using the heliX® Amine
Coupling Kit 1 (HK-NHS-1, Dynamic Biosensors) according to the user manual. Protein—
DNA conjugates were purified in the proFIRE® (Dynamic Biosensors). Two Protein-DNA
conjugates were separated for both proteins. The earlier eluting conjugate (conjugate 1) was
used for the experiments. PD-L1-ligand strand conjugates were hybridized with adapter
strand 1 with red dye Ra (AS1-Ra, Dynamic Biosensors) and EGFR-ligand strand conjugates
were hybridized with adapter strand 1 with green dye Ga (AS1-Ga, Dynamic Biosensors,)
for 20 min at 25 °C. For the single-protein surface experiments, 20% PD-L1-LS/AS1-Ra or
20% EGFR-LS/ AS1-Ga was mixed with 80% complementary anchor strand 1 (c-Anchor 1,
DC-0, Dynamic Biosensors). For the dual-protein surface experiments, the functionalization
mix for electrode 1 contained 10% PD-L1-LS/AS1-Ra, 10% EGFR-LS/AS1-Ga, and 80%
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complementary anchor strand 1 (c-Anchor 1, DC-0, Dynamic Biosensors). The function-
alization mix for electrode 2 contained a ligand-free strand (LFS-0, Dynamic Biosensors)
hybridized with adapter strand 2 with the respective dyes (AS-2-Ra and AS-2-Ga, Dynamic
Biosensors) and mixed with c-Anchor 2 (DC-0, Dynamic Biosensors) in corresponding
ratios. The workflow was set up in heliOS software v2024.1.0. The surface was function-
alized for 200 s. The analytes were diluted to 1E-8 M, 1E-9 M, and 1E-10 M in 1x PE140,
diluted from the 10-fold-concentrated buffer stock (BU-PE-140-10, Dynamic Biosensors),
which was used as a running buffer. Association was measured for 180 s with a flow rate of
200 pL/min. Dissociation was measured for 1800 s with a flow rate of 500 uL./min. In the
PD-L1-only experiments, the red LED power was set to 2%, and the green LED power was
set to 0%. In the EGFR-only experiments, the green LED power was set to 2%, and the red
LED power was set to 0%. In the dual-protein/dual-color experiments, both LEDs were
used with 2% power. The measurement was performed at 25 °C. The measured binding
curves were evaluated with the heliOS software v2024.1.0. The binding curves obtained in
the target-containing electrode were referenced against the target-free electrode. A bind-
ing curve with 0 nM analyte was subtracted as a blank. The resulting double-referenced
data points were fitted by applying the monophasic association-biphasic dissociation
model with continuous amplitudes. The resulting fit curves were plotted using the R
package ggplot2.

2.8. Cellular Binding

The cellular binding of the HCP-LCE variants was determined by affinity titration
using EGFR and PD-L1 double-positive A549 cells. The cells (10° cells/well) were washed
with PBS-B and subsequently incubated with the corresponding antibody construct in
varying concentrations (2.56 pM-200 nM, serial dilution) for 30 min on ice. Followed by
another PBS-B washing step, anti-human IgG Fc PE-conjugated antibody (Thermo Fisher
Scientific, diluted 1:50) was applied for 20 min on ice. After final washing with PBS-B,
flow cytometry was performed using the CytoFLEX S System (Beckman Coulter). The
relative fluorescence units (RFUs) were plotted against the respective logarithmic antibody
concentration. The resulting curved were fitted with a variable slope four-parameter fit
using GraphPad Prism.

2.9. Real-Time Interaction Cytometry (RT-IC)

The real-time kinetics on the cells were measured in a heliX%* device (Dynamic
Biosensors) with chip type M5 (CY-M5-1, Dynamic Biosensors). Antibodies were labeled
with the red dye using the heliX“Y' labeling kit red dye 1 (CY-LK-R1-1, Dynamic Biosensors)
according to the instructions in the manual. The degree of labeling (DOL) was determined
by photometric measurements. The determined DOLs were 2.5 and 4 for HCP-LCE and
LCE-E, respectively. The cells were resuspended in PBS and strained through a 30 um
cell strainer (FIL-30-20, Dynamic Biosensors). Except for one measurement of LCE-E on
A431 cells, all interactions were measured with cells that had been treated with 2% PFA for
15 min at room temperature. The cells were used at a concentration of 2 X 10° cells/mL
for capturing. The antibodies HCP-LCE and LCE-E were diluted to 60/20/6.67 nM and
100/50/25 nM, respectively. We used 1xPPBS, diluted from a 10-fold stock (BU-RB-10-1,
Dynamic Biosensors), for antibody dilution and as a running buffer. The workflow was
set up in the heliOS software v2024.1.0. Signals were normalized with normalization
solution for the red dyes (NOR-0, Dynamic Biosensors) at the respective concentration.
Red LED power was set to 0.11-0.13%. The measurement was carried out at 25 °C, and the
autosampler was cooled to 4 °C. Each association was measured for 300 s, and dissociation
was measured for 1800 s. The measured binding curves were evaluated using heliOS
software v2024.1.0. The binding curves in electrode 1 and electrode 2 were normalized
according to the signal obtained with the normalization solution. The signals obtained
in the cell trap-containing electrode were referenced against the trap-free electrode. The
resulting referenced data points were fitted by applying the monophasic association—



Antibodies 2024, 13, 36

6 of 19

biphasic dissociation model with discontinuous amplitudes and with the end of dissociation
set to zero. The data points, fit curves, and calculated parameters of the fit model were
plotted using the R package ggplot2. Half-lives were approximated by applying the
Newton—-Raphson method provided in the R package animation.

2.10. AlphaFold-Based Modeling

AlphaFold2 modeling was performed with ColabFold version 1.5.5 [38—41]. Multiple
sequence alignments (MSAs) were generated by MMseq2 [42,43] using the databases of
UniRef100 [44]. The final model was relaxed by the AMBER force field [45]. Binding
energies were calculated using PRODIGY [46,47], and the dissociation constant calculated
for a temperature of 25 °C. Therefore, the top-ranked structure of the trimeric VH:VL and
antigen domain complex was selected based on residue confidence scores (pIDDT) and
error plots (PAE). The tetrameric complex was generated by modeling VH:VL with EGFR
(P00533; L25-5645) using AlphaFold2 and the subsequent docking of PD-L1 (Q9NZQ?7;
N17-P227) utilizing HDOCK [48,49].

3. Results
3.1. Yeast Surface Display Library Generation and Screening

The EGFR-binding module of the Two-in-One antibody HCP-LCE (Figure 1A) was
identified via the screening of a chicken-derived yeast surface display library, which was
generated by combining the heavy chain of an anti-PD-L1 antibody with an immune
anti-EGFR light chain library. Since HCP-LCE targets EGFR and PD-L1 simultaneously
with the same Fv region and PD-L1 binding is primarily performed by the heavy chain
CDRs, we assume that the light-chain CDRs are mainly involved in EGFR binding [31].
Consequently, in order to mature the EGFR binding affinity of the Two-in-One antibody
HCP-LCE, a YSD library was generated by randomizing single amino acids of LCDR1
and LCDR3 (Figure 1B). To minimize the number of mutations, LCDR2 was not modified.
Consequently, the YSD library was designed in a way to contain one mutation in any of
the nine amino acids of LCDR1 and one mutation in any of the 12 amino acids of LCDR3,
resulting in a maximum mutation rate of two mutations per light chain (LC). For this, site-
saturation mutagenesis [50] was applied by simultaneously substituting a single LCDR1
and LCDR3 codon with a codon encoding one of the twenty naturally occurring amino
acids. To minimize stop codons, degenerated NNS codons were used (Figure 1B). The
combination of all possible mutation pairs results in a maximum theoretical library size
of 4.3 x 10* light chain mutants on the protein level and 1.1 x 10° mutants on the DNA
level. For NNS YSD library cloning, amplified VL fragments were inserted into a pYD;-
derived vector encoding a human lambda CL by homologous recombination in BJ5464
yeast as described previously [51]. The LC diversity was combined with EBY100 yeast
cells encoding the wildtype Two-in-One VH-CHI1 fragment by yeast mating (Figure 1B),
resulting in adequate oversampling of the calculated light chain diversity.

The diploid Two-in-One LC NNS library was screened for high-affinity EGFR binders
by FACS over three consecutive sorting rounds starting with 500 nM EGFR-Fc (Figure 1C).
In order to isolate mutants that target EGFR with higher affinity than the wildtype Two-in-
One antibody, a competition screen was performed during the second sorting round. For
this purpose, the enriched library was stained with 100 nM His-tagged EGFR pre-incubated
with 500 nM wildtype Two-in-One antibody (Figure 1C). Double-positive yeast cells are
indicative of surface-displayed Fabs that target EGFR with higher affinity than HCP-LCE.
After a third round of sorting using 50 nM His-tagged EGFR, six yeast clones were screened
individually for EGFR and PD-L1 binding (Figure S1). Since all analyzed clones target both
50 nM EGEFR and 250 nM PD-L1, the VL fragment of twelve randomly selected clones of
the enriched library after three rounds of sorting was sequenced.
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Figure 1. HCP-LCE light chain NNS yeast surface display library generation and sorting.
(A) Schematic representation of the EGFR and PD-L1 binding Two-in-One antibody HCP-LCE.
(B) Schematic representation of the cloning procedure for YSD library generation. Single amino
acids of LCDR1 and LCDR3 were substituted with a codon encoding for the 20 naturally occurring
amino acids. The light chain diversity was combined with the wildtype HCP-LCE heavy chain
by yeast mating. Created with BioRender.com (accessed on 11 January 2024) (C) Sorting of the
diploid HCP-LCE light chain mutant YSD library via FACS. Surface presentation is depicted on
the y-axis utilizing the anti-human lambda chain antibody AF647- or PE-labeled, while EGFR-Fc or
EGFR-His binding is shown on the x-axis using the anti-human Fc PE antibody or the anti-6xHis
AF647 antibody, respectively.
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3.2. Cloning and Biophysical Characterization of Full-Length Two-in-One Antibody Variants

Of the twelve Two-in-One LC mutants analyzed, the majority contained a wildtype
LCDRI1 region, suggesting that the light chain CDR1 is not predominantly involved in
EGFR binding. Interestingly, all variants showed a mutation at the same position in LCDR3,
indicating that this position (amino acid three of LCDR3) has a major impact on EGFR
binding. Eleven of the twelve variants had a tyrosine to glutamic acid mutation (Y — E)
at position three of LCDR3, and one variant harbored a tyrosine to aspartic acid mutation
(Y — D) at this position, which implies the exchange of a polar, neutral amino acid to
an acidic amino acid. To investigate the impact of a basic amino acid at position three of
LCDRS3, a variant carrying a tyrosine to lysine (Y — K) mutation was generated in addition
to the variants isolated from the YSD library.

To produce full-length Two-in-One antibody mutants, Expi293 cells were co-
transfected with the respective VL sequence reformatted into a pTT5-derived vector en-
coding a lambda CL sequence and a pTT5 vector encoding the Two-in-One heavy chain as
previously described [52]. The purification of the HCP-LCE antibody variants, hereafter
referred to as LCE-E, LCE-D, and LCE-K depending on the mutation at the LCE light chain,
was performed by Protein A affinity chromatography.

SDS-PAGE analysis demonstrated the presence of all expected heavy and light chains
under reducing conditions as well as the expected molecular size under non-reducing
conditions without degradation products (Figure 52). Thermostability investigated by
SYPRO Orange revealed that the melting temperatures of the HCP-LCE variants were
between 60.5 °C and 66.5 °C, with the wildtype antibody exhibiting 58.9 °C, indicating no
reduction in thermal stability (Table 1).

FTM

Table 1. Biophysical properties of HCP-LCE, LCE-E, LCE-D, and LCE-K, including BLI measured
affinity and kinetic binding rates, flow cytometry-measured ECsj values, PRODIGY web server
predicted affinity values, and melting temperatures.

ECso Predicted
Antibody Kp [nM] Kon [M—1s-1] Kais [s71] R? A549 K Twm [°Cl
p [nM]
[nM]
EGFR PD-L1 EGFR PD-L1 EGFR PD-L1 EGFR PD-L1 EGFR
HCP-LCE 286 70.7 6.13 x 10°  1.42 x 10° 1.75 x 107! 1.01 x 1072 0.85 0.89 2.3 110 58.9
LCE-E 4.7 52.2 225 x 105 154 x 10° 1.06 x 1073 8.02 x 1073 0.96 0.84 12 6.2 60.5
LCE-D 72 256 1.66 x 105 5.63 x 10° 1.19 x 103 1.44 x 1072 0.97 0.96 1.0 not 61.0
determined
LCE-K - 23.8 - 5.30 x 10° - 1.26 x 102 - 0.98 28.6 not 66.5
determined

3.3. Characterization of Antigen Binding via Biolayer Interferometry

Biolayer interferometry (BLI) measurements were performed to determine the affinity
of the HCP-LCE variants to both EGFR (Figure 2) and PD-L1 (Figure S3). Compared to
the HCP-LCE wildtype, the mutants LCE-D and LCE-E exhibit an affinity for EGFR that is
increased by a factor of approximately 60. Both LCE-D and LCE-E bind EGFR with a Kp
value in the single-digit nanomolar range (Figure 2, Table 1). The significant increase in
affinity is mainly caused by an improvement in the dissociation rate, which was recorded
during the second part of the measurement (300-600 s). The LCE-K mutant does not
target EGFR (Figure 2). This indicates that position three in LCDR3 has a strong impact on
EGEFR binding. A negatively charged amino acid such as aspartic acid (D) or glutamic acid
(E) improves binding, whereas a positively charged amino acid like lysine (K) eliminates
binding. The antibodies did not show binding to a negative control protein, excluding
non-specific binding (Figure S4).

Flow cytometric analysis using yeast cells displaying truncated fragments of the EGFR-
ECD confirmed that LCE-D and LCE-E target EGFR at the same domain as described for
HCP-LCE [31], suggesting that the LCDR3 mutation does not modify the targeted EGFR
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epitope (Figure S5). The three antibody variants exclusively target EGFR fragment 1-294
but neither 1-124 nor 1-176, which is why they are mapped to the EGFR dimerization
domain I

All four HCP-LCE variants analyzed target PD-L1 with comparable binding kinetics,
indicating that the mutation in LCDR3 does not have a major impact on PD-L1 binding. The
PD-L1 binding kinetics are characterized by a fast association rate and a fast dissociation
rate, which results in Kp values in the double-digit nanomolar range (Figure S3, Table 1).
As demonstrated by BLI measurements, the ability to target and block the PD-1/PD-L1
interaction is preserved for variant LCE-E, as the antibody is unable to bind the PD-1/PD-
L1 complex (Figure S6). In addition, LCE-E, like the parental antibody HCP-LCE, targets
both antigens simultaneously with a single Fab fragment. This was investigated by the
immobilization of the one-armed variants of the respective antibodies on BLI biosensors
and the subsequent sequential incubation of PD-L1 first and EGFR second (Figure S7).

B
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Figure 2. Characterization of the EGFR binding of the HCP-LCE variants by BLI measurements. BLI
measurements of (A) HCP-LCE, (B) LCE-D, (C) LCE-E, and (D) LCE-K against EGFR. LCE-D and
LCE-E target EGFR with a higher affinity than HCP-LCE, whereas the mutant LCE-K is not able to
bind EGFR. The fit is depicted by the colored curves.

3.4. Real-Time Antigen Binding Measured on Single-Protein and Dual-Protein Surfaces in
switchSENSE®

The binding kinetics of HCP-LCE and LCE-E to both targets were characterized in a
helix® biosensor instrument using switchSENSE® technology. DNA-conjugated targets are
hybridized with fluorophore-tagged adapter strands, which hybridize to anchor strands
on the chip surface. The binding of the analyte is sensed by the fluorophore, which is
sensitive to changes in its local environment. In this case, analyte binding resulted in a
quenching effect, visualized as a signal decrease (Figure 3A-D). The technology offers the
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possibility of using different fluorophores to tag different antigens which can be analyzed
in parallel on the same surface in a dual-color experiment. The binding kinetics of the two
antibody variants to EGFR and PD-L1, either on surfaces with one immobilized protein or
on surfaces where both target proteins were immobilized, were compared. The observed
interactions showed biphasic dissociations with a fast and slow dissociation rate (Figure 3).
The glutamic acid introduced in LCDR3 (LCE-E variant) reduces the impact of the fast
dissociation rate and stabilizes the binding of the antibody to EGFR (Figure 3C). The results
obtained on surfaces with one of the target proteins and on surfaces with both target
proteins are highly comparable (Table S1). A comparison of the one-armed HCP-LCE and
IgG-like HCP-LCE revealed differences in the binding to PD-L1 immobilized on a surface
in corresponding density. This indicates that the HCP-LCE kinetic includes the avidity
effect caused by bivalent binding to PD-L1. In the given set-up, the presence of EGFR did
not stabilize the binding of HCP-LCE or LCE-E to PD-L1.
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Figure 3. Real-time antigen binding measured on single-protein and dual-protein surfaces. Charac-
terization of (A,C) EGFR and (B,D) PD-L1 binding of (A,B) HCP-LCE and (C,D) LCE-E on surfaces
with EGFR or PD-L1 and on surfaces with both proteins (left and right panel in each plot). The fitting
model assumes biphasic dissociation for all observed interactions. The interaction between LCE-E
and EGFR shows the lowest contribution of the fast dissociation phase.

3.5. On-Cell Binding of Affinity-Matured Two-in-One Variants Measured by Flow Cytometry

To ensure that the HCP-LCE mutants LCE-E and LCE-D also showed more affine
binding to target-positive tumor cells than the wildtype Two-in-One antibody, cellular
binding experiments were performed on EGFR and PD-L1 double-positive A549 cells by
flow cytometry. The cells were stained with the respective antibody at a concentration
ranging from 2.56 pM to 200 nM utilizing a 5-fold dilution series, and binding was verified
using an anti-human Fc PE detection antibody. As expected, LCE-E and LCE-D show
specific cellular binding, with comparable ECs values of about 1 nM and a similar binding
maximum (Figure 4A). The wildtype antibody HCP-LCE targets the tumor cells with
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lower affinity (EC5p = 2.3 nM) and with a significantly reduced maximum binding. The
deletion of the EGFR binding property of the mutant LCE-K is also reflected in cellular
binding (Figure 4A,B). The overexpression of EGFR on cancer cells usually exceeds that
of PD-L1 [51], which is why LCE-K demonstrates a lower ECsy value (28.6 nM) and
significantly reduced maximum binding. This is also illustrated by the A549 cellular
binding of monospecific anti-EGFR and anti-PD-L1 antibodies (Figure S8). The antibodies
did not show binding to EGFR and PD-L1 double-negative Jurkat cells, excluding non-
specific cellular binding (Figure S9). These data indicate that the amino acid exchange at
position three in LCDR3 from tyrosine to glutamic acid (E) or aspartic acid (D) also results
in significantly improved tumor cell binding, as expected.

B
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Figure 4. Cellular binding of the HCP-LCE variants on EGFR/PD-L1 double-positive A549 cells.
(A) Cell titration of HCP-LCE (pink), LCE-E (orange), LCE-D (green), and LCE-K (blue) on A549 cells.
(B) Cell titration of LCE-K on A549 cells; zoomed-in view of the graph shown in A. A variable slope
four-parameter fit was utilized to fit the resulting curves. ECsy values: HCP-LCE, 2.3 nM; LCE-E,
1.2nM; LCE-D, 1.0 nM; LCE-K, 28.6 nM. All measurements were performed in duplicates, and the
experiments were repeated at least three times, yielding similar results.

3.6. Real-Time Binding Kinetics on Target-Positive Cells Detected with Real-Time Interaction
Cytometry

A real-time interaction cytometry (RT-IC) experiment using heliX®Y'* biosensor was
designed to reveal the impact of the improved EGFR binding kinetics on the binding
kinetics of the antibody variant LCE-E and target-positive tumor cells compared to the
wildtype HCP-LCE. Binding kinetics were measured using two different EGFR and PD-L1
double-positive tumor cell lines, A431 and A549. On A431 cells, expression levels for EGFR
and PD-L1 are higher compared to A549 cells, with EGFR expression being higher than
the expression of PD-L1 on both cell lines [51]. The cells were loaded into the cell traps
on the chip of the heliX%'® biosensor, and fluorescently labeled antibody variants were
injected in three injection steps at increasing antibody concentrations. The association of the
antibodies was visibly reflected by an increase in the fluorescence signal; the dissociation
was visibly reflected by a decrease in the signal after switching to buffer flow. The binding
of both antibodies (HCP-LCE and LCE-E) was detectable on A431 cells and A549 cells
(Figure 5A-D).

In most cases, the dissociation rate was biphasic and dominated by the slower dissoci-
ation rate (Figure 6). The Kp values calculated with the slower dissociation rate (KD2) are
in the range of 0.1-0.7 nM for HCP-LCE on A431 cells and 1-2 nM for all other measured
interactions (Table S2). The lower KD2 values determined for HCP-LCE on A431 were
caused by a faster association rate (Figure 6A,B).

On both cell lines, LCE-E shows a slower second dissociation rate (kd2) (Figure 6C,D)
and a weaker contribution of the second dissociation phase to the total dissociation am-
plitude (Figure 6C). This results in an increase in the length of time for which the affinity-
matured antibody is retained on the cell surface (Figure 6D).
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3.7. Characterization of Antigen Binding via AlphaFold-Based Modeling

In order to investigate the protein—protein interaction of the LCE-E mutant and the
wildtype HCP-LCE with its antigens EGFR and PD-L1 in more detail, AlphaFold Multimer
was used [38,39]. As experimentally predicted for HCP-LCE [31], PD-L1 binding occurs
mainly via the heavy chain CDRs (Figure 7A), whereas heavy and light chain CDRs are
involved in EGFR binding (Figure 7B). The AlphaFold-based model predicts that HCDR3
and LCDR3 mainly target the EGFR epitope. This is consistent with the experimentally
obtained data showing an impact of LCDR3 on EGFR binding. Remarkably, the predicted
EGEFR epitope, EGFR dimerization domain II, is consistent with the epitope experimentally
determined by YSD-based epitope mapping. To predict the affinity of the protein—protein
complexes, the PRODIGY web server was utilized [46]. For HCP-LCE binding to EGFR, a
Kp value of 110 nM was predicted, and for LCE-E binding to EGFR, a Kp value of 6.2 nM
was predicted (Table 1). Thus, the affinity prediction also implies a significant increase in
affinity as a result of the amino acid exchange at LCDR3 position three. Structural insights
indicate that the increased affinity is caused by the formation of a salt bridge between the
glutamic acid at LCDR3 position three (E87) and an arginine at EGFR position 165 (R165)
(Figure 7C). The binding of the parental antibody HCP-LCE involves the formation of a salt
bridge between EGFR R165 and D27, which is also observed for the interaction of EGFR
and LCE-E.
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Figure 5. Real-time binding kinetics on EGFR and PD-L1 double-positive A431 and A549 cells. Real-
time binding curves of (A,B) HCP-LCE and (C,D) LCE-E measured on (A,C) A431 and (B,D) A549
via real-time interaction cytometry (RT-IC) in a heliX®Y*® biosensor. The cells were fixed with PFA and
loaded into the five individual cell traps on the chip. Fluorescently labeled analytes were injected in
increasing concentrations in three subsequent injection steps. The association of the analytes was
visibly reflected by an increase in the fluorescent signal. After the third injection, the system switches
to buffer flow to monitor the dissociation of the analytes, which visibly manifests as a decrease
in signal. Data points were fitted with a kinetic model that assumes monophasic association and
biphasic dissociation.



Antibodies 2024, 13, 36

13 of 19

A

ka[M's™

dissociation amplitude [RU]

1x1

1x1

1x1

1x1

1x1

1x1

kon-koff rate map kon-koff rate map
dissociation phase 1 dissociation phase 2
A431 A549 A431 A549
o' 1x 107"
o _1x10°- "
[ ) T ®
® ! [ ]
05_ 2] 5 5
) T§ 1% 10 , ..
0*- = 1 x10t-
]
03_ = 3 -
1% 10
02-I 1 1 1 1 1 1 o 102-| 1 1 1 1 1
1x10° 1x102 1x10™" 1x10° 1x102 1x 10" 1x10° 1x10™ 1x10° 1x10° 1x10™* 1x107
kd1 [s-1] kd2 [s-1]
e HCP-LCE o LCE-E ® HCP-LCE oLCE-E

Relative dissociation amplitudes

D

Retention time on the cell surface

A431 A549 30,000 -
[¢]
1.00- . .
[ ] [ ]
4 ()
0.75- . 20,000 -
¢ »,
N
0.50 - = ° &
o 10,000 - & °
0.25- ° o
o Sy L
[e] o ¢
0.00- ° ° 0-
HCP-LCE LCE-E HCP-LCE LCE-E A431 A549
o dissociation @ dissociation @ HCP-LCE © LCE-E
phase 1 phase 2

Figure 6. Graphical representation of calculated kinetic values after fitting the binding curves with
a kinetic model that assumes the monophasic association and biphasic dissociation, as well as the
complete dissociation, of the analyte. On—off-rate maps plotting (A) the association rate versus
dissociation rate 1 or (B) versus dissociation rate 2. (C) Plot demonstrating the relative contribution
of the faster dissociation rate (dissociation phase 1) and the slower dissociation rate (dissociation
phase 2). (D) Plot of half-life values calculated from the fit model for each interaction.

To demonstrate that the Two-in-One VH:VL dimer can target EGFR and PD-L1 si-
multaneously, a protein docking method was applied [48,53]. PD-L1 was docked to the
EGFR:VH:VL complex, resulting in a tetrameric protein complex in which both antigens
can bind simultaneously without steric hindrance (Figure 7D). PAE and pLDDT plots
generated using AlphaFold Multimer are shown in Figure S10. The computer-based data
are very consistent with the experimentally determined data.
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D27

Figure 7. AlphaFold-based model for EGFR and PD-L1 binding of LCE-E. (A) PD-L1-ECD
(green) binding of LCE-E. (B) EGFR-ECD (light purple) binding of LCE-E. (C) Salt bridge between
the glutamic acid at LCDR3 of LCE-E (E87) and an arginine at EGFR-ECD position 165 (R165).
(D) Tetrameric protein complex of PD-L1 docked to the EGFR:VH:VL complex. The VH fragment is
shown in orange, and the VL fragment is shown in dark purple. Created with AlphaFold Multimer.

4. Discussion

Affinity maturation is the process in which antibodies obtain increased affinity and
functionality. It is the result of the somatic hypermutation of immunoglobulin genes in B
cells, coupled with selection for antigen binding, a process that occurs over weeks after
an acute infection or vaccination [54]. The resulting antibodies can be highly mutated
compared to their germline-encoded counterparts, with the affinity for antigens being
significantly increased compared to the corresponding naive B cell receptors [55,56]. This
makes affinity maturation a key technique in protein engineering to improve affinity and
binding interactions in vitro in order to optimize the therapeutic potential of antibodies [57].
Adler et al. observed that in vivo affinity-matured antibodies predominantly accumulate
mutations within the CDR3 regions, with a total of 67 amino acid changes in the heavy
and light chain [58]. However, during in vitro affinity maturation, libraries with a mutation
rate of 1-2 are sufficient for isolating high-affinity binders [59].

In this study, we generated affinity-matured variants of a chicken-derived EGFR xPD-
L1 Two-in-One antibody that are enhanced in terms of their EGFR binding properties.
To this end, site-saturation mutagenesis was performed by simultaneously substituting a
single LCDR1 and LCDR3 codon with degenerated NNS codons. FACS screening of the
randomized YSD library resulted in the isolation of a Two-in-One variant (LCE-E) that
exhibited a 60-fold improvement in EGFR binding affinity due to the exchange of a single
amino acid at LCDR3 position three (Y — E). An AlphaFold-based model showed that
the improved EGEFR affinity is likely caused by the formation of a salt bridge between
the positively charged glutamic acid at LCDR3 position three and a negatively charged
arginine at EGFR position 165. A salt bridge is the strongest type of non-covalent interaction
in nature, and salt bridges are known to be involved in protein—protein interactions and
molecular recognition. A salt bridge combines an electrostatic attraction between oppositely
charged chemical groups and a hydrogen bond, which is why its strength exceeds that
of a simple hydrogen bond [60-62]. The LCE-D variant, which contains the amino acid
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aspartic acid at LCDR3 position three (Y — D), also shows significantly improved EGFR
binding comparable to LCE-E. This indicates that the positive charge at this position has a
major impact on EGFR binding. A negative charge at LCDR3 position three, as found in
the LCE-K mutant (Y — K), eliminates EGFR binding, further supporting this hypothesis.

The improved EGFR binding affinity of the Two-in-One variant LCE-E was confirmed
using various methods. The BLI measurements, as well as real-time antigen binding
measurements on mixed surfaces and cellular binding experiments on tumor cells, showed
significantly improved EGFR binding compared to the wildtype HCP-LCE. In particular,
the dissociation rate of LCE-E was reduced, resulting in a stabilized binding and a longer
retention time on the cell surface.

However, a higher affinity does not guarantee an improved clinical efficacy. One
example for this is a variant of palivizumab with 44-fold-improved potency which only
demonstrated a modest improvement in efficacy in subsequent in vivo studies and a poor
pharmacokinetic profile due to non-specific binding [23].

HCP-LCE is a chimeric antibody consisting of chicken-derived VH and VL domains
grafted onto a human IgG1 scaffold [31]. Unlike in mammals, the rearrangement of the
variable (V), diverse (D), and connecting (J) gene segments in chickens occurs simultane-
ously in the heavy and light chains [63,64]. In avian species, however, there is only a small
selection of immunoglobulin genes during V(D)] gene rearrangement. Therefore, somatic
gene conversion and somatic hypermutation are utilized to further diversify the variable
gene [65,06]. The generation of the heavy and light chain repertoire of a chicken thus
differs considerably from that of rodents such as mice or rats, which are commonly used for
antigen immunization. This could be one reason for the success of affinity maturation based
on the targeted mutation of the variable CDR regions of the chicken-derived antibody.

One advantage of antibody generation after animal immunization is that the anti-
bodies have already undergone in vivo affinity maturation [8]. Since two chickens were
immunized for the generation of HCP-LCE [31] and the heavy chain of an anti-PD-L1
antibody was paired with an anti-EGFR light chain diversity, the heavy and light chain of
the Two-in-One antibody were never present in the same chicken. Therefore, no in vivo
affinity maturation occurred for this heavy and light chain combination, demonstrating the
potential for in vitro affinity optimization.

HCP-LCE simultaneously targets EGFR and PD-L1 at the same Fv fragment, inhibiting
EGEFR signaling by binding to dimerization domain II and blocking the PD-1/PD-L1
interaction [31]. The advantageous combination of the antigens EGFR and PD-L1 has also
been described in other studies. Koopmans et al. constructed a bispecific PD-L1x EGFR
antibody to direct PD-L1 blockade to EGFR-expressing cancer cells [67]. By fusing a dual-
targeting tandem trimmer body with the human IgG1 hinge and Fc region, Rubio-Pérez
et al. generated a symmetric bispecific PD-L1xEGFR antibody that combines an immune
checkpoint blockade with a direct action on cancer cells [68]. It is assumed that this target
combination improves the efficacy of current immunotherapies.

Overall, we have presented a straightforward method for the affinity maturation of
chicken-derived Two-in-One antibodies, optimizing the affinity of only one of the two
targets addressed simultaneously with a single Fab fragment. The mutation of individual
amino acids of the LCDR3 region followed by YSD library generation and FACS screening
resulted in the isolation of a variant that targets EGFR with a 60-fold-increased affinity. BLI
measurements demonstrated that the increase in affinity is mainly caused by an improve-
ment in the dissociation rate. LCE-E and LCE-D demonstrated specific cellular binding
properties on EGFR/PD-L1 double-positive tumor cells with higher affinity and improved
maximum binding compared to the wildtype HCP-LCE. AlphaFold-based models predict
that the glutamic acid in LCDR3 forms a salt bridge to EGFR, which causes the increase
in affinity. The exchange of glutamic acid to lysine (LCE-K) completely deletes the EGFR
binding property. To our knowledge, this represents the first affinity-matured Two-in-One
antibody with optimized binding for one of its two targets.
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(A) HCP-LCE, (B) LCE-D, (C) LCE-E, and (D) LCE-K binding to a negative control protein by BLI mea-
surements; Figure S5: YSD-based EGFR epitope mapping; Figure S6: BLI-assisted PD-1 competition
assay; Figure S7: BLI-assisted simultaneous binding assay; Figure S8: Cellular binding of a monospe-
cific anti-EGFR (grey) and anti-PD-L1 antibody (blue) compared to LCE-E (orange) on EGFR/PD-L1
double-positive A549 cells; Figure S9: Cellular binding of the HCP-LCE variants on EGFR/PD-L1
double-negative Jurkat cells; Figure S10: pLDDT and PAE plots generated by AlphaFold Multimer;
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Figure S1. Flow cytometric analysis of six isolated yeast single clones after three
consecutive rounds of FACS screening. Surface presentation is depicted on the y-axis
utilizing the anti-human-Lambda PE-conjugated F(ab")2 antibody, while EGFR-Hiss
(purple) and PD-L1-Hiss (orange) binding is shown on the x-axis using the anti-6xHis
AF647 antibody.
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Figure S2. SDS-PAGE analysis of the wildtype Two-in-One antibody HCP-LCE and
mutants LCE-E, LCE-D and LCE-K under reducing (left) and non-reducing conditions

(right). As protein standard, Color Prestained Protein standard (New England Biolabs)
was used.
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Figure S3. Characterization of PD-L1 binding of the HCP-LCE variants by BLI-
measurements. BLI-measurements of (A) HCP-LCE, (B) LCE-D, (C) LCE-E and (D)
LCE-K against PD-L1. The fit is depicted by the colored curves.
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Figure S4. Characterization of (A) HCP-LCE, (B) LCE-D, (C) LCE-E and (D) LCE-K
binding to a negative control protein by BLI-measurements.
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Figure S5. YSD-based EGFR epitope mapping. Binding of HCP-LCE (pink), LCE-E
(orange) and LCE-D (green) to yeast cells expressing different truncated EGFR
fragments was detected using the anti-human Fc PE-labelled antibody. Measurements



without antibody (grey) served as negative control. All antibodies target EGFR

fragment 1-294.
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Figure S6. BLI-assisted PD-1 competition assay

. HCP-LCE and LCE-E were loaded

onto FAB2G biosensors and subsequently associated to PD-L1 pre-incubated with
varying PD-1 concentrations. The antibodies do not target the PD-1/PD-L1 complex.
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Figure S7. BLI-assisted simultaneous binding

assay. One-armed variants of the

antibodies HCP-LCE and LCE-E were loaded onto AHC biosensors and antigens were
added stepwise, revealing simultaneous PD-L1 and EGFR binding.

2x10° 3
¥ anti EGFR
T X i PD-
1.5%10°- ‘_! -4 anti PD-L1
LCE-E
i 1x10°+
¥
5x105
v/
¥ ¥ ¥ . oo s
0 ta—p—a a2

ko —h—h

T 1 L T I I I 1
105 104 102 102 10" 10° 10! 102 103
Antibody Conc. [nM]

8x104+

6x104
E 4x104
o

2%104 E—h— A

0 1 1 1 I I 1 1

105 104 10 102 10 10° 107 102
Antibody Conc. [nM]




Figure S8. Cellular binding of a monospecific anti-EGFR (grey) and anti-PD-L1
antibody (blue) compared to LCE-E (orange) on EGFR/PD-L1 double positive A549
cells. B is a zoomed-in view of the graph shown in A.
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Figure S9. Cellular binding of the HCP-LCE variants on EGFR/PD-L1 double negative
Jurkat cells. Cell titration of HCP-LCE (pink), LCE-E (orange), LCE-D (green) and LCE-
K (blue) on Jurkat cells.
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Figure S10. pLDDT and PAE plots generated by AlphaFold Multimer. (A) PAE plots
of LCE-E and EGFR modelling, (B) pLLDT plot of LCE-E and EGFR modelling, (C)
pLLDT plot of HCP-LCE and EGFR modelling, (D) PAE plots of HCP-LCE and EGFR
modelling.



Table S1. Kinetic values calculated from switchSENSE® measurements.

itored relative relative
analyte | surface ;:;r:;;:zn ka [M1s1] | Kd1[s?] | Kd2[s'] | KD1[M] | KD2[M] dissoFiation disso.ciation t1/2 [s]
amplitude 1 | amplitude 2
PD-L1 PD-L1 4.42E+06 | 1.87E-02 | 2.66E-04 | 4.23E-09 | 6.02E-11 0.603 0.397 90
EGFRand | EGFR 5.08E+06 | 1.04E-02 | 6.88E-05 | 2.05E-09 | 1.36E-11 0.795 0.205 95
ACPLCE | pps PD-L1 5.29E+06 | 2.17E-02 | 5.34E-04 | 4.10E-09 | 1.01E-10 0.607 0.393 74
EGFR EGFR 7.28E+06 | 2.25E-02 | 3.19E-04 | 3.09E-09 | 4.39E-11 0.690 0.310 56
PD-L1 PD-L1 9.27E+06 | 1.79E-02 | 4.71E-04 | 1.94E-09 | 5.08E-11 0.436 0.564 269
EGFRand | EGFR | 7.39E+06 NA | 2.11E-04 | NA | 2.86E-11 NA NA 3283
LEE PD-L1 PD-L1 6.15E+06 | 2.31E-02 | 4.85E-04 | 3.76E-09 | 7.88E-11 0.626 0.374 35
EGFR EGFR 6.78E+06 | 1.33E-04 | 1.06E-04 | 1.96E-11 | 1.56E-11 0.392 0.608 5982
Table S2. Kinetic values calculated from RT-IC measurements.
relative relative
analyte | cellline | ka[M™s?] | kdl[s?'] | kd2[s?] | KD1[M] | KD2[M] | dissociation dissociation t12 [s]
amplitude 1 amplitude 2
1.37E+06 | 3.97E-03 | 1.59E-04 | 2.90E-09 | 1.16E-10 0.316 0.684 1966
A431 2.81E+05 | 3.97E-03 | 8.21E-05 | 1.41E-08 | 2.92E-10 0.229 0.771 5268
HCP-LCE 1.66E+05 | 5.18E-03 | 1.21E-04 | 3.12E-08 | 7.30E-10 0.159 0.841 4291
6.70E+04 | 3.28E-03 | 6.89E-05 | 4.89E-08 | 1.03E-09 0.172 0.828 7312
A9 4.31E+04 | 4.65E-03 | 5.30E-05 | 1.08E-07 | 1.23E-09 0.177 0.823 9389
3.41E+04 | 4.52E-03 | 4.17E-05 | 1.33E-07 | 1.23E-09 0.105 0.895 13960
Aa3l 4.89E+04 NA 7.67E-05 NA 1.57E-09 0.000 1.000 9035
LCEE 1.61E+04 NA 2.47E-05 NA 1.53E-09 0.000 1.000 28056
A4S 2.43E+04 | 2.50E-03 | 4.71E-05 | 1.03E-07 | 1.93E-09 0.096 0.904 12573
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Abstract: Antibody-based therapies are revolutionizing
cancer treatment and experience a steady increase from
preclinical and clinical pipelines to market share. While the
clinical success of monoclonal antibodies is frequently limited
by low response rates, treatment resistance and various other
factors, multispecific antibodies open up new prospects by
addressing tumor complexity as well as immune response
actuation potently improving safety and efficacy. Novel anti-
body approaches involve simultaneous binding of two anti-
gens on one cell implying increased specificity and reduced
tumor escape for dual tumor-associated antigen targeting and
enhanced and durable cytotoxic effects for dual immune cell-
related antigen targeting. This article reviews antibody and
cell-based therapeutics for oncology with intrinsic dual tar-
geting of either tumor cells or immune cells. As revealed in
various preclinical studies and clinical trials, dual targeting
molecules are promising candidates constituting the next
generation of antibody drugs for fighting cancer.

Keywords: bispecific antibody; cancer immunotherapy; dual
targeting; immune cell engager; multispecific antibody

1 Introduction

It took 35 years to reach an impressive milestone in therapeutic
antibody discovery with the Food and Drug Administration
(FDA) approval of the 100th antibody-based product in April
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2021 (Mullard 2021). Since then, the number has steadily
increased, demonstrating that antibodies have become a class of
therapeutics of considerable value in recent years. In particular,
antibodies are of great importance for cancer drug develop-
ment, as about one in two antibodies is approved for the
treatment of oncology patients. While the number of approved
bispecific antibodies is relatively small (nine), interest in bi- and
multispecific molecules as well as antibody-drug conjugated and
cell-based therapeutics is growing rapidly, as evidenced by the
large number of such molecules being investigated in various
stages of research and clinical trials (>100) (Lyu et al. 2022).
Examples of novel and potent antibody-based molecules
targeting various relevant antigens and key pathways of tu-
mor growth include (i) bispecific antibodies simultaneously
targeting two tumor-associated antigens (TAAs) demon-
strating enhanced cancer cell selectivity and reduced tumor
immune escape (Huang et al. 2020; Schubert et al. 2012), (ii)
dual TAA-targeting antibody drug conjugates (ADCs) that
efficiently deliver cytotoxic drugs to tumor cells (Huang et al.
2020), (iii) dual TAA-targeting CAR-T cells reducing the likeli-
hood of antigen escape and increasing tumor cell killing ac-
tivity (Sterner and Sterner 2021; Xie et al. 2022), and (iv)
multispecific antibodies targeting tumors in combination
with single or dual immune cell targeting which activate
immune cells more intense and durable, thereby enhancing
effector cell-mediated cytotoxicity (Tapia-Galisteo et al. 2023).
This review focuses on antibody and cell-based thera-
peutics for oncology clinical development with intrinsic dual
targeting of different antigens on the same cell, thereby
overcoming bottlenecks of single mode cell targeting. In this
context, dual TAA-targeting bispecific antibodies, as well as
dual TAA-targeting ADCs and CAR-T cells are described in
chapter 2 (Table 1). Furthermore, trispecific immune cell
engagers are highlighted in chapter 3, which either simulta-
neously target two TAAs or two immune cell-related antigens.

2 Bispecific dual tumor cell-
targeting antibodies

In this chapter, the current status of bispecific antibodies
concurrently targeting two different TAAs or different epitopes
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Table 1: Dual targeting antibodies in preclinical and clinical development.
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Drug name

Specificity

Development status

Sponsor/investigator/developer

Bispecific dual tumor cell-targeting antibodies

Amivantamab (JNJ-61186372)

MCLA-129

EMB-01

SI-B001
MCLA-158

MCLA-128 Zenocutuzumab

ZW25
MBS301
KNO026
RO6874813
BI905711
IMGS-001
PM8001
SHR-1701

TG-1801
NI-1801
1BI322
IMM2902
IMMO0306

EGFR x c-Met
EGFR x c-Met

EGFR x c-Met

EGFR x HER3
EGFR x LGR5
HER2 x HER3

HER2 x HER2
HER2 x HER2
HER2 x HER2
FAP x DR5
DR5 x CDH17
PD-L1 x PD-L2
PD-L1 x TGF-B
PD-L1 x TGF-B

CD47 x CD19
CD47 x MSLN
CD47 x PD-L1
CD47 x HER2
CD47 x CD20

FDA-approved

Clinical study phase 1/2 (NCT04868877;
NCT04930432)

Clinical study phase 1/2 (NCT03797391;
NCT05176665)

Clinical study phase 2/3 (NCT05020769)
Clinical study phase 1/2 (NCT03526835)
Clinical study phase 2 (NCT02912949;
NCT05588609)

Clinical study phase 2 (NCT04513665)
Clinical study phase 1 (NCT03842085)
Clinical study phase 2 (NCT04165993)
Clinical study phase 1 (NCT02558140)
Clinical study phase 1 (NCT04137289)
Clinical study phase 1 (NCT06014502)
Clinical study phase 2 (NCT05537051)
Clinical study phase 1 (NCT03710265;
NCT03774979)

Clinical study phase 1 (NCT03804996)
Clinical study phase 1 (NCT05403554)
Clinical study phase 1 (NCT04795128)
Clinical study phase 1 (NCT05805956)
Clinical study phase 1 (NCT05805943)

Janssen Biotech
Merus

EpimAb Biotherapeutics

Sichuan Baili Pharmaceutical Co. Ltd.
Merus
Merus

BeiGene

Mabwork

Alphamab Oncology
Roche

Boehringer Ingelheim
ImmunoGenesis

Biotheus Inc.

Jiangsu HengRui Medicine

TG Therapeutics

Novimmune

Innovent Biologics

ImmuneOnco Biopharmaceuticals
ImmuneOnco Biopharmaceuticals

Dual tumor-targeting antibody-drug conjugates

bsHER2xCD63his-Duo3
PRLR x HER2 BSADC
ZW49
REGN5093-M114
DT2219

HER2 x CD63
HER2 x PRLR
HER2 x HER2
MET x MET

CD19 x CD22

Preclinical

Preclinical

Clinical study phase 1 (NCT03821233)
Clinical study phase 1/2 (NCT04982224)
Clinical study phase 1/2 (NCT02370160)

Goeij et al.

Zong et al.
Zymeworks/BeiGene
Regeneron Pharmaceuticals
Masonic Cancer Center,
University of Minnesota

Dual tumor-targeting chimeric antigen receptor-T cells

TanCARCD19/20 T cells
CAR-20/19-T
CART19/20

CD19/CD22 Bicistronic
CAR-T cells

CD19/CD22 dual targeted
CAR-T cell
CD19/CD22-CAR-T cell
FasT CAR-T GCO12F
BM38 CAR-T
BCMA/CS1 CAR-T

CD19 x CD20
CD19 x CD20
CD19 x CD20
CD19 x CD22

CD19 x CD22

CD19 x CD22
BCMA x CD19
BCMA x CD38
BCMA x CD319

Clinical study phase 1/2 (NCT03097770)
Clinical study phase 1 (NCT03019055)
Clinical study phase 1 (NCT04007029)
Clinical study phase 1/2 (NCT05442515)

Clinical study phase 1 (NCT05225831)

Clinical study phase 1 (NCT03448393)
Clinical study phase 1/2 (NCT04935580)
Clinical study phase 1/2 (NCT03767751)
Preclinical

Chinese PLA General Hospital

Medical College of Wisconsin

Jonsson Comprehensive Cancer Center
National Cancer Institute (NCI)

Hebei Senlang Biotechnology Inc., Ltd.

National Cancer Institute (NCI)
Shanghai Changzheng Hospital
Chinese PLA General Hospital
Zah et al.

BCMA/GPRC5D CAR-T BCMA x GPRC5D Preclinical De Larrea et al.
Trispecific dual targeting immune cell engager

Dual tumor cell-targeting ICEs

TCE CD19 x CD20 x CD3 Preclinical Wang et al.

TCE CD19 x CD22 x CD3 Preclinical Zhao et al.

TCE CD19 x CD33 x CD3 Preclinical Roskopf et al.

TCE EGFR x EpCAM x CD3 Preclinical Tapia-Galisteo et al.
TCE HER2 x VEGFR2 x CD3 Preclinical Liu et al.

NKCE CD33 x CD19 x CD16 Preclinical Schubert et al.
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Drug name Specificity Development status Sponsor/investigator/developer
NKCE CD33 x CD123 x CD16 Preclinical Kigler et al.

NKCE CD22 x CD19 x CD16 Preclinical Gleaseon et al.

NKCE BCMA x CD2000 x CD16 Preclinical Gantke et al.

NKCE EGFR x PD-L1 x CD16 Preclinical Bogen et al.

NKCE EGFR x PD-L1 x CD16 Preclinical Harwardt et al.

Dual immune cell-targeting ICEs

Dual T cell-targeting ICEs

SAR442257
SAR443216

CD38 x CD3 x CD28
HER2 x CD3 x CD28

Clinical study phase 1 (NCT04401020)
Clinical study phase 1 (NCT05013554)

Sanofi
Sanofi

Dual NK cell-targeting ICEs

NKCEs CD16 x NKp46 x CD19/CD20/EGFR Preclinical Innate Pharma

ANKET IPH62 CD16 x NKp46 x B7-H3 Preclinical Innate Pharma/Sanofi

ANKET IPH6101 (SAR443579) CD16 x NKp46 x CD123 Clinical study phase 1/2 (NCT05086315) Innate Pharma/Sanofi

ANKET IPH6401 CD16 x NKp46 x BCMA Clinical study phase 1/2 (NCT05839626) Innate Pharma/Sanofi

TriNKETs NKG2D x CD16 x TAA Preclinical Dragonfly Therapeutics
(e.g. HLA-E/CCR4/PD-L1/FLT3)

TriNKET DF9001 NKG2D x CD16 x EGFR Clinical study phase 1/2 (NCT05597839) Dragonfly Therapeutics

TriNKET DF3001 NKG2D x CD16 x BCMA Clinical study phase 1 (NCT04975399)  Bristol-Myers Squibb

TriNKET DF2001 NKG2D x CD16 x CD33 Clinical study phase 1 (NCT04789655)  Bristol-Myers Squibb

TriNKET DF1001 NKG2D x CD16 x HER2 Clinical study phase 1/2 (NCT04143711) Dragonfly Therapeutics

Tetraspecific dual targeting immune cell engager

ANKET4 NKp46 x CD16a x IL-2RB x CD20
GNC-035, GNC-038 and GNC-039 CD3 x 4-1BB x PD-L1 x
ROR1/CD19/EGFRVIII

Preclinical
Clinical study phase 1/2 (NCT05160545; Sichuan Baili/Systimmune
NCT04606433; NCT04794972)

Innate Pharma

on the same TAA is reviewed. Dual TAA-targeting antibodies
are a subclass of bispecific antibodies that offer several ad-
vantages, including increased tumor selectivity, simultaneous
modulation of two functional pathways in the tumor cell and
circumvention of drug resistance or immune escape mecha-
nisms (Figure 1) (Huang et al. 2020; Schubert et al. 2012).
Monospecific antibodies are frequently not able to sharply
discriminate between malignant and healthy cells carrying the
same target antigen which may result in on-target off-tumor
toxicity (Brennan et al. 2010). The generation of hispecific dual
TAA-targeting antibodies that show relatively low affinity for
one or both of the antigens while binding with high affinity to
tumor cells that display both targets on their cell surface, re-
sults in increased tumor selectivity (Figure 1) (Harwardt et al.
2022; Sun et al. 2021). The appropriate fine-tuning of individual
affinities can result in an augmented toxic effect against the
tumor while therapy-related side effects are reduced, which is
associated with superior drug tolerability and safety (Bendell
et al. 2018; Dheilly et al. 2017; Jiang et al. 2021). Antibodies that
address two receptors expressed on tumor cells further enable
simultaneous modulation of two distinct functional pathways
evoking alternative cell fates (Huang et al. 2020; Temraz et al.

2016). Moreover, treatment of a multi-factorial disease like
cancer with monoclonal antibodies is always at risk of causing
drug resistance, particularly via tumor escape mechanisms
such as antigen mutation, downregulation or shedding (Reslan
et al. 2009; Vasan et al. 2019). The feature of bispecific dual
TAA-targeting antibodies to target two different, individually
overexpressed targets on tumor cells can contribute to risk
mitigation regarding drug resistance and immune escape, e.g.,
via immune checkpoints such as programmed cell death pro-
tein 1 (PD-1)/PD-L1 or signal regulatory protein a (SIRPa)/CD47
(Figure 1) (Huang et al. 2020; Schubert et al. 2012). The following
section outlines TAA combinations for which bispecific anti-
bodies have been developed, focusing on those currently in
clinical trials or already approved for clinical use.

2.1 EGFR x c-Met

The epithelial growth factor receptor (EGFR) and the mesen-
chymal epithelial transition factor (c-Met) are commonly
expressed on tumor cells and are involved in the development
and progression of various tumor types through their diverse
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Figure 1: Mechanisms of bispecific dual tumor cell-targeting antibodies compared to monospecific antibodies. Bispecific dual TAA-targeting antibodies
increase tumor specificity by binding to tumor cells expressing both antigens, but not to healthy cells expressing one of the antigens. They simultaneously
modulate two functional pathways resulting in alternative signaling and cell fates, circumvent drug resistance and block immune checkpoints thereby

preserving antibody-mediated effector mechanisms.

effects on the cell cycle, programmed cell death, and invasion
(Sigismund et al. 2018; van Herpe and van Cutsem 2023).
Notably, they utilize a highly overlapping repertoire of
signaling adapters and downstream signaling pathways (Gio-
vannetti and Leon 2014). Based on the signaling crosstalk be-
tween EGFR and c-Met, combinatorial inhibition of both
receptors may restrict compensatory pathway activation and
improve the overall efficacy of therapeutic antibodies (Moores
et al. 2016). Amivantamab (JNJ-61186372) is a bispecific EGFR
and c-Met-targeting antibody developed by Janssen Biotech
utilizing Genmab’s DuoBody® technology, that inhibits both,
EGFR and c-Met signaling by blocking ligand-induced activa-
tion and inducing receptor degradation. Moreover, interaction
of the amivantamab Fc domain with Fcy receptors on natural
killer (NK) cells leads to antibody-dependent cellular cytotox-
icity (ADCC), and interaction with Fcy receptors on monocytes
and macrophages results in cytokine production and trogocy-
tosis (Moores et al. 2016; Vijayaraghavan et al. 2020). Ami-
vantamab is the first-in-class dual TAA-targeting antibody that

received FDA approval in May 2021 in the US for the treatment
of adult patients with locally advanced or metastatic non-small
cell lung cancer (NSCLC) harboring EGFR Exon 20 insertion
mutations with progression on or after platinum-based
chemotherapy (Syed 2021). The efficacy of amivantamab is
partly based on its ability to target a NSCLC mutation that has
historically had a poor prognosis due to innate resistance to
previously approved EGFR tyrosine kinase inhibitors (Russell
et al. 2023). A phase 3 study showed that the use of amivanta-
mab in combination with chemotherapy results in superior
efficacy compared to chemotherapy alone as first-line treat-
ment of patients with advanced NSCLC with EGFR exon 20
insertions (Zhou et al. 2023). Two other EGFR- and c-Met-tar-
geting bispecific antibodies currently undergoing clinical trials
for the treatment of advanced solid tumors are represented by
the full-length, common light chain (cLC), electrostatic CH3--
engineered (DEKK), ADCC enhanced antibody MCLA-129,
discovered by Merus (NCT04868877; NCT04930432) (Ou et al.
2022) and the tetravalent antibody EMB-01 developed by
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EpimAb Biotherapeutics based on the proprietary FIT-Ig®
platform (NCT03797391; NCT05176665) (Qing et al. 2022; Ren
et al. 2020). Both molecules have demonstrated efficacy in
multiple preclinical cancer models highlighting the synergistic
function of EGFR and c-Met signaling blockade (Ou et al. 2022;
Ren et al. 2020).

2.2 EGFR x HER3

Another member of the ErbB/HER receptor tyrosine kinase
(RTK) family found in various tumor types promoting cell
proliferation, is the human epidermal growth factor re-
ceptor 3 (HER3). Expression and activation of HER3 has
been associated with resistance to drugs targeting EGFR
(Gandullo-Sanchez et al. 2022). Therefore, dual targeting of
EGFR and HER3 may be an approach to overcome this
resistance and increase selectivity for EGFR/HER3 double
positive tumors inhibiting both signaling pathways simul-
taneously (Temraz et al. 2016). Sichuan Baili Pharmaceu-
tical Co. Ltd developed the bispecific antibody SI-B001
which is built on a tetravalent platform exhibiting two
highly selective binding domains for EGFR and HER3,
respectively. In vitro, SI-B001-mediated inhibition of tumor
cell growth was stronger than that of cetuximab and duli-
gotuzumab mAb combination (Renshaw et al. 2023). The
dual blockade bispecific antibody has demonstrated
encouraging anti-tumor efficacy in several xenograft
models of epithelium squamous cell carcinomas (Xue et al.
2020) and is now being investigated in a clinical phase 2/3
study (NCT05020769).

2.3 EGFR x LGR5

To specifically trigger EGFR degradation in leucine-rich
repeat-containing G-protein-coupled receptor 5 (LGR5)-pos-
itive cancer stem cells, Merus developed the human cLC IgG1
bispecific antibody, MCLA-158, against EGFR and LGR5 with
enhanced ADCC activity (Herpers et al. 2022). MCLA-158 was
found to be a potent inhibitor of colorectal cancer organoid
growth blocking the initiation of metastasis, as well as
growth in various preclinical models of cancer, including
head and neck, esophagus and stomach tumors (Garcia et al.
2023). Currently, MCLA-158 is tested in a phase 1/2 clinical
trial (NCT03526835) where it demonstrates encouraging
clinical efficacy (Cohen et al. 2023). Compared to other
EGFR-targeting antibodies, MCLA-158 displays superior
selectivity for tumor-derived organoids and an augmented
therapeutic activity (Herpers et al. 2022), which is most likely
caused by dual TAA targeting.
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2.4 HER2 x HER3

Neuregulin 1 (NRG1)-mediated HER3 activation promotes
asymmetric dimerization of HER3 with other members of the
ErbB/RTK family, of which the HER2/HER3 dimers represent
the most oncogenic ones (Klapper et al. 1999; Zhang et al. 2006).
Consequently, addressing HER2/HER3 signaling is a promising
therapeutic approach. The bispecific humanized full-length
IgG1 antibody MCLA-128 developed by Merus targeting HER2
and HER3 is designed to block the binding of NRG1 to HER3
(Geuijen et al. 2018). One arm of the antibody binds to the HER2
receptor, optimally positioning the other arm to block the
NRGI/HER3 interaction. In tumor models resistant to HER2--
targeting agents, MCLA-128 effectively inhibits HER3 signaling
via this “dock & block” mechanism (Geuijen et al. 2018; Schram
et al. 2022). MCLA-128 demonstrated therapeutic efficacy in vi-
tro and in vivo in various tumors harboring NRG1 fusions. The
potential use of MCLA-128 as a therapy for NRG1 fusion-driven
cancers is being investigated in an ongoing phase 2 trial
(NCT02912949; NCT05588609) (Schram et al. 2022).

2.5 HER2 x HER2

Another option to improve the efficacy of an antibody by
preventing resistance via dual tumor targeting is addressing
two non-overlapping epitopes of the same TAA. Three so-
called biparatopic antibodies targeting extracellular domains
(ECDs) IT and IV of HER2, which are also bound by the mAbs
trastuzumab (IV) and pertuzumab (II) (Hao et al. 2019), are
currently being investigated in clinical trials (NCT04513665,
NCT03842085, NCT04165993). HER2 is overexpressed in many
solid tumors, leading to activation of various signaling path-
ways that promote cell proliferation and tumorigenesis
(Rubin and Yarden 2001). Since many patients experience
disease progression over time after treatment with anti-HER2
agents, intrinsic and acquired resistance to approved HER2
therapies is a clinical concern (Rexer and Arteaga 2012).
Biparatopic binding of the anti-HER2 antibodies effects re-
ceptor crosslinking which promotes receptor internalization
and degradation. BeiGenes’ ZW25 antibody, Mabworks’
MBS301 antibody and Alphamab Oncologys’ KN026 antibody
have the potential to be used for treating HER2-positive,
trastuzumab-resistant solid tumors (Huang et al. 2018;
Weisser et al. 2023; Xu et al. 2023).

2.6 DR5 x TAA

Since dysregulated cellular apoptosis and resistance to cell
death are characteristics of neoplastic initiation and
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progression, the development of compounds that overcome the
abnormal death regulation in tumor cells is of great therapeutic
value. Activation of the extrinsic apoptotic pathway is highly
dependent on hyperclustering of death receptors (DRs) on the
cell surface, and therefore tumor-targeted induction of
apoptosis may be achieved with antibodies binding DR5 and a
TAA (Briinker et al. 2016). This was confirmed by the Roche-
developed tetravalent antibody RO6874813, which targets the
fibroblast activation protein (FAP) on cancer-associated fibro-
blasts in tumor stroma with high affinity and DR5 with low
affinity (Bendell et al. 2018). Bivalent binding of both FAP and
DR5 results in avidity-driven hyperclustering of DR5, further
leading to induction of apoptosis in tumor cells but not in
normal cells (Briinker et al. 2016). The anti-tumor efficacy of
RO6874813 is strictly FAP-dependent and superior to conven-
tional DR5 antibodies. The antibody demonstrated a favorable
safety profile in patients with multiple solid tumor types in a
phase 1 trial (NCT02558140), indicating that tetravalent binding
of FAP and DR5 is a promising approach to overcome tumor-
associated resistance to apoptosis (Bendell et al. 2018). Another
TAA that shows positive effects in combination with DR5 is
CDH17, a cell surface molecule member of the Cadherin su-
perfamily of adhesion molecules (Tian et al. 2023). Boehringer
Ingelheim developed the tetravalent bispecific antibody
BI905711, targeting both DR5 and CDH17. The molecule triggers
strong and tissue-specific DR5 activation, rendering it highly
effective and strictly dependent on CDHI17 expression in
various colorectal xenograft models (Garcia-Martinez et al.
2021).

2.7 PD-L1 x TAA

The PD-1/PD-L1 axis, representing an immune checkpoint for
T cells and NK cells, is of huge interest in clinical practice as
its inhibition has tremendous impact on cancer treatment
outcomes (Brahmer et al. 2012; Sun et al. 2020). To overcome
immune surveillance, programmed cell death 1-ligand 1
(PD-L1 or CD274) is upregulated in many malignant cancers
(Ju et al. 2020). Three FDA-approved PD-L1-targeting anti-
bodies demonstrated durable clinical benefits and long-term
remissions, however, this effect has been limited to a small
proportion of patients suffering from certain cancer types
(Alvarez-Argote and Dasanu 2019; Kim 2017; Markham 2016;
O’Donnell et al. 2017; Pang et al. 2023). Bispecific antibodies
capable of simultaneously targeting another TAA may
deliver advances in cancer immunotherapy. In this partic-
ular context, high expression of programmed cell death
1-ligand 2 (PD-L2 or CD273), a second ligand for PD-1, has
been shown to play an important role in tumorigenesis and
immune escape (Wang et al. 2023). The antibody IMGS-001
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developed by ImmunoGenesis concurrently targets PD-L1
and PD-L2, which is why the molecule could benefit patients
that are resistant to existing PD-(L)1 therapy by restoring
immune-driven anti-tumor activity (Gagliardi et al. 2022).
IMGS-001 is currently being investigated in a clinical phase 1
study (NCT06014502). Further PD-L1 x TAA molecules,
including PD-L1 x PD-L2/TGF-B, effectively providing syner-
gistic blockade, were introduced by Biotheus (Riu Martinez
et al. 2022). The transforming growth factor (TGF)-
B-addressing variant, PM8001, is constituted of a humanized
anti-PD-L1 VHH domain and the ECD of TGF-B receptor II
fused to a human IgG1 Fc portion, and is currently under
clinical investigation displaying promising anti-tumor ac-
tivity in advanced solid tumors (NCT05537051) (Guo et al.
2022). In addition to this dual-targeting PD-L1 x TGF-f anti-
body, Jiangsu HengRui Medicine developed a similar
bifunctional fusion protein composed of a mAb against
PD-L1 fused with the ECD of TGF-p receptor II scrutinized as
first-line therapy for PD-Ll-positive advanced/metastatic
NSCLC as well as for advanced solid tumors in phase 1
studies (NCT03710265; NCT03774979) (Feng et al. 2021; Liu
et al. 2021). Another TAA that has been reported to be over-
expressed in a variety of cancers is represented by EGFR, as
described above (Sigismund et al. 2018). Co-targeting of
PD-L1 and EGFR elicits immune checkpoint blockade and
enhances the anti-tumor response, as demonstrated by three
preclinically developed PD-L1 x EGFR bispecific antibodies.
The molecules inhibit EGF-mediated proliferation, effec-
tively block PD-1/PD-L1 interaction and induce a strong ADCC
effect in vitro (Harwardt et al. 2022; Koopmans et al. 2018;
Rubio-Pérez et al. 2023).

2.8 CD47 x TAA

Since the interaction of CD47 with thrombispondin-1 and
SIRPa triggers a “don’t eat me” signal on macrophages,
overexpression of CD47 enables the tumor to evade immune
surveillance by blocking phagocytic mechanisms (Jiang et al.
2021). However, CD47 is ubiquitously expressed on human
cells which resulted in anti-CD47 antibodies causing severe
anemia and thrombocytopenia. To circumvent this, bispe-
cific antibodies were designed simultaneously targeting
another tumor antigen to promote tumor-selective interac-
tion of an affinity-optimized arm targeting CD47 (Jiang et al.
2021; Sun et al. 2021). TG-1801 is a fully humanized bispecific
IgG1 kA body developed by TG Therapeutics consisting of one
arm targeting the B cell specific marker CD19, widely
expressed across B cell malignancies, with high affinity, and
another arm targeting CD47 with low affinity (Normant et al.
2019; Wang et al. 2012). By binding to CD19 with high affinity,
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TG-1801 selectively inhibits CD47 signaling in B cells (Buatois
et al. 2018) and is therefore currently undergoing a phase 1
clinical trial for B cell lymphoma patients (NCT03804996).
Furthermore, the hispecific kA body NI-1801 was developed
by Novimmune targeting Mesothelin (MSLN), which is
highly expressed in many solid tumors, with high affinity
and blocking CD47 with an affinity-optimized arm (Hatterer
et al. 2020). Also in this case, the unbalanced affinity allows
selective CD47 blockade in MSLN-expressing cells. After
demonstrating an inhibitory effect on tumor growth in
xenograft models in vivo, NI-1801 is now being investigated
in a first-in-human clinical trial (NCT05403554) (Romano
et al. 2022).

Another antibody based on the concept of targeting
CD47 with low affinity and an additional TAA with high af-
finity is the anti-PD-L1/CD47 antibody IBI322 developed by
Innovent Biologics. Due to optimized target selectivities,
IBI322 is able to selectively bind CD47/PD-L1 double positive
tumor cells, even in the presence of CD47 positive erythro-
cytes. Consisting of a Fab anti-CD47 arm and a 2-VHH anti-
PD-L1 arm, IBI322 blocks an innate and an adaptive immune
checkpoint, resulting in potent tumor inhibition (Wang et al.
2021). In a phase 1 clinical study (NCT04795128), IBI322
showed encouraging anti-tumor efficacy and a manageable
safety profile, exhibiting its potential to overcome immu-
notherapy resistance for patients with classical Hodkin
lymphoma.

Two bispecific therapeutic fusion proteins developed by
ImmuneOnco Biopharmaceuticals that also target the CD47
immune checkpoint are the anti-CD47/HER2 molecule
IMM2902 and the anti-CD47/CD20 protein IMMO0306. The
fusion proteins consist of either a HER2- or CD20-targeting
antibody containing a SIRPa binding domain trapped on the
light chain or heavy chain, respectively (Meng et al. 2023;
Yu et al. 2023; Zhang et al. 2023). The dual TAA-targeting
antibodies drive several anti-tumoral killing mechanisms
supporting the choice of CD47 x TAA as therapeutic targets.

2.9 Dual tumor-targeting antibody-drug
conjugates

Antibody-drug conjugates (ADCs) combining the specificity
of antibodies with the cytotoxic activity of a highly potent
payload represent an attractive fast-growing drug class for
anti-tumor therapies (Alley et al. 2010; Fu et al. 2022). Func-
tionality of ADCs, composed of mAbs covalently bound to
cytotoxic payloads through synthetic (cleavable) linkers,
requires binding of the target antigen and subsequent
internalization, lysosomal processing and release of the
warhead mediating cytotoxic effects (Samantasinghar et al.
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2023). The optimization of ADCs regarding the antibody
portion, internalization capacity and specificity is currently
addressed by the design of bispecific dual TAA-targeting
ADCs (Figure 2). Such next-generation ADCs currently in
preclinical development or clinical trials are outlined below.

Trastuzumab, targeting HER? is used as first-line treat-
ment for HER2-positive patients. Besides the mAb, two
trastuzumab ADCs have been FDA-approved within the last
decade which are trastuzumab emtansine (Kadcyla) for
metastatic breast cancer and trastuzumab deruxtecan
(Enhertu) for metastatic breast cancer and locally advanced
or metastatic HER2-positive gastric or gastroesophageal
adenocarcinoma (Matikonda et al. 2022). Despite the clinical
successes of trastuzumab-based ADCs, improved internali-
zation properties may result in more potent molecules since
their internalization usually relies on crosslinking of HER2
while monomeric HER2 does not internalize efficiently
(Baulida et al. 1996; Goeij et al. 2014). Goeij et al. developed a
bispecific dual tumor cell-targeting ADC against HER2 and
the lysosome-associated membrane protein 3 (LAMP3 or
CD63) featuring enhanced lysosomal ADC delivery (Goeij
et al. 2016). CD63 shuttles between the plasma membrane
and intracellular compartments and has been reported to be
overexpressed in various cancer types including cervical,
breast and gastrointestinal cancer and is frequently associ-
ated with tumor metastasis (Mujcic et al. 2009; Nagelkerke
et al. 2011; Pols and Klumperman 2009; Sun et al. 2014). The
HER2 x CD63 ADC efficiently internalized, accumulated in
the lysosomes, and conjugated to the microtubule disrupting
agent duostatin-3 cytotoxicity in HER2-positive tumor cells
was potently mediated in vitro and in a xenograft model
in vivo (Goeij et al. 2016).

In a similar manner, a bispecific MMAE-conjugated
antibody was generated targeting HER2, by utilizing a
trastuzumab-based arm, and prolactin preceptor (PRLR)
(Zong et al. 2022). Besides the two receptors displaying
crosstalk signaling in breast cancer cells, PRLR has been
reported to undergo rapid internalization thereby facili-
tating ADC uptake (Kavarthapu et al. 2021; Piazza et al. 2009).
In vitro studies demonstrated higher internalization effi-
ciency and augmented anti-tumor activity compared to
trastuzumab ADC in human breast cancer cell lines (Zong
et al. 2022).

In terms of ADCs’ tumor specificity, several bispecific
ADCs have been engineered featuring dual tumor targeting
using either biparatopic approaches or addressing co-
expressed TAAs. Zanidatamab zovodotin (ZW49), devel-
oped by Zymeworks in collaboration with BeiGene, repre-
sents a biparatopic anti-HER2 ADC targeting subdomain II
and IV of the ECD of HER2 (Jhaveri et al. 2022). Multiple
mechanisms of action are described to be induced by ZwW49
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Figure 2: Antibody derivates involving dual tumor cell-targeting or dual immune cell-targeting. Dual TAA-targeting ADCs efficiently deliver cytotoxic
drugs to tumor cells, dual TAA-targeting CAR-T cells and dual TAA-targeting trispecific ICEs (NKCEs) enhance tumor specificity, reduce tumor immune
escape and potently trigger effector mechanisms. Trispecific dual immune cell related antigen-targeting ICEs (TCEs) activate immune cells more intense

and augment effector mechanisms.

including enhanced binding and receptor clustering, dual
HER?2 signaling blockade as well as potent effector functions
(Jhaveri et al. 2022). In a first-in-human phase 1 clinical trial
the molecule demonstrated a manageable safety profile with
encouraging single-agent anti-tumor activity in pretreated
patients with HER2-positive cancers (NCT03821233).
Furthermore, a biparatopic MET x MET ADC
(REGN5093-M114) was introduced by Regeneron Pharma-
ceuticals in order to achieve a functional MET pathway
blockade (Drilon et al. 2022; Oh et al. 2023). Currently, the
ADC is investigated in a phase 1/2 study in adult patients
with MET-overexpressing NSCLC (NCT04982224).
Immunotherapies including ADC concepts involving
CD19 targeting for treatment of B cell malignancies revealed
encouraging results in the last years. Several anti-CD19 anti-
bodies have recently been approved by the FDA as e.g. the Fc-
engineered monoclonal antibody tafasitamab and the ADC
loncastuximab tesirine (Zinzani and Minotti 2022). Addition-
ally, CD22-addressing antibodies such as epratuzumab or

ADCs moxetumomab pasudotox (Lumoxiti) or inotuzumab
ozogamicin (Besponsa) proved efficacy (Shah and Sokol 2021).
There is evidence that combined targeting of both receptors is
superior to monospecific binding regarding internalization
properties as well as overcoming of drug resistance (Bach-
anova et al. 2015; Schmohl et al. 2018). The bispecific
CD19 x CD22 antibody diphtheria toxin-conjugate (DT2219)
demonstrated potent anti-tumor cell effects and is currently
being evaluated in phase 1/2 study in patients with relapsed/
refractory B lineage leukemia or lymphoma (NCT02370160)
(Schmohl et al. 2018).

2.10 Dual tumor-targeting chimeric antigen
receptor-T cells

Dual TAA-targeting therapeutic antibodies can induce tumor
cell death by both direct and indirect mechanisms. Direct
mechanisms include blocking of growth factor receptor
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signaling, whereas indirect mechanisms require interaction
with components of the host immune system, including
complement-dependent cytotoxicity, antibody-dependent
cellular phagocytosis and ADCC (Zahavi et al. 2018). A
plethora of current strategies in immune oncology rely on
simultaneous targeting of immune cells such as T cells or NK
cells and tumor cells with bispecific antibodies directing
patients’ immune cells against cancer (reviewed in chapter 3)
(Goebeler and Bargou 2020). An alternative strategy is based
on reprogrammed T cells endowed with chimeric antigen
receptors (CAR). CARs are synthetic receptors engineered to
drive T cells to recognize and eliminate cells expressing
a specific target antigen. Binding of CAR-T cells to target
antigens expressed on the cell surface occurs independently
of major histocompatibility complex (MHC) presentation,
resulting in potent T cell activation and a strong anti-tumor
response (Sadelain et al. 2013). The best-studied and clinically
validated CAR-T cells target CD19, a target expressed across
most B cell malignancies (Davila and Brentjens 2016; Miller
and Maus 2015). However, more than 50 % of patients treated
with CD19 single-targeted CAR-T cells (Si-CART) experience
relapse or refractory disease (Chavez et al. 2019; Xie et al.
2022). One of the major mechanisms contributing to the
development of resistance to Si-CARTs is antigen escape,
possibly caused by receptor genetic mutations or epitope
masking (Lemoine et al. 2021). To reduce the likelihood of
antigen escape and increase tumor cell killing activity, CAR-T
cells that target two TAAs concurrently are being explored
(Figure 2) (Sterner and Sterner 2021; Xie et al. 2022). The
following section depicts dual tumor cell-targeting CAR-T
cells that have proven to be effective in preclinical models or
are investigated in clinical trials.

Like CD19, CD20 is expressed in B cell-derived malig-
nancies but is not found on hematopoietic stem cells, making
it one of the most promising targets for treatment of
abnormal B cells (LeBien and Tedder 2008). CD19 x CD20 dual
targeting CAR-T cells have demonstrated potent and durable
anti-tumor response in vivo, as well as a strong clinical ef-
ficacy, low toxicity, and the ability to potentially reduce
antigen escape relapse in patients with relapsed/refractory
non-Hodgkin lymphoma (NCT03097770; NCT03019055;
NCT04007029) (Larson et al. 2022; Shah et al. 2020; Tong et al.
2020). Another approach to overcome antigen loss following
CAR-T cell therapy is the simultaneous targeting of CD19 and
CD22, since anti-CD22 CAR-T cells have demonstrated clinical
efficacy for B cell acute lymphoblastic leukemia (B-ALL) in
patients resistant to CD19-targeted CAR-T cell immuno-
therapy (Fry et al. 2018). However, some tumors also show
reduced surface expression of CD22, and therefore CAR-T
cells targeting both CD19 and CD22 may have a broader anti-
tumor activity. Administration of CD19 x CD22 dual targeting
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CAR-T cells to patients with relapsed/refractory B-ALL
demonstrated potent anti-leukemic activity and a good
safety profile (Dai et al. 2020; Jia et al. 2019; Wei et al. 2021), so
these molecules are currently being studied in clinical trials
(NCT05442515; NCT05225831; NCT03448393).

Although there is limited evidence from the current
clinical data that relapse after anti-BCMA Si-CART therapy
results from antigen loss, dual tumor cell-targeting CAR-T
cells are being developed that target the B cell maturation
antigen (BCMA) expressed in malignant plasma cells and
CD19, CD38, CD319 or G protein-coupled receptor class C
group 5 member D (GPRC5D) (Ferndndez de Larrea et al.
2020; Mei et al. 2021; Zah et al. 2020; Zhang et al. 2019).
BCMA x CD19 or CD38 dual targeting CAR-T cells showed
promising clinical results whereas BCMA x CD319 or GPRC5D
targeting CAR-T cells were found to be effective in preclinical
models (Garfall et al. 2023; Tang et al. 2022). These dual tar-
geting CAR-T cells offer the potential to address the unmet
medical need in 60 % of patients not remaining progression-
free over 12 months post BCMA Si-CART treatment (Raje et al.
2019; Xie et al. 2022).

3 Trispecific dual targeting immune
cell engager

Classical immune cell engagers (ICEs) simultaneously bind
target antigens on tumor cells and immune-related mole-
cules on endogenous effector cells, leading to the formation
of an immunological synapse followed by tumor cell killing.
Blinatumomab, the first US FDA-approved bispecific anti-
body, specific for B lymphocyte antigen CD19 and T cell co-
receptor CD3 led to improved outcomes in treatment of pa-
tients with relapsed or refractory B-ALL (Jen et al. 2019).
Beyond bispecific molecules, trispecific antibodies (tsAbs)
have been explored by the addition of a third binding
domain targeting either an additional tumor or immune cell
antigen bringing forth ICEs with increased tumor specificity
or enhanced immune cell responses against cancer
(Figure 2) (Tapia-Galisteo et al. 2023). The following section
reviews T cell engagers (TCE) and NK cell engagers (NKCE) in
preclinical development or under clinical investigation
binding two tumor cell targets and one immune cell target or
targeting one tumor cell target and two immune cell targets.

3.1 Dual tumor cell-targeting ICEs

As already described for the bispecific dual TAA-targeting
mAbs, dual TAA-targeting ICEs may also prevent tumor
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escape due to antigen loss and overcome antigenic hetero-
geneity (Figure 2). In most trispecific dual TAA-targeting
TCEs, the T cell binding arm targets CD3, a molecule associ-
ated with the T cell receptor (TCR) (Clevers et al. 1988).
CD3-specific antibodies are able to activate T lymphocytes
directing the cytolytic activity of T cells to tumor cells, which
facilitates their elimination independent of MHC specificity
(Singh et al. 2021). Targeting two surface antigens on
cancerous B cells, Wang et al. developed a trispecific TCE
specific for CD19, CD20 and CD3 (Wang et al. 2022). For the
same reason, Zhao et al. fused an anti-CD19 scFv and an anti-
CD22 nanobody to an anti-CD3 Fab fragment. The trispecific
CD19 x CD22 x CD3 antibody showed improved anti-tumor
efficacy in a patient-derived xenograft model of B-ALL and
abhility to overcome immune escape compared to the corre-
sponding bispecific (CD19 x CD3) antibody and blinatumo-
mab (Zhao et al. 2022). Since acute leukemias with co-
expression of the B lymphoid lineage marker CD19 and the
myeloid lineage marker CD33 usually have a poor prognosis,
Roskopf et al. generated the dual-targeting triplebody 33-3-
19, which induces specific lysis of myeloid and B lymphoid
cell lines, favoring CD33 and CD19 double positives over
single positive leukemia cells, highlighting the potential of
dual TAA-targeting agents in leukemia patients (Roskopf
et al. 2016). For the treatment of colorectal cancer, a trispe-
cific dual TAA-targeting TCE has shown promising data
in vitro and in vivo. A CD3-specific scFv flanked by anti-EGFR
and anti-epithelial cell adhesion molecule (EpCAM) VHH
fragments enabled specific cytolysis of EGFR- and/or
EpCAM-expressing cancer cells. Here, bivalent bispecific
targeting of double-positive cells improved in vitro potency
by up to 100-fold compared to single-positive cells and
significantly prolonged survival in vivo compared to corre-
sponding bispecific antibodies (Tapia-Galisteo et al. 2022). A
similar architecture was applied by Liu et al. to fuse a HER2
and a VEGFR2 binding nanobody to an anti-CD3 Fab. The
trispecific HER2 x CD3 x VEGFR2 antibody showed improved
anti-tumor efficacy in vitro and in vivo compared to the
corresponding bispecific antibodies alone or in combination,
overcoming tumor recurrence due to antigen escape or
resistance to therapy observed with the anti-HER2 antibody
trastuzumab or the anti-VEGFR2 antibody ramucirumab
(Liu et al. 2022).

Another type of ICEs is represented by NKCEs, molecules
developed to augment tumor cell killing by NK cell inherent
toxicity (Demaria et al. 2021). A large portion of dual
TAA-targeting NKCEs involve the activating NK cell receptor
immunoglobulin Fcy receptor IIla (FcyRIlla or CD16a),
naturally targeted with low affinity by the Fc region of
TAA-bound IgG antibodies (Khan et al. 2020). The developed
NKCEs bind CD16 with increased affinity, resulting in an
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enhanced cytotoxicity and better/advanced safety profile
compared to antibodies targeting CD16 with wild-type I1gG1
Fc (Johnson et al. 2010; Tapia-Galisteo et al. 2023). The com-
bination of the TAAs CD33 and CD19 with CD16 targeting also
showed positive effects plugged in NKCEs as demonstrated
by a single-chain triplebody generated by Schubert et al.
(Schubert et al. 2011). Targeting of CD33 together with CD123
using the trispecific single-chain Fv derivative,
CD33 x (D16 x CD123 induced significantly stronger
NK-mediated lysis of primary leukemic cells compared to the
trivalent bispecific construct CD123 x CD16 x CD123 (Kiigler
et al. 2010). CD22 x CD16 x CD19 trispecific tandem scFv
molecule directly activated NK cells through CD16 and
induced target specific cytotoxicity as well as cytokine and
chemokine production resulting in the NK cell-mediated
elimination of different types of leukemic cells (Gleason et al.
2012). Dual TAA-targeting trispecific NKCEs are beyond that
generated for other indications such as multiple myeloma.
Gantke et al. developed a monospecific anti-CD16 diabody
with two scFvs at both termini, one anti-BCMA and one anti-
CD200. This trispecific tetravalent aTriFlex showed
increased selectivity for multiple myeloma cells and a 17-fold
increase in in vitro potency (Gantke et al. 2017). Concurrent
targeting of EGFR and PD-L1 besides CD16 with trispecific
antibodies using the common light chain technology
increased tumor specificity along with PD-L1/PD-1 check-
point inhibition, resulting in a potent ADCC effect in vitro
(Bogen et al. 2021; Harwardt et al. 2023). These data support
the suggestion that trispecific antibodies involving dual tu-
mor targeting strategies and redirection of immune cell
cytotoxicity reveal augmented potencies compared to clas-
sical bispecific ICEs.

3.2 Dual immune cell-targeting ICEs

Besides dual tumor cell-targeting antibodies, trispecific dual
immune cell-targeting molecules have been developed
providing co-stimulatory signals to immune effector cells
which further enhance responses against cancer (Figure 2).

3.3 Dual T cell-targeting ICEs

Complete activation of T lymphocytes naturally requires two
signals, the first signal is derived from antigen recognition
via the T cell receptor (TCR)/CD3 complex while the second
signal is provided by engagement of co-stimulatory re-
ceptors (expressed on the T cell surface) (Chen and Flies 2013;
Esensten et al. 2016; Mueller et al. 1989; Smith-Garvin et al.
2009). Ligation of co-stimulatory molecules such as CD28
enables T cell proliferation, differentiation and production
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of cytokines necessary for adequate immune response (Boise
et al. 1993; Esensten et al. 2016; Guo et al. 2008; Lindstein et al.
1989). Inhibitory receptors upregulated post T cell activation
including PD-1, cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) and B and T lymphocyte attenuator (BTLA) termi-
nate T cell activation (Carreno and Collins 2003; Freeman
et al. 2000; Walker and Sansom 2011). Harnessing cytotoxic
properties of T cells, numerous TCEs that activate T cells via
CD3 and redirect them to cancer cells have been developed
and are currently undergoing clinical development (Zhou
et al. 2021). The first CD28 superagonist TGN1412, intended to
activate regulatory T cells for immune tolerance, failed in a
first-in-human clinical trial inducing a dramatical cytokine
release syndrome (CRS) (Suntharalingam et al. 2006; Tyrsin
et al. 2016). Almost one decade later the antibody, renamed to
TABO08, was forwarded to clinical studies (NCT01885624)
again. Application of significantly lower CD28 superagonist
doses to the patients resulted in desired T cell simulating
effects (Tabares et al. 2014).

The CD3 molecule is non-covalently associated with the
TCR and participates in antigen-specific signal transduction
inducing initial activation of T cells (Chen and Flies 2013).
Engagement of the co-stimulatory CD28 molecule triggers
alternative signal transduction pathways and thereby inhibits
unresponsiveness/anergy state and activation-induced cell
death (Boise et al. 1993; Crespo et al. 2013). Recently, Sanofi
developed a first-in-class dual T cell activation molecule
comprising CD3 and CD28 binding domains besides the tumor-
related moiety which demonstrated efficient and durable T cell
stimulation and potent anti-tumor activity (Seung et al. 2022;
Wu et al. 2020). Two tsAb constructs differing in TAA-targeting
units were designed using the cross-over dual variable (CODV)
bispecific antibody format and are currently investigated in
phase 1 clinical studies (NCT04401020/NCT05013554) (Steinmetz
et al. 2016).

The first of the two dual TCEs (SAR442257) targets TAA
CD38 for treatment of multiple myeloma and non-Hodgkin’s
Iymphoma. T cell co-stimulation by the tsAb increased the
potency and survival of T cells lysing the tumor cells and
further provoked amplification of antigen-specific memory
T cells in vitro. Besides beneficial effects of dual T cell tar-
geting monovalent interaction towards CD28 resulted in a
reduced non-specific cytokine release in vitro compared to
the bivalent parental anti-CD28 mAb. Beyond that the CD28
specificity contributed to superior recognition of different
tumor antigen level-expressing myeloma cells (CD38*/CD28")
resulting in specific and enhanced tumor cell lysis. In vivo
administration of the tsAb resulted in suppressed myeloma
growth in a humanized mouse model and displayed
acceptable pharmacodynamics and toxicity in non-human
primates (Wu et al. 2020). The second trispecific molecule
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developed by Sanofi (SAR443216) is composed of HER2, CD3
and CD28 targeting units structurally based on their previ-
ously developed multispecific antibody platform. Over-
coming current limitations of HER2-targeting monoclonal
antibody therapies such as resistance in triple-negative
breast cancer, the tsAb is intended to improve clinical out-
comes for patients with varying HER2 level-expressing solid
tumors e.g., breast or gastric cancer. Efficient stimulation of
T cell activation and proliferation as well as potent anti-
tumor effects against cells with low to high HER2 densities
were effectuated in vitro by the dual TCE. Mechanisms
contributing to tumor regression were shown to be exerted
by CD8 T cells directly mediating tumor cell lysis in vitro and
additionally by CD4 T cells blocking cancer cell cycle pro-
gression at G1/S and inducing pro-inflammatory responses
in vitro and in humanized mouse models in vivo (Seung et al.
2022). The multispecific antibody approach providing two
signals to stimulate T cells also triggers co-signaling which
differs from signaling mediated by separate mAbs engaging
the single receptors involved unrevealed mechanisms of
T cell anti-tumor activity.

3.4 Dual NK cell-targeting ICEs

NK cells are key players in the innate immune System, exerting
direct cytotoxic effects on infected or tumor cells and further
eliciting multicellular immune responses ultimately resulting
in sustained host protection (Vivier et al. 2008). The activation
of NK lymphocytes is highly regulated by a set of germline-
encoded stimulating and inhibitory receptors expressed on the
cell membrane (Cooper et al. 2001). Equivalent to TCEs, NKCEs
are hispecific molecules that bind to TAAs on tumor cells and to
activating receptors on NK cells mediating potent anti-tumor
immunity. The NK cell receptors to be addressed by NKCEs
include CD16a, C-type lectin-like receptors natural-killer group
2, member D (NKG2D) and CD94/NKG2C, and natural cytotox-
icity receptors NKp30, NKp44 and NKp46 (Demaria et al. 2021).

CD16 and NKp46 belong to the immunoglobulin super-
family, are both constituted of two extracellular Ig-like do-
mains associated with FcRy and CD3( ITAM-bearing
polypeptides, therefore sharing protein-tyrosine Kkinase
(PTK)-dependent signaling pathways responsible for effector
cell functions (Demaria et al. 2021; Ravetch and Bolland 2001;
Sivori et al. 1999). In 2019, Gauthier et al. (Innate Pharma)
reported the generation of trifunctional CD16 x NKp46 x TAA
antibody constructs composed of an engineered Fc for
enhanced CD16 binding, a first-in-class agonist anti-NKp46
cross-mab and TAA-targeting Fabs against CD19, CD20 or
EGFR (Gauthier et al. 2019). The trispecific NKCEs triggered
potent cancer cell lysis by human primary NK cells in vitro
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without inducing off-target effects or fratricidal NK cell
killing. In vivo ADCC-mediated tumor clearance was pro-
moted by the trifunctional antibody superior to effector-
silenced versions in various preclinical mouse models of
solid and invasive cancers (Gauthier et al. 2019). Based on
this approach of dual NK cell engagement by CD16 and
NKp46 and targeting of different TAAs, the antibody-based
NK cell engager therapeutics (ANKET®) platform has been
developed by Innate Pharma (Demaria et al. 2021). In
collaboration with Sanofi three drug candidates are
currently under preclinical and clinical phase 1/2 investiga-
tion which incorporate TAA-targeting units against B7-H3
(IPH62), CD123 (IPH6101; NCT05086315) or BCMA (IPH6401;
NCT05839626) for treatment of different types of cancer.

The activating NKG2D homodimeric receptor lacks
signaling properties and mediates intracellular signal propa-
gation via two associated DAP10 adapter proteins (which
trigger the PI-3K pathway and a Grb2-Vavl-dependent
pathway) (Zingoni et al. 2018). The activating NK cell receptor
is featured by the ability to interact with numerous distinct
ligands expressed by abnormal cells resulting in transduction
of different signals and NK cell reactions. Dragonfly Thera-
peutics designed and patented multispecific binding proteins,
referred to as TriNKETS (Trispecific NK cell Engager Therapies),
that bind to NKG2D, CD16 and various TAAs such as HLA-E,
CCR4, PD-L1, FLT3, EGFR, CD33, BCMA or HER2 (Baruah et al.
2020; Chang et al. 2018a, b). In general, the combination of CD16
and NKG2D engagement caused a synergistic activation of NK
cells and may counteract tumor immune escape mechanisms
such as CD16 downmodulation. TriNKET molecule DF9001,
specific for tumor antigen EGFR, displayed improved target cell
lysis compared to the parental EGFR-targeting mAbs (necitu-
mumab, panitumumab) and is currently investigated in clinical
phase 1 studies (NCT05597839) (Chang et al. 2018a). DF1001, the
TriNKET progressed furthest in clinical development, targets
HER2 and is currently being evaluated in phase 1/2 studies of
patients with advanced solid tumors (NCT04143711).

4 Conclusions and prospects

In the fight against cancer, there is high demand for the
development of novel therapies, with multispecific antibodies
gaining importance as they can induce and combine multiple
mechanisms of actions. Compared to monospecific mAbs,
bispecific antibodies allow immune cell involvement or high
precision tumor targeting by dual TAA binding. Attachment of
another functionality results in trispecific molecules
addressing either immune cells or target cancer cells with two
antibody moieties. Thereby a variety of different mechanisms
can be executed at the same time including immune
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checkpoint blockade, simultaneous modulation of two
signaling pathways, circumvention of drug resistance and
immune escape or augmented immune cell activation
engendering more intense and durable anti-tumor effects.
Tetraspecific antibodies have recently been added to the
arsenal of multispecific antibodies, including molecules
derived from the Sanofi ANKET® (antibody-based NK cell
engager therapeutics) platform (Demaria et al. 2022). Tetra-
specific ANKETS target NKp46, CD16a, IL-2Rp and a TAA via a
single molecule inducing preferential activation and prolif-
eration of NK cells and triggering NK cell cytotoxicity as well
as cytokine and chemokine production by triple NK targeting.
Besides NKCEs, tetraspecific TCEs were rendered by Sichuan
Baili/Systimmune addressing CD3, 4-1BB, PD-L1 and a TAA and
are currently being tested in clinical trials (NCT05160545;
NCT04606433; NCT04794972) (Claus et al. 2023). The innovative
molecules, not being described in scientific literature, deliver
two T cell-stimulatory signals and concurrently dual target
tumor cells including the blockade of an immune checkpoint.
However, complex structural designs uniting diverse binding
modalities also raise challenges with respect to manufactur-
ability such as proteolysis, aggregation, incorrect assembly of
multichain antibodies or low expression yields (Krah et al.
2018; Ma et al. 2020). Besides technical issues there may also be
limitations regarding application of antibody drugs to
humans including CRS by overstimulation of T cells or
immunogenicity which requires careful pharmacologic risk
assessment (Kroenke et al. 2021; Shah et al. 2023; Shimabu-
kuro-Vornhagen et al. 2018).

In conclusion, bispecific and multispecific protein and
cell-based therapies have the potential for broad use as
highly effective treatment options for cancer patients,
improving tumor eradication in early but also in later stages
of tumor progression and reducing risk of tumor recurrence.

Research ethics: Not applicable.

Author contributions: The authors have accepted
responsibility for the entire content of this manuscript and
approved its submission.

Competing interests: The authors state no conflict of
interest.

Research funding: None declared.

Data availability: Not applicable.

References

Alley, S.C., Okeley, N.M., and Senter, P.D. (2010). Antibody-drug conjugates:
targeted drug delivery for cancer. Curr. Opin. Chem. Biol. 14: 529-537.

Alvarez-Argote, J. and Dasanu, C.A. (2019). Durvalumab in cancer medicine:
a comprehensive review. Expert. Opin. Biol. Ther. 19: 927-935.



DE GRUYTER

Bachanova, V., Frankel, A.E., Cao, Q., Lewis, D., Grzywacz, B., Verneris, M.R.,
Ustun, C., Lazaryan, A., McClune, B., Warlick, E.D., et al. (2015). Phase I
study of a bispecific ligand-directed toxin targeting CD22 and CD19
(DT2219) for refractory B-cell malignancies. Clin. Cancer Res. 21:
1267-1272.

Baruah, H., Chang, G., Cheung, A., Grinberg, A., Juo, Z., and Mcquade, T.
(2020). Proteins binding NKG2D, CD16 and FLT3. US201962915123P
A61K39/395;A61P35/00;C07K16/28;C07K16/30;C07K16/46.

Baulida, J., Kraus, M.H., Alimandi, M., Di Fiore, P.P., and Carpenter, G. (1996).
All ErbB receptors other than the epidermal growth factor receptor
are endocytosis impaired. J. Biol. Chem. 271: 5251-5257.

Bendell, J., Blay, J.-Y., Cassier, P., Bauer, T., Terret, C., Mueller, C., Morel, A.,
Chesne, E., Xu, Z., Tessier, J., et al. (2018). Abstract A092: phase 1 trial of
RO6874813, a novel bispecific FAP-DR5 antibody, in patients with solid
tumors. Mol. Cancer Ther. 17: A092.

Bogen, J.P., Carrara, S.C., Fiebig, D., Grzeschik, J., Hock, B., and Kolmar, H.
(2021). Design of a trispecific checkpoint inhibitor and natural killer cell
engager based on a 2 + 1 common light chain antibody architecture.
Front. Immunol. 12: 669496.

Boise, L.H., Gonzélez-Garcia, M., Postema, C.E., Ding, L., Lindsten, T., Turka,
L.A., Mao, X., Nufiez, G., and Thompson, C.B. (1993). bcl-x, a bcl-
2-related gene that functions as a dominant regulator of apoptotic cell
death. Cell 74: 597-608.

Brahmer, J.R., Tykodi, S.S., Chow, L.Q.M., Hwu, W.-J., Topalian, S.L., Hwu, P.,
Drake, C.G., Camacho, L.H., Kauh, ., Odunsi, K., et al. (2012). Safety and
activity of anti-PD-L1 antibody in patients with advanced cancer.

N. Engl. J. Med. 366: 2455-2465.

Brennan, F.R., Morton, L.D., Spindeldreher, S., Kiessling, A., Allenspach, R.,
Hey, A, Muller, P.Y., Frings, W., and Sims, J. (2010). Safety and
immunotoxicity assessment of immunomodulatory monoclonal
antibodies. MAbs 2: 233-255.

Briinker, P., Wartha, K., Friess, T., Grau-Richards, S., Waldhauer, L., Koller,
C.F., Weiser, B., Majety, M., Runza, V., Niu, H., et al. (2016). RG7386, a
novel tetravalent FAP-DRS5 antibody, effectively triggers
FAP-dependent, avidity-driven DR5 hyperclustering and tumor cell
apoptosis. Mol. Cancer Ther. 15: 946-957.

Buatois, V., Johnson, Z., Salgado-Pires, S., Papaioannou, A., Hatterer, E.,
Chauchet, X., Richard, F., Barba, L., Daubeuf, B., Cons, L., et al. (2018).
Preclinical development of a bispecific antibody that safely and
effectively targets CD19 and CD47 for the treatment of B-cell
lymphoma and leukemia. Mol. Cancer Ther. 17: 1739-1751.

Carreno, B.M. and Collins, M. (2003). BTLA: a new inhibitory receptor with a
B7-like ligand. Trends Immunol. 24: 524-527.

Chang, G.P., Cheung, A.F., Du, J., Grinberg, A., Haney, W., Sethi, D.K.,
Wagtmann, N., Lunde, B.M., and Prinz, B. (2018a). Proteins binding
NKG2D, CD16, and EGFR, CCR4, or PD-L1. US201762546297P;
US201762546300P;US201762552152P;US201762555114P;
EP20180846836;W02018US00212 A61K47/68;C07K14/705;C07K16/28;
C07K16/30.

Chang, G.P., Cheung, A.F., Haney, W., Lunde, B.M., and Prinz, B. (2018b).
Proteins binding HER2, NKG2D and CD16. US201762461146P;
US201816486569;W02018US18771 A61P35/00;C07K16/28;C07K16/32.

Chavez, ).C., Bachmeier, C., and Kharfan-Dabaja, M.A. (2019). CAR T-cell
therapy for B-cell lymphomas: clinical trial results of available
products. Ther. Adv. Hematol. 10: Article no. 2040620719841581.

Chen, L. and Flies, D.B. (2013). Molecular mechanisms of T cell co-
stimulation and co-inhibition. Nat. Rev. Immunol. 13: 227-242.

Claus, C., Ferrara-Koller, C., and Klein, C. (2023). The emerging landscape of
novel 4-1BB (CD137) agonistic drugs for cancer immunotherapy. MAbs
15: 2167189.

K. Schoenfeld et al.: Dual targeting antibodies for cancer immunotherapy —— 455

Clevers, H., Alarcon, B., Wileman, T., and Terhorst, C. (1988). The T cell
receptor/CD3 complex: a dynamic protein ensemble. Annu. Rev.
Immunol. 6: 629-662.

Cohen, E.E., Fayette, J., Daste, A., Even, C., Le Tourneau, C., Brana, L, Saada,
E.,Fontana, E., Iglesias, L., Kato, S., et al. (2023). Abstract CT012: clinical
activity of MCLA-158 (petosemtamab), an IgG1 bispecific antibody
targeting EGFR and LGRS, in advanced head and neck squamous cell
cancer (HNSCC). Cancer Res. 83: CT012.

Cooper, M.A,, Fehniger, T.A., and Caligiuri, M.A. (2001). The biology of
human natural killer-cell subsets. Trends Immunol. 22: 633-640.
Crespo, J., Sun, H., Welling, T.H., Tian, Z., and Zou, W. (2013). T cell anergy,
exhaustion, senescence, and stemness in the tumor
microenvironment. Curr. Opin. Immunol. 25: 214-221.

Dai, H., Wu, Z,, Jia, H., Tong, C., Guo, Y., Ti, D., Han, X,, Liu, Y., Zhang, W.,
Wang, C., et al. (2020). Bispecific CAR-T cells targeting both CD19 and
CD22 for therapy of adults with relapsed or refractory B cell acute
lymphoblastic leukemia. J. Hematol. Oncol. 13: 30.

Davila, M.L. and Brentjens, RJ. (2016). CD19-Targeted CAR T cells as novel
cancer immunotherapy for relapsed or refractory B-cell acute
lymphoblastic leukemia. Clin. Adv. Hematol. Oncol. 14: 802-808.

Demaria, O., Gauthier, L., Debroas, G., and Vivier, E. (2021). Natural killer cell
engagers in cancer immunotherapy: next generation of immuno-
oncology treatments. Eur. J. Inmunol. 51: 1934-1942.

Demaria, O., Gauthier, L., Vetizou, M., Blanchard Alvarez, A., Vagne, C.,
Habif, G., Batista, L., Baron, W., Belaid, N., Girard-Madoux, M., et al.
(2022). Antitumor immunity induced by antibody-based natural killer
cell engager therapeutics armed with not-alpha IL-2 variant. Cell Rep.
Med. 3: 100783.

Dheilly, E., Moine, V., Broyer, L., Salgado-Pires, S., Johnson, Z., Papaioannou,
A., Cons, L., Calloud, S., Majocchi, S., Nelson, R., et al. (2017). Selective
blockade of the ubiquitous checkpoint receptor CD47 is enabled by
dual-targeting bispecific antibodies. Mol. Ther. 25: 523-533.

Drilon, A.E., Awad, M.M., Gadgeel, S.M., Villaruz, L.C., Sabari, J.K., Perez, .,
Daly, C., Patel, S., Li, S., Seebach, F.A., et al. (2022). A phase 1/2 study of
REGN5093-M114, a METXMET antibody-drug conjugate, in patients
with mesenchymal epithelial transition factor (MET)-overexpressing
NSCLC. J. Clin. Oncol. 40: TPS8593.

Esensten, J.H., Helou, Y.A., Chopra, G., Weiss, A., and Bluestone, J.A. (2016).
CD28 costimulation: from mechanism to therapy. Immunity 44:
973-988.

Feng, J., Chen,J., Li, K., Li, X., Min, X,, Li, B, Lin, L., Fang, Y., Sun, Y., Zhu, B.,
et al. (2021). 1278P SHR-1701, a bifunctional fusion protein targeting
PD-L1 and TGF-B, as first-line therapy for PD-L1+ advanced/metastatic
NSCLC: data from a clinical expansion cohort of a phase I study. Ann.
Oncol. 32: S995.

Fernandez de Larrea, C., Staehr, M., Lopez, AV., Ng, K.Y., Chen, Y., Godfrey,
W.D., Purdon, TJ., Ponomarev, V., Wendel, H.-G., Brentjens, RJ., et al.
(2020). Defining an optimal dual-targeted CAR T-cell therapy approach
simultaneously targeting BCMA and GPRC5D to prevent BCMA escape-
driven relapse in multiple myeloma. Blood Cancer Discov. 1: 146-154.

Freeman, G.J., Long, AJ., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H.,
Fitz, LJ., Malenkovich, N., Okazaki, T., Byrne, M.C., et al. (2000).
Engagement of the PD-1 immunoinhibitory receptor by a novel B7
family member leads to negative regulation of lymphocyte activation.
J- Exp. Med. 192: 1027-1034.

Fry, TJ., Shah, N.N., Orentas, R., Stetler-Stevenson, M., Yuan, C.M.,
Ramakrishna, S., Wolters, P., Martin, S., Delbrook, C., Yates, B., et al.
(2018). CD22-targeted CAR T cells induce remission in B-ALL that is
naive or resistant to CD19-targeted CAR immunotherapy. Nat. Med. 24:
20-28.



456 —— K. Schoenfeld et al.: Dual targeting antibodies for cancer immunotherapy

Fu, Z., Li, S., Han, S., Shi, C., and Zhang, Y. (2022). Antibody drug conjugate:
the “biological missile” for targeted cancer therapy. Signal Transduct.
Target. Ther. 7: 93.

Gagliardi, C., Pericle, F., Salameh, A,, Blezinger, P., and Curran, M. (2022).
1333 Development of IMGS-001, a novel anti-PD-L1/PD-L2 dual
specific, multi-functional antibody, to treat immune excluded tumors.
In: Regular and young investigator award abstracts. BM] Publishing
Group Ltd, Boston, MA, p. A1382.

Gandullo-Sénchez, L., Ocafia, A., and Pandiella, A. (2022). HER3 in cancer:
from the bench to the bedside. J. Exp. Clin. Cancer Res. 41: 310.

Gantke, T., Weichel, M., Herbrecht, C., Reusch, U., Ellwanger, K., Fucek, L.,
Eser, M., Milller, T., Griep, R., Molkenthin, V., et al. (2017). Trispecific
antibodies for CD16A-directed NK cell engagement and dual-targeting
of tumor cells. Protein Eng. Des. Sel. 30: 673-684.

Garcia, M.D., Hollebecque, A., Garcia-Carbonero, R., Jungels, C., Smyth, E.,
Kato, S., Argilés, G., Martin, C.G., Magin, M., Shen, Y.-M,, et al. (2023)
Abstract CT156: MCLA-158 (petosemtamab), an IgG1 bispecific
antibody targeting EGFR and LGRS5, in advanced gastric/esophageal
adenocarcinoma (GEA). Cancer Res. 83: CT156.

Garcia-Martinez, J.M., Wang, S., Weishaeupl, C., Wernitznig, A., Chetta, P.,
Pinto, C., Ho, J., Dutcher, D., Gorman, P.N., Kroe-Barrett, R., et al.
(2021). Selective tumor cell apoptosis and tumor regression in
CDH17-positive colorectal cancer models using BI 905711, a novel liver-
sparing TRAILR2 agonist. Mol. Cancer Ther. 20: 96-108.

Garfall, A.L.,, Cohen, A.D., Susanibar-Adaniya, S.P., Hwang, W.-T., Vog|, D.T.,
Waxman, AJ., Lacey, S.F., Gonzalez, V.E., Fraietta, J.A., Gupta, M., et al.
(2023). Anti-BCMA/CD19 CAR T cells with early immunomodulatory
maintenance for multiple myeloma responding to initial or later-line
therapy. Blood Cancer Discov. 4: 118-133.

Gauthier, L., Morel, A., Anceriz, N., Rossi, B., Blanchard-Alvarez, A., Grondin,
G., Trichard, S., Cesari, C., Sapet, M., Bosco, F., et al. (2019).
Multifunctional natural killer cell engagers targeting NKp46 trigger
protective tumor immunity. Cell 177: 1701-1713.e16.

Geuijen, C.A.W., de Nardis, C, Maussang, D., Rovers, E., Gallenne, T.,
Hendriks, LJ.A., Visser, T., Nijhuis, R., Logtenberg, T., de Kruif, J., et al.
(2018). Unbiased combinatorial screening identifies a bispecific IgG1
that potently inhibits HER3 signaling via HER2-guided ligand blockade.
Cancer Cell 33: 922-936.€10.

Giovannetti, E. and Leon, L.G. (2014). New strategies and applications for
drugs targeting EGFR and c-Met. Curr. Drug Targets 15: 1261-1262.

Gleason, M.K., Verneris, M.R., Todhunter, D.A., Zhang, B., McCullar, V., Zhou,
S.X., Panoskaltsis-Mortari, A., Weiner, L.M., Vallera, D.A., and Miller, J.S.
(2012). Bispecific and trispecific killer cell engagers directly activate
human NK cells through CD16 signaling and induce cytotoxicity and
cytokine production. Mol. Cancer Ther. 11: 2674-2684.

Goebeler, M.-E. and Bargou, R.C. (2020). T cell-engaging therapies - BiTEs
and beyond. Nat. Rev. Clin. Oncol. 17: 418-434.

Goeij, B.E.C.G., Peipp, M., Haij, S., van den Brink, E.N., Kellner, C., Ried|, T.,
de Jong, R, Vink, T., Strumane, K., Bleeker, W.K., et al. (2014). HER2
monoclonal antibodies that do not interfere with receptor
heterodimerization-mediated signaling induce effective
internalization and represent valuable components for rational
antibody-drug conjugate design. MAbs 6: 392-402.

Goeij, B.E.C.G., Vink, T., Ten Napel, H., Breij, E.C.W., Satijn, D., Wubbolts, R.,
Miao, D., and Parren, P.W.H.L. (2016). Efficient payload delivery by a
bispecific antibody-drug conjugate targeting HER2 and CD63. Mol.
Cancer Ther. 15: 2688-2697.

Guo, F., Iclozan, C., Suh, W.-K., Anasetti, C., and Yu, X.-Z. (2008). CD28
controls differentiation of regulatory T cells from naive CD4 T cells.
J. Immunol. 181: 2285-2291.

DE GRUYTER

Guo, Y., Liu, B., Lv, D., Cheng, Y., Zhou, T., Zhong, Y., Hu, C,, Chen, G., Wu, X.,
Yin, Y., et al. (2022). Phase I/11a study of PM8001, a bifunctional fusion
protein targeting PD-L1 and TGF-B, in patients with advanced tumors.
J. Clin. Oncol. 40: 2512.

Hao, Y., Yu, X,, Bai, Y., McBride, H.J., and Huang, X. (2019). Cryo-EM structure
of HER2-trastuzumab-pertuzumab complex. PLoS One 14: €0216095.

Harwardt, ., Bogen, J.P., Carrara, S.C., Ulitzka, M., Grzeschik, J., Hock, B.,
and Kolmar, H. (2022). A generic strategy to generate bifunctional
two-in-one antibodies by chicken immunization. Front. Immunol.
13: 888838.

Harwardet, J., Carrara, S.C., Bogen, J.P., Schoenfeld, K., Grzeschik, J., Hock,
B., and Kolmar, H. (2023). Generation of a symmetrical trispecific NK
cell engager based on a two-in-one antibody. Front. Immunol. 14:
1170042.

Hatterer, E., Chauchet, X., Richard, F., Barba, L., Moine, V., Chatel, L., Broyer,
L., Pontini, G., Bautzova, T., Juan, F., et al. (2020). Targeting a
membrane-proximal epitope on mesothelin increases the tumoricidal
activity of a bispecific antibody blocking CD47 on mesothelin-positive
tumors. MAbs 12: 1739408.

Herpers, B., Eppink, B., James, M., Cortina, C., Cafiellas-Socias, A., Boj, S.F.,
Hernando-Momblona, X., Glodzik, D., Roovers, R.C., van de Wetering,
M., et al. (2022). Functional patient-derived organoid screenings
identify MCLA-158 as a therapeutic EGFR x LGRS bispecific antibody
with efficacy in epithelial tumors. Nat. Cancer 3: 418-436.

Huang, S., Li, F., Liu, H., Ye, P, Fan, X., Yuan, X., Wu, Z., Chen, J., Jin, C., Shen,
B., et al. (2018). Structural and functional characterization of MBS301,
an afucosylated bispecific anti-HER2 antibody. MAbs 10: 864-875.

Huang, S., van Duijnhoven, S.M.J,, Sijts, AJ.A.M., and van Elsas, A. (2020).
Bispecific antibodies targeting dual tumor-associated antigens in
cancer therapy. J. Cancer Res. Clin. Oncol. 146: 3111-3122.

Jen, E.Y., Xu, Q., Schetter, A., Przepiorka, D., Shen, Y.L., Roscoe, D., Sridhara,
R., Deisseroth, A., Philip, R., Farrell, A.T., et al. (2019). FDA approval:
blinatumomab for patients with B-cell precursor acute lymphoblastic
leukemia in morphologic remission with minimal residual disease.
Clin. Cancer Res. 25: 473-477.

Jhaveri, K., Han, H., Dotan, E., Oh, D.-Y., Ferrario, C., Tolcher, A, Lee, K.-W., Liao,
C.-Y, Kang, Y.-K.,Kim, Y.H., et al. (2022). 460MO Preliminary results from
a phase I study using the bispecific, human epidermal growth factor 2
(HER2)-targeting antibody-drug conjugate (ADC) zanidatamab
zovodotin (ZW49) in solid cancers. Ann. Oncol. 33: S749-S750.

Jia, H., Wang, Z., Wang, Y., Liu, Y., Dai, H., Tong, C., Guo, Y., Guo, B., Ti, D.,
Han, X., et al. (2019). Haploidentical CD19/CD22 bispecific CAR-T cells
induced MRD-negative remission in a patient with relapsed and
refractory adult B-ALL after haploidentical hematopoietic stem cell
transplantation. /. Hematol. Oncol. 12: 57.

Jiang, Z., Sun, H., Yu, J., Tian, W., and Song, Y. (2021). Targeting CD47 for
cancer immunotherapy. J. Hematol. Oncol. 14: 180.

Johnson, S., Burke, S., Huang, L., Gorlatov, S., Li, H., Wang, W., Zhang, W.,
Tuaillon, N., Rainey, J., Barat, B., et al. (2010). Effector cell recruitment
with novel Fv-based dual-affinity re-targeting protein leads to potent
tumor cytolysis and in vivo B-cell depletion. J. Mol. Biol. 399: 436-449.

Ju, X, Zhang, H., Zhou, Z., and Wang, Q. (2020). Regulation of PD-L1
expression in cancer and clinical implications in immunotherapy. Am.
J. Cancer Res. 10: 1-11.

Kavarthapu, R., Anbazhagan, R., and Dufau, M.L. (2021). Crosstalk between
PRLR and EGFR/HER2 signaling pathways in breast cancer. Cancers 13:
4685.

Khan, M., Arooj, S., and Wang, H. (2020). NK cell-based immune checkpoint
inhibition. Front. Immunol. 11: 167.

Kim, E.S. (2017). Avelumab: first global approval. Drugs 77: 929-937.



DE GRUYTER

Klapper, L.N., Glathe, S., Vaisman, N., Hynes, N.E., Andrews, G.C., Sela, M.,
and Yarden, Y. (1999). The ErbB-2/HER2 oncoprotein of human
carcinomas may function solely as a shared coreceptor for multiple
stroma-derived growth factors. Proc. Natl. Acad. Sci. U. S. A. 96:
4995-5000.

Koopmans, I., Hendriks, D., Samplonius, D.F., van Ginkel, R.J., Heskamp, S.,
Wierstra, P.J., Bremer, E., and Helfrich, W. (2018). A novel bispecific
antibody for EGFR-directed blockade of the PD-1/PD-L1 immune
checkpoint. Oncoimmunology 7: e1466016.

Krah, S., Kolmar, H., Becker, S., and Zielonka, S. (2018). Engineering IgG-like
bispecific antibodies-an overview. Antibodies 7: 28.

Kroenke, M.A., Milton, M.N., Kumar, S., Bame, E., and White, J.T. (2021).
Immunogenicity risk assessment for multi-specific therapeutics. AAPS
J. 23:115.

Kigler, M., Stein, C., Kellner, C., Mentz, K., Saul, D., Schwenkert, M.,
Schubert, L, Singer, H., Oduncu, F., Stockmeyer, B., et al. (2010). A
recombinant trispecific single-chain Fv derivative directed against
CD123 and CD33 mediates effective elimination of acute myeloid
leukaemia cells by dual targeting. Br. J. Haematol. 150: 574-586.

Larson, S.M., Walthers, C., Ji, B., Ghafouri, S.N., Naparstek, J., Trent, J., Harris,
C., Khericha Gandhi, M., Schweppe, T., Auerbach, M.S., et al. (2022).
CD19/CD20 bispecific chimeric antigen receptor (CAR) in naive/
memory T cells for the treatment of relapsed or refractory non-
Hodgkin lymphoma. J. Clin. Oncol. 40: 2543.

LeBien, T.W. and Tedder, T.F. (2008). B lymphocytes: how they develop and
function. Blood 112: 1570-1580.

Lemoine, J., Ruella, M., and Houot, R. (2021). Born to survive: how cancer
cells resist CAR T cell therapy. J. Hematol. Oncol. 14: 199.

Lindstein, T., June, C.H., Ledbetter, ].A., Stella, G., and Thompson, C.B. (1989).
Regulation of lymphokine messenger RNA stability by a surface-
mediated T cell activation pathway. Science 244: 339-343.

Liu, D., Gong, J., Liu, T., Li, K., Yin, X,, Liu, Y., Wang, Y., Wang, L., Wang, W.,
Zhang, Y., etal. (2021). Phase 1 study of SHR-1701, a bifunctional fusion
protein targeting PD-L1 and TGF-B, in patients with advanced solid
tumors. J. Clin. Oncol. 39: 2503.

Liu, D, Qi, X., Wei, X., Zhao, L., Wang, X., Li, S., Wang, Z., Shi, L., Xu, J., Hong,
M., et al. (2022). A Novel Her2/VEGFR2/CD3 trispecific antibody with an
optimal structural design showed improved T-cell-redirecting
antitumor efficacy. Theranostics 12: 7788-7803.

Lyu, X., Zhao, Q., Hui, J., Wang, T., Lin, M., Wang, K., Zhang, J., Shentu, J.,
Dalby, P.A., Zhang, H., et al. (2022). The global landscape of approved
antibody therapies. Antib. Ther. 5: 233-257.

Ma, H., O’F4géin, C., and O’Kennedy, R. (2020). Antibody stability: a key to
performance - analysis, influences and improvement. Biochimie 177:
213-225.

Markham, A. (2016). Atezolizumab: first global approval. Drugs 76: 1227-1232.

Matikonda, S.S., McLaughlin, R., Shrestha, P., Lipshultz, C., and
Schnermann, M.J. (2022). Structure-activity relationships of antibody-
drug conjugates: a systematic review of chemistry on the trastuzumab
scaffold. Bioconjug. Chem. 33: 1241-1253.

Mei, H., Li, C., Jiang, H., Zhao, X., Huang, Z., Jin, D., Guo, T., Kou, H., Liu, L.,
Tang, L., et al. (2021). A bispecific CAR-T cell therapy targeting BCMA
and CD38 in relapsed or refractory multiple myeloma. J. Hematol.
Oncol. 14: 161.

Meng, Y., Zhang, J., Zhao, C., Cheng, Y., Zhu, L., Song, Z., Xu, N., Wang, Z.,
Wang, Y., Du, Y., et al. (2023). Preliminary results of a phase [, first-in-
human, dose escalation study of IMM2902 in patients with
HER2-expressing advanced solid tumors. J. Clin. Oncol. 41: 15185.

Miller, B.C. and Maus, M.V. (2015). CD19-Targeted CAR T cells: a new tool in
the fight against B cell malignancies. Oncol. Res. Treat. 38: 683-690.

K. Schoenfeld et al.: Dual targeting antibodies for cancer immunotherapy —— 457

Moores, S.L., Chiu, M.L., Bushey, B.S., Chevalier, K., Luistro, L., Dorn, K.,
Brezski, R.J., Haytko, P., Kelly, T., Wu, S.-., et al. (2016). A novel
bispecific antibody targeting EGFR and cMet is effective against EGFR
inhibitor-resistant lung tumors. Cancer Res. 76: 3942-3953.

Mueller, D.L., Jenkins, M.K., and Schwartz, R.H. (1989). An accessory cell-
derived costimulatory signal acts independently of protein kinase C
activation to allow T cell proliferation and prevent the induction of
unresponsiveness. J. Immunol. 142: 2617-2628.

Muijcic, H., Rzymski, T., Rouschop, K.-M.A., Koritzinsky, M., Milani, M., Harris,
A.L., and Wouters, B.G. (2009). Hypoxic activation of the unfolded
protein response (UPR) induces expression of the metastasis-
associated gene LAMP3. Radiother. Oncol. 92: 450-459.

Mullard, A. (2021). FDA approves 100th monoclonal antibody product. Nat.
Rev. Drug Discovery 20: 491-495.

Nagelkerke, A., Muijcic, H., Bussink, J., Wouters, B.G., van Laarhoven,
H.W.M., Sweep, F.C.G.J., and Span, P.N. (2011). Hypoxic regulation and
prognostic value of LAMP3 expression in breast cancer. Cancer 117:
3670-3681.

Normant, E., Ribeiro, M.L., Reyes, D., Miskin, H.P., Sportelli, P., Weiss, M.S.,
Bosch, F., and Roue, G. (2019). The novel bispecific CD47-CD19
antibody TG-1801 potentiates the activity of Ublituximab-Umbralisib
(U2) drug combination in preclinical models of B-NHL. Hematol. Oncol.
37:322-323.

O’Donnell, J.S., Long, G.V., Scolyer, R.A., Teng, M.W.L., and Smyth, M.J.
(2017). Resistance to PD1/PDL1 checkpoint inhibition. Cancer Treat. Rev.
52: 71-81.

Oh, S.Y., Lee, Y.W., Lee, EJ., Kim, J.H., Park, Y., Heo, S.G., Yu, M.R., Hong,
M.H., DaSilva, J., Daly, C., et al. (2023). Preclinical study of a biparatopic
METXMET antibody-drug conjugate, REGN5093-M114, overcomes
MET-driven acquired resistance to EGFR TKIs in EGFR-mutant NSCLC.
Clin. Cancer Res. 29: 221-232.

Ou, S.H., Moreno Garcia, V., Gil Bazo, I., Prenen, H., Moreno, 1., Johnson, M.,
Castafién Alvarez, E., Nagasaka, M., Adeyemi, S., Barasa, B., et al.
(2022). MCLA-129, a human anti-EGFR and anti-c-MET bispecific
antibody, in patients with advanced NSCLC and other solid tumors: an
ongoing phase 1/2 study. Eur. J. Cancer 174: 5122.

Pang, K., Shi, Z.-D., Wei, L.-Y., Dong, Y., Ma, Y.-Y., Wang, W., Wang, G.-Y., Cao,
M.-Y., Dong, J.-J., Chen, Y.-A,, et al. (2023). Research progress of
therapeutic effects and drug resistance of immunotherapy based on
PD-1/PD-L1 blockade. Drug Resist. Updat. 66: 100907.

Piazza, T.M., Lu, J.-C., Carver, K.C., and Schuler, L.A. (2009). SRC family
kinases accelerate prolactin receptor internalization, modulating
trafficking and signaling in breast cancer cells. Mol. Endocrinol. 23:
202-212.

Pols, M.S. and Klumperman, . (2009). Trafficking and function of the
tetraspanin CD63. Exp. Cell Res. 315: 1584-1592.

Qing, Z., Gabrail, N., Uprety, D., Rotow, J., Han, B., Janne, P.A., Nagasaka, M.,
Zheng, M., Zhang, Y., Yang, G., et al. (2022). 22P EMB-01: an EGFR-cMET
bispecific antibody, in advanced/metastatic solid tumors phase I
results. Ann. Oncol. 33: S39-5S40.

Raje, N., Berdeja, J., Lin, Y., Siegel, D., Jagannath, S., Madduri, D., Liedtke, M.,
Rosenblatt, J., Maus, M.V., Turka, A., et al. (2019). Anti-BCMA CAR T-cell
therapy bb2121 in relapsed or refractory multiple myeloma. N. Engl.
J. Med. 380: 1726-1737.

Ravetch,).V. and Bolland, S. (2001). IgG Fc receptors. Annu. Rev. Immunol. 19:
275-290.

Ren, F., Wu, X,, Yang, D., Wu, D., Gong, S., Zhang, Y., Lensky, S., and Wu, C.
(2020) Abstract 528: EMB-01: an innovative bispecific antibody
targeting EGFR and cMet on tumor cells mediates a novel mechanism
to improve anti-tumor efficacy. Cancer Res. 80: 528.



458 —— K. Schoenfeld et al.: Dual targeting antibodies for cancer immunotherapy

Renshaw, B., Khalili, J.S., Xiao, S., and Zhu, Y. (2023) Abstract 6309: anti-
tumor efficacy of SI-B001, a novel EGFR x HER3 bispecific antibody,
against EGFR-driven epithelial tumors alone or in combination with
paclitaxel and carboplatin. Cancer Res. 83: 6309.

Reslan, L., Dalle, S., and Dumontet, C. (2009). Understanding and circumventing
resistance to anticancer monoclonal antibodies. MAbs 1: 222-229.

Rexer, B.N. and Arteaga, C.L. (2012). Intrinsic and acquired resistance to
HER2-targeted therapies in HER2 gene-amplified breast cancer:
mechanisms and clinical implications. Crit. Rev. Oncog. 17: 1-16.

Riu Martinez, X., Bandari, R., and Lalitha, A. (2022) American Society of
Clinical Oncology (ASCO) - 58th annual meeting. Chicago/virtual -
June 3-7, 2022. Drugs Future 47: 629.

Romano, E., Medioni, J., La Rouge, T.D.M,, Fischer, N., Bardonneau, C.,
Ferlin, W., Hose, D., Seckinger, A., Simonelli, M., and Curigliano, G.
(2022). A Phase 1, open-label, dose finding study of NI-1801, a
bispecific mesothelin x CD47 engaging antibody, in patients with
mesothelin expressing solid cancers. In: Regular and young
investigator award abstracts. BM]J Publishing Group Ltd, Boston, MA,
p. A739.

Roskopf, C.C., Braciak, T.A., Fenn, N.C., Kobold, S., Fey, G.H., Hopfner, K.-P.,
and Oduncuy, F.S. (2016). Dual-targeting triplebody 33-3-19 mediates
selective lysis of biphenotypic CD19+ CD33+ leukemia cells.
Oncotarget 7. 22579-225809.

Rubin, I. and Yarden, Y. (2001). The basic biology of HER2. Ann. Oncol. 12:
S3-S8.

Rubio-Pérez, L., Ldzaro-Gorines, R., Harwood, S.L., Compte, M., Navarro, R.,
Tapia-Galisteo, A., Bonet, J., Blanco, B., Lykkemark, S., Ramirez-
Fernandez, A., et al. (2023). A PD-L1/EGFR bispecific antibody
combines immune checkpoint blockade and direct anti-cancer action
for an enhanced anti-tumor response. Oncoimmunology 12: 2205336.

Russell, M.C., Garelli, A.M., and Reeves, D.J. (2023). Targeting EGFR exon 20
insertion mutation in non-small cell lung cancer: amivantamab and
mobocertinib. Ann. Pharmacother. 57: 198-206.

Sadelain, M., Brentjens, R., and Riviére, L. (2013). The basic principles of
chimeric antigen receptor design. Cancer Discov. 3: 388-398.

Samantasinghar, A., Sunildutt, N.P., Ahmed, F., Soomro, A.M., Salih, A.R.C.,
Parihar, P., Memon, F.H., Kim, K.H., Kang, L.S., and Choi, K.H. (2023). A
comprehensive review of key factors affecting the efficacy of antibody
drug conjugate. Biomed. Pharmacother. 161: 114408.

Schmohl, J.U., Todhunter, D., Taras, E., Bachanova, V., and Vallera, D.A.
(2018). Development of a deimmunized bispecific immunotoxin
dDT2219 against B-cell malignancies. Toxins 10: 32.

Schram, A.M., Odintsov, L., Espinosa-Cotton, M., Khodos, 1., Sisso, W.J.,
Mattar, M.S., Lui, AJ.W., Vojnic, M., Shameem, S.H., Chauhan, T., et al.
(2022). Zenocutuzumab, a HER2xHER3 bispecific antibody, is effective
therapy for tumors driven by NRG1 gene rearrangements. Cancer
Discov. 12: 1233-1247.

Schubert, L, Kellner, C., Stein, C., Ktgler, M., Schwenkert, M., Saul, D., Mentz,
K., Singer, H., Stockmeyer, B., Hillen, W., et al. (2011). A single-chain
triplebody with specificity for CD19 and CD33 mediates effective lysis
of mixed lineage leukemia cells by dual targeting. MAbs 3: 21-30.

Schubert, L, Stein, C., and Fey, G.H. (2012). Dual-targeting for the
elimination of cancer cells with increased selectivity. Antibodies 1: 2-18.

Seung, E., Xing, Z., Wu, L., Rao, E., Cortez-Retamozo, V., Ospina, B., Chen, L.,
Beil, C., Song, Z., Zhang, B., et al. (2022). A trispecific antibody
targeting HER2 and T cells inhibits breast cancer growth via CD4 cells.
Nature 603: 328-334.

Shah, D., Soper, B., and Shopland, L. (2023). Cytokine release syndrome and
cancer immunotherapies - historical challenges and promising
futures. Front. Immunol. 14: 1190379.

DE GRUYTER

Shah, N.N., Johnson, B.D., Schneider, D., Zhu, F., Szabo, A., Keever-Taylor, C.A,,
Krueger, W., Worden, A.A., Kadan, M., Yim, S., et al. (2020). Bispecific
anti-CD20, anti-CD19 CAR T cells for relapsed B cell malignancies: a
phase 1 dose escalation and expansion trial. Nat. Med. 26: 1569-1575.

Shah, N.N. and Sokol, L. (2021). Targeting CD22 for the treatment of B-cell
malignancies. ImmunoTargets Ther. 10: 225-236.

Shimabukuro-Vornhagen, A., Gédel, P., Subklewe, M., Stemmler, H.).,
SchléRer, H.A., Schlaak, M., Kochanek, M., Béll, B., and von Bergwelt-
Baildon, M.S. (2018). Cytokine release syndrome. J. Immunother.
Cancer 6: 56.

Sigismund, S., Avanzato, D., and Lanzetti, L. (2018). Emerging functions of
the EGFR in cancer. Mol. Oncol. 12: 3-20.

Singh, A, Dees, S., and Grewal, L.S. (2021). Overcoming the challenges
associated with CD3+ T-cell redirection in cancer. Br. J. Cancer 124:
1037-1048.

Sivori, S., Pende, D., Bottino, C., Marcenaro, E., Pessino, A., Biassoni, R.,
Moretta, L., and Moretta, A. (1999). NKp46 is the major triggering
receptor involved in the natural cytotoxicity of fresh or cultured
human NK cells. Correlation between surface density of NKp46 and
natural cytotoxicity against autologous, allogeneic or xenogeneic
target cells. Eur. J. Immunol. 29: 1656-1666.

Smith-Garvin, J.E., Koretzky, G.A., and Jordan, M.S. (2009). T cell activation.
Annu. Rev. Immunol. 27: 591-619.

Steinmetz, A., Vallée, F., Beil, C., Lange, C., Baurin, N., Beninga, J., Capdevila,
C., Corvey, C., Dupuy, A,, Ferrari, P., et al. (2016). CODV-Ig, a universal
bispecific tetravalent and multifunctional immunoglobulin format for
medical applications. MAbs 8: 867-878.

Sterner, R.C. and Sterner, R.M. (2021). CAR-T cell therapy: current limitations
and potential strategies. Blood Cancer J. 11: 69.

Sun, J,, Chen, Y., Lubben, B., Adebayo, O., Muz, B., and Azab, A.K. (2021).
CD47-targeting antibodies as a novel therapeutic strategy in
hematologic malignancies. Leuk. Res. Rep. 16: 100268.

Sun, L, Zhang, L., Yu, J., Zhang, Y., Pang, X., Ma, C., Shen, M., Ruan, S.,
Wasan, H.S., and Qiu, S. (2020). Clinical efficacy and safety of anti-
PD-1/PD-L1 inhibitors for the treatment of advanced or metastatic
cancer: a systematic review and meta-analysis. Sci. Rep. 10: 2083.

Sun, R., Wang, X., Zhu, H., Mei, H., Wang, W., Zhang, S., and Huang, J. (2014).
Prognostic value of LAMP3 and TP53 overexpression in benign and
malignant gastrointestinal tissues. Oncotarget 5: 12398-12409.

Suntharalingam, G., Perry, M.R., Ward, S., Brett, S.J., Castello-Cortes, A.,
Brunner, M.D., and Panoskaltsis, N. (2006). Cytokine stormin a phase 1
trial of the anti-CD28 monoclonal antibody TGN1412. N. Engl. J. Med.
355:1018-1028.

Syed, Y.Y. (2021). Amivantamab: first approval. Drugs 81: 1349-1353.

Tabares, P., Berr, S., Rdmer, P.S., Chuvpilo, S., Matskevich, A.A., Tyrsin, D.,
Fedotov, Y., Einsele, H., Tony, H.-P., and Hunig, T. (2014). Human
regulatory T cells are selectively activated by low-dose application of the
CD28 superagonist TGN1412/TAB08. Eur. J. Immunol. 44: 1225-1236.

Tang, Y., Yin, H., Zhao, X., Jin, D., Liang, Y., Xiong, T., Li, L., Tang, W., Zhang, J.,
Liu, M., et al. (2022). High efficacy and safety of CD38 and BCMA
bispecific CAR-T in relapsed or refractory multiple myeloma. /. Exp. Clin.
Cancer Res. 41: 2.

Tapia-Galisteo, A., Compte, M., Alvarez-Vallina, L., and Sanz, L. (2023). When
three is not a crowd: trispecific antibodies for enhanced cancer
immunotherapy. Theranostics 13: 1028-1041.

Tapia-Galisteo, A., Sanchez Rodriguez, ., Aquilar-Sopefia, O., Harwood, S.L.,
Narbona, )., Ferreras Gutierrez, M., Navarro, R., Martin-Garcia, L.,
Corbacho, C., Compte, M., et al. (2022). Trispecific T-cell engagers for
dual tumor-targeting of colorectal cancer. Oncoimmunology 11:
2034355.



DE GRUYTER

Temraz, S., Mukherji, D., and Shamseddine, A. (2016). Dual targeting of
HER3 and EGFR in colorectal tumors might overcome anti-EGFR
resistance. Crit. Rev. Oncol. Hematol. 101: 151-157.

Tian, W., Zhao, J., and Wang, W. (2023). Targeting CDH17 with chimeric antigen
receptor-redirected T cells in small cell lung cancer. Lung 201: 489-497.

Tong, C,, Zhang, Y., Liu, Y., Ji, X., Zhang, W., Guo, Y., Han, X., Ti, D., Dai, H.,
Wang, C., et al. (2020). Optimized tandem CD19/CD20 CAR-engineered
T cells in refractory/relapsed B-cell ymphoma. Blood 136: 1632-1644.

Tyrsin, D., Chuvpilo, S., Matskevich, A, Nemenov, D., Rémer, P.S.,
Tabares, P., and Hiinig, T. (2016). From TGN1412 to TABOS: the return
of CD28 superagonist therapy to clinical development for the
treatment of rheumatoid arthritis. Clin. Exp. Rheumatol. 34: 45-48.

van Herpe, F. and van Cutsem, E. (2023). The role of cMET in gastric cancer-A
review of the literature. Cancers 15: 1976.

Vasan, N., Baselga, J., and Hyman, D.M. (2019). A view on drug resistance in
cancer. Nature 575: 299-309.

Vijayaraghavan, S., Lipfert, L., Chevalier, K., Bushey, B.S., Henley, B., Lenhart,
R., Sendecki, J., Beqiri, M., Millar, H,J., Packman, K., et al. (2020).
Amivantamab (JNJ-61186372), an Fc enhanced EGFR/cMet bispecific
antibody, induces receptor downmodulation and antitumor activity by
monocyte/macrophage trogocytosis. Mol. Cancer Ther. 19: 2044-2056.

Vivier, E., Tomasello, E., Baratin, M., Walzer, T., and Ugolini, S. (2008).
Functions of natural killer cells. Nat. Immunol. 9: 503-510.

Walker, L.S.K. and Sansom, D.M. (2011). The emerging role of CTLA4 as a
cell-extrinsic regulator of T cell responses. Nat. Rev. Immunol. 11:
852-863.

Wang, K., Wei, G., and Liu, D. (2012). CD19: a biomarker for B cell development,
lymphoma diagnosis and therapy. Exp. Hematol. Oncol. 1: 36.

Wang, S., Peng, L., Xu, W., Zhou, Y., Zhu, Z., Kong, Y., Leung, S., Wang, J., Yan,
X., and Mi, J.-Q. (2022). Preclinical characterization and comparison
between CD3/CD19 bispecific and novel CD3/CD19/CD20 trispecific
antibodies against B-cell acute lymphoblastic leukemia: targeted
immunotherapy for acute lymphoblastic leukemia. Front. Med. 16:
139-149.

Wang, Y., Du, J., Gao, Z., Sun, H., Mei, M., Wang, Y., Ren, Y., and Zhou, X.
(2023). Evolving landscape of PD-L2: bring new light to checkpoint
immunotherapy. Br. J. Cancer 128: 1196-1207.

Wang, Y., Ni, H., Zhou, S., He, K., Gao, Y., Wu, W., Wu, M., Wu, Z., Qiu, X.,
Zhou, Y., etal. (2021). Tumor-selective blockade of CD47 signaling with
a CD47/PD-L1 bispecific antibody for enhanced anti-tumor activity and
limited toxicity. Cancer Inmunol. Immunother. 70: 365-376.

Wei, G., Zhang, Y., Zhao, H., Wang, Y., Liu, Y., Liang, B., Wang, X., Xu, H., Cui,
J., Wu, W,, et al. (2021). CD19/CD22 dual-targeted CAR T-cell therapy for
relapsed/refractory aggressive B-cell ymphoma: a safety and efficacy
study. Cancer Immunol. Res. 9: 1061-1070.

Weisser, N.E., Sanches, M., Escobar-Cabrera, E., O’'Toole, J., Whalen, E.,
Chan, P.W.Y., Wickman, G., Abraham, L., Choi, K., Harbourne, B., et al.
(2023). An anti-HER2 biparatopic antibody that induces unique HER2
clustering and complement-dependent cytotoxicity. Nat. Commun. 14:
1394.

Wu, L., Seung, E., Xu, L., Rao, E., Lord, D.M., Wei, R.R., Cortez-Retamozo, V.,
Ospina, B., Posternak, V., Ulinski, G., et al. (2020). Trispecific antibodies
enhance the therapeutic efficacy of tumor-directed T cells through
T cell receptor co-stimulation. Nat. Cancer 1: 86-98.

K. Schoenfeld et al.: Dual targeting antibodies for cancer immunotherapy —— 459

Xie, B., Li, Z., Zhou, )., and Wang, W. (2022). Current status and perspectives
of dual-targeting chimeric antigen receptor T-cell therapy for the
treatment of hematological malignancies. Cancers 14: 3230.

Xu,].,Ying,]., Liu, R., Wu, )., Ye, F., Xu, N, Zhang, Y., Zhao, R., Xiang, X., Wang,
J., et al. (2023). KN026 (anti-HER2 bispecific antibody) in patients with
previously treated, advanced HER2-expressing gastric or
gastroesophageal junction cancer. Eur. J. Cancer 178: 1-12.

Xue, J., Kong, D., Yao, Y., Yang, L., Yao, Q., Zhu, Y., Ding, Y., Yang, F., Gong, J.,
Shen, L., et al. (2020). Prediction of human pharmacokinetics and
clinical effective dose of SI-B001, an EGFR/HER3 Bi-specific
monoclonal antibody. J. Pharm. Sci. 109: 3172-3180.

Yu, )., Li, S., Chen, D., Liu, D., Guo, H., Yang, C., Zhang, W., Zhang, L., Zhao, G.,
Tu, X., et al. (2023). IMMO306, a fusion protein of CD20 mAb with the
CD47 binding domain of SIRPaq, exerts excellent cancer killing efficacy
by activating both macrophages and NK cells via blockade of
CD47-SIRPa interaction and FcyR engagement by simultaneously
binding to CD47 and CD20 of B cells. Leukemia 37: 695-698.

Zah, E.,Nam, E., Bhuvan, V., Tran, U., Ji, B.Y., Gosliner, S.B., Wang, X., Brown,
C.E., and Chen, Y.Y. (2020). Systematically optimized BCMA/CS1
bispecific CAR-T cells robustly control heterogeneous multiple
myeloma. Nat. Commun. 11: 2283.

Zahavi, D., AlDeghaither, D., 0’Connell, A., and Weiner, L.M. (2018).
Enhancing antibody-dependent cell-mediated cytotoxicity: a strategy
for improving antibody-based immunotherapy. Antib. Ther. 1: 7-12.

Zhang, B., Li, S., Chen, D, Liu, D., Guo, H., Yang, C., Zhang, L., Zhang, W., Tu,
X., Peng, L., et al. (2023) Abstract 2938: preclinical development of a
novel bispecific mAb-Trap fusion protein, IMM2902, targeting both
HER2 and CD47 as cancer immunotherapy. Cancer Res. 83: 2938.

Zhang, H., Gao, L., Liu, L., Wang, J., Wang, S., Gao, L., Zhang, C,, Liu, Y., Kong,
P., Liu, J., et al. (2019). A Bcma and CD19 bispecific CAR-T for relapsed
and refractory multiple myeloma. Blood 134: 3147.

Zhang, X., Gureasko, J., Shen, K., Cole, P.A., and Kuriyan, J. (2006). An
allosteric mechanism for activation of the kinase domain of epidermal
growth factor receptor. Cell 125: 1137-1149.

Zhao, L., Li, S., Wei, X., Qi, X., Liu, D., Liu, L., Wen, F., Zhang, J.-S., Wang, F., Liu,
Z.-L., et al. (2022). A novel CD19/CD22/CD3 trispecific antibody
enhances therapeutic efficacy and overcomes immune escape against
B-ALL. Blood 140: 1790-1802.

Zhou, C., Tang, K.-J., Cho, B.C,, Liu, B., Paz-Ares, L., Cheng, S., Kitazono, S.,
Thiagarajan, M., Goldman, ).W., Sabari,].K., et al. (2023). Amivantamab
plus chemotherapy in NSCLC with EGFR exon 20 insertions. N. Engl.
J. Med. 389: 2039-2051.

Zhou, S., Liu, M., Ren, F., Meng, X., and Yu, J. (2021). The landscape of
bispecific T cell engager in cancer treatment. Biomark. Res. 9: 38.

Zingoni, A., Molfetta, R., Fionda, C., Soriani, A., Paolini, R., Cippitelli, M.,
Cerboni, C., and Santoni, A. (2018). NKG2D and its ligands: “one for all,
all for one”. Front. Immunol. 9: 476.

Zinzani, P.L. and Minotti, G. (2022). Anti-CD19 monoclonal antibodies for the
treatment of relapsed or refractory B-cell malignancies: a narrative
review with focus on diffuse large B-cell ymphoma. J. Cancer Res. Clin.
Oncol. 148: 177-190.

Zong, H.-F., Zhang, B.-H., and Zhu, J.-W. (2022). Generating a bispecific
antibody drug conjugate targeting PRLR and HER2 with improving the
internalization. Pharmaceut Fronts 4: e113-e120.



5. Danksagung

An dieser Stelle mochte ich mich bei allen Personen von ganzem Herzen bedanken, die mich auf meinem
bisherigen Weg und insbesondere wéhrend der Anfertigung dieser Arbeit begleitet und unterstiitzt
haben!

An erster Stelle mochte ich Prof. Dr. Harald Kolmar danken. Danke, dass du mir erméglicht hast meine
Doktorarbeit in deinem Arbeitskreis anzufertigen. Deine unzéhligen neuen Ideen und die spannenden
Diskussionen iiber neue und bestehende Projekte haben mich inspiriert und motiviert viele Ideen
auszutesten. Danke fiir den Freiraum, den du mir gelassen hast, fiir das grof3e Vertrauen in meine Arbeit

und fiir die riesige Unterstiitzung und Fiirsprache.

AuBerdem méchte ich mich bei PD Dr. Bjorn Hock bedanken, nicht nur fiir die Ubernahme des 1.
Fachpriifers meiner Disputation, sondern auch fiir die Zeit, die du dir fiir wissenschaftliche Diskussionen
genommen hast. Von deiner von der biopharmazeutischen Industrie gepragten Sichtweise auf Projekte

konnte ich viel lernen.

PD Dr. Stefan Schiilke und Prof. Dr. Beatrix Sii§ danke ich fiir die Ubernahme des 2. Gutachters, bzw.

der 2. Fachpriiferin meiner Disputation.

Danke Dr. Jan Bogen, dass du nicht aufgegeben hast mich wihrend der Betreuung meiner Masterarbeit
davon zu {iberzeugen eine Doktorarbeit anzufertigen. Danke fiir deine unermiidliche Unterstiitzung, fiir
alles, was du mir beigebracht hast und fiir die Moglichkeit aufbauend auf deinem Projekt

weiterzuarbeiten.

Dr. Stefania Carrara danke ich fiir die Unterstiitzung und Zusammenarbeit bei einer Vielzahl von
Projekten und fiir die unzédhligen wissenschaftlichen Diskussionen. Du hattest immer ein offenes Ohr fiir
mich, egal ob es um laborbezogene oder anderweitige Probleme ging, und ich konnte mich immer auf

deine Hilfe verlassen.

Danke Katrin Schoenfeld und Carolin Dombrowsky, dass ihr das Studium vom aller ersten Tag an bis
zur Doktorarbeit mit mir zusammen durchgezogen habt. Ich bin unendlich dankbar, dass ich euch als
meine Freunde wihrend dieser Zeit immer an meiner Seite hatte. Danke fiir die Zusammenarbeit bei
spannenden Projekten, die gemeinsamen Meetings und die Unterstiitzung bei Problemen aller Art. Die
gemeinsame Zeit als Triplikat im Labor, auf Konferenzen und bei diversen Freizeitveranstaltungen werde

ich nie vergessen.

128



Michael Ulitzka mochte ich fiir die strukturierte Zusammenarbeit an dem NK-Projekt, zahlreiche
kulinarische Tipps und diverse Lebensweisheiten danken. Von dir habe ich viel gelernt, an das ich in

Zukunft sicher oft zuriickdenken werde.

Den Bitsches Dr. Sebastian Bitsch und Peter Bitsch danke ich fiir die unzihligen Momenten, in denen
ihr mich durch eure positive Art und die verriicktesten Aktionen zum Lachen gebracht habt. Auch fiir
die legendédren Tischkickerspiele und die Ratschldge zu den unterschiedlichsten Problemen bin ich euch
sehr dankbar.

Den Felices Felix Geyer und Felix Meiser mochte ich fiir die gute Zusammenarbeit und die
Unterstiitzung, besonders im Hinblick auf computerbasierte Modellierung, bzw. fiir die Fortfithrung
einiger Projekte danken. Ich wiinsche euch fiir die restliche Promotion nur das Beste und hoffe, dass ihr

mich ab und zu auf ein Feierabendbier im Labor willkommen heiffen werdet.

Janine Becker und Dana Schmidt danke ich fiir die Hilfe, sowie fiir die organisatorischen Arbeiten im
Labor und fiir die Kaffeekrdnzchen im Biiro. Danke, dass ihr immer ein offenes Ohr fiir mich hattet und

fiir euer Vertrauen und eure Offenheit in jeglicher Hinsicht.

Barbara Diestelmann und Cecilia Gorus danke ich fiir die Hilfe bei biirokratischen und administrativen
Aufgaben, bzw. fiir die Bemiihung das Chaos im Arbeitskreis so gering wie moglich zu halten und jedes

,Guten Morgen, Julia“.

Auerdem mochte ich dem gesamten Ferring Team Dr. Julius Grzeschik, Dr. David Fiebig, Dr. Lukas
Deweid und Dr. Benjamin Mattes fiir die Unterstiitzung besonders zu Beginn meiner Promotion und

die vielen Dinge, die ich von euch lernen durfte, danken.

Vera Molkenthin danke ich fiir die gute Zusammenarbeit, welche zu einer gemeinsamen Publikation

gefiihrt hat.

Dr. Ataurehman Ali, Adrian Bloch, Ingo Bork, Dr. Adrian Elter, Dr. Desislava Elter, Alessandro
Emmanuello, Dr. Simon Englert, Dr. Jan Habermann, Dominic Happel, Dr. Steffen Hinz, Sarah
Hofmann, Dr. Jorge Lerma Romero, Dr. Arturo Macarron, Dr. Hendrik Schneider und allen weiteren
ehemaligen und aktiven Mitgliedern der Arbeitsgruppe Kolmar danke ich fiir die unvergessliche Zeit
im Labor, auf Konferenzen oder im Kleinwalsertal. Dank euch allen habe ich mich ab dem ersten Tag in

der Arbeitsgruppe sehr wohl gefiihlt.

129



Ein besonderer Dank gilt meiner Familie. Meinen Eltern Birgit Harwardt und Christof Harwardt,
sowie meinem Bruder Fabian Harwardt und meinem Mann Marcel Zidnger danke ich fiir die
bedingungslose Unterstiitzung wihrend meines gesamten Studiums. Danke, dass ihr mich zu dem
Menschen gemacht habt der ich heute bin und mir erméglicht habt, all meinen Traumen nachzugehen.
Ihr habt mir beigebracht niemals aufzugeben, egal wie schwer der Weg auch scheinen mag. Danke fiir
die Geduld und das Verstandnis, wenn ich meine Arbeit mit nach Hause genommen habe und fiir die
unzahligen aufbauenden Worte in schwierigen Phasen. Danke, dass ihr immer fiir mich da seid und es

immer wieder schafft mich zu motivieren. Ohne euch, wére das alles nicht ansatzweise moglich gewesen.

130



6. Affirmations

Erkldarung laut Promotionsordnung

88 Abs. 1 lit. ¢ PromO
Ich versichere hiermit, dass die elektronische Version meiner Dissertation mit der schriftlichen Version

iibereinstimmt und fiir die Durchfithrung des Promotionsverfahren vorliegt.

§8 Abs. 1 lit. d PromO

Ich versichere hiermit, dass zu einem vorherigen Zeitpunkt noch keine Promotion versucht wurde und
zu keinem friiheren Zeitpunkt an einer in- oder ausldndischen Hochschule eingereicht wurde. In diesem
Fall sind ndhere Angaben {iiber Zeitpunkt, Hochschule, Dissertationsthema und Ergebnis dieses

Versuches mitzuteilen.

§9 Abs. 1 PromO
Ich versichere hiermit, dass die vorliegende Dissertation selbststindig und nur unter Verwendung der

angegebenen Quellen verfasst wurde.

§9 Abs. 2 PromO

Die Arbeit hat bisher noch nicht zu Priifungszwecken gedient.

Darmstadt, den 10. Juni 2024

Julia Harwardt

131



TECHNISCHE
UNIVERSITAT
DARMSTADT

Erklarung zum Eigenanteil an den Veroffentlichungen
der kumulativen Dissertation

Im Folgenden ist aufgelistet, mit welchem Anteil ich an den Vero6ffentlichungen beteiligt war.

Mein Anteil an der folgenden Veréffentlichung betragt 40%

1] Harwardt J*, Bogen JP*, Carrara SC, Ulitzka M, Grzeschik J, Hock B, Kolmar H (2022). A Generic
Strategy to Generate Bifunctional Two-in-One Antibodies by Chicken Immunization. Frontiers in
Immunology, 10.3389/fimmu.2022888838.

Mein Anteil an der folgenden Veréffentlichung betragt 80%

2] Harwardt J, Carrara SC, Bogen JP, Schoenfeld K, Grzeschik J, Hock B, Kolmar H (2023). Generation
of a symmetrical trispecific NK cell engager based on a two-in-one antibody. Frontiers in Immunology,
10.3389/fimmu.2023.1170042.

Mein Anteil an der folgenden Veroffentlichung betrégt 70%

3] Harwardt J, Geyer FK, Schoenfeld K, Baumstark D, Molkenthin V, Kolmar H (2024). Balancing the
Affinity and Tumor Cell Binding of a Two-in-One Antibody Simultaneously Targeting EGFR and PD-L1.
Antibodies, 10.3390/antib13020036.

Mein Anteil an der folgenden Veroffentlichung betragt 45%

4] Schoenfeld K*, Harwardt J*, Kolmar H (2024). Better safe than sorry: Dual targeting antibodies for
cancer immunotherapy. Biological Chemistry, 10.1515/hsz-2023-0329.

*geteilte Erstautorenschaft

Mein Anteil an der folgenden Patentanmeldung betragt 30%

Kolmar H, Harwardt J, Bogen JP, Carrara SC, Ulitzka M (2023). TWO IN ONE — ANTIBODIES BINDING
TO EGFR/PD-L1-DOUBLE POSITIVE CELLS. EP4238992A1.

Darmstadt, den 07. Mai 2024

Julia Harwardt




TECHNISCHE
UNIVERSITAT
DARMSTADT

Erkldrung zur Begutachtung der Veroffentlichung

Prof. Dr. Harald Kolmar

Referent
PD Dr. Stefan Schiilke 07. Mai 2024
Co-Referent Datum

Weder Referent (Prof. Dr. Harald Kolmar) noch Co-Referent (PD Dr. Stefan Schiilke) der vorliegenden
kumulativen Doktorarbeit waren an der Begutachtung nachstehender Veroffentlichungen beteiligt:

1] A Generic Strategy to Generate Bifunctional Two-in-One Antibodies by Chicken Immunization.
Frontiers in Immunology, 10.3389/fimmu.2022888838.

2] Harwardt J, Carrara SC, Bogen JP, Schoenfeld K, Grzeschik J, Hock B, Kolmar H (2023). Generation
of a symmetrical trispecific NK cell engager based on a two-in-one antibody. Frontiers in Immunology,
10.3389/fimmu.2023.1170042.

3] Harwardt J, Geyer FK, Schoenfeld K, Baumstark D, Molkenthin V, Kolmar H (2024). Balancing the
Affinity and Tumor Cell Binding of a Two-in-One Antibody Simultaneously Targeting EGFR and PD-L1.
Antibodies, 10.3390/antib13020036.

4] Schoenfeld K*, Harwardt J*, Kolmar H (2024). Better safe than sorry: Dual targeting antibodies for
cancer immunotherapy. Biological Chemistry, 10.1515/hsz-2023-0329.

Darmstadt, den 07. Mai 2024

Referent Co-Referent
Prof. Dr. Harald Kolmar PD Dr. Stefan Schiilke




	A Generic Strategy to Generate Bifunctional Two-in-One Antibodies by Chicken Immunization
	Introduction
	Results
	Two-in-One Library Generation and Screening
	EGFR Epitope Mapping on the Subdomain Level
	Affinity Measurement
	Biophysical Characterization
	EGF and PD-1 Competition
	Cell Titration on A431 Cells

	Discussion
	Material and Methods
	Plasmids and Yeast Strains
	Library Generation and Sorting
	Reformatting, Expression and Purification of Full-Length, One-Armed and Bispecific Antibodies
	Epitope Mapping on the Subdomain Level via YSD
	Affinity Determination, Receptor-Ligand Competition and Simultaneous Binding Assay via Biolayer Interferometry
	NanoDSF and Size Exclusion Chromatography
	Cultivation of A431 and A549 Cells
	EC50 Determination
	AKT Pathway Signaling Assay
	Cell-Based PD-1/PD-L1 Blockage Reporter Assay

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Generation of a symmetrical trispecific NK cell engager based on a two-in-one antibody
	Introduction
	Results
	Library generation and screening
	Cloning and biophysical characterization of trispecific antibodies
	Affinity measurement
	EGF and PD-1 competition
	Cellular EGFR and PD-L1 binding
	Antibody-dependent cell-mediated cytotoxicity reporter assay

	Discussion
	Material and methods
	Plasmids and yeast strains
	Library generation and sorting
	Reformatting, expression and purification of full-length, one-armed and trispecific antibodies
	Affinity determination, receptor-ligand competition and simultaneous binding assay via biolayer interferometry
	Thermal stability, SDS-PAGE and size exclusion chromatography
	Cultivation of A431, A549, MRC-5 and Daudi cells
	Cellular binding assay
	Antibody-dependent cell-mediated cytotoxicity (ADCC) reporter assay

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Introduction 
	Materials and Methods 
	Yeast Library Construction and Screening 
	Expression and Purification of Two-in-One Variants 
	Cell Lines 
	Thermal Shift Assay 
	YSD-Based Epitope Mapping 
	Biolayer Interferometry 
	switchSENSE® Measurements 
	Cellular Binding 
	Real-Time Interaction Cytometry (RT-IC) 
	AlphaFold-Based Modeling 

	Results 
	Yeast Surface Display Library Generation and Screening 
	Cloning and Biophysical Characterization of Full-Length Two-in-One Antibody Variants 
	Characterization of Antigen Binding via Biolayer Interferometry 
	Real-Time Antigen Binding Measured on Single-Protein and Dual-Protein Surfaces in switchSENSE® 
	On-Cell Binding of Affinity-Matured Two-in-One Variants Measured by Flow Cytometry 
	Real-Time Binding Kinetics on Target-Positive Cells Detected with Real-Time Interaction Cytometry 
	Characterization of Antigen Binding via AlphaFold-Based Modeling 

	Discussion 
	References
	Better safe than sorry: dual targeting antibodies for cancer immunotherapy
	1 Introduction
	2 Bispecific dual tumor cell-targeting antibodies
	2.1 EGFR × c-Met
	2.2 EGFR × HER3
	2.3 EGFR × LGR5
	2.4 HER2 × HER3
	2.5 HER2 × HER2
	2.6 DR5 × TAA
	2.7 PD-L1 × TAA
	2.8 CD47 × TAA
	2.9 Dual tumor-targeting antibody-drug conjugates
	2.10 Dual tumor-targeting chimeric antigen receptor-T cells

	3 Trispecific dual targeting immune cell engager
	3.1 Dual tumor cell-targeting ICEs
	3.2 Dual immune cell-targeting ICEs
	3.3 Dual T cell-targeting ICEs
	3.4 Dual NK cell-targeting ICEs

	4 Conclusions and prospects

