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Scientific Novelty & Significance

Within the field of biologics, monoclonal antibodies have ruled the market with blockbuster and top
selling drugs over the last decades. With the advancements in technological discoveries, lightspeed
progress has been achieved to discover novel antibodies and mechanisms of action to address unmet
needs and indications. Particularly, display technologies, in vitro systems, and high/ultra-high-
throughput technologies have shown monumental progress to ensure the rapid discovery of novel

biological entities.

In the first study presented herein, the focus laid on the generation of a bidirectional plasmid for
recombinant antibody production in mammalian cells to facilitate native antibody folding and post-
translational modifications. Conventional approaches for transient antibody production utilise co-
transfection of heavy and light chain genes encoded on separate plasmids. Here, a single plasmid under
the control of two independent promoters, constructed in a bidirectional fashion, is used. This study
assessed promoter combinations resulting in the best antibody yields of two U.S. Food and Drug
Administration (FDA)-approved antibodies, durvalumab and avelumab. By comparing promoters with
varying strengths (CMV, minCMV, EF-1a and enhanced CMV), gene expression of heavy and light chain
genes and subsequent IgG1 yields gave rise to the 2xeCMV combination, consisting of two mirrored
eCMV cassettes controlling the expression of the light and heavy chains individually in each direction.
This combination effectuated the most promising mRNA synthesis for both chains in two regularly used
mammalian cell lines, human embryonic kidney 293 (HEK293) and Chinese hamster ovary (CHO) cells,
and the highest yields after IgG quantification, comparable to the conventional co-transfection method.
By substituting the co-transfection approach with this bidirectional plasmid, lower plasmid preparation
efforts are required and further facilitates the handling of a higher number of mAb candidates

simultaneously.

In the second study, the described bidirectional plasmid was put into practise by generating a Fab-
presenting yeast surface display (YSD) library from immunised OmniRats. After screening of antibody
formats via fluorescence-activated cell sorting (FACS), reformation of single candidates into their final
IgG format is required, rapidly converting itself into a cumbersome step, and often resulting in the
bottleneck to proceed with further characterisation. Within this study, a novel workflow based on Golden
Gate Cloning (GGC) was established, allowing the bulk reformatting of antibody candidates after YSD
FACS screening. By using an OmniRat-derived Fab library against MerTK, two screening rounds of YSD
were performed by FACS. Subsequently, the antibody-encoding genes were transferred into a
Mammalian_Destination (MD) vector, which contained a partial hinge-CH2-CH3 sequence, resulting in

a full-length heavy chain after GGC with Esp3I. In order to produce the full-length variants, the yeast-
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specific Gall,10 promoter was exchanged for the described promoter cassette combinations from the
first study, 2xeCMV, by a final GGC step with Bbsl. After assembly, the resulting MD vector contained
the variable domains from the second sorting round with the respective constant domains required for
the production of full-length IgG molecules. Next generation sequencing (NGS) of the screening rounds
confirmed that the entire VH family diversity was covered in the resulting clones after bulk reformatting.
Ten candidates were subsequently transiently expressed in mammalian cells and characterised for target
binding and biophysical properties. This workflow presented a two-pot, two-step, PCR-free method to
transition from YSD to a mammalian expression vector, eliminating any unwanted polymerase-
introduced mutations and allowing for bulk cloning of yeast display-enriched antibody fragments. By
this procedure, heavy and light chain pairing is conserved, contrary to other reformatting approaches,
and paves the way to accelerate antibody hit discovery campaigns with YSD. Furthermore, this platform
is malleable to other antibody formats and immunisation hosts, such as single chain variable fragments

(scFvs) and chickens, and has the potential to be developed for bispecific or multispecific antibodies.

Next-generation antibodies, including bi- and multispecific antibodies, have been set under the spotlight
for their ability to combine multiple modes of action simultaneously and result in higher efficacy, where
monoclonal antibodies are lacking. A special class of such are immune cell engagers which target
immune cells and tumour-associated antigens (TAAs) to create an immune synapse. Depending on the
effector cell being targeted, specialised killing mechanisms are triggered to efficiently kill the targeted
cells. Macrophage engagers are aimed at forcing targeted phagocytosis of the engaged cell type and have
typically targeted the CD47/SIRPa axis up to date, known as the “do not eat me” signal. Nevertheless,
targeting CD47 lacks specificity due to its ubiquitous expression pattern. On the other hand, T-cell
engagers (TCEs) result in very specialised signals by targeting CD3 on T cells and additional TAAs. The
hyperactivation of T cells results in a feedback loop through the activation of macrophages and the over-
release of cytokines, resulting in cytokine storms or cytokine release syndrome (CRS). If left untreated,
these can provoke life-threatening conditions. Thus, macrophage engagers and TCEs require novel cell-

specific targets and widening of their therapeutic windows for restored patient alleviation.

In the third study within this cumulative thesis, the first bispecific macrophage engager targeting the
receptor tyrosine kinase MerTK and epidermal growth factor receptor (EGFR) is presented. From the 10
antibody candidates derived in the second study, one candidate displayed agonistic properties, detected
by the dose-dependent activation of the downstream signalling molecule phospho AKT (pAKT). MerTK’s
overexpression on macrophages and tumour-associated macrophages within the tumour
microenvironment (TME) lays the foundation to generate macrophage-engaging bispecific antibodies

for targeted phagocytosis of tumour cells. Therefore, tandem biparatopic EGFR-binding Vun molecules
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(termed 7D9G) were combined in different architectures to generate bispecific molecules. By using the
Knob-into-Hole technology, a bispecific with a MerTK-binding Fab arm and an EGFR-binding tandem
VHH arm were generated, abolishing the agonistic properties of the parental MerTK mAb. On the other
hand, a tetravalent bispecific antibody was generated by fusing the tandem Vuus to the C-terminus of
the CH3 domain, resulting in intact MerTK-binding Fabs. The bispecific antibodies were able to bind
both targets simultaneously in their soluble form and engage macrophages with EGFR* tumour cells.
Furthermore, they were able to compete with the binding site of EGF and therefore inhibit EGF-mediated
signalling transduction by inhibiting pAKT. EGFR domain mapping of 7D9G by YSD resulted in binding
to domain III of the extracellular EGFR domain, confirming its ligand-inhibiting abilities. Moreover, the
bispecific antibodies resulted in targeted phagocytosis of EGFR* tumour cells by macrophage-like THP-
1 cells. This work represents the first bispecific macrophage-engager targeting MerTK for immuno-
oncology applications by harnessing its expression and role in the tumour microenvironment to

selectively phagocytise tumour cells.

In the last study presented here, a trispecific T-cell engager and cytokine release modulating antibody
(TriTECM) was generated. In brief, a tetravalent, bispecific two-in-one antibody binding EGFR and PD-
L1 simultaneously with a single Fab arm was combined with anti-CD3 and anti-IL-6R scFvs, derived from
foralumab or sarilumab, respectively. By testing two TriTECM architectures varying mainly in the anti-
CD3 scFv positioning and valency of IL-6R binding, tetraspecific molecules were generated with multiple
mechanisms of action. Firstly, increased tumour specificity was ensured by targeting EGFR and PD-L1
with a low nanomolar on-cell affinity. Checkpoint inhibition by blockage of the PD-1/PD-L1 axis was
mediated by binding to PD-L1. T-cell engagement and subsequent T-cell-mediated cytotoxicity was
attenuated, resulting in reduced pro-inflammatory cytokine release. And lastly, inhibition of the IL-6/IL-
6R pathway can modulate cytokine storms after T-cell activation. The attenuation of CD3 binding could
allow existing CD3-binders to be used, that were previously shown to result in cytotoxicity. With cytokine
release still putting obstacles in the way of novel immune cell engagers, TriTECM designs represent a
novel class of therapeutics with the potential to inertly modulate over-activated immune responses and

widen the therapeutic index of T-cell-engaging therapeutics.
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Zusammenfassung und wissenschaftlicher Erkenntnisgewinn

Auf dem Gebiet der Biologika haben monoklonale Antikdrper (mAb) in den letzten Jahrzehnten den
Markt mit Blockbustern und umsatzstarken Medikamenten durchdrungen. Fortschritte bei der
Entwicklung neuer Technologien gingen einher mit rasanten Fortschritten bei der Entdeckung neuartiger
Antikorper und Wirkmechanismen, die es ermoglichen, neue Anwendungsgebiete zu erschlieRen.
Insbesondere Display-Technologien, In-vitro-Systeme und Hoch- bzw. Ultra-Hochdurchsatz-
Technologien ermoglichen heute die Isolierung von biologischen Wirkstoffkandidaten in relativ kurzen

Zeitraumen.

In der ersten hier vorgestellten Studie lag der Schwerpunkt auf der Herstellung eines bidirektionalen
Plasmids fiir die rekombinante Antikorperproduktion in S&ugetierzellen, um die native
Antikorperfaltung und posttranslationale Modifikationen zu erleichtern. Konventionelle Ansétze fiir die
transiente Antikorperproduktion nutzen die Co-Transfektion von Genen der schweren und der leichten
Kette eines Antikorpers, die auf separaten Plasmiden kodiert sind. In der vorgestellten Studie wird nur
ein einziges Plasmid unter der Kontrolle von zwei unabhidngigen Promotoren eingesetzt. Der Fokus lag
dabei auf der Untersuchung, welche Promotorkombination die beste Antikérperausbeute fiir zwei von
der U.S. Food and Drug Administration (FDA) zugelassenen Antikorper, Durvalumab und Avelumab,
erbringt. Durch die Kombination von Promotoren unterschiedlicher Starke (CMV, minCMV, EF-1a und
Enhanced CMV) fiir die Genexpression der schweren und leichten Kette, waren die IgG-Ausbeuten am
hochsten bei der 2xeCMV-Kombination. Bei dieser wurden zwei gespiegelte eCMV-Kassetten eingesetzt,
welche die Expression der leichten und schweren Kette individual in jeder Richtung steuerten. Diese
Kombination bewirkte eine hohe mRNA-Syntheserate fiir beide Ketten in zwei standardméaRig
eingesetzten Saugetierzelllinien und die hochsten Ausbeuten an Antikoérpern, vergleichbar mit der
herkémmlichen Co-Transfektionsmethode. Der Ersatz der Co-Transfektionsmethode bei Einsatz zweier
Plasmide durch dieses bidirektionale Plasmid verringert den Aufwand fiir die Plasmidpréaparation, was

die gleichzeitige Bearbeitung einer groReren Anzahl von Antikérperkandidaten ermoglicht.

In der zweiten Studie wurde das zuvor beschriebene bidirektionale Plasmid verwendet, um eine Fab-
Bibliothek aus immunisierten OmniRats zu generieren und die Fab-Varianten im Hefeoberflachendisplay
(YSD) zu prasentieren. Nach der Durchmusterung von Antikorperkandidaten mittels fluoreszenz-
aktivierter Zellsortierung (FACS) ist die Reformatierung einzelner Kandidaten in ihr endgiiltiges 1gG-
Format erforderlich, was mit groRerem manuellem Aufwand verbunden ist und oft zu einer zeitlichen
Verzogerung bei der weiteren Charakterisierung fithrt. Im Rahmen dieser Studie wurde ein neuartiger,
auf Golden Gate Cloning (GGC)-basierender Arbeitsablauf etabliert, der die Massenreformatierung von

Antikorperkandidaten nach dem YSD-FACS-Screening ermoglicht. Unter Verwendung einer von
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OmniRat stammenden Fab-Bibliothek gegen MerTK wurden zwei YSD-Durchmusterungsrunden mittels
FACS durchgefithrt. Anschlielend wurden die Antikorper-kodierenden Gene in einen
Mammalian_Destination (MD)-Vektor tibertragen, der eine partielle Hinge-CH2-CH3 Sequenz enthielt,
was nach einem GGC-Schritt mit Esp3I in einem ORF resultierte, welche die vollstindige schweren Kette
kodierte. Um die Volllangenvarianten zu erzeugen, wurde der hefespezifische Gall,10-Promotor in einen
abschliefenden GGC-Schritt mit BbsI gegen die beschriebenen Promotorkassettenkombination aus der
ersten Studie, 2xeCMV, ausgetauscht. Nach der Assemblierung enthielt der resultierende MD-Vektor die
variablen Doménen aus der zweiten Sortierrunde mit den jeweiligen konstanten Doménen, die fiir die
Produktion von IgG-Molekiilen erforderlich sind. Next Generation Sequencing (NGS) aller
Durchmusterungsrunden bestétigte, dass die gesamte Vielfalt der Sequenzen der VH-Familien in den
resultierenden Klonen nach der Massenumformatierung wiedergefunden wurde. Zehn Kandidaten
wurden anschliel3end transient in Sdugetierzellen exprimiert und hinsichtlich ihrer Antigenbindung und
biophysikalischen Eigenschaften charakterisiert. Dieser Arbeitsablauf ermdéglicht einen direkten Transfer
von Fab Fragmente kodierenden Genen aus einem Hefedisplayvektor in einen Saugetier-
Expressionsvektor, vermeidet unerwiinschte Polymerase-induzierte Mutationen und erlaubt eine
Massenklonierung von angereicherten Antikorperfragmenten. Durch dieses Verfahren bleibt die Paarung
von schwerer und leichter Kette im Gegensatz zu anderen Reformatierungsansitzen erhalten und ebnet
somit den Weg zur Beschleunigung von Antikorper Durchmusterungskampagnen mit YSD. Dariiber
hinaus ist diese Plattform fiir andere Antikorperformate und Immunisierungswirte, wie scFvs und
Hiihner, anpassbar und hat das Potenzial, fiir bispezifische oder multispezifische Antikdrper entwickelt

zu werden.

Antikorper der neuesten Generation, einschlief8lich bi- und multispezifischer Antikoérper, sind in den
Fokus der Forschung geriickt, da sie mehrere Wirkmechanismen gleichzeitig kombinieren und eine
hohere Wirksamkeit als monoklonale Antikorper erzielen konnen. Eine besondere Klasse von
Antikorpern sind Immunzell-Engager, welche gleichzeitig Immunzellen und tumorassoziierte Antigene
(TAAs) auf malignen Zellen targetieren, und so eine Immunsynapse schaffen. Je nach adressierter
Immunzelle werden spezielle Effektorfunktionen aktiviert, was in der effizienten Tétung der targetierten
Zellen resultiert. Makrophagen-Engager vermitteln eine gezielte Phagozytose der angegriffenen Zelle
und adressierten bisher in dem meisten Féllen die CD47/SIRPa-Achse, welche fiir sogenannte "Friss mich
nicht"-Signale verantwortlich ist. Allerdings wird CD47 ubiquitér exprimiert und ist daher nicht selektiv.
T-Cell Engager (TCEs) hingegen erkennen zumeist CD3 auf T-Zellen und zusatzlich ein TAA auf einer
Tumorzelle. Durch die Bildung einer immunologischen Synapse vermittelt der TCE die Aktivierung der
T Zelle, was in einer zytotoxischen Reaktion gegen die Zielzelle resultiert. Die Hyperaktivierung von T-

Zellen fiihrt zu einer Riickkopplungsschleife durch die Aktivierung von Makrophagen und damit in der




Folge zur iibermilligen Freisetzung von Zytokinen, was zu Zytokinstiirmen oder einem
Zytokinfreisetzungssyndrom fithren kann, welche unbehandelt lebensbedrohlichen Zustdnde
hervorrufen. Daher benotigen Makrophagen-Engager und TCEs neue, zellspezifische Targets und eine
Erweiterung ihres therapeutischen Fensters, um das Auftreten von Nebenwirkungen im Patienten zu

verhindern.

In der dritten Studie, die im Rahmen dieser kumulativen Dissertation vorgestellt wird, wurde der erste
bispezifische Makrophagen-Engager generiert, welcher den Rezeptor-Tyrosinkinase MerTK und den
epidermalen Wachstumsfaktor-Rezeptor (EGFR) targetierte. Von den zehn Antikorperkandidaten, die in
der zweiten Studie entwickelt wurden, zeigte ein Kandidat ein agonistisches Wirkprofil, welches durch
die dosisabhdngige Aktivierung eines nachgeschalteten Signalmolekiils, phospho-AKT, nachgewiesen
wurde. Die Uberexpression von MerTK auf Makrophagen und tumorassoziierten Makrophagen in der
Tumormikroumgebung bildet die Grundlage fiir die Entwicklung von Makrophagen-aktivierenden
bispezifischen Antikorpern zur gezielten Phagozytose von Tumorzellen. Daher wurden biparatopische
EGFR-bindende tandem-VHH-Molekiile (bezeichnet als 7D9G) in verschiedenen Architekturen mit dem
MerTK mAb kombiniert, um bispezifische Molekiile zu erzeugen. Mit Hilfe der ,Knob-into-Hole*“-
Technologie wurde ein bispezifischer Antikorper designt, welcher mit einem Fab-Arm MerTK adressiert
und ein weiterer Arm durch die EGFR-bindenden tandem-VHH dargestellt wurde. Dieses Konstrukt
zeigte jedoch keine agonistische MerTK Bindung. Durch die Fusion der tandem VHHs an den C-terminus
der CH3-Doméne des anti-MerTK IgGs, wurde die agonistische Bindungseigenschaft wiederhergestellt.
Die bispezifischen Antikorper waren in der Lage, beide Zielmolekiile gleichzeitig in ihrer 16slichen Form
zu binden und Makrophagen mit EGFR-positiven Tumorzellen in Kontakt zu bringen. Dariiber hinaus
waren sie in der Lage, mit der Bindung von EGF, dem natiirlichen Liganden von EGFR, zu kompetieren
und somit die EGF-vermittelte Signaltransduktion durch Hemmung von phospho-AKT zu inhibieren. Des
Weiteren fithrten die bispezifischen Antikérper zu einer gezielten Phagozytose von EGFR-positiven
Tumorzellen durch makrophagenartige THP-1-Zellen. In dieser Arbeit wurde der erste bispezifische
Makrophagen-Aktivator generiert, welcher MerTK adressiert und fiir immunonkologische Anwendungen
geeignet ist, indem er dessen Expression und Rolle in der Mikroumgebung des Tumors fiir die selektive

Phagozytose von Tumorzellen nutzt.

In der letzten hier vorgestellten Studie wurde ein trispezifischer T-Cell Engager und Zytokinfreisetzungs-
modulierender Antikorper (TriTECM) entwickelt. Hierzu wurde ein tetravalenter bispezifischer Zwei-in-
Eins-Antikorper, der EGFR und PD-L1 gleichzeitig mit einem einzigen Fab-Arm bindet, mit Anti-CD3-
und Anti-IL-6R-Einzelketten-Variablen-Fragmenten (scFvs) kombiniert, welche von Foralumab bzw.

Sarilumab abgeleitet wurden. Es wurden zwei TriTECM-Architekturen erzeugt, die sich hauptsichlich in
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der Positionierung der Anti-CD3-scFvs und der Valenz der IL-6R-Bindung unterschieden, welche
mehreren Wirkmechanismen vereinten. Zunichst wurde eine erhohte Tumorspezifitidt gewéhrleistet,
indem EGFR und PD-L1 mit einer niedrigen nanomolaren Affinitdt auf doppelt-positive Zielzellen
gebunden werden. Durch Bindung an PD-L1 wurde die PD-1/PD-L1-Achse blockiert und dieser
Immuncheckpoint inhibiert. Die T-Zell-Bindung und die anschlieBende T-Zell-vermittelte Zytotoxizitét
wurden abgeschwécht, was zu einer verringerten Freisetzung von pro-inflammatorischen Zytokinen
fiihrte. AbschlieRend kann die Hemmung des IL-6/IL-6R-Signalwegs die Zytokinausschiittung nach der
T-Zell-Aktivierung herunterreguliert. Die Abschwichung der CD3-Bindung koénnte es ermdoglichen,
Literatur-bekannte CD3-Binder zu verwenden, die zuvor nachweislich Zytotoxizitdt bewirkten.
Angesichts der Tatsache, dass die Freisetzung von Zytokinen immer noch eine Problematik bei der
Entwicklung neuartiger Immunzellen-targetierender Antikorper darstellt, sind TriTECM eine neue Klasse
von Therapeutika, die das Potenzial haben, {iberaktivierte Immunantworten gezielt zu modulieren und

den therapeutischen Index von T-Zell-aktivierenden Therapeutika zu erweitern.
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1 Introduction

1.1 Immune System

Vertebrates have the most advanced immune system, composed of a complex network of signalling
molecules, immune cells, organs and tissues. The immune system protects the human body from disease-
causing substances, such as germs, bacteria, viruses, parasites or fungi (1). It is composed of two main
systems: the innate and the adaptive immune system. The innate immune response represents a rapid,
general immunological response. On the other hand, the adaptive immune system is considered a
specialised, antigen-specific response, representing a slower reaction. While the innate system is
evolutionarily older and found in virtually all living organisms, the adaptive response was first
discovered approximately 500 million years ago in jawed fish and has since only been found in

vertebrates (2,3). Both systems will be reviewed in 1.1.1 and 1.1.2, accordingly.

1.1.1 Innate Immune System

The first line of defence comprises three different types of barriers: structural, chemical and biological
barriers. Structural barriers include the outermost layer of the body, the skin, composed of a number of
structural cells (4-6) and mucosal membranes found within close proximity of body cavities (7-9). These
membranes prevent the infiltration of inhaled or ingested foreign pathogens. Additionally, the mucosa
of vertebrates serves as a chemical and biological barrier by secreting bioactive molecules including pro-
inflammatory cytokines and lysozyme (9,10). Lysozyme is further present in nasal secretions, tears and
saliva and inhibits microbial growth (11-13). Chemical barriers include regions of lowered pH, i.e., as

found within the stomach and mucous membranes to avoid microbial growth and invasion.

Once pathogens penetrate anatomical barriers, an immune cascade is started to immediately fight
against possible infection. This system is known as the innate immune response and is the first line of
defence against a pathogen that was able to intrude the chemical and physical barriers. As a fast response
is required to clear pathogens before causing more damage, the innate immune response occurs
immediately or within a maximum of hours after encountering a pathogen-derived antigen, thus it is
known as an antigen-independent, non-specific defence mechanism (14). Pathogens entering the body
must fulfil a number of requirements in order to be efficiently cleared by the immune system. One of
these requirements is the presence of conserved molecular patterns and structures across large groups
of pathogens, which are the main target of innate immune recognition. These patterns are known as
pathogen-associated molecular patterns (PAMPs) (15) or more recently as microbe-associated molecular
patterns (MAMPs) (16,17). Examples of PAMPs include lipopolysaccharides (LPS), lipoproteins,

peptidoglycans and oligosaccharides, all often found on the surface of pathogens (18). Furthermore,




dangerous endogenous signals that may contribute to tissue stress are designated damage-associated

molecular patterns (DAMPs) (19,20).

While PAMPs and MAMPs originate from external pathogens, DAMPs generally play a physiological role
within the body but transform into danger signals when exposed to external environments, for example
after being released from dying cells (21). PAMPs, MAMPs, and DAMPs can be recognised due to their
conserved molecular patterns, hence the receptors that do such were termed pattern-recognition
receptors (PRRs) (22). As PAMPs are broadly expressed on pathogens but not in host cells, PRRs are
able to discriminate between self and non-self, as first proposed by Janeway in the early 1990s (23,24).
PRRs are germline-coded receptors that can either be present on the surface of sensor cells important
for detecting pathogen infection, such as monocytes, macrophages, dendritic cells (DCs), epithelial and
endothelial cells, and fibroblasts (25,26), or can be found in soluble forms (18). PRRs can be divided
into four subclasses, based on their downstream signal transduction activation and their residency
location. The Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) are both transmembrane
receptors that detect PAMPs either on the cell surface or the lumen of intracellular vesicles. TLRs are the
most well-studied class of PRRs and can be classified into two subfamilies. Cell surface TLRs, including
TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10, recognise microbial membrane components (lipids,
lipoproteins). For example, TLR4 specifically recognises bacterial LPS. The second subfamily comprises
intracellular TLRs that recognise nucleic acids from bacteria or viruses and additionally recognise self-
nucleic acids in autoimmunity. These include TLR3, TLR7, TLR8, TLR11, TLR12, and TLR13 (27,28).
Two further PRR subclasses exist that were recently shown to detect intracellular PAMPs cytosolically,
namely retinoic acid-inducible gene I-like receptors (RLRs) and nucleotide-binding oligomerisation
domain-like receptors (NLRs) (25,26). Once the innate immune system detects and recognises foreign
molecules via PRRs on sensor cells, a downstream signalling cascade is activated leading to the secretion
of inflammatory mediators, including cytokines, chemokines, interferons, and antimicrobial peptides

(AMPs) (29-33).

A further system within innate immune responses is the complement system. It is composed of over 40
proteins found in the plasma and on cellular surfaces and constitutes over 15% of the globular fraction
of plasma. Its versatile functions include pathogen opsonisation through complement opsonin (e.g.,
C3b), release of pro-inflammatory mediators, and targeted lysis of pathogenic surfaces through
membrane-penetrating pores known as the membrane attack complex (MAC). These actions are the

result of three complement pathways that are activated and mediated in different ways (34,35).

Integral effector cells of the innate immune system are phagocytic cells, consisting of granulocytes

(neutrophils, basophils, eosinophils, mast cells), monocytes/macrophages, and DCs (10). Neutrophils




and monocyte-derived macrophages are known as professional phagocytes, as their precise reason for
existing is to engulf pathogens through receptor-mediated endocytosis. The phagocytosis theory
originates from Elie Metchnikoff in 1882, for which he was later awarded the 1908 Nobel Prize together
with Paul Ehrlich (36,37). Neutrophils make up 40-60% of all leukocytes in human blood and are the
first to arrive to an infected scene, hours before monocytes and monocyte-derived macrophages. To
recognise phagocytic targets, neutrophils and macrophages express a number of cell-surface PRRs.
Neutrophils, for example, express Dectin-1 and Dectin-2, both belonging to the CLR family, recognising
B-glucan found in the cell wall of a wide array of microbes and mannose-rich structures present on a
range of species, respectively (38-42). Additionally, they possess cell-surface receptors for the Fc portion

of antibodies and for the C3b component of the complement system.

Upon encountering pathogens, actin polymerisation is induced at the site of pathogen attachment after
ligand binding via PRRs. The plasma membrane of phagocytes can subsequently surround the pathogen
and results in phagosomes with engulfed pathogens (43). The phagosome fuses with intracellular
granules filled with proteases and AMPs to form the phagolysosome, where microbes are subsequently
killed. Two main mechanisms exist for killing of microbes: i) de-granulation of granules to expose
bacteria to AMPs, enzymes and proteases, or ii) generation of reaction oxygen species (ROS) (44). The
former is known as the oxygen-independent mechanism and is predominantly responsible for altering
the permeability of bacterial membranes, for example through the release of defensins and cathelicidins
such as hCAP-18/LL-37 (45-47). Defensins and cathelicidins predominantly disrupt anionic bacterial
surfaces by forming pores in their membranes, rendering bacterial more susceptible to lysis (46). The
enzyme lysozyme is also released from neutrophil granules that leads to bacterial killing through the
targeted hydrolysis of peptidoglycans (PGs) present on their cell walls (13,48,49). Neutrophil serine
proteases (NSPs), including neutrophil elastase (NE) and cathepsin G (CG), also contribute to the non-
oxidative pathways of neutrophil-driven killing. Under normal conditions, these inactivated proteases
are stored in granules, which are only activated upon release into phagocytic vacuoles (50). The most
well-known direct antibacterial function of NSPs is the direct killing of bacterial cells. NE has been shown
to directly kill gram-negative bacteria, for example through the degradation of outer membrane protein
A (OmpA) in Escherichia coli resulting in loss of membrane integrity and bacterial degradation (51).
Gram-positive Streptococcus pneumoniae are rather killed through the collective action of NE, CG and
other proteases (52). Furthermore, NSPs can indirectly result in bacterial killing by other mechanisms,

such as generating AMPs through cleavage of host proteins or degrading virulence factors (50).

Monocyte-derived macrophages and tissue-resident macrophages also partake in the onset of an acute
inflammatory event but play a more crucial role in the subsequent resolution of inflammation, whereas

neutrophils are merely responsible for the initial removal of pathogens (44). Consequently, macrophages




ultimately phagocytose apoptotic neutrophils after pathogen removal. Additionally, macrophages are
long-lived cells that are involved in antigen presentation (14). Macrophages are largely influenced by
external factors (e.g., cytokines) leading to changes in both their phenotype and function. Two main
groups of macrophages are known, namely “classically activated” M1 macrophages which are known to
secrete pro-inflammatory cytokines, including tumour necrosis factor a (TNFa) and interleukins (IL)-6,
IL-1B, IL-12, and IL-15. The polarisation to M1 macrophages occurs in response to different stimuli such
as exposure to LPS, interferon-y (IFNy) and other factors. On the other hand, “alternatively activated”
M2 macrophages secrete anti-inflammatory cytokines including transforming growth factor § (TGFp),
IL-4, IL-10, and IL-13 and are stimulated by macrophage colony-stimulating factor (M-CSF) and other
interleukins. While M1 macrophages play a pro-inflammatory role with anti-microbial and anti-tumoral
activity, M2 macrophages exhibit an anti-inflammatory role and aid in tissue homeostasis, wound

healing and fighting infections (53-55).

Besides phagocytic cells, antigen-presenting cells (APCs) compose an important share in maintaining
innate immunity. Professional APCs consist of macrophages, DCs, and B cells. APCs first recognize their
target through binding of PAMPS or DAMPs to PRRs and internalising their target by initiating
phagocytosis, pinocytosis, or clathrin-mediated endocytosis. Depending on the PRR family, different
pathways of endocytosis are initiated to degrade external PAMPs/DAMPs and display them on major
histocompatibility complex (MHC) for further T cell recognition, as discussed in 1.1.2 (56,57). A further
group of innate immune cells are natural killer (NK) cells that play a large role in antiviral immunity by
destructing virus-infected cells through the release of perforins and granzymes which induce
programmed cell death. NK cells are also known as large producers of IFNy aiding subsequent T cell
responses (14,58). APCs, especially dendritic cells, and the complement system represent the linkage

between the innate and adaptive immune responses (35,56,59,60).

1.1.2 Adaptive Immune System

The adaptive immune response represents an antigen-specific and memory response, contrary to the
non-clonal recognition pathways of cells pertaining to the innate immune system. Responses of the
adaptive immune system are mediated by lymphocytes derived from hematopoietic stem cells and can
be separated into two broad categories. Cell-mediated immune responses are carried out by T

lymphocytes (T cells), whereas antibodies are produced by B lymphocytes (B cells) (43).

T Cells
T cells arise from the bone marrow and migrate to the thymus where somatic gene rearrangement takes
place, leading to the expression of a unique antigen-binding molecule, the T cell receptor (TCR). The

TCR recognises peptide antigens that have undergone proteolytic cleavage and are presented on a host




cells’ MHC molecule. Nucleated cells are capable of expressing MHC class I (human leukocyte antigen
HLA A, B, and C) molecules that lead to T cell responses. Further, professional antigen-presenting cells,
including B cells, DCs and macrophages, constitutively express MHC class II (HLA DP, DQ and DR)
molecules, allowing for an enhanced activation of T cells. MHC class I and II molecules can interact with
different TCR co-receptors, such as CD8 and CD4, accordingly, and differ in presenting either
endogenous or exogenous peptides, respectively (61). The TCR itself does not consist of any intracellular
signalling domains, and instead associates non-covalently with signalling apparatus from co-receptors.
This complex consists of CD3ey and CD3&6 heterodimers and a CD3¢{ homodimer, collectively forming

the TCR-CD3 complex (62).

T cells can be separated into two primary types, cytotoxic T cells (CTLs) and T-helper (Th) cells. Upon
antigen presentation via MHC molecules, stimulated T cells differentiate either into CD8* CTLs or CD4*
Th cells. CD8* CTLs are responsible for killing foreign agents and tumour cells expressing the appropriate
antigens by two main mechanisms. The first involves the release of pore-forming perforin, that forms
transmembrane channels in the target cell. Proteases, such as granzyme B, are contained in secretory
vesicles together with perforin which are released by CTLs through exocytosis. Granzyme B cleaves and
activates members of the caspase family of proteases, resulting in a cascade that ultimately arbitrates
apoptosis. The second mechanism also involves the activation of the caspase cascade, however through
Fas ligand on the cell surface of CTLs binding to Fas on the target cell. Binding results in the activation

of the caspase cascade, similarly resulting in apoptosis (43).

On the other hand, CD4* Th cells do not possess cytotoxic activity but are rather involved in maximising
an immune response by directing other cell types to kill infected cells or pathogens. Upon activation, Th
cells influence the activity of other cell types, including APCs, by releasing cytokines. Th cell responses
can be classified into different subsets, depending on the effector mechanisms required for elimination
of the presented pathogen. The major subsets include Th1, Th2, Th17, and regulatory T cells (Tregs).
The first response to be discovered, Th1, is characterised by the release of IFNy which leads mainly to
the activation of macrophages and further enhances anti-viral immunity. Th2 responses are induced by
IL-6 and IL-13 and are characterised by the release of cytokines IL-4, IL-5 and IL-13, playing a role in
the development and recruitment of mast cells and eosinophils, an essential response for effective
protection against parasites. Furthermore, Th2 responses are involved in B cell-mediated humoral
responses, such as the development of immunoglobulin E (IgE)-secreting B cells and enhancing the
production of IgG production. Th1 responses also contribute to B cell differentiation, as described below.
As the name suggests, Th17 cells are characterised by the production of IL-17 and other IL-17 family
members and are associated with chronic infection and disease. Lastly, Tregs control aberrant responses

to self-antigens and thus limit and suppress immune responses, playing a large role in controlling the




development of autoimmune disorders. Both CTLs and helper T cells die upon resolution of infection
and are cleared by phagocytes, with a few cells remaining as memory cells. Upon encounter with the
same antigen, these memory cells can differentiate into effector cells and swiftly resolve infections

(14,43,63-66).

B Cells

B cells are derived from the bone marrow where B cell development takes place and mediate antibody
responses. The B cell receptor (BCR) undergoes somatic recombination, similar to the TCR, resulting in
very high specificity, where each B cell represents a unique BCR. To reach this point, immunoglobulin
(Ig) heavy and light chain encoding genes undergo DNA recombination. A detailed description of the
structure and function of antibodies is provided in 1.1.3. During B cell development, V(D)J
recombination occurs in the bone marrow. Starting at the pro-B cell stage, the Ig heavy chain gene is
produced by joining of diversity gene segments (D) to joining gene segments (Ju), resulting in a late pro-
B cell. Then, variable heavy chain segment (Vy) is rearranged to the joined DJu sequence. Successful
heavy chain V gene rearrangement associates with an intact u chain as a constant (C)-region sequence,
and the cell can progress into a pre-B cell, stopping Vu to DJu rearrangement and starting to proliferate.
In the case where both heavy-chain alleles are non-productive, pro-B cells are unable to receive the
proliferation signal and are eliminated. The pre-B-cell receptor consists of the u heavy chain, and two
further proteins made in pro-B cells, A5 and VpreB, which pair to form a surrogate light chain. Together
with the association of Iga and Igp, the pre-B-cell receptor complex is formed, allowing for signalling
and structurally resembling a mature BCR complex. Light chain rearrangement occurs as with the heavy-
chain locus. Synthesised light chains after successful rearrangement are combined with the heavy chain
to form intact IgM molecules on the surface of B cells, together with Iga and Igp, forming the functional
B-cell receptor complex. Throughout this process, recombination-activation genes 1 and 2 (RAG-1 and
RAG-2) play a large role in gene rearrangement, forming a RAG-1:RAG-2 dimer that acts as a component
of the V(D)J recombinase. Further, terminal deoxynucleotidyl transferase (TdT) adds N-nucleotides at
the joints between rearranged gene segments, contributing to the diversity of both B-cell and T-cell

receptor repertoires (67-70).

From the intact IgM molecule on the surface of mature B cells, a central tolerance process is initiated to
eliminate B cells that have produced autoreactive cells reacting with the body’s “self” proteins, leading
to autoimmune diseases. Non-reactive cells are then released from the bone marrow into the periphery,
where naive B cells can become activated by contact with antigens. In contrast to T cells which only
recognise short peptide sequences presented on MHC molecules, B cells can recognize three-dimensional
large antigens (71,72). Somatic hypermutation occurs in the antigen-binding site of BCRs to increase

their affinity by hypermutating along the V gene region of the Ig gene (73). This process is mediated by




activation-induced cytidine deaminase (AID) which induces cytosine to uracil deamination. To repair
this process, error-prone polymerases are recruited, allowing any base to be incorporated. Here too,
tolerance mechanisms result in positive selection for BCRs with the highest affinity and remove low
affinity or autoreactive BCRs. Fully differentiated, antibody-secreting B cells are known as plasma cells,
which together with memory B cells exist in the germinal centre of secondary lymphoid tissues (74,75).
Lastly, high affinity antibodies undergo a class switch from low-affinity IgM or IgD antibodies to matured

IgA, IgE and IgG isotypes (76).

Besides their role as antibody-secreting cells, B cells also play a large role as professional APCs for CD4*
Th cells through the expression of MHC class II molecules. Hereby, B cells recognise antigens through
membrane-bound immunoglobulins and take them up via endocytosis. Through a lowered pH, the Ig is
proteolytically cleaved, allowing for peptide generation to occur. Newly synthesized MHC class II

molecules are then loaded with peptides and endocytosed to present them to T cells (77,78).

1.1.3 Structure and Function of Antibodies

Antibodies are heterodimeric glycoproteins exerting high affinity and specificity to bind foreign invaders
and avoid inflammation. Antibodies can be split into five isotype classes, each employing specific
functions and varying mainly in their heavy chain structure: IgA, IgD, IgE, I1gG and IgM (Figure 1A).
IgMs are the first isotype to be produced upon differentiation of naive B cells into plasma cells, as
described above. They exhibit a pentameric structure and result in avidity effects, compensating for their
relatively low affinity and are mainly found in the blood (79,80). IgA is predominantly responsible for
mucosal immunity by binding to FcaRI (CD89) and thus contributes to the first line of defence (81,82).
The IgA isotype exists as a monomer in serum, or as a dimer, containing two IgA with one J chain and a
secretory component (83). IgD exists in two forms and represents a monomeric structure. Membrane-
bound IgD is recognised as B-cell receptors (BCR), while its soluble form is implicated in mucosal innate
immunity (84). IgE and IgG are isotypes found exclusively in mammals and both exist only as monomers
(85). IgE plays a crucial role in mediating allergic reactions by binding to Fc receptors FceRI and FceRII
(CD23) (86). IgGs are the most abundant class of antibodies, constituting up to 75% of Igs in human
serum. From the IgG family, four subclasses exist, namely IgG1, 1gG2, IgG3 and IgG4, with minor
differences in structure and effector functions. Besides isotypes, IgG heavy chain polymorphisms, known

as allotypes, add an additional layer of variation (87).

The IgG isotype consists of four polypeptide chains, two identical y heavy chains (HC) and two identical
k or A light chains (LC), resulting in a molecule of approximately 150 kilodaltons (kDa). The heavy and
light chains are linked together by inter-chain disulphide bonds, while the individual domains of each

chain are stabilized by intra-chain disulphides. Variable domains (Fv) are found at the N-terminus of




each chain and consist of VH and VL domains for the heavy and light chain, respectively, that make up
the antigen-binding site (paratope). Together with the Fv and a constant domain, fragment antigen
binding (Fab) regions are formed by pairing of VL and CL of the light chain with VH and CH1 of the
heavy chain (Figure 1B).
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Figure 1: Antibody structure and function. A) Immunoglobulin (Ig) isotypes. B) Structure of IgG antibody. Variable
regions are shown in light blue and green for VH and VL, respectively, making up the variable fragment (Fv).
Constant domains are in dark blue and green for heavy and light chains, respectively. Stars represent the
glycosylation site at N297 in the CH2 domain. C) Zoom-in of a Fab fragment with the complementary-determining
regions (CDRs) highlighted in white for VH and VL. The crystal structure of the variable regions and their respective
loops is taken from (90). D) Fc-mediated effector functions of IgG molecules. Binding of 1gG molecule (blue) to a
cell-bound receptor (purple) and simultaneous binding to different effector molecules mitigates CDC, ADCC or
ADCP. Figure created in Biorender.com.

Each variable domain contains three hypervariable regions termed complementarity-determining
regions (CDRs) that mediate antigen recognition. These six loops, CDR-L1, CDR-L2, CDR-L3 for VL and
CDR-H1, CDR-H2, and CDR-H3 for VH, find themselves in close proximity to each other and steer the
orientation of VL and VH after formation of the Fv (Figure 1C). The CDR-H3 is the most diverse loop as
it is the focal point of V(D)J recombination and is often considered the most important CDR for antigen
binding (88,89). Framework regions (Fr) are located between the CDRs of Fv domains and are numbered

Frl to Fr4.




Heavy chains contain three constant domains: CH1, CH2, and CH3. The crystallisable fragment (Fc) that
mediates effector functions consists of domains CH2 and CH3. Joining the CH1 and CH2-CH3 domains
is a hinge region, which results in Fab arm flexibility and provides disulphide bonds to join two heavy
chains together to form an antibody molecule (87). While light chains only consist of one constant
domain (CL), two light chain isotypes are found in humans, k or A. The ratio of kappa/lambda antibodies
detected strongly depends on the class of antibody heavy chain. Kappa/lambda ratios were reported to
be 2.0 for IgG, 1.1 for IgA, and 1.7 for IgM, highlighting the isotype-dependent preferences in light chain
isotypes (91,92). Compared to other isotypes, IgG molecules have a single glycosylation site at position

N297 of the CH2 domain, except for IgG3 that exhibits an additional glycosylation site (93).

The function of antibodies rests not only in binding to a specific antigen through their Fv regions, but
also through Fc-mediated effector functions by binding to Fc gamma receptors (FcyR) and the first
subcomponent of the C1 complex (C1q) (94). These functions are known as antibody-dependent cellular
cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent cellular
phagocytosis (ADCP) (Figure 1D). ADCP is reviewed in more detail in 1.4.2. ADCC is mainly mediated
by NK cells through binding of FcyRIIla (CD16a) of antibody-opsonised target cells and induces cellular
cytotoxicity by the release of perforins and granzymes. The potency of ADCC is influenced not only by
the IgG subclass, but also by glycosylation patterns and IgG allotypes. The largest allotype-dependent
variations have been reported for IgG3, whereas all IgG1, IgG2 and IgG4 allotypes were shown to behave
similarly (95). CDC is triggered in a similar manner, by binding of antibody-coated target cells to C1q
through essential residues in the CH2 domain (96). IgM molecules, for example, are exceptionally
effective in activating the complement system due to their pentameric structure (97). Additionally, the
CH2-CH3 interface of the Fc fragment interacts with the neonatal Fc receptor (FcRn) under acidified
conditions and prolongs serum half-life. FcRn recycling avoids intracellular degradation of IgG molecules

and extends the serum half-life of IgGs up to 21 days (98).

1.2 Therapeutic Antibodies for Imnmunotherapy

Harnessing the innate qualities of antibodies, including but not limited to, their high affinity and
specificity, their Fc-mediated effector functions, and their ability to modulate biological responses,
monoclonal antibody therapy has seen incredible growth as a therapeutic class. The birth of monoclonal
antibody production began by the discovery of the hybridoma technology by Kéhler and Milstein in 1975.
The system consists of fusing mouse antibody-producing B cells isolated from immunised mice together
with myeloma cells to generate immortal hybrid cells that produce antibodies in large quantities (99).
While the hybridoma technology allowed the fast production of antigen-specific monoclonal antibodies,

murine antibodies poised severe immunogenic effects including severe adverse effects such as




anaphylaxis and cytokine release syndrome (100,101). A total of 6 approved antibody therapeutics are
murine IgG molecules (either mIgG2a or mIgG1l), of which 4 have been withdrawn due to safety or
commercial reasons, among them the first antibody to ever receive regulatory approval, anti-CD3
muromonab-CD3 (Orthoclone OKT3) (102). Patients administered with murine monoclonal antibodies
showed human anti-murine antibody (HAMA) responses, stagnating the success of mAb therapy
(103,104). Thus, the focus shifted towards the generation of less immunogenic molecules by developing
chimeric antibodies. Chimeric antibodies combine the murine variable regions with human constant
domains and result in better human Fc-mediated effector functions and lower immunogenicity, entailing
approximately 60% human components (105,106). Ten chimeric antibodies have successfully been
approved for therapy, including the renowned anti-CD20 antibody rituximab (Rituxan), cetuximab

(Erbitux) binding EGFR, and siltuximab (Sylvant) binding IL-6 (102).

The largest subset of approved and next-generation antibody therapeutics has taken a step further by
performing humanisation after discovery of antibody candidates from different origins, representing 56
approved antibodies and a further 11 undergoing regulatory review (102). The most common type of
humanisation is known as CDR-grafting, where the heavy and light chain CDRs of the variable domains
are grafted onto a human framework, resulting in an antibody that is >90% human when considering
the entire antibody molecule. Specificity-determining residue (SDR) grafting further minimises the
murine content in the CDRs of CDR-grafted humanised antibodies (107). The first fully human antibody
to be approved was the anti-TNF antibody adalimumab (Humira) in 2003 that was discovered through
phage display screening (108,109). Adalimumab has achieved blockbuster status, surpassing the $20
billion mark in sales in 2021 and often emerging in the top drug sales lists (110). The discovery and
development of fully human antibodies has been facilitated by powerful technologies, among them

phage display and transgenic animals which will be covered in 1.3.1.

Revolutionised by the number of approved drugs on the market, humanised and fully human antibodies
make up a large part of approved biologics. Nevertheless, their homology to human proteins does not
entirely rule out immunogenic responses. Anti-drug antibodies (ADAs) have been reported after
treatment with adalimumab and another fully human anti-TNF mAb golimumab (Simponi), obstructing
the drug’s bioavailability, altering its pharmacokinetics and pharmacodynamics, and ultimately
hampering its efficacy (111,112). Advances in computational power may help predict the
immunogenicity of humanised and fully human therapeutics before they reach critical clinical

development (113).

In the context of complex diseases, IgG molecules pose several limitations, such as poor tumour

penetration due to their large size, and Fc-mediated bystander activation of the immune system, among
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others (114). To avoid the latter, antibody engineering approaches have paved the way to abate binding
of Fc domains to FcyRs, rendering them “effector silenced”. The first point mutation described was
Leu235Glu, resulting in 100x decreased affinity to the FcyRs (115). This initial mutation was
investigated further and the double mutant Leu234Ala and Leu235Ala (abbreviated as LALA) was born,
reducing binding to FcyRI, FcyRII, and FcyRlIlla for both IgG1 and IgG4 isotypes, diminishing ADCC,
ADCP and CDC effector functions (116,117). With the additional substitution of Pro329Gly (PG), the
LALA-PG modification abolished binding to FcyRI, FcyRII, FcyRIlla and C1q, obliterating Fc functions in
mouse and human IgGs (118). As interaction of the Fc and FcyRs or C1q is additionally mediated through
glycosylation at position Asn297, mutants thereof also resulted in diminished effector functions. These
mutations include Asn297Ala (119), and Asn297GIn (120,121). The potential of such mutations to
abolish or reduce bystander effects has been spotlighted through clinical development of monoclonal

antibodies carrying LALA, LALA-PG or N297 mutations (122).
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Figure 2: Structure of antibody fragments. The constant domains are depicted in dark blue and green, and the
variable chains are coloured in light blue and light green for VH and VL, accordingly. The white lines represent the
complementary-determining regions. Abbreviations: Immunoglobulin - Ig, single chain variable fragment — scFv,
fragment crystallisable — Fc, antigen binding fragment — Fab. Figure created in Biorender.com.

To overcome the poor penetration of IgG molecules, antibody formats represent an interesting class of

therapeutic entities. Antibody fragments include single chain variable fragments (scFvs, 25 kDa), scFv-
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Fc (100 kDa), Fabs (50 kDa), nanobody domain antibodies (Vun) (15 kDa), and Vnar (13 kDa) (Figure
2). Fab fragments consist of the VH and VL domains and CL and CH1 constant domains of an IgG
molecule, whereas scFvs are composed only of the variable domains connected by a flexible linker.
Nanobodies and Vnars originate from camelids and sharks, respectively, and represent single-domain
antibodies (sdAbs). Fabs and scFvs contain a total of six CDRs, three from the heavy and three from the
light chain, whereas Vuu fragments consist of three CDRs. Vnar fragments only consist of two CDRs,

equivalent to CDR-H1 and CDR-H3 (123).

Owing to their smaller size and lack of an Fc fragment, antibody fragments demonstrate improved tissue
penetration and broader biodistribution, no effector functions and easier manufacturing. Four Fab
fragments have made their way into the clinic, with abciximab (Reopro) marking the first antibody
fragment to reach the market in 1994. The first scFv fragment to be approved was blinatumomab in
2014, a bispecific T-cell engager (BiTE) that is discussed in 1.4.1. Of the sdAb type, only one humanised
nanobody has been approved targeting the von Willebrand factor in 2018. Bivalent or bispecific
antibodies can also be generated, for example as F(ab’)2 or by joining two scFvs (termed tandem scFv)
(Figure 2). Taken together, both IgG molecules and antibody fragments have shown great success as
therapeutic entities and their characteristics can be fine-tuned depending on the disease indication and

desired mechanism of action (124,125).

1.2.1 Immuno-oncology Applications

Cancer is one of the leading causes of death, attributing nearly 10 million deaths worldwide in 2020.
The cancer types with the highest incidence rates are breast, lung and colorectum cancer, with lung and
colorectum cancer accounting for the highest mortality rates (126). Independent of the cancer types,
cancer originates from the abnormal and dysregulated proliferation of malignant cells causing the
uncontrolled growth to invade healthy tissues and organs, leading to metastatic tumours. New
dimensions in the proposed hallmarks of cancer have been described in 2022 to summarize the
complexity of different tumour types and find common ground between all types of cancer cells (127).
While conventional therapeutic strategies such as chemotherapy or radiation therapy have shown
success in shrinking or eradicating tumours in the past, targeted therapy is becoming of utmost
importance due to milder adverse effects, high efficacy and reduced off-target toxicities. Close to half of
all approved monoclonal antibodies are for the treatment of oncology indications (128), with the
authorisation of rituximab for the treatment of non-Hodgkin’s lymphoma in 1997 marking the first
clinically relevant anti-cancer agent. Since then, a number of mAbs have been approved to treat many
cancer types, especially for the treatment of breast cancer (129,130), and lung cancer (131,132). The
success in the area of oncology is exemplified with Roche’s anti-human epidermal growth factor receptor

2 (HER2) antibody trastuzumab (Herceptin) with sales of more than $5 billion in 2018 (133).
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The tumour microenvironment (TME) is composed of a heterogenous nexus of cancer cells with
infiltrating and resident host cells, extracellular matrix and secreted cytokines and chemokines. Immune
cells within the TME can promote either an anti-tumour or an immune suppressive environment,
depending on the tumour types and form of inflammation that is persistent (134,135). Solid tumours
are particularly infiltrated by leukocytes harbouring an immunosuppressive environment, hampering the
efficacy of novel therapies (136). In order to efficiently target tumour cells, the tumour
microenvironment must also be modified and targeted (137). Tumour types can be further separated
into two categories, namely “hot” or “cold” tumours. “Hot” tumours are characterised by the
accumulation of pro-inflammatory cytokines and higher infiltration of T cells, whereas “cold” tumours
largely lack T cell infiltration. The breakthrough of immune checkpoint inhibitors (ICIs), such an anti-
PD-1/PD-L1 (pembrolizumab, nivolumab, avelumab, durvalumab, atezolizumab) or anti-CTLA-4
antibodies (ipilimumab) have shown great promise in anti-cancer therapy. Nonetheless, there is
accumulating evidence that only a fraction of patients benefits from ICIs, with the response rates largely
being related to tumour-infiltrating lymphocytes (138). Accordingly, “hot” tumours are associated with
better ICI efficacy compared to “cold” tumours, posing a challenge for immunotherapy. The focus for
novel therapeutic approaches is spotlighted onto turning “cold” tumours into “hot” tumours by improving

T-cell infiltration into the TME (139-141).

While the success of mAb therapy is obviated by the number of approved mAbs and the number of
candidates in pre-(clinical) phases, their efficacy is sometimes hindered. Among other reasons, the
complexity of tumours and their microenvironment further employ strategies to overcome the immune
response, the so-called immune escape mechanisms. These mechanisms may include the loss of MHC
class I molecules on APCs resulting in a loss of antigenicity and preventing appropriate presentation to
T cells, or through the conversion of malignant cells and their environment to an immunosuppressive
TME by upregulation of PD-L1 or immunosuppressive cytokines, including IL-10 and TGFf (142). While
ICIs have dramatically increased patient’s response rates and survival, novel strategies are required to
tackle the TME that poses several obstacles in efficacy in solid and “cold” tumours. Accordingly, bispecific
antibodies (bsAbs) binding multiple targets have been set in the spotlight in recent years. Bispecific
antibodies have two main mechanisms of action: cell-bridging or non-cell-bridging. Cell-bridging
bispecifics will be reviewed in detail in 1.4, but they are able to link immune cells to malignant cells,
improving specificity and effectiveness. Non-cell-bridging bispecific antibodies bind two antigens
simultaneously and block signals of cell survival and cell growth, enhancing inhibitory or stimulatory
effects in malignant cells or immune cells, respectively (143). By combining multiple modes of action
and activating immune cells, their therapeutic effect and benefit is greater than monoclonal antibodies.
To date, there are 7 approved bispecific antibodies, with more than 180 in pre-clinical development and

50 undergoing clinical investigation. From the approved bsAbs, four target CD3 on T cells with an
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additional tumour-associated antigen (TAA) that will be reviewed in 1.4.1. The remaining three
bispecific antibodies are non-cell-bridging bsAbs, targeting two receptors to cross-link antigens or

combined antagonism of pathways resulting in cell death (144).

1.2.2 Severe Adverse Effects - Cytokine Release

Besides lack of efficacy, many biologics are hampered by severe toxicity in early clinical stages. While
the development of humanised and fully human antibodies has drastically improved their in vivo
tolerability, adverse effects may still occur (145). A severe adverse effect observed after first doses of
mADbs is cytokine storm or cytokine release syndrome (CRS). Back in the 1980s, the term was coined
after infusion with Muromonab-CD3, due to infusion-related reactions that were observed. CRS is a life-
threatening systemic inflammatory syndrome, where elevated levels of cytokines through
hyperactivation of immune cells occurs. CRS can be triggered through therapies, pathogens, cancer, and
autoimmune reactions, among others, and is one of the most frequent grave adverse effects after T-cell-
engaging immunotherapies via CD3 binding (146-148). Nonetheless, the onset of CRS is not only
characteristic to CD3-binding mAbs but has also been reported after treatment with anti-CD52
alemtuzumab (149), anti-CD20 rituximab (150) and tositumomab (145), anti-CD40 CP-870893 (151),
anti-CD2 BTI-322 (152) and anti-CD28 TGN1412 (153) antibodies (154). TGN1412, in particular,
displayed a tremendous public outcry for regulatory agencies to standardise in vitro and in vivo studies

prior to first-in-human studies (155).

While the pathophysiology of CRS is not entirely understood, it can be induced by two main mechanisms:
direct target cell lysis or activation of T cells through therapeutics. Focusing on T cell-engaging
therapeutic-induced CRS, IFNy is released upon activation of T cells which induces the activation of
other immune cells, principally macrophages and DCs. The subsequent activation of macrophages results
in excessive amounts of IL-6, TNFa and IL-10 (Figure 3). Excessive amounts of IFNy and TNF« elicit flu-
like symptoms including fever, chills, dizziness, fatigue and diarrhoea (146) . IL-6 seems to play a
particularly important role in the CRS pathophysiology, as its trans-signalling pathway leads to
characteristic symptoms of CRS such as vascular leakage (156), and elevated serum IL-6 levels have

been consistently observed in patients with CRS (157-159).

Grade 1 and 2 CRS results in mild reactions including fever and hypotension, where intravenous fluids
or low-dose vasopressors are required. Grade 3 CRS results in hospitalisation with the need for high-
dose vasopressors, and signs of organ dysfunction appear to instigate. Life-threatening complications are
observed with grade 4 CRS where mechanical ventilation support is required, grade 4 organ toxicities
are observed and severe hypotension requiring a combination of high-dose vasopressors is exhibited

(160). The onset of grade 4 CRS is triggered by the feedback loop between activated T cells and
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macrophages, resulting in extremely high serum IL-6 levels of 600-1000 pg/ml compared to normal
levels of 7-30 pg/ml (161,162). Due to IL-6’s key role in the pathophysiology of CRS, grade 3 and 4 CRS
symptoms are managed by treating patients with tocilizumab (Actemra), an anti-IL-6R antibody that
blocks receptor activation via both cis- and trans-activation pathways. While tocilizumab was initially
approved for treatment of rheumatoid arthritis by the FDA in 2010, it has recently received emergency

use authorisation for the management of CRS (163-165).
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Figure 3: Pathophysiology of cytokine release syndrome. The onset of cytokine release syndrome is depicted,
initiating with the activation or lysis of T cells and B cells. Their release of IFNy and TNFa results in the activation
of macrophages, endothelial and dendritic cells. Following the release of inflammatory cytokines from activated
immune cells, the further activation of T cells is triggered, and a feedback loop is initiated, resulting in
hyperactivation. The third step represents grade 4 CRS where mechanical ventilation and grade 4 organ toxicities
are observed. Figure created in Biorender.com and adapted from (146).

Furthermore, in light of the unprecedented COVID-19 pandemic where life-threatening infections
resulting in CRS were observed, sarilumab, another therapeutic anti-IL-6R antibody has been
investigated in the management of CRS in critically ill patients (166-170). While risk- and grade-
management of CRS appears to alleviate patients from life-threatening indications, improvements are
required for novel T cell-engaging therapies to widen their therapeutic index and boost their efficacies

(171).
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1.3 Discovery & Generation of Therapeutic Antibodies

Biotherapeutics are not only relevant in immuno-oncology applications, but also for a plethora of
important disease areas such as metabolic diseases (172), neuro-degenerative diseases (173,174),
regenerative therapy (175-177), infectious diseases including Ebola (178) or COVID-19 (179,180), and
many others (128,181). Advances in protein engineering and platform technologies have facilitated the
rapid discovery of novel potential therapeutics. In order to generate novel biotherapeutics, several
aspects must be taken into consideration. The discovery and development of antibodies will be discussed

in the sections 1.3.1 and 1.3.2, respectively.

1.3.1 Discovery of binders

The discovery of novel therapeutic entities begins with an antibody repertoire from which antigen-
specific monoclonal antibodies can be selected. Different sources of antibody libraries exist, with the
most common ones being synthetic, naive or immune libraries. Synthetic antibody repertoires are created
by designed synthetic DNA, giving scientists free choice of the framework. Thus, higher stability and low
immunogenic variants can be generated by designing optimised human frameworks and diversity can
be restricted to four of the six CDRs to generate antigen-binding sites with high specificity (182,183).
On the other hand, natural naive libraries originate from B cells from individuals or donors that were
not altered by immunisation. Such libraries are known as “universal libraries” that can be screened
against an array of antigens, as the individual/donor did not react to a specific antigen. Limited by the
size of the human naive antibody repertoire, combinatorial libraries of multiple donors can generate
large libraries. While naive libraries can be screened for virtually any antigen of interest and are of
human origin, the antibodies exhibit lower affinity compared to other sources due to lacking in vivo
affinity maturation. Nonetheless, a number of approved antibodies have been selected from natural naive
library sources, such as raxibacumab, necitumumab, and belimumab (184-187). Semisynthetic libraries
combine synthetic and naive libraries by mainly introducing random sequences in the CDR-H3 to

increase the affinity of human antibodies (188,189).

Immune libraries originate from cells of immunised animals. A particular antigen of interest is infected
in the immunisation host, where genetic rearrangement of antibody germ line genes and somatic
hypermutation occurs upon exposure to a foreign antigen. Due to in vivo affinity maturation and V gene
hypermutation, antibodies from immune libraries generally exhibit higher affinities compared to other
sources, however they are antigen-specific libraries against the immunised antigen. The first
immunisation hosts described were mice, rats, and rabbits (187,190,191). More recently, chicken
immunisation has shown great promise due to the large phylogenetic distance between birds and
mammals, resulting in antibody repertoires addressing epitopes that are conserved in rodents. A handful

of early-stage chicken-derived antibodies have been described in literature, highlighting their potential
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as therapeutic entities (192-199). Independent of the immunisation host, humanisation of antibody
candidates is required to avoid immunogenic responses. Advances in antibody engineering have
facilitated the humanisation of rodent (200-203), rabbit (191,204), and chicken antibodies (205,206).
To circumvent this cumbersome process, transgenic animals have eased the generation of fully human
antibodies by integrating human immunoglobulin gene loci in animal strains that can undergo normal
processes of rearrangement and hypermutation, resulting in high diversity and specificity (207-209).
Transgenic mice were the first of their kind, thereafter followed by rats, chickens and recently cows, as

embodied by the OmniAb platform of Ligand Pharmaceuticals (210).

Besides the hybridoma technology, in vitro selection technologies have paved the way for the rapid
discovery of novel therapeutic biologics. These include phage display (211,212), ribosome display (213),
yeast surface display (214), mRNA display (215), and mammalian display (216,217). Phage display
represented the first in vitro technology to offer fully human antibodies, by containing human VH and
VL repertoires (218,219). As not all organisms are capable of efficiently producing full-length
glycosylated 1gG molecules, display technologies are generally performed with antibody fragments in
the form of scFv or Fabs, exhibiting robust display and expression in different systems (220,221).
Mammalian display has the particular advantage of screening directly in the final IgG format, not
requiring further reformatting of antibodies after screening (216,222,223). Additionally, losses of
affinity have been reported after conversion of antibody fragments, particularly scFvs, into the IgG
format, requiring subsequent affinity maturation (224). Very recent advances in phage display systems
have allowed the construction of full-length IgG antibodies on M13 phages for phage display screening,

however the production of IgGs in Escherichia coli is limited to aglycosylated mAbs (225).

After screening in antibody formats, antibody hits must be reformatted into the desired IgG subclass,
depending on the desired biological activity (226). Reformatting can become a cumbersome approach
as the number of antibody hits becomes larger. To this effect, platform technologies have seen
advancements in bulk reformatting of entire libraries to their desired final format, e.g., IgG1. In the case
of phage-displayed libraries, several approaches have been reported for batch reformatting (227-229).
However, no such reports were noted for YSD-derived antibody fragment libraries, still requiring single

candidate reformatting in order to avoid losing heavy and light chain pairing.

1.3.2 Development of therapeutic antibodies

Once potential antibody candidates have been selected, reformatted into the desired final format and
thoroughly characterised exhibiting the desired affinity, pharmacodynamics and pharmacokinetics
(PD/PK) both in vitro and in vivo, the development of the best antibody candidate may begin. While

binding to the target of interest is crucial, therapeutic antibodies must also be free from other attributes,
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such as aggregates, heterogeneity or unstable product, known as critical quality attributes (CQA). As the
development of a therapeutic mAb carries great time and economic burdens, a developability assessment
is required before entering process development to ensure the selected candidate exhibits exceptional
biophysical and biochemical behaviour to lower the risk of development. By in silico methods, atypical
behaviour of mAbs may be evaluated and/or predicted from antibody sequence or molecular dynamics
simulations in a more effective and rapid process, based on learnings from previous mAbs that have
undergone development. Parameters for in silico assessment may include hydrophobicity, net charge, so-
called “hot spots” within CDR regions, or post-translational modification sites (230-232). These
parameters can lead to suboptimal behaviour, such as high aggregation resulting in immunogenicity and
impacting their biological activity (233,234), or high viscosity presenting challenges in formulation
development and subcutaneous drug delivery (235). While in silico methods provide a good selection
criterion for antibody candidates, thorough characterisation by in vitro methods including forced

degradation studies is still required or may be combined (236).

Antibody variants produced during process development must be kept to a minimum, as they can impair
an antibody’s activity, efficacy, safety and PK/PD properties. The introduction of heterogeneous species
begins with antibody production in mammalian cells, such as Chinese hamster ovary (CHO) cells. A
number of possible modifications exist, increasing the heterogeneity of the drug product. For example,
N-terminal modifications (e.g., introduction of pyroglutamate) may occur, altering the mass and charge
of antibody molecules, that must then be separated by cation exchange (237). In the case of bispecific
antibodies, process development becomes more difficult as the correct heavy chain and light assembly
must be ensured to avoid mispairing or heterogeneous molecules. In the case of the Knob-into-Hole

technology, extensive chromatography can remove unwanted by-products or impurities (238,239).

When a homogenous product is up to regulatory standards after quality assessments, formulability of
antibody molecules must be assessed. Due to their macromolecular structure offering high specificity
and efficacy, its complexity poses challenges in formulation and drug delivery. Antibody formulations
must fulfil the requirements for the desired route of administration. Intravenous (IV) applications were
the most common route of administration for mAbs, now substituted with subcutaneous (SC) delivery
for chronic diseases (240,241). Due to platform technologies, advances in process development and in
silico technologies, the development of mAbs has seen great advances lowering risk and cost for

pharmaceutical companies.
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1.4 Immune-Cell Engagers

Owing to the heterogeneity of tumours and their microenvironment, ICIs and monotherapy still have
exposed limitations. To improve these shortcomings, immune cell engagers (ICEs) have been discovered,
generally consisting of bispecific antibodies targeting both immune effector cells and TAAs. By re-
directing immune cells and forming immune synapses between effector and tumour cells, MHC-
independent tumour cell killing, and successive elimination is ensured, overcoming possible immune
escape mechanisms (242). Depending on the type of immune effector cell to be engaged, ICEs can be
split into three sub-types: T-cell engagers (TCEs), NK-cell engagers (NKCEs), and phagocytic cell

engagers (Figure 4) (243). T-cell engagers will be reviewed in 1.3.1, and macrophage-engagers in 1.3.2.
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Figure 4: Immune cell engagers. Three types of immune cell engagers are depicted: T-cell engagers (TCE), NK
cell engagers (NKCE) and phagocytic cell engagers, from left to right. Generic bispecific antibodies are depicted
with the red Fab arm binding to a tumour-associated antigen (TAA) on tumour cells, and the other arm binding
immune cell-specific markers. Some immune cell-specific markers are depicted, such as CD3, CD28 and 4-1BB for
TCEs, CD16, NKG2D and NKp30 for NKCEs, and CD64, SIRPa and MerTK for macrophage-engagers. Figure created
in Biorender.

1.4.1 T-Cell Engagers

The most common category of TCEs is bispecific T-cell engagers (BiTEs) as introduced by Micromet in
2008, where T cells are redirected to tumour cells to employ T-cell mediated cytotoxicity. BiTEs consist
of two tandem single-chain variable fragments, one binding a TAA and the other a part of the TCR
complex (244-247) Usually, a specific chain of the CD3 complex associated to the TCR complex is
targeted and participates in TCR-mediated signalling, resulting in the simultaneous redirection and
activation of T cells to the tumour cells. Tumour cell lysis is mediated by the secretion of perforin and

granzymes stored in secretory vesicles of cytotoxic T cells (248,249).
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The first-in-class BiTE molecule to be approved by the FDA was blinatumomab (Blincyto) in 2014 for
treatment of B-cell malignancies, targeting CD19 on B cells and CD3 on T cells (250-252). With a
different architecture, catumaxomab (Removab) gained approval by EMA several years before, binding
epithelial cell adhesion molecule (EpCAM) and CD3 with a functionalised Fc region to mediate effector
functions, resulting in a trifunctional antibody (253,254). Regulatory approval of both molecules
validated the breakthrough of bispecific T-cell engagers, however they both come with limitations.
Treatment with blinatumomab was reported to be associated with a high risk of CRS due to T cell over-
activation, narrowing its therapeutic window and additionally requiring frequent infusion due to its short
half-life as it lacks an Fc fragment (146,255-258). Similarly, catumaxomab exhibited very high affinity

for CD3 and led to CRS events, and it was later withdrawn due to commercial reasons (259).

As is the case for existing TCEs, the development of novel T-cell-redirecting molecules is often hampered
by high toxicities in early stages of preclinical or clinical development. To this end, next generation TCEs
have laid the focus on CD3 affinity to improve the therapeutic index of TCEs by lowering the affinity to
CD3. These next generation TCEs have resulted in less critical cytokine release profiles as T cells were
not over-stimulated (260-264). Moreover, trispecific T-cell engagers (TriTEs) have been recently
described and their efficacy has been validated in vivo. One strategy described a CD3-specific scFv
flanked by two different tumour-targeting Vun antibody fragments targeting EGFR and EpCAM for the
treatment of colorectal cancer (265). Another elegant approach using a cross-over dual variable (CODV)
bispecific antibody format was described by Sanofi by targeting not only CD3 and a TAA, but also CD3’s
co-stimulatory receptor CD28 in order to enhance T cell activation and the efficacy of T-cell redirecting
antibodies (SAR442257, NCT04401020) (266). Treatment with this trispecific T-cell engager in
humanised mouse models resulted in suppressed tumour growth and stimulation of effector T cell
proliferation. Moreover, a novel T-cell engager format was developed by Harpoon Therapeutics using
their Trispecific T-cell Activating Construct (TriTACs) platform. They comprise two sdAbs and a CD3-
specific scFv. Due to their small size, TriTACs aim to achieve superior efficacy through penetrating the
TME of solid tumours, and a half-life extender has been built-in by incorporating an albumin-binding
Vuu (267). The second nanobody can be exchanged to target different tumour types. Three clinical
candidates are being evaluated for different indications: HPN328 targeting DLL3 for small cell lung
cancer (NCT04471727) (268), HPN217 binding BCMA for multiple myeloma (NCT04184050) (269),
and HPN536 targeting MSLN for ovarian cancer (NCT03872206) (270).

As of date, there are a significant number of CD3-targeting bispecific antibodies in early-phase
development, including TNB-383B (NCT03933735) and REGN5458 (NCT03761108, NCT05167054)
both targeting BCMAxCD3, and talquetamab targeting GPRC5DxCD3 (NCT0464552) all for relapsed or

refractory multiple myeloma. Three further candidates are in phase II development: odronextamab
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targeting CD20xCD3 (NCT03888105), flotetuzumab targeting CD123xCD3 (NCT04582864, DART
format), and tarlatamab binding DLLxCD3 (NCT05060016). Phase III clinical candidates include
glofitamab (NCT04408638) and epcoritamab (NCT04628494, DuoBody) targeting CD20xCD3 for
diffuse large B cell lymphoma. A further BCMAxXCD3 bispecific for treatment of multiple myeloma,
elranatamab, is also in late-stage clinical development (NCT05317416). Surprisingly, the previously
withdrawn catumaxomab binding EpCAMxCD3 is being evaluated in phase III clinical trials for advanced
gastric cancer with peritoneal metastasis (NCT04222114) and in early-stage clinical investigation for

non-muscle invasive bladder cancer (NCT04799847) (144).

In 2022, three bispecific T-cell-engaging immunotherapies have been approved by the European
Medicines Agency (EMA), two of which have also received approval by the FDA. At the beginning of the
year, tebentafusp-tebn (Kimmtrak) targeting gp100xCD3 was approved for treatment of patients with
unresectable or metastatic uveal melanoma. By June 2022, mosunetuzumab (Lunsumio) binding
CD20xCD3 was approved by EMA for relapsed or refractory follicular lymphoma. Teclistamab (Tecvayli),
a first-in-class bispecific antibody for the treatment of patients with multiple myeloma, has been granted
conditional marketing authorisation by EMA in August 2022. Teclistamab binds and redirects CD3-
positive T cells to B-cell maturation antigen (BCMA)-expressing myeloma cells to induce T-cell-mediated
killing of tumour cells (271,272). Together, bi- and trispecific T-cell engagers represent a promising
platform for cancer immunotherapy for a plethora of tumour types and highlights the unmet need and

interest in pursuing T cell-activating immunotherapies with widened therapeutic windows.

1.4.2 Macrophage Engagers

One of the prominent strategies to target macrophages and exploit their phagocytic capabilities to engulf
tumour cells is antibody-dependent cellular phagocytosis (ADCP) (273). ADCP is a well-known
mechanism of action of several therapeutic antibodies, such as rituximab (274) and trastuzumab (275).
All subclasses of IgGs can elicit such responses due to binding to different Fc gamma receptors expressed
on macrophages. Triggering of phagocytosis is mediated after binding of the Fab domain of the antibody
to target cells and clustering to generate avidity, where signalling is activated on macrophages (276). As
the FcyRs contain immunoreceptor tyrosine-based activation motifs (ITAMs), these motifs become
phosphorylated upon binding and a downstream signalling pathway is activated. Among others, the
MAPK and PI3K/AKT pathways are activated, leading to actin remodelling, engulfment and phagocytosis
of the tumour cell (277,278).

Even though a number of therapeutic antibodies have a functional Fc domain capable of ADCP and other
effector functions, this effect relies on clustering of antibody molecules on tumour cells in order to elicit

a good response. To improve this, bispecific macrophage-engagers (BiMEs) have been developed,
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targeting different TAAs and an additional macrophage-specific receptor. Phagocytosis checkpoint
inhibitors, such as CD47, have shown great promise, as blocking the CD47/SIRPa axis by CD47 blockage
induces phagocytosis (279-281). By combining CD47 blockers with tumour-specific binding moieties,
targeted phagocytosis can be induced and additionally improves binding specificity, as CD47 is
ubiquitously expressed throughout the body. Similar to CD3 affinity for TCEs, BiMEs also benefit from
lower affinity to CD47 compared to the TAA-arm (282). A variety of antibody formats co-targeting the
CD47/SIRPa axis are currently being evaluated in clinical trials, including AK117 (anti-CD47;
NCT04980885, NCT04728334, NCT05235542), HX009 (anti-CD47/anti-PD-L1  bispecific;
NCT05189093, NCT04886271), IBI188 (anti-CD47; NCT03763149), IBI322 (anti-CD47/anti-PD-L1
bispecific, NCT04338659), STI-6643 (anti-CD47; NCT04900519), Hu5F9-G4 (anti-CD47;
NCT02216409, NCT02678338), IMM2902 (anti-Her2/SIRPa antibody-receptor trap; NCT05076591),
ALX148 (anti-CD47; NCT05025800). This non-exhaustive list highlights the potential of targeting

macrophages to use their innate function to specifically eradicate tumorous cells (283).

Besides indications within the oncology field, macrophage-engagers have been described for
autoimmune disorders including rheumatoid arthritis. The receptor tyrosine kinase belonging to Tyro3,
Axl, Mer (TAM) receptor family, MerTK, is expressed on macrophages and has been shown to play a
crucial role in the clearance of apoptotic cells to prevent inflammation and autoimmunity. Further, it
promotes anti-inflammatory functions by supressing TLR-mediated cytokine production and inhibiting
NF-xB signalling. Thus, MerTK-mediated phagocytosis may be an interesting approach to avoid the pro-
inflammatory cytokine release that occurs through the engagement of IgG molecules with activating
FcyRs (ADCP). By activating the MerTK-specific signalling pathway, phagocytic clearance may be
achieved in an immunologically silent manner. As shown by Kedage et al., combining a MerTK agonist
with anti-CD20 or anti-A to generate MerTKxCD30 or MerTKxAR bispecifics resulted in targeted
phagocytosis of live cells or protein aggregates, respectively (284). In summary, macrophages or tumour-
associated macrophages (TAMs) play key roles in the regulation of the TME and thus specific targeting
of macrophages may also contribute to eradicate tumours. Targeted phagocytosis approaches still require

further clinical investigation due to the widespread expression of targets such as CD47.

1.4.3 Multispecific antibodies

Due to the ever-evolving understanding of the immensely complex pathogenesis of cancer, monospecific
therapies only targeting single signalling pathways often result in moderate efficacy. Besides bispecific
antibodies targeting two distinct antigens, multispecific antibodies are gaining momentum to address
unmet therapeutic needs (285,286). Such molecules can take on different architectures, mainly split into
two categories: IgG-like antibody formats carrying an Fc domain, and non-IgG-like antibody formats

lacking an Fc domain. IgG-like formats possess binding to the neonatal Fc receptor FcRn and result in
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better pharmacokinetic properties and may exert additional effector functions (ADCP, ADCC, CDC). On
the other hand, non-IgG-like formats are generally smaller in size and permit greater penetration to
tumour sites, which can result in enhanced efficacy. They also exhibit a relatively short half-life
compared to IgG-like formats as they are cleared faster (287). A handful of next generation multispecific

antibodies are highlighted in Figure 5.
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scFv scFv
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Figure 5: Multispecific antibodies in development. The Fc domain and constant regions of both heavy and light
chains are depicted in grey. Heterodimeric chains with Knob-into-Hole technology are displayed with different
shading of grey and a representative “knob-into-hole” schematic. Where relevant, the region binding effector cells
is depicted in blue. Abbreviations: VHH - single variable domain on a heavy chain/nanobody; scFv — single chain
variable fragment; scFab — single chain Fab fragment. Figure created in Biorender.com.

Facilitated by advances in antibody engineering over the years, complex molecules can be generated to
combine several mechanisms of action. Besides the trispecific T-cell engagers described in 1.4.2,
trispecific NK-cell engagers (TriKEs) have also emerged as potent immune cell engagers, redirecting NK
cells to the tumour site and mediating elevated NK cell activity and potent ADCC (288). A few TriKEs
are currently in (pre-)clinical development by GT Pharma, with the most advanced program, GT-3550,
consisting of two scFvs binding CD16xCD33 together with human IL-15, that was shown to be safe and
well-tolerated in a Phase I/II clinical study (NCT03214666) (289). Nevertheless, further clinical
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development was terminated due to the development of second generation Vuu-based TriKEs
(NCT03214666). All next generation TriKEs from GT Pharma consist of a Vuu binding the CD16 receptor
on NK cells, a tumour-specific scFv, and human IL-15 to further activate NK cells and enhance their
ability to kill tumour cell (290). Additional TriKE molecules have been reported in literature (288,291).
Furthermore, tetraspecific killer engagers (TetraKE) have been described by Schmohl et al. (2016)
comprising three scFvs binding to CD16xEpCAMxCD133 and cross-linked to human IL-15 for enhanced
NK proliferation, combining mechanisms of action of two bispecific molecules to improve activity,

proliferation and stimulation of NK cells (292).

Stepping away from Kkiller cell engagers, tri- and tetraspecific antibodies have been described addressing
a combination of targets relevant for efficacious tumour clearance. Pharmaceutical companies have
developed antibody engineering platforms to generate fast turnaround plug-and-play multispecific
antibodies. For example, Numab Therapeutics has developed a heterodimeric “multispecific antibody-
based therapeutics by cognate heterodimerisation” (MATCH) platform which can incorporate up to six
lambda-capped variable fragments (293). Promising clinical data was achieved with their first clinical

candidate, NM21-1480, targeting 4-1BBxPD-L1xHSA, with HSA as a half-life extender (NCT04442126).

To circumvent half-life extenders, IgG-like architectures are also being investigated within the
multispecific antibody space. Tetraspecific IgG-scFv-conjugates of Baili Pharmaceuticals represent the
most trivial form of multispecific antibodies resulting in symmetrical, octavalent molecules. GNC-038
binding PD-L1x4-1BBxCD3xCD19 is the first tetraspecific antibody under clinical investigation for
recurrent or refractory non-Hodgkin’s lymphoma (NCT04606433) (294). Two further tetraspecifics have
been protected under patent by exchanging the specificity of the Fab arm for other tumour markers,

including EGFRVIII (GNC-039) and ROR1 (GNC-035) (295).

TetraMabs with binding specificities for four oncogenic RTKs have been described by designing HER1
and IGF1R-specific scFabs instead of generic Fabs and C-terminal scFv fusions. By the Knob-into-Hole
technology, tetraspecificity can be introduced, as reported by Castoldi et al. (2016), for
HER1xcMETXHER3xIGF1R (296). Further complex IgG-like architectures for tetraspecific antibodies
include “four-in-one” antibodies, where two “two-in-one” antibodies are combined by using Knob-into-
Hole, CrossMab and DVD-Ig technology to ensure heterodimerisation of the heavy chains, correct light-
chain/heavy-chain  interactions and tetraspecificity. @A four-in-one antibody binding
EGFRxHER2xHER3xVEGF displayed increased in vitro and in vivo efficacy compared to bispecific
antibodies, presumably due to combined signal pathway inhibition and limiting drug resistance (297).
Additional IgG-like tri- and tetraspecific antibodies have been patented by Roche. To ensure

heterodimerisation, the Knob-into-Hole technology was applied. Correct heavy- and light-chain pairing
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was guaranteed through different strategies, among them the replacement of specific domains with each
other from a single arm, including CL/CH1, VL/VH or a combination of both (298). Multispecific
antibodies show tremendous potential in revolutionising the fight against different cancers due to their
combined mechanism of actions, however hitches concerning developability, stability, and large-scale
manufacturability still require great improvements. All in all, such molecules might represent the next

wave of next-generation therapies.
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2 Objective

Before reaching clinical development, antibodies must first be discovered and thoroughly characterised
to ensure their attributes are appropriate and in-line with their desired functionality. Great progress has
been made to streamline antibody hit discovery workflows to ensure the faster turnaround of novel
biologics. Yeast surface display (YSD), in particular, has shown to be a robust, high-throughput screening
technology for isolating high-affinity binders from immune and naive libraries. YSD libraries are
screened by fluorescence-activated cell sorting (FACS), from which single clone analysis can be
performed. Subsequently, the most interesting candidates are reformatted into the final IgG format (or
desired format) for their in vitro characterisation after production in mammalian cells to ensure the
correct folding and glycosylation pattern. Reformation of antibody candidates after YSD is a laborious
and time-intensive process, habitually ensuing the bottleneck of antibody hit discovery campaigns as a

method for bulk reformatting is yet to be described.

State-of-the-art antibody production in mammalian cells is performed by co-transfection of heavy and
light chain genes encoded on different plasmids. The first aim of this study was to develop a bidirectional
vector encoding both heavy and light chain genes on a single plasmid under the control of individual
promoters for transfection of IgG molecules in mammalian cells. By using two FDA-approved antibodies,
different promoter and enhancer element combinations were evaluated by analysing heavy and light
chain mRNA expression after transient transfection in commercial cell lines apt for antibody production.
Subsequent quantification of fully folded IgG molecules was used to confirm the most suitable promoter
combination resulting in yields comparable to conventional methods to facilitate small-scale mAb

production with a single vector in a cost- and time-efficient manner.

Having found a suitable bidirectional plasmid for mammalian expression of IgG molecules, the second
goal of this study was to simplify the transition of Fab-displaying YSD libraries to the production of full-
length mAbs in mammalian cells. To this end, a Fab-displaying YSD library was constructed from
genetically immunised transgenic OmniRats against MerTK. The library was screened using FACS and
then transferred into designed vectors exhibiting type II restriction enzyme cleavage sites for Golden
Gate Cloning (GGC). The diversity of the initial library and the reformatted candidates was investigated
by Next-Generation Sequencing. Lastly, the verification of successful reformation was performed by
transiently transfecting Expi293 cells with the resulting bidirectional vectors encoding single antibody

candidates.

While mAbs targeting single antigens have shown great promise, they carry their own limitations, in that

their efficacy is often hampered by immune escape mechanisms. Due to the complex disease
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environment, multiple mechanisms of action are required to improve tumour penetration and increase
the efficacy of drugs. Immune cell engagers represent a class of bispecific antibodies that bridge immune
cells, such as macrophages or T cells, with tumour cells to form immune synapses and harness the innate
power of immune cells to kill tumour cells, pertaining to so-called next-generation antibodies. These bi-
or multispecific antibodies result in increased efficacy but issues with toxicity and severe adverse effects

are often faced.

The third goal of this study was to generate the first bispecific macrophage engaging antibodies by
harnessing the expression of MerTK on tumour-associated macrophages for oncology indications. From
the OmniRat-derived screened library after reformation, single clones were functionally characterised
by investigating MerTK’s downstream signalling cascade. The most suitable candidate was selected for
the generation of bispecific molecules. This mAb was then fused with tandem, biparatopic Vuu fragments
binding EGFR, to generate a MerTK/EGFR bispecific. The biophysical properties of the bispecific
molecules were investigated to ensure specific binding to both targets in a simultaneous matter.

Ultimately, targeted phagocytosis of tumour cells through macrophages was investigated.

Besides macrophage engagers, the efficacy of T-cell engaging immunotherapies are often hampered by
high toxicities and adverse effects, mainly resulting in cytokine release syndrome (CRS). Within the last
aim of this thesis, the first tetraspecific T-cell engaging antibody with built-in risk mitigation of cytokine
release events (TriTECM) was generated. By using a two-in-one antibody binding to EGFR and PD-L1
and fusing single-chain variable fragments (scFvs) targeting CD3 and IL-6R, different TriTECM
architectures were investigated. The tetraspecificity of the molecules was determined by specific binding
to both soluble proteins and target-specific cell lines. Functional cell-based assays were performed to
validate the concept of an attenuated T-cell engager with an additional IL-6R binding moiety to inhibit
the IL-6/IL-6R pathway. Finally, peripheral blood mononuclear cells (PBMCs) isolated from healthy

human subjects were used to study the cytokine release profiles after treatment with TriTECM molecules.
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ARTICLE INFO ABSTRACT
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Therapeutic monoclonal antibodies and related products have steadily grown to become the dominant product
class within the biopharmaceutical market. Production of antibodies requires special precautions to ensure safety
and efficacy of the product. In particular, minimizing antibody product heterogeneity is crucial as drug substance
variants may impair the activity, efficacy, safety, and pharmacokinetic properties of an antibody, consequently
resulting in the failure of a product in pre-clinical and clinical development. This review will cover the
manufacturing and formulation challenges and advances of therapeutic monoclonal antibodies, focusing on
improved processes to minimize variants and ensure batch-to-batch consistency. Processes put in place by reg-
ulatory agencies, such as Quality-by-Design (QbD) and current Good Manufacturing Practices (¢cGMP), and how
their implementation has aided drug development in pharmaceutical companies will be reviewed. Advances in
formulation and considerations on the intended use of a therapeutic antibody, including the route of adminis-

tration and patient compliance, will be discussed.

1. Introduction to therapeutic antibodies

Over the past 20 years, therapeutic monoclonal antibodies (mAbs)
have become increasingly important in the fight against various dis-
eases. Across several therapeutic areas, such as oncology, hematology,
and immunology, mAbs have become the treatment modality of choice
(Lu et al., 2020). As of August 18th, 2020, 97 therapeutic mAbs have
been approved in the United States or Europe by the U.S. Federal Drug
and Food Administration (FDA) or European Medicines Agency (EMA),
respectively, of which more than one third are for the treatment of
different cancers (‘The Antibody Society’, 2020). The first mAb
approved for therapeutic use was in 1986, namely orthoclone OKT3
(Muromonab®), a murine monoclonal antibody targeting CD3, which
was approved for the treatment of kidney transplantation rejection
(Kung et al., 1979; Ribatti, 2014). The latest FDA-approved mAb is
satralizumab (Enspryng®), approved in August 2020, for the treatment
of neuromyelitis optica spectrum disorders by targeting interleukin 6
receptor (IL-6R) (‘The Antibody Society’, 2020). As of 2018, the global

mAb market was valued at US$115.2 billion and is expected to continue
growing at an increasing pace, reaching US$300 billion by 2025. Seven
companies rule 87% of the market, i.e., Genentech, AbbVie, Johnson &
Johnson, Bristol-Myers Squibb, Merck Sharpe & Dohme, Novartis, and
Amgen, with all other companies making up the remaining 13%. Ada-
limumab (Humira®), targeting TNFa, has reported the highest sales
figures for a biopharmaceutical in history, with nearly US$20 billion in
salesin 2018 (Lu et al., 2020). A detailed list of U.S. FDA-approved mAbs
was recently reviewed by Lu and co-workers and can be found elsewhere
(Lu et al., 2020). Additionally, there are currently 88 antibodies under
late-stage clinical trials for several indications, with a handful for the
treatment of COVID-19. Several mAbs have been summarized in Table 1;
however, a full list is available from ‘The Antibody Society’ (2020). Due
to platform-based approaches, mAb products are easily adjusted for
production and demonstrate a lower safety risk in clinical trials
compared to other modalities. Thus, mAbs have become the go-to mo-
dality for first drug candidates against new targets, as they provide a
rapid route for new therapeutics or proof-of-concept studies, thus
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driving the continued growth of the mAb market (Ecker et al., 2015).

The use and success of monoclonal antibodies for therapeutic ap-
plications is mainly due to their high specificity, resulting from their
complex glycoprotein structure. mAbs are immunoglobulins (Ig), of
which there are five sub-classes: IgA, IgD, IgE, IgG, and IgM, with IgG
being the most relevant isotype for therapeutic use (Awwad and Ang-
kawinitwong, 2018). IgGs have a molecular weight of approximately
150 kilodalton (kDa) and are Y-shaped molecules consisting of three
equal-sized parts connected with a flexible hinge. IgG molecules are
made up of four polypeptide chains, comprising two heavy (H) chains, of
roughly 50 kDa, and two light (L) chains of 25 kDa. The two arms of the
Y-shaped structures, termed fragment antigen-binding (Fab) fragments,
include the so-called variable regions that vary between different mAbs,
and are responsible for antigen-binding. On the other hand, the stem of
the Y, termed the constant region, is less variable and interacts with
effector cells and molecules, known as the Fe fragment (Fig. 1).

With the development of hybridoma technology in 1975, Kohler and
Milstein have paved the way for modern mAb technologies (IK6hler and
Milstein, 1975). In addition, display technologies such as phage display
(Smith, 1985) or yeast display (Boder and Wittrup, 1998) are nowadays
used for the generation of antibodies (Liu, 2014). Technological ad-
vances in the generation of mAbs are not within this review’s scope but
have been recently reviewed by Lu et al. (2020). Drug discovery begins
with millions of potential drug candidates. Nonetheless, resource-
intensive steps, such as developing a manufacturing process, are typi-
cally only carried out for a single variant after extensive screening and
characterization. These qualification studies include in vitro and in vivo
pharmacokinetic (PK) and pharmacodynamic (PD) experiments, as well
as animal safety studies (Jarasch et al., 2015).

In theory, mAbs are defined by a unique primary structure of amino
acids. However, in reality, a single dose of a mAb product represents a
plethora of variants inherent to the biotechnological procedure used to
manufacture these drug products. Heterogeneity of monoclonal anti-
bodies arises from different sources throughout process development,
but variations may start through errors during gene transcription and
translation. The use of protein engineering and improved manufactur-
ability techniques can be applied to minimize mAb variants and increase

Table 1
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batch-to-batch consistency. The reduction of such variants is a crucial
requirement as they may impair an antibody’s activity, efficacy, safety,
and/or pharmacokinetic properties, ultimately resulting in the failure of
a product in pre-clinical and clinical trials. Manufacturing and formu-
lation of lead candidates are critical aspects that are often overlooked in
drug discovery and early drug development. This review summarizes the
challenges and recent technological advances used to minimize mAb
heterogeneity during the manufacturing process and improve the for-
mulability of a drug product.

2. Manufacturing of therapeutic antibodies
2.1. Industrial process of manufacturing and current GMP milestones

Throughout the years, optimization efforts in process development
have been devoted to decrease process time, and development costs per
antibody (Gronemeyer et al., 2014). Moreover, reducing mAb variants,
process impurities, and delivering batch-to-batch consistency are key
deliverables of process development. The manufacturing process can be
summarized into five steps: (1) development of a stable and productive
cell line expressing the gene of interest, (2) production of the desired
antibody in host cells in high titres, (3) drug substance purification, (4)
formulation steps and appropriate dosage forms (Fill & Finish), and (5)
analytical testing methods to monitor the processes and evaluate the
final product. The first two stages correspond to upstream processing
(USP) operations, while the next three are considered downstream
processing (DSP) activities and analytical testing operations carried out
in quality control laboratories (Steinmeyer and McCormick, 2008).
Owing to the structural similarity of mAbs, platform process technolo-
gies can be developed. The platform process includes the host system for
cell culture, pre-engineered vectors for transformation, pre-defined cell
amplification scheme, bioreactor conditions, high performance purifi-
cation systems and well-validated analytical methods (Steinmeyer and
McCormick, 2008).

During mAb production, one of the most critical steps is the choice of
a cell line. The cells must propagate well, be highly stable in culture and
produce high mAb titres in its active form, meaning the protein is folded

Summary of mAb candidates in late-stage clinical trials. Data was extracted from ‘The Antibody Society’ (2020).

INN or code name — Sponsoring Molecular Target Phase Indication (pivotal phase 2, phase 2/3, or phase 3)
company format
limab (KNO35) — Alph b Single domain PD-L1 Phase 3 Bile tract carcinoma (NCT03478488)
Oncology mAb
Balstilimab (AGEN2034) — Agenus Human IgG4 PD 1 Phase 2 Cervical cancer (NCT03894215, NCT03104699, NCT03495882)
Tnc. (pivotal)
Utomilumab — Pfizer Human IgG2 4-1BB (CD137) Phase 3 Diffuse large B-cell lymphoma (NCT02951156)
Zolbetuximab — Astellas Pharma Chimeric IgG1 Claudin-18.2 Phase 3 Gastro-esophageal junction adenocarcinoma (NCT03653507, NCT03504397)
Inc.
GX3359609 - GlaxoSmithKline Humanized 1COos Phase 2/3 Head and neck squamous cell carcinoma (NCT04128696)
18G4
TJ202, MOR202 — -Mab Human IgG1 CD38 Phase 3 Multiple myeloma (NCT03952091)
Biopharma, Morphosys
Sabatolimab (MBG453) — Novartis Humanized TIM-3 Phase 3 Myelodysplastic syndromes (NCT03946670, NCT04266301)
Pharmaceuticals Corp. 1gG4
Lenzilumab — Humanigen, Inc. Human IgG1 GM-CSF Phase 3 COVID-19 (NCT04351152)
Vilobelimab (IFX-1, CaCP29) — Chimeric IgG4 C5a Phase 2/3 COVID-19 (NCT04333420)
InflaRx GmbH
Mavrilimumab - Kiniksa Human IgG4 GM-CSFR Phase 2/3 COVID-19 (NCT04447169)
Pharmaceuticals, Ltd.
REGN10933 + REGN10987 — Human mAbs SARS CoV 2 Phase 3 COVID-19 (NCT04452318)
Regeneron Pharmaceuticals, Inc.
Brazikumab — Allergan Human IgG2 1L.23 Phase 3 Crohn’s disease (NCT03961815, NCT03759288)
Lecanemab (BAN2401) - Fisai Inc. Humanized Amyloid p Phase 3 Early Alzheimer’s disease (NCT03887455)
IgG1 protofibrils
Marstacimab — Pfizer Human IgG1 Tissue factor Phase 3 Hemophilia A or B (NCT03938792)
pathway inhibitor
Ublituximab — TG Therapeutics Chimeric IgG1 CD20 Phase 3; Multiple sclerosis (NCT03277261, NCT03277248, NCT04130997); chronic
Phase 2/3 lymphocytic leukemia (NCT02301156, NCT02612311); Non-Hodgkin's

Lymphoma (Phase 2/3, NCT02793583)
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correctly, glycosylated, and not aggregated. Thus, based on these re-
quirements, mammalian cells are most commonly used as they are
adapted for the production, processing, and secretion of highly complex
molecules (Carvalho et al., 2017). Historically, the host cell line
commonly used was NSO, a murine myeloma cell line. The widespread
adoption of NSO cells as a host cell system was hindered by the pro-
duction of live murine leukaemia virus that required inactivation
(Taylor et al., 2000). Used as the expression system for tissue plasmin-
ogen activator, one of the first approved biopharmaceuticals in 1986,
Chinese hamster ovary (CHO) cells were used, and have remained the
preferred choice for production since (Dahodwala et al., 2019; Dangi
et al., 2018; Hogwood et al., 2013; Kunert and Reinhart, 2016; Park
etal., 2017; Zhu, 2012). The preference for CHO cells is attributable to
their rapid propagation and high expression titres, along with the
absence of two glycan epitopes for humans, which are present in murine
cell lines, e.g., NSO and Sp2/0 (Fig. 1) (Gomord et al., 2010; Gronemeyer
et al., 2014; Jefferis, 2009; Kelley, 2009; Kunert and Reinhart, 2016).
Other human cell lines, such as human embryonic kidney (HEK) or PER.
C6 cells, are also considered an adequate expression host. However,
reports have shown increased in vivo heterogeneity compared to CHO
cells (Kunert and Reinhart, 2016).

Cell line engineering and development aims at achieving higher cell
titres to improve productivity and product quality. Optimisation efforts
in cell culture medium, feed development, bioprocess development, and
scale-up experiments are extensively reviewed by Gronemeyer et al.
(2014). Engineering of CHO cells, for example, has resulted in cell lines
capable of secreting up to 100 pg/cell/day of humanized mAbs (Page
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Fig. 1. Overview of IgG antibodies. A) Structure of
IgG showing light (L) chains and heavy (H) chains
in green and blue, respectively. The glycan-
modification position N297 is depicted with red

Val'lab|e stars. B) N-glycan structure of monoclonal anti-
bodies in different species. Abbreviations: NeuAc: N-
reglon acetylneuraminic acid, Man: mannose, Fue: fucose,
GleNAe:  N-acetylglucosamine, Gal: galactose.
Adapted from Gomord et al., 2010. Created with
BioRender.com. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
Con st ant referred to the web version of this article.)
region

)

Hamster
CHO

and Sydenham, 1991) or 80-110 pg/cell/day of chimerized mAb
(Fouser et al., 1992) in perfusion cultures. Nevertheless, the feed method
implemented has a direct influence on mAb titres. The different feed
methods are batch, fed-batch, or perfusion. In the batch method, all
nutrients are added into the initial medium, whereas in fed-batch, nu-
trients are added as they become depleted. Perfusion means the medium
is being circulated through the growing culture while keeping the cells
in the bioreactor via filtration, removing waste, and supplying fresh
nutrients to the cells (Dorceus et al., 2017). Fed-batch processing leads
to mAD titres of 1-5 g/L, with some companies reporting up to 13 g/L
using extended culturing conditions (Kelley, 2009). The different pro-
cesses have been compared in the literature (Carvalho et al., 2017; Fan
et al., 2018; Kunert and Reinhart, 2016; Ritacco et al., 2018).

At the heart of the biopharmaceutical process, cell culture medium
provides the host cells with essential nutrients and the environment to
achieve high viable cell density and efficient mAb expression (‘CHO
Media Development for Therapeutic Protein Production’, 2019). Cell
culture medium development for a fed-batch process consists of batch
medium and feed concentrate development and feed strategy optimi-
zation. Due to the different nutrient consumption and metabolism of cell
lines, this optimization stage is considered to be cell line-dependent. For
decades, fully chemically-defined media have been employed in large-
scale mAb production. The use of animal-derived raw materials, such
as bovine serum, is avoided due to safety concerns for transmissible
spongiform encephalopathy and other transmissible contaminants (Li
et al., 2010; Ling, 2015; Pérez-Rodriguez et al., 2020).

Nevertheless, fully chemically-defined media do not always yield
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high titres, and thus animal component-free hydrolysates are added to
the media to increase cell density, viability, and productivity (Li et al.,
2010). A detailed list of cell culture medium components and their effect
on critical quality attributes is shown in Table 2. With perfusion cultures
gaining tract, Kuiper and co-workers have developed a method for
deriving perfusion culture media based on fed-batch media and feeds.
While further optimization can be performed, the CHO cultures resulted
in high productivity and product quality from a rapidly derived perfu-
sion medium (Kuiper et al., 2019). Along with the cell culture nutrients,
it has been shown that controlling the proliferation and maintaining a
high viable cell density can lead to higher product yields (Oguchi et al.,
2002). Changes in temperature, pH, or CO; levels can drastically influ-
ence their productivity (Becker et al., 2019; Kim and Lee, 2007; Oguchi
etal., 2002; Seo et al., 2013). As shown by Kim and Lee (2007), even for
two CHO-derived clones from the same parental clone, the cell lines
exhibited different responses to culture conditions and maximum anti-
body concentration (Kim and Lee, 2007). While cell culture medium
development is labor-intensive and time-consuming, high throughput
scale-down screening in deep-96-well format can be performed to cut
development time (Ritacco et al., 2018; Rouiller et al., 2013; Wang et al.,
2018; Media Development, 2019).

Over the years, USP operations have seen titre and stability in-
creases, and the focus has shifted to the optimization of DSP operations,
particularly on improving yield, purity, and reducing mAb heterogene-
ity. After mAb production, DSP is responsible for the delivery of the
active pharmaceutical ingredient (API), also referred to as bulk drug
substance or drug substance (DS), to formulation and filling (Fill &
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Finish). The formulated DS is then referred to as the drug product (DP)
and is ready to be administered to patients. Novel technologies and the
establishment of platform technologies based on Quality-by-Design
(QbD) approaches have allowed for advancements in DSP operations.
Focusing on chromatographic separations, mainly using Protein A
chromatography, progress in column characteristics, including higher
flow rate, longer life cycles, reduced run times, and increased binding
capacity, has brought advances into DSP operations. However, non-
chromatographic separations are of growing interest due to the high
costs associated with chromatography. Non-chromatographic separa-
tion methods include the use of filtration, aqueous two-phase separa-
tions, precipitation, or crystallization methods (Gronemeyer et al., 2014;
Kruse et al., 2019; O'Kennedy et al., 2016). These allow for high-volume
feeds and rapid liquid removal, aiming at cost and process time reduc-
tion, as well as improved impurities and yield losses (Gronemeyer et al.,
2014; GroBhans et al., 2018; Thommes et al., 2017).

Continuous manufacturing has combined the advantages of
improved process performances and flexible manufacturing (Chahar
et al., 2020; GroBhans et al., 2018; Pollard et al., 2016). Compared to
batch or hybrid manufacturing systems, continuous bioprocessing offers
many advantages across several issues. Not only does it offer reduced
capital investment costs, but it also allows for a flexible and standard-
ized manufacturing process, facilitating the ability to meet demands in a
timely manner. The reduction of molecule residence time in a bioreactor
by using continuous technology also brings quality benefits. mAb
modifications associated with bioreactor conditions (pH and tempera-
ture), e.g., deamidation, could be minimized through continuous

Table 2
Components of cell culture medium and their influence on critical quality attributes (CQAs). Data gathered and modified from Rathore et al. (2017).
Quality modification Amino Acids Sugars Proteins Lipids Vitamins Salt and trace elements Others
Cell growth / titre L-glutamine Maltose Insulin Linoleic acid Inositol Fe?*, Fe** Sodium butyrate / propionate
Llysine Albumin Lipoic acid Riboflavin Zine Growth factors and hormones
‘Transferrin Folic acid
Thiamine
Glycosylation L-asparagine Mannose MgCl, EDTA
L-glutamine Galactose Zinc
L-serine D-glucose Copper sulfate
L-threonine Cobalt
Glycation L-cysteine Galactose MgCl,
L -histidine D-glucose MgSO4
Zinc
Copper sulfate
Fucosylation L-cysteine Mannose Kifunensine
L-glutamine D-glucose
Galatosylation L-asparagine Fructose MgCl,
L-glutamine Galactose MgSO,4
D glucose Zine
Copper sulfate
Sialyation L-asparagine Galactose Glycerol MnCl,
Aspartic acid D-glucose
L-cysteine
L-glutamine
L-isoleucine
L-leucine
L-tryptophan
Valine
Charge variants L-cysteine Mannose Glycerol Inositol MnCl, Glutathione
L lysine Sucrose Tocopherol Fe”", Fe*™ DMSO
L-tryptophan D-glucose Pyridoxine NaCl
Vitamin By, Zinc
Copper sulfate
Aggregates L-cysteine Trehalose Glycerol Fe?', Fe®" Glutathione
NacCl DMSO
Copper sulfate
LMW/HMW L cysteine MnCl, EDTA
Fe?t, Fe*
Zinc
Copper sulfate
Cobalt
Misincorporation L-asparagine
L-serine
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cultivation (Konstantinov and Cooney, 2015).

Trends have led to the use of disposables, with the benefits of having
lower capital investment and operational costs, increased flexibility,
improved production scheduling, and higher process replication (Eibl &
Eibl, 2019; Gronemeyer et al., 2014). Single-use bioreactors and tech-
nologies are applicable to Good Manufacturing Practice (GMP) regula-
tions and are available in sizes up to 2000 L (Gronemeyer et al., 2014;
Jossen et al., 2019; Langer and Rader, 2019).

As the resulting drug product from downstream processing is ready
to be administered to patients, precautions and regulations must be
taken and followed to achieve product quality, safety, traceability, and
reproducibility. Regulatory health authorities such as the World Health
Organization (WHO), FDA, and EMA have described and constantly
audit the so-called current Good Manufacturing Practices (cGMP). cGMP
outlines measures to ensure that processes necessary for production and
testing are clearly defined, validated, reviewed, and documented. By
these definitions, products are ensured to be produced and controlled
according to quality standards appropriate for their intended use and as
required by product specification. Manufacturers and their facilities
located in the European Economic Area (EEA) must hold authorization
issued by a competent national authority and must comply with the
European Union (EU) GMP requirements to obtain approval. The na-
tional authorities are then responsible for inspecting manufacturing sites
and ensuring they are effectively following the EU GMP guidelines
(European Medicines Agency, 2016). The GMP guidelines are based on
the principles summarized in Fig. 2 (WHO, 1998). With the strict
implementation and control of GMP, the drug product is traceable.
Deviations and variations can be easily tracked, and action can be taken

International Journal of Pharmaceutics 594 (2021) 120164

accordingly to avoid putting the patient at risk or losing drug efficacy
throughout the process.

2.2. Improved manufacturability of mAb variants

In the pharmaceutical and biotechnology industry, development
programs of therapeutic mAbs may be delayed due to poor manufac-
turability. To circumvent any problems associated with protein stability,
solubility, or sensitivity to stress, developability studies are performed
early during the process. These experiments include short-term stability
studies at different temperatures, freeze-thaw cycles, forced degrada-
tion studies, and viscosity determination at high sample concentrations
(Yang et al., 2013). Considering that drug substance and drug product
quality attributes are affected by minimal changes in the manufacturing
process, all steps may be critical to material quality and patient safety.
Thus, it is mandatory to minimize and control the level of antibody
variants in the drug product.

As early as translation, variants can be formed in production cell
lines through the misincorporation of amino acids, such as the incor-
poration of serine instead of asparagine in CHO cells. While both are
neutral, polar amino acids with similar physical properties, this results
in the generation of a different amino acid sequence, a phenomenon
found to be caused by the starvation of a particular amino acid in cell
medium (Khetan et al., 2010; Parker et al., 1978; Wen et al., 2009; Yu
et al., 2009). Despite this, most variants originate from post-
translational modifications (PTMs) or are generated during the
manufacturing process. Alterations of a drug are considered critical
quality attributes (CQA) if linked to stability, activity, or efficacy (Jacobi

Fig. 2. Good Manufacturing Practices guidelines from World Health Organisation (W10, 1998). Abbreviations: GMP: Good Manufacturing Practices. Created with

BioRender.com.
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et al., 2014). Thus, it is critical to thoroughly characterise and control
PTMs throughout the process that may potentially impact the drug
product’s efficacy or safety (Zhou et al., 2020).

Major quality modifications are extensively described in the litera-
ture (Jacobi et al., 2014; Sissolak et al., 2019), and glycosylation vari-
ants are commonly known to influence pharmacokinetics, antigen-
binding, and immunogenicity (Eon-Duval et al., 2012; Mimura et al.,
2018). A priori knowledge and glycoengineering advances of therapeutic
IgG antibodies provide opportunities to optimize safety, functionality,
and efficacy of the drug (Sissolak et al., 2019). Examples of applying
protein engineering techniques include amino acid exchanges to prevent
aggregation, or avoiding methionine residues in complementary-
determining regions (CDRs) to prevent impactful oxidation. mAb
oxidation occurs primarily on methionine residues, leading to more
polar side chains by the formation of methionine sulfoxide. Additionally,
replacement of N-terminal residues by glutamine can be designed to
reduce the number of charge variants arising upon pyroglutamate for-
mation (Beck et al., 2010; Liu et al., 2011). Improvements in protein
sequence modifications by in silico engineering and structure-based
rational design simulations have provided advancements in predicting
aggregation-prone regions, stability calculations, and solubility of a

Table 3
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monoclonal antibody (Arslan et al., 2019; Kuroda and Tsumoto, 2020;
Sormanni et al., 2017). Furthermore, improvement of the thermody-
namic stability of a monoclonal antibody can be monitored by experi-
mental stress studies, including temperature, pH, and protease
incubations, to select molecules more resistant to aggregation (Arslan
et al., 2019; Enever et al., 2015; Tesar et al., 2017). Monoclonal anti-
body structures may be altered when exposed to different temperatures,
pH and stress conditions, causing unwanted products that may exhibit
increased immunogenicity and reduced efficacy and activity (Cui et al.,
2017). Other protein engineering approaches have been described
elsewhere (Chiu and Gilliland, 2016; Popplewell, 2015; Ulitzka et al.,
2020; Yang et al., 2018). Table 3 summarizes the common mAb modi-
fications leading to heterogeneous drug products and how these modi-
fications are being addressed to reduce mAb variants during process
development.

To detect and characterize heterogeneity caused by PTMs, re-
searchers are constantly establishing sensitive and quantitative state-of-
the-art technologies. Recent reports have shown the use of low-flow
sheath-less capillary electrophoresis-mass spectrometry (Haselberg
et al., 2018). Micro-heterogeneity can be detected utilizing a mass
spectrometry (MS)-based approach composed of high-resolution native

Modifications commonly found during mAb development. The type of heterogeneity caused by the modification, its potentially detrimental effect on the mAb, its

causes, and possible solutions either in DSP operations or through protein engineering techniques are described.

Modification

Ieterogeneity

Potential detrimental effects

Causes

Possible solutions or separation
techniques

Reference

N-terminal
modifications
(PyroGlu,
truncation, signal
peptides)

Asparagine (Asn)
deamidation

Aspartate (Asp)
isomerization

Methionine (Met)
Oxidation

Cysteine related
modifications
(trisulfide bond,
interchain disulfide
bond reduction)

Glycosylation

Glycation

Different mass and
charge for Gln to
PyroGlu

Mass and charge

Charge and
hydrophobicity

Mass and
hydrophobicity

Mass and charge

Mass and charge

Mass and charge

No expected detrimental effect
on efficacy or safety

Potential impact on potency and
immunogenicity, deamidation
in CDR leads to diminished
antigen binding

Isomerization in CDRs lead to
decreased antigen-binding
affinity and may trigger an
immune response

Oxidation of Met in Fc showed
impaired Fc-mediated activity,
while oxidation in CDRs
exhibits reduced antigen
binding, and affects serum half-
life

Interchain disulfide bond
reduction: loss of product,
reduced drug product stability

‘Trisulfide bond: no impact on
antigen binding or thermal
stability, but appear to be more
acidic

May affect mAD stability, in vivo
efficacy, and Fe-mediated
effector functions

Increased propensity of
aggregation

Environmental causes such
as buffer composition, pH,
and temperature during
cell culture and
purification

Abundant modification;
pH- and temperature-
dependent during
manufacturing and storage

pH- and temperature-
dependent chemical
modification

Caused by oxidation
through radicals or singlet
oxygen produced under
thermal or light stress
during storage,
respectively

Interchain disulfide bond
reduction: mechanical
shear forces used for
harvesting of cell culture
supernatant

Trisulfide bond: culture
duration and feeding
method

Glucose limitation in cell
culture medium, as well as
other cell culture
conditions (pH, shear
stress)

Sugars used in cell culture
medium composition,
decomposition during
storage to a lower degree

mAbs with pyroglutamate elute
earlier than glutamine in cation
exchange

Structure-based predictions of
deamidation propensity to design
more stable mAbs, and recently
applying machine learning to
large LC-MS/MS datasets
Peptide mapping by LC-MS/MS
to detect and minimize method-
induced isomerization

Avoiding methionine residues in
CDRs. Oxidation species can be
separated from the main
antibody by chromatographic
methods

Interchain disulfide bond
reduction: Cell culture redox
potential control via an online
redox probe

‘Trisulfide bond: changing
feeding strategy in cell culture,
removing cysteine wash step
during Protein A
chromatography

Feeding methods of cultures alter
the glycosylation heterogeneity.
Methods for the detection of
glycosylation patterns include
NMR, MS, HPLC, and CE.
Engineering of CHO cells leading
to defucosylation or sialylation
improves properties of mAbs
Reduction of glucose in fed batch
cultures.

Glycation species can be
measured using boronate affinity
HPLC. The recent development of
kinetic models elucidates the
contribution of factors to
glycation

(Beck and Liu, 2019; Beyer
etal., 2018; Liuetal., 2014)

(Beck and Liu, 2019;
Delmar et al., 2019; Lu
et al,, 2019; Yan et al.,
2018)

(Lu et al., 2019; Rouse

et al., 2017; Wakankar

et al., 2007; Zhou et al.,
2020)

(Beck et al., 2010; Beck and
Liu, 2019; Dashivets et al.,
2016; Masato et al., 2016;
Mo et al., 2016; Sankar

et al.,, 2018)

(Beck and Liu, 2019; Du

et al., 2018; Gu et al., 2010;
Handlogten et al., 2020;
Seibel et al., 2017)

(Esser-Skala et al., 2020;
Irvine and Alter, 2020;
Torkashvand and Vaziri,
2017; Q. Wang et al., 2018;
Wang et al., 2020; Zheng
et al,, 2011)

(Agarwal et al., 2019; Beck
and Lin, 2019; Jacobitz

et al., 2020; Miller et al.,
2011; Quan et al., 2008;
Yuk et al., 2011)
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MS and targeted glycan profiling (Yang et al., 2017), or by combining
multiple technologies as recently described by Camperi et al. (2020). A
multidimensional setup involving a 4D-LC/MS method (Protein A
reduction — RPLC — Digestion — RPLC/MS) allows the determination of
PTM levels, including oxidation, deamidation, and succinimide forma-
tion by online peptide mapping analysis. For the accurate detection of
mADb glycosylation patterns, a 3D-LC/MS workflow was developed using
the same chromatographic system. The implementation of such multi-
dimensional workflows demonstrates the potential to perform fast and
reliable PTM monitoring during the manufacturing process (Camperi
et al., 2020). Chemical modifications, such as oxidation, deamidation,
and fragmentation, result in charge variants, which may influence both
the in vitro and in vivo behavior of mAbs. By changing the binding
behavior to their targets, tissue penetration, distribution, and pharma-
cokinetics may be impaired, and analysis of charge variants is therefore
crucial. With a focus on acidic variants produced by modifications, Liu
et al. (2020) described the use of free flow electrophoresis combined
with MS. This allowed for the continuous sample separation and fluid
phase fractionation of antibody charge isoforms, striving towards the
separation of different charge isoforms and minimizing drug product
heterogeneity.

Along with protein engineering efforts, the central goal of process
development of biologics is the establishment of manufacturing tech-
nologies and processes that will generate consistency in different
batches (Carson, 2005). Quality-by-design (QbD) was established and
first developed by Joseph M. Juran in the early 1990s, who believed that
quality should be designed into a product and that most quality crises
and complications arose from the way a product was designed (Juran,
1992). Along with GMP, regulatory agencies encourage risk-based
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approaches and have adopted the QbD principles since the early 2000s
(Yu et al., 2014). By providing guidance on pharmaceutical develop-
ment, QbD aims at facilitating the design of products and processes,
ultimately maximizing the product’s efficacy and safety profile while
enhancing product manufacturability (Alt et al., 2016). The principles
are described by the International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use (ICH) guideline
documents, ICH Q8-11 (ICH; Yu et al., 2014). The objectives of phar-
maceutical QbD include: (1) achieving meaningful product quality
specifications based on clinical performance; (2) increasing process
capability and reducing product variability and defects by enhancing
product and process design; (3) facilitating the ability to identify root
causes of failures; and (4) improving product development and
manufacturing efficiencies (Yu et al., 2014). Of the QbD milestones,
critical quality attributes (CQA) identifies the crucial characteristics of a
product required to ensure quality from a patient’s perspective. By
identifying specifications or numerical ranges for CQAs, candidates may
be ranked and discarded accordingly (Somma, 2007). Several QbD
milestones are summarized in Fig. 3.

For improved manufacturability, the QbD paradigm has been
incorporated into mAb-specific scenarios. Karlberg et al. (2018) re-
ported the adoption of quantitative structure-activity relationship
(QSAR)-type modelling by exploiting the structural characteristics of
mAbs for directed QbD implementation, increasing both product and
process understanding. For upstream processes, Nagashima et al. (2013)
applied the QbD approach to mAb production in CHO cells, focusing on
quality risk management using failure mode and effects analysis. By
doing so, the authors identified potential critical process parameters
(CPPs) and key performance indicators (KPI) that may impact quality

Target Product Quality TPP EipoReeHiw, PLocs ¢ .
Profile (TPP) (QTTP) Assessment Characterisation
| (PRA) Study
Define quality ( \( Examine variation )
Describe the intent characteristics of || Identify parameters of parameters
of a product, and product to ensure foreach identified by PRA to
its desired features | quality is achieved. || manufacturing step || determine limits of
(indication, Attributes include: and define critical variation.
efficacy, safety, RoA, dosage form, quality attributes Leads to definition
drug format, etc.) bioavailability, (CQA) of CPP and
4 stability, strength L P& non-CPP )
- . Continued
Design Space Control Strategy Quallﬁtfatlon Process
Studies
Verification
[ ~ DN =)
Represents Description of: Studies of Demonstrate that
combination and Input Materials facilities, utilities process validation
interaction of input | Controls, In-process and equipment. remains up-to-date
variables and CPPs | Controls, Parameter || PPQ performed at across lifecyle of
that demonstrate Controls, Product full-scale to mimic product
guarantee of Characterisation, the manufacturing Post-marketing
quality Process Monitoring operation activities
| I\ J\o iy

Fig. 3. Summary of Quality-by-Design milestones. Adapted from ICHQ11 guidelines document. Abbreviations: I'PP: Target product profile, QT'TP: quality target
product profile, PRA: process risk assessment, CPP: critical process parameters, non-CPP: non-critical process parameters, PPQ: process performance qualification

study. Created with BioRender.com.
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attributes and gained further knowledge to mitigate any future cell
culture-related issues (Nagashima et al., 2013). On a scale beyond single
processes, Genentech participated in a pilot program launched in 2008
by the FDA in an effort to expand the implementation of QbD, leading to
imperative improvement of QbD tools and concepts for following
products (Alt et al., 2016; Finkler and Krummen, 2016). A recent report
has also demonstrated the efficient implementation and feasibility of
using QbD-based similarity assessment of a biosimilar mAb, using an
adalimumab biosimilar to Humira® (E. Zhang et al., 2020). Today, QbD
activities are fully integrated into product development phases and have
led to more robust, and high-yielding manufacturing processes, ulti-
mately resulting in increased clinical efficiency (Gronemeyer et al.,
2014).

3. Formulation development

Compared to small molecules, biopharmaceutical drugs such as
mAbs offer high specificity and potency, arising from their macromo-
lecular structure. However, their structural complexity is the cause for
challenges in formulation and delivery (Mitragotri et al., 2014). For-
mulability is defined as the suitability of a drug product to be formulated
in a way appropriate for the desired route of administration (RoA) or
delivery method. Its quality attributes include, but are not limited to,
solubility, stability, viscosity, and aggregation. Early formulability
assessment is an essential aspect in the development program of any new
biopharmaceutical and is often not emphasized enough (Zurdo, 2013).
In line with the QbD paradigm, the intended use of an antibody is
considered and defined in the target product profile (TPP), usually
during early stages of drug development. By completing a TPP, consid-
erations into RoA, dosage form, bioavailability, and stability can be
addressed in early stages (Fig. 3). Ultimately, every single aspect of
development that affects the efficacy, cost, or simplicity of an antibody
can become the difference between success and failure of a drug (Zurdo,
2013).

3.1. Route of administration

For pharmaceutical products, the preferred RoA is through oral
administration (non-parental) due to increased safety, good patient
compliance, ease of ingestion, and cost-effectiveness. However, the
pitfall of macromolecular biopharmaceuticals is their limited bioavail-
ability of only 1-2% by oral administration due to limited penetration
across the intestinal epithelium, and increased susceptibility to enzy-
matic degradation in the intestinal lumen, owing to the polar surface
charge and large MW of mAbs (Ovacik and Lin, 2018; Sifniotis et al.,
2019; Zhao et al., 2013). In recent years, therapeutic antibodies with
diverse RoA have been approved for the treatment of diseases. The most
common RoA for mAbs are intravenous (IV), intramuscular (IM), or
subcutaneous (SC) administrations, with injections being the principal
source of delivery (Table 4) (Zurdo, 2013). Other administration
methods, e.g., ocular delivery, also exist for site-specific drug adminis-
tration and lowering of side effects by localized therapy (Homayun et al.,
2019; Mandal et al., 2018). When compared to SC or IV, IM adminis-
tration is not the ideal route of administration for mAbs due to low
bioavailability (Homayun et al., 2019). IV administration is generally
used for mAbs, whereas IM injections are most commonly used for
vaccines (Mitragotri et al., 2014). Compared to other parental RoAs, SC
injections are the most convenient as they facilitate patient self-
administration and are the least invasive (Mitragotri et al., 2014;
Zurdo, 2013). Despite that, however, SC formulations place consider-
able constraints in terms of stability, aggregation, and viscosity due to
the need for high concentrated doses in low injection volumes (Viola
et al., 2018; Zurdo, 2013).

In terms of pharmacokinetics, IV appears to be superior to SC in-
jections due to faster absorption, higher bioavailability, shorter time to
reach maximum serum concentration (Tyax), and similar elimination

Table 4
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Properties of different routes of administration (RoA) for monoclonal antibodies.
Data gathered from Ortega et al. (2014), Ryman & Meibohm (2017), and Zhao

et al. (2013).
RoA: Intravenous (IV) Subcutaneous (SC) Intramuscular
(IM)
Delivery Low frequency High frequency High frequency
frequency
Delivery time Hours Seconds Seconds
Absorption Fast absorption Slow absorption Slow absorption
(Tmax 0.5-4 h) (Tmax 1.7-13.5 (Tmax 2-14 days)
days)
Bioavailability 100% -65% ~-80%
Half-Life Similar for all routes
Dose Low High High
Concentration Diluted solutions High High
concentrations concentrations
Volume High injection Low injection Low injection
volume volume volume
Injection device Saline drips, Vial and syringe, Syringe
syringe pre filled syringe,
pre-filled pen,
autoinjectors
Formulation for Lyophilized Liquid Lyophilized
storage powder for formulations powder for
reconstitution, containing reconstitution,
liquid excipients in liquid
formulations in single-use formulations in
vials or syringes syringes/pens vials or syringes
Injection angle 25° 45° 90°
Immunogenicity Low Higher ADA events  Low
Patient Low (invasive, Higher (self- Low (invasive)
compliance need for administration,
professional less invasive)
assistance)

half-life (Table 4) (Matucci et al., 2018). Subcutaneous route results in
slow absorption, with a slow increase in plasma concentration and
delayed time of T,ax, ranging from 1.7 to 13.5 days (Ortega et al., 2014;
Ryman and Meibohm, 2017; Zhao et al., 2013). The longer Tpax asso-
ciated with slow lymphatic uptake is due to the limited flow rate of 1-2
mg kg'1 h~! in the thoracic duct (Zhao et al., 2012). While the SC route
offers more convenience to patients compared to IV administration, it
was reported that SC administration resulted in a higher risk of immu-
nogenicity (Hamuro et al., 2017). This observation was investigated by
comparing the immunogenicity profiles of marketed mAbs by moni-
toring the formation and persistence of anti-drug antibody (ADA) events
with either SC- or IV-formulations (Hamuro et al., 2017). ADA events
can potentially impact the pharmacokinetics of the product by
increasing or decreasing drug clearance or affecting its pharmacody-
namics and efficacy. Tocilizumab (Actemra®), a humanized mAb
against interleukin 6 receptor (IL-6R) for the treatment of rheumatoid
arthritis (RA), was studied by IV and SC formulations in a phase 3 study
in a Japanese cohort. After 24 weeks of treatment, ADAs were detected
in 3.5% and 0% of patients for SC or IV administration, respectively.
Trastuzumab (Herceptin®), a humanized IgG1 mAb against HER2, was
first approved for IV injections and became the standard treatment for
patients with HER2-positive breast cancer. An SC formulation was
offered as a fixed-dose alternative to the weight-adjusted IV-formulated
product, and a 2-fold increase in ADA incidence was observed for SC
(14.6%) compared to IV (7.6%) route. Rituximab (MabThera®), an anti-
CD20 chimeric IgG1 approved for non-Hodgkin's lymphoma, has a
similar SC formulation to trastuzumab, but no difference in ADA inci-
dence was reported between SC and IV routes (Hamuro et al., 2017).
Further examples comparing IV and SC routes for therapeutic mAbs are
described in the literature (Blair and Duggan, 2018; Matucci et al.,
2018), and additional examples of dosing and administration methods of
FDA- and EMA-approved mAbs are listed in Table 5. Despite the ma-
jority of therapeutic mAbs being administered through IV or SC routes,
early drug development programs are still exploring novel delivery
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Table 5
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Characteristics (route of administration, mode of delivery, and dose strength) of several therapeutic mAbs approved by the FDA. Abbreviations: RoA: route of
administration, IV: intravenous, SC: subcutaneous, IVP: intravenous pyelogram, PFS: pre-filled syringe, Al: autoinjector. Information gathered from MedScape (2020)

and Drugs@FDA (2020).

INN (Trade Name) Target Indication RoA Dose strength Mode of delivery
Erenumab (Alimovig®) CGRP receptor Migraines SC 70 or 140 mg/ml PFS, SureClick Al
Sarilumab (Kevzara®) IL-6 receptor Rheumatoid arthritis SC 150 mg/1.14 ml, PFS, pre-filled pen
200 mg/1.14 ml
Emicizumab (Hemlibra®) Factor IXa / X Haemophilia A SC 30 mg/ml, 150 mg/ml Injection, IV solution vial
Denosumab (Prolia®) RANK-L Postmenopatisal osteoporosis SC Prolia: 60 mg/ml PFS or vial
Xgeva: 70 mg/ml
Adalimumab (Humira®) TNF-a Rheumatoid arthritis SC 40 mg/0.8 ml PFS, pre-filled pen or vial
Trastuzumab (Herceptin®) HER2 Breast cancer 1v/SC 1V: 21 mg/ml 1V: lyophilized powder, vial
SC: (120 mg/2000units)/ml SC: single-dose vial
Rituximab (Mabthera) CD20 Non-Hodgkin's lymphoma wv/sc 1V:10 mg/ml IV: prepare and dilute in IV bag
(10 and 50 ml vials) SC: Single-dose vial
SC: (120 mg/2000units)/ml
Teprotumumab (Tepezza®) IGF-R1 Thyroid eye disease v 500 mg/single-dose vial Lyophilized powder
Belimumab (Benlysta®) BLyS Systemic lupus erythematosus 1vV/SC IV: 120 or 400 mg/vial 1V: Iyophilized powder
SC: 200 mg/ml SC: PFS or Al
Palivizumab (Synagis®) RSV Respiratory syncytial virus ™M 100 mg/ml Powder for reconstitution
Muromonab (OKT3) (discontinued) CD3 Transplantation rejection wp 1 mg/ml Injectable solution
Gemtuzumab (Mylotarg®) (discontinued) CD33 Acute myeloid leukaemia (AML) v 4.5 mg/ml Single-dose vial

systems for biopharmaceuticals. Examples of these delivery systems are
ones that can pass the intestinal tract without being digested or
administration through pulmonary or nasal routes (Anselmo et al., 2019;
Bequignon et al., 2019; Kumar et al., 2018; Mitragotri et al., 2014). With
superior attributes compared to the currently established formulations,
drug carrier technologies, e.g., nanoparticle or microencapsulation for-
mulations, have become of increasing interest as they allow enhanced
stability and controlled release of the drug while being less invasive
inhaled formulations (Abdelaziz et al., 2018; Anselmo et al., 2019; Jani
and Krupa, 2019; Sifniotis et al., 2019).

One of the main limitations of the SC route is the limited dosing
volume, which requires high mAb concentrations. However, advances in
SC administration technologies have alleviated injection volume limi-
tations. Higher volumes are now facilitated through the use of on-body
SC delivery systems such as intradermal and patchable pumps for 5-10
ml injection volumes, and reports of novel technologies allowing vol-
umes of 30 ml in self-administration SC routes are predicted to be
feasible within the next decade (Datta-Mannan, 2019; Viola et al.,
2018). The use of large volume wearable injector devices (LVD) also
aims at overcoming volume limitations of SC or IM injections, allowing
up to 10 ml with slower bolus injection rates (Li and Easton, 2018).

3.2. Formulation into the drug product

Formulation development is a critical aspect as the degradation of a
mAb product can affect its stability and efficacy. In early clinical
development, IV administration is often the preferred RoA, especially
when dose-ranging clinical studies are carried out. During early stages,
the target dose is unknown, thus putting emphasis on allowing dose-
flexibility by IV administration, ensuring 100% bioavailability, and
allowing comprehensive PK studies in humans during these critical early
phase clinical trials (Li and Easton, 2018).

Depending on the administration, different formulations will be
favoured to increase product stability and ensure product quality. For IV
administration, a lyophilized powder for reconstitution and further
dilution is typically prepared for increased product stability. However,
during the drying process, this technology leads to physical stress,
potentially inducing instability and degradation, and resulting in
decreased efficacy. Today, lyophilized formulations are not preferred as
they are expensive to manufacture and require further dilution prior to
administration. SC and injectable administrations are prepared and
stored as liquid formulations in self-administration devices. However,
the pitfall of liquid formulations is an increased susceptibility to phys-
icochemical degradation and lower stability, which can impact shelf-life

and product quality (Sifniotis et al., 2019). With injections being the
primary delivery method for antibody products, different products exist:
Traditional vial and syringe (VS), pre-filled syringes (PFS), pre-filled
pens, or auto-injectors (AI). While the use of PFS brings advantages
such as user-friendly design and both patient and economic benefits,
formulation issues arise due to solubility, aggregation, and viscosity
complications. The requirement for high protein concentrations of up to
200 mg/ml to achieve a therapeutic dose are thus limited by develop-
ment difficulties (Li and Easton, 2018).

Aggregation is thought to result from the hydrophobic areas on the
surface amino acid sequence, representing the most common form of
instability of protein drugs. As it decreases the available efficacious
product during treatment and often leads to increased side effects and
immunogenicity, it is very much undesirable in a drug product (Cui
et al., 2017; Giannos et al., 2018). To reduce protein degradation and
aggregation, excipients are added to injectable formulations, adhering
to the International Pharmaceutical Excipient Council Europe (IPEC)
guidelines that describe what an excipient should look like in terms of
quality (Madani et al., 2020). Commonly used excipients include salts,
amino acids, or sugars to balance repulsion and attraction forces by
intermediate ionic strength or by adjusting the pH of the solution
(Kemter et al, 2018). Sugars are efficacious in stabilizing mAbs by
protecting against aggregation and denaturation in both dried and so-
lution states, along with increasing their melting temperatures in solu-
tion (Ohtake et al., 2011; Y. Zhang et al., 2020). Surfactants, such as
polysorbates, are also used in biologics as stabilizing agents, but the
addition of such agents in high concentrations may denature proteins
and cause adverse side effects such as injection site reactions (Sifniotis
et al., 2019).

Amino acid-based formulations containing single amino acids at high
concentrations serve to stabilize and reduce viscosity (Awwad and
Angkawinitwong, 2018; Kemter et al., 2018). Hung et al. (2018) re-
ported the improved use of concentrated proline in mAb formulations to
increase stability and reduce viscosity at pH 6, compared to using
glycine or trehalose (Hung et al., 2018). Cryoprotectants, such as su-
crose or trehalose, are commonly added to improve long-term stability
as a frozen liquid and to avoid aggregation and denaturation (Cui et al.,
2017). The use of excipient listings, such as the “Inactive Ingredient
Search for Approved Drug Products™ offered by the FDA (www.access
data.fda.gov/scripts/cder/iig/index.cfm), provides formulation scien-
tists with excipients from approved products. Such listings avoid
extensive formulation screening experiments. Nevertheless, challenges
remain in achieving target pH and excipient concentrations in high-
concentration doses, which can be overcome by using viscosity-
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lowering excipients or altered cassettes for ultrafiltration, as recently
reviewed by Holstein et al. (2020).

High-throughput technologies for the screening of pre-formulations
has allowed for the selection of candidates which are better suited for
specific formulation and delivery requirements, as well as providing
valuable information to improve process design and leading to increased
yields and quality (Johnson et al., 2009; Maddux et al., 2011; Razinkov
et al.,, 2015; Whitaker et al., 2017). Further, the use of novel and
emerging technologies such as small-angle X-ray scattering (SAXS)
together with differential scanning calorimetry (DSC), dynamic light
scattering (DLS), and viscosity measurements can be used to charac-
terize and optimize the appropriate excipient formulation for a mAb
product (Xu et al., 2019). A recent review by Le Basle et al. (2020) de-
scribes further advances used to analyse the stability and physico-
chemical properties of mAbs. Improvements in formulation to increase
the duration of action of therapeutic antibodies may also be achieved
through the use of nanomaterials, such as hydrogels, liposomes, mi-
celles, or nanoparticles (Awwad and Angkawinitwong, 2018; Carrillo-
Conde et al., 2015; Farahavar et al., 2019; Yang et al., 2019). The use
of nanomaterials allows for sustained oral delivery of therapeutic anti-
bodies while avoiding degradation in the GI tract and preserving anti-
body stability and function. This allows for the administration of
therapeutics to treat infections or local conditions located in the GI tract
or systemic conditions such as rheumatoid arthritis (Carrillo-Conde
et al., 2015).

3.3. Patient compliance

At the core of drug development and the intended use of an antibody
is patient centricity. While some formulations were developed for
improved PK/PD properties or safety concerns, others were developed
for increased patient compliance. The subcutaneous route has shown to
be the most convenient administration route due to self-administration
possibilities, with increased flexibility and potential to reduce costs for
patients, payers, and providers. The use of autoinjectors, PFS, or mini-
needles for SC administrations has led to increased patient accept-
ability and compliance, with the exception of potentially eliciting a
higher immunological response (Datta-Mannan, 2019; Homayun et al.,
2019). Using the aforementioned trastuzumab as an example, the suc-
cessfully repurposed SC formulation allows for administration using a
hand-held syringe or single-use injection device (Jackisch et al., 2015).
A study by Pivot et al. reported that 88.9% of patients treated with
trastuzumab, both IV and SC, preferred administration by SC route, with
“time-saving” being the main reason for their preference (Pivot et al.,
2014). Nevertheless, potential higher immunological ADA response,
needle-associated phobia and pain, unsafe needle use, and improper
disposal must also be considered (Homayun et al., 2019).

Considerations for the intended use of an antibody must also be
suitable for treating the desired disease. While parenteral administration
is preferred for acute and emergency responses, non-parenteral and less
invasive methods are more suitable for sustained therapy and chronic
delivery (Homayun et al., 2019). Patient adherence is a critical aspect of
achieving successful treatment outcomes. Reports have revealed that
patient adherence rates for chronic therapies in developed countries are
only 50%, being even lower in developing countries (Li and Easton,
2018). Considering this, novel technologies have been developed, such
as large-volume wearable injector device (LVD), allowing self-
administration of a drug at a flexible time and location, with the hope
of joining patient factors and promoting consistent use of a drug in
chronic diseases (Li and Easton, 2018). To increase patient compliance
and reduce invasive treatments, promising advances have been reported
by assessing different RoA for mAb treatment of diabetic retinopathy
and potentially other chronic retinal pathologies in mice (Barcelona
et al., 2018).

Special populations must also be examined, particularly if there is a
specific correlation between a disease and a given population. The
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disease status of patients with renal or hepatic impairment or pediatric
or elderly patients will not only influence a drug’s PK properties, but
may also impact safety and efficacy profiles (Mould and Meibohm,
2016). Defining patient’s physical and cognitive limitations and capa-
bilities could also affect the ability to safely and effectively use a certain
drug delivery device. Such impairments could include visual, cognitive,
or manual dexterity. For example, patients with rheumatoid arthritis or
those eliciting involuntary hand movements due to Parkinson’s disease
may not be capable of using fine motor skills to control and stabilize a
syringe with a narrow needle (Strochlic and Davis, 2017). The high costs
of monoclonal antibody therapy by achieving patient-convenient self-
administration formulations may also hamper the success of a drug on
the market (Li and Easton, 2018). Thus, when evaluating the intended
use of a therapeutic monoclonal antibody, all these attributes must be
taken into consideration to find the balance between the needs, in-
terests, and limitations of both the patient and the manufacturer.

4. Conclusion & outlook

The success of therapeutic monoclonal antibodies throughout the
years is, in part, accredited to improvements in manufacturing and
formulation, allowing for the development of more efficient and cost-
effective mAbs. Efforts to minimize mAb heterogeneity using protein
engineering and the implementation of regulatory agency guidelines to
ensure reproducibility, safety, and traceability, such as GMP and QbD
milestones discussed herein, have shown remarkable advances in
pharmaceutical and biotechnology companies. Further improvements to
process development involve implementing single-use strategies to
reduce cost and increase the flexibility of platform processes. At the
current growth rate, novel computational-based approaches will
become an integral part of process development and facilitate pre-
dictions of post-translational modifications, kinetic properties, and pre-
formulation screening, among others.

When talking about the intended use of a therapeutic antibody, it is
important to note that several factors must be considered deeply in order
to make adequate decisions, ranging from choosing the RoA to the drug
delivery system and appropriate formulation, and even the patient
population. Tuning of PK/PD properties of a monoclonal antibody not
only leads to increased safety and efficacy but may facilitate increased
patient acceptability and compliance, lower doses or dose frequency,
and lead to improved therapeutic outcomes. Consideration of the TPP in
early development is an important advancement in process develop-
ment, as RoA, protein modifications, and mAb heterogeneity may all
influence the behaviour and safety of a therapeutic mAb in humans.
Early pre-formulation experiments and assessments to determine which
excipients are compatible and to investigate the ideal conditions for the
stability of the API, e.g., temperature, pH, etc. should be performed to
improve the formulation development of a drug product.

Ultimately, the aim is to minimize potential errors and variability
throughout the entire process, potentially hindering product quality and
causing safety or efficacy concerns. While progress in the manufacturing
and formulation of mAb drugs continues to be made through the
advancement of high-throughput technologies and low-cost alterna-
tives, drawbacks are nevertheless present. Compared to other drug
modalities, protein pharmaceuticals tend to have higher cost of goods.
Consequently, a drug product with high immunogenicity and poor
bioavailability would be too costly to manufacture. Therefore, strict
understanding and control of every step of the process are fundamental
to the success of a therapeutic monoclonal antibody, while always
keeping in mind that “the process is the product” (Kuehn, 2014).
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Abstract: Monoclonal antibodies (mAbs) have demonstrated tremendous effects on the treatment
of various disease indications and remain the fastest growing class of therapeutics. Production
of recombinant antibodies is performed using mammalian expression systems to facilitate native
antibody folding and post-translational modifications. Generally, mAb expression systems utilize
co-transfection of heavy chain (iic) and light chain (Ic) genes encoded on separate plasmids. In this
study, we examine the production of two FDA-approved antibodies using a bidirectional (BiDi)
vector encoding both hc and Ic with mirrored promoter and enhancer elements on a single plasmid,
by analysing the individual /ic and lc mRNA expression levels and subsequent quantification of
fully-folded IgGs on the protein level. From the assessment of different promoter combinations,
we have developed a generic expression vector comprised of mirrored enhanced CMV (eCMV)
promoters showing comparable mAb yields to a two-plasmid reference. This study paves the way to
facilitate small-scale mAb production by transient cell transfection with a single vector in a cost- and
time-efficient manner.

Keywords: monoclonal antibodies; promoters; bidirectional; antibody production; upstream processing

1. Introduction

With the growing interest in monoclonal antibodies (mAbs) for therapeutic applica-
tions, advances in antibody production have improved drastically over the last decades.
Due to the more complex structure of antibodies, their production requires host cells capa-
ble of natively folding and modifying the mAb. Modifications include post-translational
glycosylation, which is, among other functional properties, critical to reduce their immuno-
genicity [1]. For this purpose, mammalian cells fulfil the requirements as appropriate hosts
for antibody production [2,3]. Advances in transfection protocols and cell engineering
have boosted the use of suspension cell lines with the ability to grow at high densities, and
increased production yields [4,5]. Further within the drug discovery and development
process, stable cell lines are generated for the most promising candidate(s), while transient
transfection is performed at earlier stages to yield research quantities of mAbs, sufficient
for characterization of lead candidates. The accessibility of commercially available transfec-
tion reagents with high efficiencies and the use of disposable materials makes transient
expression an efficient and cost-effective strategy during early drug discovery [6]. Human
Embryonic Kidney 293 (HEK293) and Chinese Hamster Ovary (CHO) cells are commonly
used for transient antibody expression, due to their high expression yields and human-like
glycosylation patterns [1,7,8].
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The basis of successful antibody production is the correct folding of individual chains,
followed by their accurate assembly, resulting in functional heterotetrameric glycoproteins.
Misfolded or partially folded antibodies are degraded by the host cell’s intrinsic quality
control system, resulting in low production yields. Furthermore, antibodies with undesired
folding are not able to effectively engage their target antigen or to mediate effector functions,
have unfavourable pharmacokinetics, and tend to aggregate. Besides these biological
limitations, purification of antibody products contaminated with aggregated or misfolded
mADbs is a major hindrance in the downstream processing of therapeutic molecules and is
currently the topic of numerous studies [9-12].

Antibody folding starts upon co-translational translocation into the endoplasmic
reticulum (ER) [13]. Following the homodimerization of the two heavy chains (HC), the
light chains (LC) are associated and covalently linked via disulphide bonds [14]. The
glycosylation at Asn297 is linked to the CH2 backbone in a co-translational manner [15].
During translation, chaperones are involved to ensure the correct folding of the individual
domains, as well as the final assembly of the tetrameric mAb [16].

At present, the largest part of transient production of mAbs is carried out using
a two-plasmid system, also known as co-transfection, for the expression of Ic and he,
with each gene driven by its own promoter and transcribed separately [17,18]. These are
carried out, for the most part, with an equimolar ratio of heavy chain and light chain
genes. Nonetheless, contradictory results have been reported using Expi293-F cells. While
some publications report that an equimolar gene ratio results in the highest yield of fully
assembled IgGs [8], others have described optimal expression with a 1:2 ratio of heavy and
light chain genes, respectively [19].

A large drawback of the two-plasmid system is the moderate control over the relative
expression of Ic and hc, with fluctuating cell-to-cell transfection efficiencies [17]. On the
other hand, a bidirectional (BiDi) vector with a dual-promoter can ensure the introduction
of both hic and Ic genes into each cell in equal amounts. However, for some applications it
could be beneficial to have a stronger expression of one chain over the other. By choosing
two suitable promoters controlling the transcription of /ic and Ic, different ratios can be
achieved [20]. While diverse approaches have been developed throughout the years to
advance and facilitate recombinant antibody production, the design of expression vectors
plays a large role for optimization of expression yields. Recently, Bayat and colleagues
(2018) compared the use of three different vector design strategies for the expression of
IgG1 antibodies in CHO cells, namely using the conventional two-vector approach with hc
and Ic encoded separately, a bicistronic vector based on internal ribosome entry sites (IRES),
and a dual-promoter single vector approach. All vectors were under the control of a human
cytomegalovirus (CMV) promoter. Expression analysis revealed that the dual-promoter
vector system resulted in the highest mAb yield [21].

Andersen and co-workers have previously shown the ability of the CMV enhancer to
control two core CMV promoters simultaneously, resulting in efficient antibody expres-
sion [22]. With this basis, we sought to investigate different promoters in a bidirectional
format to facilitate transient transfection, avoiding co-transfections. We also sought to
simplify hc and Ic gene cloning by establishing a one-step Golden Gate cloning procedure
that relies on the simultaneous plasmid incorporation of /ic and Ic genes together with
the bidirectional promoter sequence. By analysing /ic and Ic gene expression, as well as
through subsequent quantification of fully-folded IgGs, promoter and enhancer element
combinations were compared. Here, we show the use of a dual-promoter, single plasmid
approach using divergent promoters for the transient expression of two FDA-approved
antibodies, Durvalumab and Avelumab, using both Expi293-F and ExpiCHO-S cell systems.
This work lays the foundation to facilitate small-scale mAb production in drug discovery
programs in a more efficient manner.
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2. Materials and Methods
2.1. Plasmids & Cloning of Constructs

To allow the individual exchange of different variable domains, the utilization of k
and A isotypes, as well as the usage of different BiDi promoter combinations, the backbone
of the mammalian destination (MD) vector was built in a cassette-like manner. For vector
amplification in E. coli, a chloramphenicol resistance was utilized, adjacent to the colE1 and
the f1 origins. A stuffer sequence, flanked by Esp3I restriction sites, was downstream of
an inverse-orientated SV40 polyA sequence that was intended to be a terminator signal
for the light chain cassette. Upstream of the stuffer sequence, a partial hinge followed by
the CH2 and CH3 domains of a human IgG1 were encoded. Again, a SV40 polyA signal
sequence served as a terminator signal (Figure 1A). The plasmid was de novo designed in
silico and ordered at GeneArt (Regensburg, Germany).

B Stuffer

SV40 PolyA
Sequenc

SV40 PolyA
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oM
resistance
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SV40 PolyA
Seguenc

SVAQ PolyA
Sequence

M
resistance
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Figure 1. Schematic illustration of BiDi promoter system for antibody production. (A) The MD vector was designed to
exhibit a 200-bp stuffer, flanked by Esp3I restriction sites (Esp3I sites A and B), adjacent to a SV40 polyA signal sequence and
the regions encoding for hinge-CH2-CH3, terminated by a SV40 polyA signal sequence. (B) VL-CL and VH-CH1 amplicons
can be inserted into MD by Golden Gate cloning utilizing Esp3I restriction sites (Esp3I sites A and B). The BiDi promoter can
be chosen individually and is flanked by BbsI sites (BbsI sites A-D), compatible with the VL and VH sequences. (C) Golden
Gate assembly results in a fully functional and re-circularized vector, with the light chain under the control of promoter I
and the heavy chain under the control of promoter II. (D) Schematic representation of the resulting heterotetrameric IgG1
antibody using the same colour code as for the genetic elements.

The selected promoter sequences were either ordered as gene strings at Twist Bio-
science (EF-1o;, minCMV-enh-CMV (GenBank: MK764037) or PCR-amplified from the pTT5
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CMYV promoter cassette between bases 42-1185 (hereinafter referred to as eCMV) [23]. To
allow for the correct orientation of the promoter sequences, individual primers were used
to introduce the respective BbsI Golden Gate cloning (GGC) signature overhangs. Genes
for VH-CH1 and VL-CL of Durvalumab (Imfinzi, k light chain) and Avelumab (Bavencio, A
light chain) were also ordered as gene strings, already bearing suitable signature sequences
for Esp3l and Bbsl as well as their respective leader sequences. The 200-bp stuffer used
between individual promoters consists of the non-functional 3’ coding region of the amp
resistance gene for beta-lactamase, followed by ~40 bp of non-coding DNA. Assembly of
the MD expression constructs was conducted with 75 ng destination vector and equimolar
amounts of the respective fragments, 20 U BbsI-HF, 10 U Esp3I, and 200 U T4-DNA ligase
(NEB, Frankfurt, Germany) for 30 cycles (1 min; 16 °C; 37 °C). For the reference constructs,
VH and VL genes were amplified incorporating Sapl restriction sites and then inserted
into a pTT5-derived vector utilizing CH1-CH2-CH3 or k/A entry vectors using GGC as
described before [24,25]. PCR reactions were performed utilizing Q5 polymerase (NEB)
according to the manufacturer’s protocol and purified using the Wizard SV Gel and PCR
Clean-up System (Promega, Walldorf, Germany). All primers can be found in Table S1.
The DNA sequence for the 2xeCMV BiDi construct can be found in Sequence S1 in the
Supplementary Information.

E. coli XL1-blue were transformed utilizing the Golden Gate reaction mixtures and
cultivated on chloramphenicol or ampicillin DYT agar plates for MD or pTT5 constructs, re-
spectively. Resulting colonies were sequenced at MicroSynth SeqLab (Géttingen, Germany),
and positive clones were utilized to inoculate 50 mL overnight cultures. Plasmid DNA for
transient transfection was isolated using the PureYield Plasmid Midiprep System (Promega,
Walldorf, Germany).

2.2. Cell Lines

Expi293-F and ExpiCHO-S cells were obtained from Thermo Fisher Scientific. Cells
were incubated at 37 °C, 8% CO,, 110 rpm, and sub-passaged every 34 days in their
respective expression media, as described in the manufacturer’s protocol (Thermo Fisher
Scientific, Schwerte, Germany). Cell count and viability were measured using an auto-
mated cell counter (Bio-Rad TC-20) based on trypan blue staining. Cell densities were
maintained between 0.3-4 x 10° cells/mL and 0.2-6 x 10° cells/mL for Expi293-F and
ExpiCHO-S, respectively.

2.3. 24-Well Transfection

For gene expression and protein quantification, small-scale transfections using Axygen
24-well deep-well plates (Corning, New York, NY, USA) were performed. One day prior to
transfection, cells were seeded into wells at a final cell density of 1.8 x 10° or 3 x 10° viable
cells/mL in 2.5 mL expression medium for Expi293-F or ExpiCHO-S, respectively, and
incubated under shaking conditions in a humified atmosphere at 37 °C, 8% CO,, 225 rpm.
The following day, the cell density was adjusted to 3 x 10° or 6 x 10° viable cells/mL in
2.5 mL expression medium for Expi293-F or ExpiCHO-S, respectively. DNA:Expifectamine
complexes were incubated at room temperature with either 3 g BiDi plasmid or 2 pg heavy
and 2 pug light chain plasmid for co-transfections (two-plasmid reference) for 20 or 1 min
for Expi293-F or ExpiCHO-S, respectively, before adding dropwise to the cells. Feeding
procedures were carried out according to manufacturer’s instructions. For gene expression
analysis, cells were harvested 3 days post-transfection, while protein quantification was
carried out 6 days post-transfection.

2.4. RNA Isolation

Three days post-transfection, Expi293-F or ExpiCHO-S cells were harvested by cen-
trifugation and cell pellets were processed through a QIAshredder column (QIAGEN,
Hilden, Germany). Total RNA extraction was carried out using RNeasy Mini Kit (QIAGEN)
following the manufacturer’s instructions. RNA concentration was determined spectro-
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scopically using a NanoDrop One (Thermo Fisher), ensuring pure RNA was isolated with
a A260/280 ratio of 2.0.

2.5. Gene E%cpression Analysis by Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

Expression levels of heavy and light chain (both k and A) were analysed using 100 ng
RNA per well in Hard-Shell® 96-well PCR plates (Bio-Rad, Hercules, CA, USA) and iTaq
Universal SYBR Green One-step Kit (Bio-Rad) with designed SYBR Green primers (Sigma
Aldrich, Munich, Germany) using a CEX96 qPCR instrument (Bio-Rad). Relative expression
levels were analysed using the integrated software from Bio-Rad (CFX Manager, Hercules,
CA, USA) and normalized to housekeeping genes GAPDH and RPLPO (IDT, Coralville, IA,
USA). The primers used can be found in Table S2.

2.6. Protein Purification

To purify the antibodies from small-scale transfections, cells were harvested by cen-
trifugation and cell culture supernatants were purified using Protein A HP SpinTrap
columns (Cytiva, Freiburg im Breisgau, Germany) following the manufacturer’s protocol.
Antibodies were eluted in 0.1 M glycine-HCI, pH 2.7. Protein concentration was deter-
mined using a NanoDrop One (Thermo Fisher) using the corresponding molecular weights
and extinction coefficients.

2.7. Protein Quantification and Affinity Determination Using Biolayer Interferometry (BLI)

Six days post-transfection, cells were harvested by centrifugation and the cell cul-
ture supernatants were sterile-filtered (0.45 um). BLI experiments were performed on an
Octet Red96 (FortéBio, Fremont, CA, USA). Using Protein A biosensors (Sartorius, Gottin-
gen, Germany) for quantification, mAb concentration was measured from the cell culture
supernatants. An in-house produced mAb was used as a standard within the range of
3.13-400 pg/mL.

For affinity determination, anti-human Fab-CH1 2nd generation (FAB2G) biosensors
(Sartorius) were used. Purified antibodies were loaded onto the tips at 10 ug/mL until a
layer thickness of 1 nm was reached. Association was measured using a serial dilution
of His-PD-L1-TwinStrep (produced in-house). Kinetics were determined using Savitzky-
Golay filtering and a 1:1 Langmuir binding model.

3. Results

To produce full-length antibodies in a bidirectional manner, we first designed the
respective vector in silico. This vector encoded the fragment crystallizable (Fc) region of an
IgG1, which is the most common isotype found in therapeutic antibodies [26]. In order to
allow the flexible use for a variety of binders, the fragment antigen binding (Fab), which
can be of the k or A isotype, was not encoded on the plasmid. Instead, a stuffer sequence,
flanked by Esp3I sites was incorporated (Figure 1A).

As a reference antibody to establish different promoter combinations, the Fab of
Durvalumab, an FDA-approved anti-PD-L1 antibody of the k type, was chosen [27]. PCR
amplicons of VH-CH1 and VL-CL were generated introducing Esp3I and Bbsl restriction
sites. By utilization of a BiDi promoter system, flanked by Bbsl sites, a Golden Gate reaction
resulted in a re-circularized vector (Figure 1B,C). In this process, the stuffer that was
included in the parental MD vector was replaced by a CL-VL-PromoterI-Stuffer-PromoterII-
VH-CH1 sequence. Owing to this cloning strategy, a straightforward exchange of different
Fabs and different BiDi promoters is feasible. The resulting vector exhibited the functional
OREFs for the heavy and the light chains, resulting in the production of full-length antibodies
(Figure 1D).
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3.1. Cloning Promoter Combinations

Based on the findings from Andersen et al. [22] that a single enhancer adjacent to a
bidirectional CMV promoter allows for efficient antibody production using a single expres-
sion plasmid, six different bidirectional promoter complexes were generated comprising
not only the minCMV-CMV cassette, but also combinations of other strong promoters
including their individual enhancer elements, such as the CMV with its major immediate
early enhancer (MIE), the optimized CMV cassette from pTT5 (denoted as eCMV in this
study), and the human translation elongation factor 1 alpha (EF-1x) promoter, that were
selected based on their capability to produce fully-folded IgG molecules.

The MIE-CMV promoter, being one of the most commonly used in mammalian expres-
sion vectors, is designated as a strong driver for recombinant protein expression [28,29].
As shown before by Andersen and colleagues [22], the MIE enhancer is also capable of
facilitating elevated expression levels in the divergently oriented minCMV promoter, al-
though to a lesser extent. This was based on the presumption that the formation of the
large transcription complex might be sterically hindered. As a reference, we selected a
similar bidirectional promoter setup lacking the unique sequence upstream of the enhancer.
Additionally, we went for a mirror-symmetric approach comprised of two individual CMV
promoters, each having adjacent MIE enhancers that were separated by a 200-bp-stuffer.
The eCMV cassette comprises—besides the MIE enhancer and core promoter—several
additional regulatory elements that have been described to increase expression levels.
These elements include the non-coding adenoviral tripartite leader sequence (TPL), the ade-
novirus major late promoter enhancer (MLP enh.), as well as distinct splicing sites allowing
for prolonged mRNA stability [30,31]. Furthermore, we also utilized the strong human
translation elongation factor 1 alpha promoter (EF-1x) that has proven to be advantageous
over the CMV promoter in some cell types and in the expression of distinct proteins of
interests [32,33].

Based on the modular setup of our MD vector and utilization of GGC, we generated
different combinations of the aforementioned promoters to analyse for highest full-length
antibody expression levels and product yield of Durvalumab. A schematic overview of the
BiDi combinations is depicted in Figure 2.

CMV - minCMV
e
minCMV - CMV
Swifee o [\
EF-1a-eCMV N
me > ow (B Dl il
€CMV - EF-1a
BT
acMy
-—f‘fcmv 1<j££. ME oMy -
2xeCMV

WG @ [l e R

Figure 2. Overview of the different bidirectional combinations tested. The 200-bp stuffer sequence
is marked in red for each construct. Abbreviations: minimal CMV (minCMV), cytomegalovirus
promoter (CMV), enhanced CMV (eCMV), major immediate early enhancer (MIE), human translation
elongation factor 1 alpha (EF-1x), adenoviral tripartite leader sequence (TPL CDS), adenovirus major
late promoter enhancer (MLP enh.), splicing donor site (SD), splicing acceptor site (SA), light chain
(LC), heavy chain (HC).
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3.2. Gene Expression Analysis in Mammalian Cells

Transient transfections of all six promoter combinations were performed in 24-well
plates using Expi293-F cells, an established cell line for transient antibody production.
Three days post-transfection, cells were harvested, and RNA was isolated. Relative gene
expression of ic and Ic mRNA levels was measured by RT-qPCR (Figure 3).
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CMV-minCMV minCMV-CMV EF-1¢-eCMV eCMV-EF-1a 2xCMV 2xeCMV

Figure 3. Gene expression analysis of heavy and light chain genes after transient transfection of Durvalumab in Expi293-F
cells. (A) Bar chart representing heavy (dark blue) and light (light blue) chain mRNA expression in the different constructs.
Values are relative to the CMV-minCMYV construct and normalised to housekeeping genes GAPDH and RPLPO. Error bars
represent the standard error of the mean of technical triplicates. (B) Heat map representation of gene expression analysis.
The relative normalised gene expression for light and heavy chain mRNA is shown on the right.

The data was set relative to the CMV-minCMV construct and normalised to house-
keeping genes. Looking at relative mRNA levels, both variants with minCMV and CMV,
independent of the promoter orientation, did not yield high mRNA expression for either
Ic or he. Remarkably, the combinations with the EF-1x promoter and the enhanced CMV
cassette (eCMYV) showed significant differences in expression levels depending on their
orientation. Steering Ic expression with the EF-1« promoter (EF-1x-eCMV) resulted in a
9.5-fold upregulation in Ic and 8-fold upregulation in ic mRNA levels. Conversely, having
the more potent eCMYV in the light chain direction and EF-1« in the heavy chain direction
(eCMV-EF-1«) led to a 9-fold Ic upregulation, and low relative /ic expression levels. Based
on these results, mirrored constructs containing both promoter and enhancer cassettes
in both directions were tested, one with the traditional CMV promoter (2xCMV), and
the other with the eCMV cassette (2xeCMYV). Interestingly, the 2xCMV construct did not
result in increased Ic or ic mRNA levels compared to the bidirectional construct containing
two identical eCMV promoters or constructs containing two different promoters. The
BiDi combination of two mirrored eCMV promoter cassettes (2xeCMYV) yielded in a 7-fold
upregulation of Ic mRNA and a modest upregulation in ic levels.

As promoter strength may vary depending on the cell line, particularly for the CMV
promoter [33], ExpiCHO-S cells were also investigated. Gene expression analysis re-
sulted in similar results as in Expi293-F cells, with the 2xeCMV complex showing the
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strongest upregulation in both /ic and Ic mRNA levels compared to the other promoter
combination, namely a modest 10-fold upregulation of /ic, and a 20-fold upregulation of Ic

mRNA (Figure 4).
A)
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Figure 4. Gene expression analysis of heavy and light chain genes after transient transfection of Durvalumab in ExpiCHO-S
cells. (A) Bar chart representing heavy (dark blue) and light (light blue) chain mRNA expression in the different constructs.
Values are relative to the CMV-minCMYV construct and normalised to housekeeping genes GAPDH and RPLP0. Error bars
represent the standard error of the mean of technical triplicates. (B) Heat map representation of gene expression analysis.
The relative normalised gene expression for light and heavy chain mRNA is shown on the right with their respective scales.

3.3. Protein Yield Determination via BLI

As mRNA transcript levels do not indicate successful secretion of fully functional re-
combinant antibodies, protein quantification studies were performed. Expi293-F cells were
transiently transfected and the amount of secreted therapeutic antibody Durvalumab [27]
was quantified by biolayer interferometry (BLI) using sterile-filtered cell culture super-
natants six days post-transfection. The mAb concentrations for the different constructs
were interpolated from a standard curve generated using an in-house produced mAb. In
line with the gene expression analysis, protein quantification resulted in a clear ranking of
the different promoter combinations (Figure 5).

A) B)
—re 2xeCMV |
concentration
Comen bmy SR —
2xeCMV 353.10 1 eCMV-EF-1q{ ]
EF1a-CMV 42.90 2
CMV-EF1a 10.30 3 2xemv ]
MV 1030 3 CMV-mincMV -]
CMV-minCMV 3.99 4 mincMv-eMvn.a.
minCMV-CMV Too low 5 —\

] L) L) L) 1 1
0 10 20 30 40 50 200 300 400
mAb concentration (ug/mL)
Figure 5. Protein quantification of Durvalumab in cell culture supernatants from transfected Expi293-F cells. (A) Table

showing the mAb concentrations from 24-well transient transfections, listed according to their rank. The ranks 1-5 were set
based on the mAb concentration of the different BiDi combinations. (B) Bar chart representation of BiDi mAb concentrations.
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From the bidirectional combinations tested with transient transfections, the 2xeCMV
BiDi construct showed the highest mAb concentration with 353 g/mL (Figure 5). Interest-
ingly, mRNA expression was higher for EF-1x-eCMV compared to 2xeCMYV for both hc
and I¢, but antibody yield was significantly reduced in Expi293-F cells (Figure 3). This may
likely be due to the fact that EF-1a-eCMV displayed similar /ic and Ic mRNA expression
patterns, while 2xeCMYV revealed a higher accumulation of the Ic compared to the ic mRNA.
It is well known that the expression of excess light chain over heavy chain is often beneficial
for antibody production [34-37]. These findings corroborate that 2xeCMYV resulted in the
most promising bidirectional promoter combination, particularly in view of the fact that
the usage of this promoter combination resulted, both in Expi293-F and ExpiCHO-S cell
lines, in significantly enhanced mRNA synthesis with an excess of Ic over hc.

3.4. Correlation of mRNA and Protein Levels

After performing both mRNA and protein studies, the correlation of the cycle thresh-
old (Ct) values from RT-qPCR and the mAb concentrations from protein quantification
in Expi293-F was determined (Figure 6A). Overall, a Pearson’s coefficient of —0.6407 was
calculated, indicating, as expected, a negative correlation between Ct values and mAb
concentration. Looking at the respective Ct values of either the fic or Ic for 2xeCMYV, one can
observe they have a low Ct value and resulted in the largest mAb yield. While some claim
that abundance of /ic may hinder productivity, it appears that the excess of Ic allowing for
correct mAb folding and assembly is sufficient for higher mAb yields. On the contrary, the
Ct values of eCMV-EF-1« Ic is similar to that of 2xeCMYV, with the only difference being in
the hc expression, ultimately resulting in much lower yields. Thus, this further shows the
importance of a fine-tuned /ic and Ic expression, substantiating the potential of 2xeCMV for
a BiDi antibody production system.
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. - 250
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18+ | r [-0.6407 e CMV-minCMVLC & 2004
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A EF-1a-eCMV HC S 1504
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2 + A eCMV-EF-1a HC S 100-
= ' 4 eCMV-EF-1x LC 5]
© 14 S
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o A . v 2xCMVLC 2
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12+ . *  2xeCMV HC £ 0 T T T T
¢ ¢ 2xeCMVLC § o § a
o o
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i = =
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Durvalumab Avelumab

Figure 6. (A) Correlation of mAb concentration and Ct values for both heavy and light chain expression in Expi293-F for
production of Durvalumab. (B) Quantification of antibody concentration for the production of Durvalumab and Avelumab
using either a 2-plasmid reference or the BiDi 2xeCMV construct. Error bars represent the standard error of the mean of
biological triplicates, while the symbols represent the individual measurements.

3.5. Antibody—And Light Chain-Independence

To ensure the promoter combination used for our BiDi technology was not antibody-
or light chain isotype-dependent, the FDA-approved anti-PD-L1 antibody Avelumab of the
A isotype was also tested [38]. As 70% of approved antibodies belong to the k type [39,40],
only the most promising 2xeCMYV construct was used to validate the established system for
aA-based mAb, compared to the conventional co-transfection approach. For co-transfection,
Expi293-F cells were transfected using a 1:1 ratio of HC and LC DNA, with each plasmid
carrying the same promoter and enhancer cassette as the bidirectional vector, namely eCMV.
As can be appreciated from Figure 6B, there was no significant variation in antibody yield
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between transfections with BiDi and the two-plasmid reference for either Durvalumab
or Avelumab. Similarly, no variation was observed in ExpiCHO-S production (data not
shown). Kinetics determination of both antibodies produced with either the two-plasmid
reference or our established 2xeCMV BiDi plasmid bound to its target PD-L1 with com-
parable affinities (Table 1, Figures S1 and S2). Additionally, SDS-PAGE analysis under
reducing conditions resulted in the expected heavy and light chains bands (Figure S3).

Table 1. Affinity determination of Avelumab and Durvalumab using either co-transfection or 2xeCMV
BiDi plasmid.

Antibody Kp [pM]
2-Plasmid Ref. BiDi
. Durvalumab 594 364
e Avelumab 205 195
: Durvalumab 562 522
ExpiCHOS Avelumab 148 267

Thus, this indicated the established system is compatible with different binders and
can be employed for both k- and A-light chain isotypes.

4. Discussion

This work describes the generation of a bidirectional vector construct for recombinant
antibody expression using two eCMV promoter cassettes, controlling the expression of
Ic and he individually in each direction. By performing a thorough analysis of different
bidirectional promoter combinations with varying lengths and strengths, the 2xeCMV
combination showed the most promising /ic and Ic mRNA synthesis in two regularly used
mammalian cell lines, and, more importantly, the highest yields after protein quantification
comparable to those using the conventional two-plasmid system. Other BiDi constructs
showed potentially promising gene expression profiles, such as EF-1a-eCMV combination,
with high relative mRNA levels of both /ic and Ic mRNA. Nonetheless, having higher levels
of he mRNA in the cells appear to curb productivity of fully folded IgG formation, resulting
in drastically decreased antibody yields compared to both the two-plasmid reference and
the 2xeCMV BiDi vector.

While using a bidirectional approach takes away some flexibility in terms of being
able to alter the /c:lc ratios during co-transfection, the overexpression of both genes and,
especially the excess Ic expression, results in sufficient material for antibody hit screening.
For convenience, we established a one-step cloning procedure for simultaneous plasmid
incorporation of the heavy and light chain encoding segments obviating the need for
generating two separate plasmids. Not only does this approach lower plasmid prepa-
ration efforts, but it also increases handling for transfection of numerous mAbs during
screening and characterization as only a single plasmid is required. The use of two FDA-
approved antibodies with either a k- or A-light chain shows there is no antibody- or light
chain-dependence using this system, indicating that it can be implemented ubiquitously.
Further options remain to increase the yields of IgG molecules, such as optimization of the
stuffer region between the two eCMV promoter cassettes, potentially reducing any steric
hinderance and increasing transcription efficiency [22,41].

In conclusion, this work displays the benefits of using a one-plasmid bidirectional
system with 2xeCMV promoters for fully folded IgGs within drug discovery. In terms
of practicality, handling of a single plasmid for antibody production may be superior to
the conventional way. Moreover, yields of fully folded IgGs are comparable between the
two systems. Future directions for this technology go beyond recombinant production of
classical antibody formats, as reduction of the number of plasmid constructs could also be
considered feasible for the expression of bispecific antibodies and other antibody formats
in the frame of antibody drug discovery.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/antib10020018 /s1, Table S1: Primers used for cloning of bidirectional constructs, Table S2:
RT-qPCR primers for HC and LC constant regions, Figure S1: Affinity determination by BLI of
antibodies produced in Expi293-F, Figure S2: Affinity determination by BLI of antibodies produced
in ExpiCHO-S, Figure S3: SDS-PAGE analysis of purified antibodies, Sequence S1: DNA sequence of
the designed Durvalumab-2xeCMV insert.
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Recombinant antibody production using a dual-promoter single plasmid system

Stefania C. Carrara*, David Fiebig*, Jan P. Bogen*, Julius Grzeschik, Bjorn Hock, and Harald Kolmar

Table S1: Primers used for cloning of bidirectional constructs

AvelumabVH_Sapl_for

AAAAAGCTCTTCAAGTGAAGTTCAGCTGTTGG

AvelumabVH_Sapl_rev

TTTTTTGCTCTTCTGGCAGAGGAGACAGTAACAAGAG

AvelumabVL Sapl for

AAAAAGCTCTTCAAGTCAATCCGCCTTGACTC

AvelumabVL Sapl_rev

TTTTTTTTGCTCTTCACCCGAGAACTGTGACCTTTG

DurvalumabVH_Sapl_for

AAAAAGCTCTTCAAGTGAGGTTCAACTTGTTGAAAGCGG

DurvalumabVH_Sapl_rev

TTTTTTGCTCTTCTGGCGCTTGAGACTGTAACGAGGG

DurvalumabVL_Sapl_for

AAAAAGCTCTTCAAGTGAAATAGTGCTTACCCAAAGTCC

DurvalumabVL Sapl_rev

TTTTTTGCTCTTCATCGTTTAATTTCGACCTTAGTAC

MD-Leader-VH_Bbsl_for

ATATAGAAGACATCGCTTGCCACCATGAC

CH1_MD_Esp3l_rev

ATATATCGTCTCGGTATGGGTCTTGTCGCAGCTCTTGG

MD-Leader-VL_Bbsl_for

ATATAGAAGACCGTCGCAGCCACCATGAC

Lam-CL_Esp3l_rev

ATATACGTCTCGAGATCTATTAGCTGCACTCGGTGGGGGCCACGGTTTT
CTCCACGGTGCTGCCCTC

Kap-CL_Esp3l_rev

ATATACGTCTCGAGATCTATTAACACTCTCCCCTGTTGAAGCTC

eCMV-HC_Bbsl _rev

GCGCGGAAGACATAGCGCGCTAGAGATCCGTTTAAACTTGG

eCMV-LC_Bbsl_rev

GCGCGGAAGACATGCGACGCTAGAGATCCGTTTAAACTTGG

eCMV_LC-Stuffer-Con_Bbsl_for

GCGCGGAAGACATGATGGTACATTTATATTGGCTCATGTCCAATATGAC
CGC

eCMV_HC-Stuffer-Con_Bbsl_for

GCGCGGAAGACATGGCTGTACATTTATATTGGCTCATGTCCAATATGAC
CGC

CMV-HC_Bbsl_rev

GCGCGGAAGACATAGCGGATCTGACGGTTCACTAAACCAG

CMV-HC-Stuffer-Con_Bbsl for

GCGCGGAAGACATGGCTCCGCGTTACATAACTTACGGTAAATG

CMV-LC-Bbsl_rev

GCGCGGAAGACATGCGAGATCTGACGGTTCACTAAACCAGC

CMV-LC-Stuffer-Con_Bbsl for

GCGCGGAAGACATGATGCCGCGTTACATAACTTACGGTAAATG

EFla-LC-Stuffer-Con_Bbsl for

GCGCGGAAGACATGATGGGC

EFla-LC Bbsl rev

ATATAGAAGACATGCGAAGCCTGCTTTTTTGTACAAACTTGTCAC

HC-minCMV-CMV-LC_Bbsl_rev

GCGCGGAAGACTAAGCGTCTGACGGTTCACTAAACGAGCTCTGC

HC-minCMV-CMV-LC_Bbsl_for

GCGCGGAAGACATGCGAGATCTGACGGTTCACTAAACCAGC
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Table S2: RT-gPCR primers for HC and LC constant regions

HC constant_fwd TTCCAGAACCAGTCACCGTT
HC constant_rev CCAAAGAAGAAGAGGGAACA
LC kappa constant_fwd TGTAGGTGCTGTCCTTGCTG
LC kappa constant_rev CTGTTGTGTGCCTGCTGAAT
LC lambda constant_fwd GTAGCTCCTGTGGCTTTTC
LC lambda constant_rev TGATCAGCGACTTCTACCC
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Figure S1: Affinity determination by BLI of antibodies produced in Expi293-F. Binding of Durvalumab and
Avelumab produced in Expi293-F cellsto PD-L1. Antibodies were either produced by co-transfection (denoted
as pTT5) or transfection using 2xeCMV BiDi construct (denoted as BiDi). The curves represent binding of 10
ug/mL antibody to different concentrations of PD-L1.
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Figure S2: Affinity determination by BLI of antibodies produced in ExpiCHO-S. Binding of Durvalumab and
Avelumab produced in ExpiCHO-s cells to PD-L1. Antibodies were either produced by co-transfection
(denoted as pTT5) or transfection using 2xeCMV BiDi construct (denoted as BiDi). The curves represent
binding of 10 pg/mL antibody to different concentrations of PD-L1.
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Figure S3: SDS-PAGE analysis of purified antibodies. Heavy and light chain bands at their expected molecular
weights. A) represents purified antibodies from an Expi293-F production, while B) represents those produced
in ExpiCHO-S cells. After purification, 3 pg or 0.5 ug antibodies were loaded onto an SDS-PAGE gel after
Expi293-F and ExpiCHO-S production and purification, respectively.

Sequence S1: DNA sequence of the designed Durvalumab-2xeCMV insert. The colour codes represent the
following regions: SV40 polyA signal (grey), CL Kappa (cyan), _ (magenta),
(brown), (dark green), - (red), CMV promoter (yellow), _ (green), (blue),
(dark blue), (black), (dark yellow).

CGGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAAC
AAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAA
ACCTCTACAAATGTGGTATGGCTGATTATGAGCTAGAGAT CTARTNACACTCTCCCCTGTTGAAGCTCTTTGTGACGGG
CGAGCTCAGGCCCTGATGGGTGACTTCGCAGGCGTAGACTTTGTGTTTCTCGTAGTCTGCTTTGCTCAGCGTCAGGGT
GCTGCTGAGGCTGTAGGTGCTGTCCTTGCTGTCCTGCTCTGTGACACTCTCCTGGGAGTTACCCGATT GGAGGGCGTT
ATCCACCTTCCACTGTACTTTGGCCTCTCTGGGATAGAAGTTATTCAGCAGGCACACAACAGAGGCAGTTCCAGATTTC
AACTGCTCATCAGATGGCGGGAAGATGAACACAGATGGTGCAGCCACAGTTCGTTTAATTTCGACCTTAGTACCITGE
CCGAATGTCCAAGGGAGACTACCATATTGTTGACAGTAGTAGACTGCAAAATCTTCCGGTTCCAGCCGGGAAATTGTA
AGTGTAAAATCTGTGCCGGAACCGCTTCCTGAAAACCTATCAGGTATGCCAGTAGCTCTAGAGGATGCGTCATAGATC
AACAGACGCGGTGCTTGCCCAGGCTTTTGTTGATACCATGCAAGATATGAACTGGATACCCTTTGTGAAGCTCTGCAA

IATTAGTTAATCCCAACAATATTGTGAACAGGTAGGTAAAATGAGCGAAAGATAATGTCATclepLelcla [e[acracley y2(¢
AGATCCGTTTAAACTTGGACCTGGGAGTGGACACCTGTGGAGAGAAAGGCAAAGTGGATGTCATTGTCACTCAAGTG
LNLCICE@NETNICGGGCCAGGTGAATATCAAATCCTCCTCGTTTTTGGAAACTGACAATCTTAGCGCAGAAGTAATGC
Cclappuiererelclertcyye e leaee.V e e[ e[ ATCTCAAGCCTGCCACACCTCACCTCGACCATCCGCCGTCTAAA
GACCGCCTACTTTAATTACATCATCAGCAGCACCTCCGCCAGAAACAACCCCGACCGCCACCCGCTGLCGLCLGLCACG

GTGCTCAGCCTACCTTGCGACTGTGACTGGTTAGACGCCTTTCTCGAGAGGTTTTCCGATCCGGTCGATGCGGACTCG

GAGTTTGTCCTCAACCGCGAGCCCAACAGCTGGCCCTCGCAGACAGCGATGCGGAAGAGAGTGAGGATCTGACGGTT

CACTAAACGAGCTCTGCTTATATAGACCTCCCACCGTACACGCCTACCGCCCATTTGCGTCAACGGGGCGGGGTTATTA
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CGACATTTTGGAAAGTCCCGTTGATTTTGGTGCCAAAACAAACTCCCATTGACGTCAATGGGGTGGAGACTTGGAAAT
CCCCGTGAGTCAAACCGCTATCCACGCCCATTGGTGTACTGCCAAAACCGCATCACEATGGTAATAGEGATGACTAAT
ACGTAGATGTACTGCCAAGTAGGAAAGTCCCGTAAGGTCATGTACTGGGCATAATGCCAGGCGGGCCATTTACCGTC
ATTGACGTCAATAGGGGGCGGACTTGGCATATGATACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATACTC
CACCCATTGACGTCAATGGAAAGTCCCTATTGGCGTTACTATGGGAACATACGTCATTATTGACGTCAATGGGCGGGG
GTCGTTGGGCGGTCAGCCAGGCGGGCCATTTACCGTAAGTTATGTAACGCGGAACTCCATATATGGGCTATGAACTA
ATGACCCCETAATTIGATTACTATTAATAACTAGTCAATAATCAATGTEAA CATGGCGGTCATATTGGACATGAGCCAAT
VY NNLANeCATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTG
AGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCA
CTGGCCCCAGTGCTGCAATGATACCGCGAGATCCACGCT CACCGGCTICRING N RRNVNRIClcla[e N (eI (@ VN7 (c7
CCGCCATGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGG
AGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAA
TGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCC
ACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGE
ATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTG
ATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGAC
GTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAA
ATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAT CCNEIEIEIE

O NEBEE T A GCTGAG CACCGTGGCGGGCGGCAGCGGGTGGCG

GTCGGGGTTGTTTCTGGCGGAGGTGCTGCTGATGATGTAATTAAAGTAGGCGGTCTTTAGACGGCGGATGGTCGAGG
jlertcla e elcleclclaperNeNICCAGCTGTTGGGGTGAGTACTCCCTCTCAAAAGCGGGCATTACTTCTGCGCTAAG
Jlclecipgee v acrNcer el picapIeNa e clcleeacA TCTGGCCATACACTTGAGTGACAATGACAT
CCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTCCAAGTTTAAACGGATCTCTAGCGCGCTTGCCACCyIe\e,
AAAGCGGCGGTGGTCTGGTCCAACCTGGTGGTTCCTTGCGCCTGAGTTGCGCCGCTAGTGGCTTCACTTTTAGTCGA
ATTGGATGTCCTGGGTACGCCAAGCACCTGGCAAGGGCTTGGAATGGGTGGCTAATATTAAGCAAGATGGATCAGA
GAAATACTATGTCGACAGCGTAAAAGGGCGGTTTACTATTTCTAGGGACAACGCAAAGAACTCCCTGTACCTTCAAA
GAACTCTCTTCGCGCTGAGGACACTGCTGTGTACTACTGCGCCAGGGAGGGAGGTTGGTTCGGAGAACTGGCATTCG
ATTATTGGGGCCAGGGCACCCTCGTTACAGTCTCAAGCGCCTCTACTAAAGGTCCATCTGTTTTTCCATTGGCTCCATC
CTAAATCTACATCTGGTGGTACTGCTGCTTTGGGTTGTTTGGTTAAGGATTATTTTCCAGAACCAGTCACCGTTTCTT
AATTCTGGTGCTTTGACTTCTGGTGTTCATACTTTTCCAGCCGTATTGCAATCTTCTGGCTTGTATTCTTTGTCCTCTG
GTTACTGTTCCCTCTTCTTCTTTGGGTACTCAAACTTACATCTGCAACGTTAACCATAAGCCATCTAACACCAAGGTT
ATAAGAGAGTCGAACCTAAGTCTTGTGATAAGACTCATACCTGTCCCCCTTGTCCTGCCCCTGAAGCCGCCGGCGGA
TTCCGTGTTCCTGTTCCCCCCAAAGCCCAAGGATACCCTGATGATCAGCCGGACCCCCGAAGTGACCTGCGTGGTGG
GGATGTGTCCCACGAGGACCCTGAAGTGAAGTTCAATTGGTACGTGGACGGCGTGGAAGTGCACAACGCCAAGAC
AAGCCCAGAGAGGAACAGTACAACAGCACCTACCGGGTGGTGTCCGTGCTGACAGTGCTGCATCAGGACTGGCTGAA
GGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCCCTGCCTGCCCCCATCGAGAAAACCATCAGCAAGGCCAAGG
CCAGCCCCGCGAACCCCAGGTGTACACACTGCCTCCCAGCAGGGACGAGCTGACCAAGAACCAGGTGTCCCTGACH
GTCTCGTGAAAGGCTTCTACCCCTCCGATATCGCCGTGGAATGGGAGAGCAATGGCCAGCCCGAGAACAACTACAA
ACCACCCCCCCTGTGCTGGACAGCGACGGCTCATTCTTCCTGTACAGCAAGCTGACCGTGGACAAGTCCCGGTGGCA
CAGGGCAACGTGTTCAGCTGCAGCGTGATGCACGAGGCCCTGCACAACCACTACACCCAGAAGTCCCTGAGCCTGA
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Streamlining the Transition From
Yeast Surface Display of Antibody
Fragment Immune Libraries to the
Production as IgG Format in
Mammalian Cells

David Fiebig"??, Jan P. Bogen ", Stefania C. Carrara™*!, Lukas Deweid"?, Stefan Zielonka',
Julius Grzeschik®, Bjérn Hock® and Harald Kolmar™**

'Institute for Organic Chemistry and Biochemistry, Technical University of Darmstadt, Darmstadt, Germany, *Ferring Darmstadit
Laboratories, Darmstadtt, Gemmany, *Ferring Biologics Innovation Centre, Epalinges, Switzerland, “Centre for Synthetic Biology,
Technical University of Danmstadt, Darmstadt, Germany

Yeast-surface display (YSD) is commonly applied to screen Fab immune or naive libraries
for binders of predefined target molecules. However, reformatting of isolated variants
represents a time-intensive bottleneck. Herein, we present a novel approach to facilitate a
lean transition from antibody screening using YSD Fab libraries to the production of full-
length IgG antibodies in Expi293-F cells. In this study, utilizing Golden Gate Cloning (GGC)
and a bidirectional promoter system, an exemplary Fab-displaying YSD library was
generated based on immunised transgene rats. After subsequent screening for
antigen-specific antibody candidates by fluorescence-activated cell sorting (FACS), the
Fab-encoding genes were subcloned into a bidirectional mammalian expression vector,
exhibiting CH2-CH3 encoding genes, in a GGC-mediated, PCR-free manner. This novel,
straightforward and time-saving workflow allows the VH/VL pairing to be preserved. This
study resulted in antibody variants exhibiting suitable biophysical properties and covered a
broad VH diversity after two rounds of FACS screening, as revealed by NGS analysis.
Ultimately, we demonstrate that the implication of such a gene transfer system streamlines
antibody hit discovery efforts, allowing the faster characterisation of antibodies against a
plethora of targets that may lead to new therapeutic agents.

Keywords: antibody hit discovery, bidirectional promoter, reformatting, golden gate cloning, monoclonal antibodies,
yeast surface display

INTRODUCTION

Monoclonal antibodies (mAbs) have shown great potential both as therapeutic and diagnostic tools,
with the global monoclonal antibody market expected to reach $300 billion in revenues by 2025 (Lu
et al,, 2020). Today, a wide variety of display technologies are established for the identification of
mADb candidates from immune, synthetic or naive libraries, among them phage display (McCafferty
etal., 1990), ribosome display (Schaffitzel et al., 1999; Lipovsek and Pliickthun, 2004), mRNA display
(Lipovsek and Pliickthun, 2004; Josephson et al., 2014), mammalian display (Parthiban et al., 2019)
and yeast display (Boder and Wittrup, 1997). However, all these technologies require laborious
subcloning of isolated mAb-encoding genes into protein expression vectors. Even though this

May 2022 | Volume 10 | Article 794389
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FIGURE 1| Overview of bulk reformatting workflow from YSD vector to the engineered mammalian destination (MD) vector. VH, heavy chain variable domain; VL,
light chain variable domain; CLx, light chain constant kappa domain; GGC, Golden Gate Cloning; YSD, yeast surface display; MD, mammalian destination; ORF, open
reading frame; FACS, fluorescence-activated cell sorting.
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process was improved within the last years, PCR-based
subcloning always bears the risk of incorporating unintended
mutations. Due to the increasing interest in developing mAbs
against a plethora of targets, we sought out to streamline the
antibody hit discovery workflow.

Besides phage display, particularly yeast-surface display (YSD)
has become widely applicable for screening of large libraries
(Boder and Wittrup, 1997). The first approved therapeutic
antibody generated via YSD was Sintilimab, a PD-1 blocking
antibody, approved in 2018 for the treatment of relapsed or
refractory classical Hodgkin’s lymphoma in China (Hoy, 2019;
Valldorf et al, 2021). While advances in YSD technology have
facilitated the generation of large Fab antibody libraries using
streamlined approaches (Rosowski et al., 2018; Roth et al., 2018),
the pitfall that follows antibody screening, namely reformation of
Fabs into full-length IgG molecules, remains a tedious procedure.
Reformatting into IgG molecules is required in order to fully
discover the activity and function of mAbs and to assay their
properties, such as Fc-mediated functions (Kapur et al, 2014;
Bournazos and Ravetch, 2017). Furthermore, the handling of
each antibody individually is required in order to preserve the
unique VH and VL pairing.

Inrecentyears, Cruz-Teran and others (2017) have shown that
a modification of the yeast cell surface allows one to switch
between cell-surface display and secretion of full-length
antibodies in order to circumvent subcloning of hit candidates
into a suitable expression vector for mammalian expression
(Cruz-Teran et al,, 2017; Krah et al,, 2020). Nevertheless, the
glycosylation patterns in baker’s yeast cells differ significantly
from those in humans (Tanner and Lehle, 1987; Wildt and
Gerngross, 2005) and the yields by application of such
methods are very limited. On the contrary, two mammalian
cell lines are commonly used for small- to mid-scale antibody
production due to their human-like glycosylation and high titres,
namely Human Embryonic Kidney 293 (HEK293) and Chinese
Hamster Ovary (CHO) cells (Li et al, 2010; Vazquez-Lombardi
etal, 2018; Carrara et al,, 2021a). To continue the production of
IgG molecules in mammalian cells and avoid the cumbersome
reformatting steps, we have developed a novel two-pot, two-step
cloning procedure in order to facilitate the transition of hit
candidates from a YSD-display vector to a mammalian
bidirectional (BiDi) expression vector. Initial studies were
carried out to analyse the most suitable BiDi promoter for
both k- and A-isotype antibodies (Carrara et al., 2021b). On
top of simplifying and facilitating the transition between display
on yeast cells to production in mammalian cells, VH and VL
pairing is also preserved. To date, a few high-throughput
platforms have been described in order to batch reformat from
the scFv format to IgG molecules from phage display libraries
(Renaut et al., 2012; Batonick et al., 2016; Xiao et al., 2017; Liu
etal, 2018; Reader etal,, 2019), but to the best of our knowledge,
there have been no such reports for YSD Fab libraries.

In this study, we performed an initial proof-of-concept (PoC)
experiment with the therapeutic anti-PD-L1 antibody
Durvalumab to establish the reformatting workflow (Figure 1)
(Alvarez-Argote and Dasanu, 2019). Subsequently, a Fab library
resulting from immunised OmniRats against a TAMR was
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generated, screened, reformatted, and produced as well as
purified using this streamlined approach. The TAM receptors
(TAMR), comprising Tyro3, Axl, and MerTK, belong to the
family of receptor tyrosine kinases, which have been the focus
of several studies over the last decade due to their implications in
a number of diseases (Alvarez-Argote and Dasanu, 2019; Reader
et al, 2019). The resulting variants unveiled appropriate
biophysical properties and covered the entire VH diversity, as
revealed by NGS analysis. This method paves the way for
facilitating hit discovery processes by expediting the transition
between YSD-vectors and mammalian expression of hit
candidates.

MATERIALS AND METHODS

Plasmids and Yeast Strains

Plasmids and yeast strains used, as well as their cultivation and
media, were previously described in detail elsewhere (Bogen et al,,
2020a; Bogen et al., 2020b). For library generation, the yeast
destination vector, YSD_pDest_Kappa, comprising a coding
sequence for a k CL and a CHI-hinge-Aga2p fusion, as well
as the yeast entry vector, YSD_Entry_Insert, encoding the
Gall,10 promoter were used. By SapI-mediated GGC, VH and
VL sequences, previously amplified from cDNA (see below) were
subcloned into the destination vector, similar to the approach
described previously (Rosowski et al., 2018). The mammalian
destination (MD) vector was recently described in detail (Carrara
et al, 2021b). In brief, the MD vector encodes a stuffer sequence
flanked by Esp3I sites, adjacent to coding sequences comprising
partial hinge-CH2-CH3 domains. By means of Golden Gate
cloning, VL-CL and VH-CHI1 encoding sequences can be
inserted into MD. Additionally, the bidirectional promoter is
flanked by Bbsl sites and can be chosen freely. The 2xeCMV
promoter combination was shown to be the most suitable for
recombinant antibody production and was thus used herein. The
sequence of this promoter construct is available from (Carrara
et al., 2021b).

Immunisation

OmniRats (Osborn et al, 2013) were immunised by genetic
immunisation encoding TAMR at Aldevron (Freiburg,
Germany). After adequate titres were observed, lymph nodes
and spleens were extracted. All procedures were carried out in
accordance with local animal welfare guidelines and
protection laws.

Library Generation

From immunised OmniRats, total RNA was isolated from lymph
nodes and spleens using RNeasy Plus Mini Kit (QIAGEN).
Subsequently, cDNA was synthesised using SuperScript III
First-Strand Kit (Thermo Fisher Scientific) from 25ul RNA
with random hexamer primers, dNTPs and water to an end
volume of 35 pl. The mixture was first incubated at 65°C for 5 min
followed by a 1 min incubation on ice. 35 pl containing 1x RT-
Buffer, MgCl,, DTT, RNase OUT and 200 U SuperScript III RT
were added. The mixture was incubated for 5 min at 25°C and

May 2022 | Volume 10 | Article 794389

80



Fiebig et a

60 min at 50°C. The reaction was terminated by incubating for
5min at 80°C. 1 pl RNase H was added to each tube and incubated
for 20 min at 37°C.

With the ¢cDNA, human antibody variable regions from
OmniRats were amplified using two successive, nested PCR
reactions. For the first PCR, unique forward primers
annealing to the leader sequence of VH or VL kappa were
combined with reverse primers annealing to rat CH1 or CL
domains, respectively, using Q5-High Fidelity DNA
Polymerase. After PCR Clean-Up using Wizard SV Gel and
PCR Clean-Up System (Promega) and verifying successful
amplification by agarose gel electrophoresis, a second PCR
was performed to amplify human VH and VL domains and
incorporating Sapl recognition sequences for subsequent
Golden Gate Cloning (GGC) into the YSD vector (primer
sequences can be found in Supplementary Table S1).
Therefore, the purified VH and VL PCR products were
assembled with the plasmids YSD_Entry_Insert and
YSD_pDest_Kappa. For comparison, an additional anti-
TAMR Fab library was generated by homologous
recombination as described by Benatuil et al. in EBY100
yeast cells (Benatuil et al., 2010).

Library Sorting

For library sorting, 5 x 10°® induced yeast cells were washed with
PBS containing 0.1% BSA (PBS-B) and incubated with 250 nM
TAMR-His, for 30 min on ice. After washing with PBS-B, cells
were stained with Goat F(ab’),-anti-human-Kappa PE-conjugate
(1:75 dilution, Southern Biotech) to detect surface presentation,
with anti-His6 AlexaFluor647-conjugate (1:50 dilution, Thermo
Fisher Scientific) for target binding and incubated for 15 min on
ice. Aftera final washing step, cells were analysed by FACS using a
Sony Cell Sorter SH800S. Sorting rounds were performed with
decreasing target antigen concentrations. For subsequent rounds,
TAMR-Fc was used as soluble antigen, staining with an anti-
human IgG PE-conjugate (1:50 dilution, Thermo Fisher
Scientific).

Next-Generation Sequencing

Plasmids were isolated from yeast cell populations of the initial
library, as well as the 1st and 2nd sorting rounds using the
Zymoprep Yeast Plasmid Miniprep Kit (Zymo Research). By
means of PCR utilizing Q5 High-Fidelity DNA Polymerase (New
England Biolabs), the VH and VL genes were amplified and
purified by the PCR Clean-Up System (Promega). Next-
generation sequencing by Illumina sequencing was performed
at Genewiz (Leipzig, Germany) and resulting NGS data were
analysed using Geneious Prime 2020.1.2.

Reformatting

Plasmids of yeast cells, enriched during FACS, were isolated using
the Zymoprep Yeast Plasmid Miniprep Kit (Zymo Research).
Subsequently, plasmids were transformed into chemically
competent XL1 blue E. coli cells and cultivated overnight in
50ml dYT media with 100 pug/ml ampicillin. The next day,
plasmids were isolated using the PureYield™ Plasmid
Midiprep System (Promega). For reformatting into the
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mammalian expression vector, 75ng of the YSD vector
population, encoding the bidirectional CL-VL-Gall,10-VH-
CHI-partial hinge ORFs, was subjected to GGC with 75 ng of
the Mammalian Destination (MD) vector, exhibiting the
sequences encoding the partial Hinge-CH2-CH3. By Esp3I-
mediated GGC, the complete bidirectional yeast-derived ORF
cassette was inserted into the MD vector. While the 3’ end of the
CL domain exhibited a stop codon, the CH1-partial hinge region
of the yeast vector aligns with the partial-hinge-CH2-CH3 region
of the MD vector, resulting in an ORF encoding the complete
heavy chain. Subsequently, the Golden Gate products were
transformed into chemically competent XL1 blue E. coli cells
and cultivated overnight in 50 ml dYT media with 25 pg/ml
chloramphenicol. Plasmids were isolated using the PureYield™
Plasmid Midiprep System (Promega) and 75ng were
subsequently subjected to GGC cloning utilizing the
Mammalian_entry vector. By BbsI-mediated GGC, the Gall,10
promoter was removed from the vector and exchanged by the
bidirectional 2xeCMV promoter cassette. The Golden Gate
products were transformed into chemically competent XL1
blue E. coli cells and cultivated overnight in 50 ml dYT media
with 25 pg/ml chloramphenicol and subsequently isolated by
using the PureYield™ Plasmid Midiprep System (Promega).
Golden Gate reactions were performed according to the
manufacturer’s instruction. In brief, a 20l Golden Gate
reaction containing 75 ng of the destination vector, 75ng of
the parental vector harbouring the desired insert, 2yl T4
ligase buffer, 1 ul of the respective type IIS restriction enzyme
(Esp3I or BbsI), and 0.5 pl T4 ligase was used. All reagents for
GGC reactions were supplied by New England Biolabs. Golden
Gate cloning was performed in 30 cycles consisting each of 1 min
at 37C and 1min at 16°C for restriction and ligation steps,
respectively.

Transient Transfection and Purification

Expi293-F cells (Thermo Fisher Scientific) were used for transient
production of antibodies. The cells were cultured in Expi293
Expression Medium (Thermo Fisher Scientific) at 37°C, 8% CO,,
and 110 rpm, and sub-passaged every 3-4 days. Transfection was
carried out using Expifectamine293 according to the
manufacturer’s manual, using 1pg plasmid DNA per ml
culture volume. Six days post-transfection, cells were harvested
by centrifugation and the cell culture supernatants were sterile
filtered before being applied to a HiTrap MabSelect PrismA
column (Cytiva) using an AKTA Pure 25 system following the
manufacturer’s instructions. Subsequently, a desalting step
against PBS was performed using HiTrap Desalting columns

(Cytiva).

Biolayer Interferometry

For kinetics and affinity determination, an Octet Red96
(FortéBio) was utilised. Antibodies were loaded onto anti-
human Fc Capture (AHC) biosensor tips (Sartorius) and
associated to different concentrations of His-tagged TAMR in
the range of 6.25-200nM. Kinetics were determined using
Savitzky-Golay filtering and fitted using a 1:1 Langmuir
binding model.

May 2022 | Volume 10 | Article 79¢

81



Fiebig et al

Thermal Stability and Size-Exclusion
Chromatography

To evaluate the thermal stability of the isolated and reformatted
antibodies, melting points (Ty) were determined utilising the
Prometheus NT.48 NanoDSF Protein Stability Instrument
(NanoTemper Technologies) at 0.5mg/ml between 25-90°C
with a heating rate of 1°C/min as previously described (Bogen
et al,, 2020a). Size exclusion chromatography was carried out
using an Agilent Technologies 1260 Infinity system as previously
described (Bogen et al., 2020a). In short, 22 pl of a 0.5 mg/ml
protein solution were applied onto a TSKgel SuperSW3000
column (Tosoh) at a constant flow rate of 0.35 ml/min using
sterile filtered PBS (pH 7.4) as mobile phase.

RESULTS

Overview of Cloning Strategy From
Yeast-Surface Display to Mammalian

Destination Vector
To ease the workflow from YSD-mediated antibody discovery
to their expression in a mammalian system, we developed a
high-throughput, bulk cloning procedure that avoids possible
PCR-mediated mutations and conserves heavy chain—light
chain pairing while yielding a full-length IgG molecule and
significantly reducing hands-on time. In principle, VH and VL
genes amplified from virtually any origin, for example, an
immunised animal, can be subcloned by SapI-mediated GGC
into a YSD-vector utilizing the Gall,10-based bidirectional
promoter, similar to the previously described system
(Rosowski et al, 2018). Upon transformation in
Saccharomyces cerevisiae and FACS-assisted enrichment,
yeast cells expressing target-specific Fabs are isolated. For
subsequent characterization, expression of full-length IgG
molecules in mammalian cells is crucial, as this represents
the final expression system in the final format for therapeutic
mAbs. However, bulk reformatting of multiple antibody
candidates from an enriched pool of binders is not feasible
with conventional methods as the original heavy chain—light
chain pairing is lost during this process. This could be avoided
by using scFvs or other single chain antibody formats.
However, for most therapeutic applications, IgG antibodies
are favoured as demonstrated by the number of approved IgGs
in comparison to approved scFv-based drugs (Reichert, 2021).
Furthermore, using Fab libraries for YSD allows for screening
in an architecture most closely resembling the final IgG format
and has shown to result in more promising antibody variants
compared to scFv libraries (Sivelle et al., 2018).
Conventionally, the VH and VL sequences are reformatted
for each single candidate separately in order to retain the heavy
chain—light chain pairing. As more mAb candidates are
available, this process becomes more laborious and tedious.
Furthermore, PCR-based subcloning bears the risk of
introducing unintended mutations, further increasing
workload and slowing down the discovery process. To
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circumvent all these disadvantages, we engineered a
mammalian destination vector (MD), encoding a partial
hinge region followed by CH2- and CH3-encoding genes. By
Golden Gate Cloning using Esp3I, the whole CL-VL-Gall,10-
VH-CH1-partial hinge ORF is extracted from the YSD vector
and inserted into the MD vector, resulting in a full-length heavy
chain ORF, enabling the transfer of a whole population of
binding molecules in a one-pot reaction. Due to the physical
linkage with the yeast Gall,10 promoter, heavy chain—light
chain coupling is maintained. In the next step, this yeast-specific
promoter is exchanged by BbsI-mediated Golden Gate
Assembly for the 2xeCMV promoter, which was recently
demonstrated to be the optimal bidirectional promoter for
mAb expression (Carrara et al., 2021b). An overview of the
entire procedure is depicted in Figure 1. This final vector
enables transient transfection of mammalian cells for mAb
production and additionally circumvents the need of co-
transfecting separate heavy and light chain-encoding
plasmids, which is needed in conventional procedures. All
vectors were designed in silico and subsequently ordered at
GeneArt (Thermo Fisher Scientific).

PoC Study With Durvalumab

To verify whether this Golden Gate-assisted discovery process
is feasible for subcloning of yeast-displayed Fabs into the
mammalian expression vector, we performed a PoC study
with the FDA-approved antibody Durvalumab, which
recognizes the PD-L1 antigen and blocks the PD-1/PD-L1
axis. The respective VH and VL genes were subcloned into the
yeast display vector and upon transformation of yeast cells
and subsequent FACS analysis, the display of the respective
Fab as well as PD-L1 recognition was verified (Figure 2A).
Upon Esp3I-mediated subcloning of the antibody-encoding
genes and the Gal1,10 promoter into the MD vector, followed
by promoter exchange in a Bbsl-assisted manner, a
mammalian expression vector was generated. Transient
transfection of Expi293-F cells yielded full-length
Durvalumab molecules able to recognize PD-L1 in BLI
experiments (Figure 2B) with an affinity of 364 pM.,
similar to what has been described in literature (Tan et al.,
2018). Encouraged by these initial results, we planned on
translating this process to an antibody hit discovery
campaign.

Generation of TAMR Library and Screening
We initiated genetic immunisation of transgenic OmniRats,
rodents exhibiting a part of the human antibody germline loci
(Osborn et al., 2013), with TAMR. Upon cDNA synthesis after
total RNA extraction of spleen and lymph node cells, VH- and
VL-encoding genes were amplified and subcloned into the
yeast display vector using SapI-mediated GGC and the
YSD_Entry_insert providing the bidirectional Gall,10
promoter. For library generation, Sapl was chosen, as this
type IIS restriction enzyme does not recognize any antibody
germline sequences within OmniRat-derived mAbs. A
summary of the cleavage sites within the OmniRat
repertoire with the herein used type IIS restriction enzymes,
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FIGURE 2 | Verification of proof-of-concept study using Durvalumab. (A) FACS contour plot showing the display of the Durvalumab Fab and its ability to bind
biotinylated PD-L1 (blue) compared to the negative control without antigen (grey). Surface presentation was detected using an anti-kappa AlexaFluor647 antibody, whie
target binding was detected using streptavidin-PE. (B) Affinity determination of Durvalumab to PD-L1 after production in Expi293-F cells. 10 pg/ml antibody was loaded
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FIGURE 3 | Sorting of the TAMR yeast library. Target binding to TAM-Receptor is depicted on the x-axis using either an anti-His AlexaFlour647-conjugated or anti-
human IgG-PE conjugated antibody for either TAMR-His or TAMR-Fc, respectively. Surface presentation is shown on the y-axis as detected using a goat F (ab’), anti-
human Kappa-AlexaFluor647 or -PE conjugate, respectively. 100°000 events are shown.

as well as Bsal as a reference, is represented in Supplementary
Table S2.

Upon yeast transformation, the resulting library consisted
of 3 x 10°® clones and was screened via FACS. The first sorting
round was performed using 250 nM His-tagged antigen. The
subsequent screening round was performed with 250 nM Fc-
tagged TAMR, and the outcome of round 2 was stained with
100 nM  Fc-tagged TAMR to get higher affinity binders
(Figure 3). A sufficient enrichment was observed after two
sorting rounds, with 54.5% of the Fab-displaying yeast cells
binding to the target antigen.

Reformatting of YSD-Enriched Antibodies

Into the Mammalian Destination Vector

The antibody-encoding plasmids from the yeast cells after the
second sorting round were isolated and antibody-encoding genes
were subcloned into the MD vector. Upon promoter exchange
from Gall,10 to 2xeCMV, the obtained final mammalian
expression vectors were then subjected to Sanger sequencing.
Analysis of 20 single clones revealed 14 unique antibodies, which,
in part, originate from multiple clonotypes (Supplementary
Figure S1). By clustering the sequences based on amino acid
differences, especially in the CDR3, ten candidates were chosen
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FIGURE 4 | Next generation sequencing resuilts from the 2 round of sorting. (A) Tree view of the VH and VL sequences after the second sorting round separated
by VH and VL sequences. Tree maps were generated using Geneious Prime 2020.1.2. The colour-coding corresponds to the VH/VL sequences isolated in the 10 single
clones depicted in B. (B) Representation of the found VH and VL in the 10 isolated clones. The rectangles represent the VH clusters, while the ovals represent the VL

sequences. Colour-coding of the corresponding VH and VL pairs.
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FIGURE 5 | Characterisation of single clones. (A) SEC profiles and (B) SDS-PAGE analysis under reducing conditions, showing the respective heavy (HC) and light
(LC) chains at their anticipated molecular weights. The curves in (A) are nudged by 1 and 10 data units in the x- and y-axis, respectively. Colour-coding represents the
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for further analysis. These ten clones were referred to as K9, K12,
K13, K15, K17, K22, K24, K26, K27, and K28.

Next-Generation Sequencing
To confirm that no diversity is lost during the subcloning of the Fabs
from the library to the expression vector, next-generation sequencing

(NGS) was performed on the initial library as well as the 1st screening
round outcome (Supplementary Figure S2). The library diversity
from the last sorting round was compared to the individual sequences
from isolated variants, and colour-coded with the respective
sequences from isolated clones (Figure 4A). The entire diversity
of VH sequence families obtained from library sorting was retained in
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TABLE 1 | Affinities of isolated TAMR antibodies determined by BLI
measurements using Hiss-TAMR.

Clone Affinity + S.D. ("M)
K9 4310 £ 0.65
K13 9.81£0.20
K15 8.23+0.24
K17 10.10 £ 0.21
K22 12,50 = 0.31
K24 11.90 £ 0.31
K26 7.94 £0.26
Ko7 5.85 +0.22
K28 11.10 + 0.003

the population of reformatted clones, whereas a few VL sequence
families were missing. As only 20 dlones were inspected, it is probable
that more variability could be covered by sequencing a larger sample.
Nonetheless, the VH diversity is generally sufficient to obtain highly
specific antibodies (Xu and Davis, 2000) and thus is more critical.
Figure 4B depicts the single clones and their respective VH and VL
combinations. From this NGS analysis, one can appreciate that no
large diversity was lost within the process as the entire VH repertoire
was covered within the single clones.

Transient Expression in Expi293-F Cells,
Purification and Characterisation

Ten single clones were produced in Expi293-F cells and purified
via Protein A to characterise their biophysical properties. Size
exclusion chromatography (SEC) revealed favourable aggregation
behaviour for most clones, showing minimal aggregation
(Figure 5A). K28 exhibited the most aggregation behaviour
with 15.3% HMW. NanoDSF measurements showed melting
temperatures (Ty;) between 65 and 70°C, with K13 and K28
exhibiting the lowest and highest Ty, values with 65.7 and 70.8°C,
respectively (Supplementary Figure S3). The observed Tys
represent a high thermal stability and are within a reasonable
range for non-glycosylated human IgG1 antibodies (Garber and
Demarest, 2007; Dashivets et al, 2015). SDS-PAGE analysis
revealed the expected heavy and light chain bands (Figure 5B).

Furthermore, kinetics determination via BLI indicated a range
of single-digit nanomolar affinities to soluble His-tagged TAMR
for the vast majority of clones, namely K9, K13, K15, K17, K22,
K26, K27, and K28 (Supplementary Figure S$4). K27 exhibited
the highest affinity with 5.85 nM, whereas K9 showed the lowest
affinity with 43.1 nM (Table 1). Nevertheless, the affinities are
within a notable range.

Taken together, the biophysical characterisation revealed 10
promising antibodies targeting TAMR in this proof-of-concept
study using the novel approach in order to facilitate the transition
from YSD to antibody production in mammalian cells.

DISCUSSION

In this study, we developed a straightforward reformatting
approach to yield mammalian expression vectors based on
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YSD-screened antibody libraries in a PCR-free manner, based
on Golden Gate Cloning. This process allows for bulk cloning of
yeast display-enriched antibodies, which was previously not
possible due to the loss of the heavy chain—light chain
pairing, resulting in reduced hands-on time compared to
conventional approaches. Although the issue of cognate heavy
and light chain pairing can be omitted by the use of scFvs or
scFabs, these molecules come with certain limitations, such as
their aggregation behaviour (Rothlisberger et al., 2005; Bates and
Power, 2019). Furthermore, the utilization of a Fab-displaying
yeast library allows for screening in the final format of the antigen
binding site for most therapeutic applications.

However, during library generation, VH and VL genes,
amplified from ¢cDNA isolated from immunised animals, are
shuffled and therefore their natural pairing is lost. Still, this is
also true for conventional yeast libraries, as well as for phage or
mammalian display systems. Our novel system could be
combined with B cell cloning in the future (Tiller, 2011;
Carbonetti et al., 2017; Ouisse et al., 2017), which might allow
for a workflow starting from B cells, followed by yeast display
screening and mammalian antibody production while
maintaining the naturally occurring heavy chain—light chain
pairing during the whole antibody discovery process.

Previously, Roth and others have demonstrated the successful
generation of a bidirectional YSD vector system to isolate
CEACAMB6-specific antibodies from immunised OmniRat libraries
(Roth et al, 2018). For their library generation, Bsal was utilized,
which occurs frequently in antibody frameworks (Nelson and
Valadon, 2017). To circumvent the risk of losing variants due to
internal Bsal sites, we chose Sapl for library generation, which does
not occur in OmniRat-derived antibody germlines. As depicted in
Supplementary Table S2, the other type IIS enzymes employed in
this workflow do not have high occurrences within the OmniRat
repertoire. Besides human antibodies, chicken-derived antibodies
have gained traction within the scientific literature in recent years
(Kim et al, 2018; Grzeschik et al., 2019; Bogen et al., 2020a; Bogen
et al, 2020b; Bogen et al., 2020¢; Hinz et al., 2020; Mwale et al., 2020;
Elter et al, 2021). As the chicken germline does not exhibit SapI sites
either, this workflow can easily be applied to immunised chickens as
well, and most likely, to other immunised animals, like mice or
rabbits.

Future applications could also include antibody discovery
workflows containing a combination of display technologies,
for example, by cross-linking phage and yeast display and the
presented MD vector for subsequent mammalian production
(Patel et al, 2011). Additionally, Akamatsu and others have
previously developed a mammalian cell surface display vector
to isolate IgG molecules directly using mammalian display
(Akamatsu et al, 2007) that can be used to combine yeast
surface display with subsequent mammalian display and
production. Such workflows can benefit from the advantages
of each display technology but are not limited by their own
disadvantages. For instance, combining the larger diversity of
phage display libraries with the ability to sort for high-affinity
antibodies (Marks, 2020) or to perform epitope binning by yeast
surface display may ultimately reduce further screening steps
within the discovery workflow (e.g., functional assays, binding
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affinities, etc.). The herein presented convenient and time-
efficient two-pot, two-step method transition from YSD to
mammalian expression vector can be further optimised to
yield a one-pot, two-step reaction, performing the transfer of
antibody VH and VL sequences as well as the promoter exchange
within the same “pot”. Furthermore, improvement of the yeast
preparation can obviate the need for transformation of E. coli and
lead to the direct transition from the yeast preparation into the
final MD vector for mammalian antibody production. Moreover,
atoolbox of different MD vectors containing different Fc variants
[e.g, LALA (Lund et al., 1991), N297Q (Wang et al,, 2018), RF
mutation (Jendeberg et al., 1997)] could be constructed to allow
the practical and time-saving exchange for a whole population.
This would also pave the way for establishing the methodology
for bispecific or multi-specific antibody formats.

Taken together, we designed a straightforward method to preserve
heavy chain—light chain paring while allowing bulk reformatting of
YSD-enriched antibody hit candidates into mammalian expression
vectors with reduced hands-on time. This procedure has the potential
to speed up the drug discovery process and might aid the discovery of
therapeutically interesting antibody candidates in the future.
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1 Supplementary Figures and Tables

Supplementary Table 1: Primers for 22 PCR with GGA SaplI overhangs for VH and VL kappa

Primer Name VH/VL Sequence (5'- 3')
Omni_VH-GGA_1 VH ATATATGCTCTTCAGCACAGGTBCAGCTGGTGCARTCTGG
Omni_VH-GGA_2 VH ATATATGCTCTTCAGCACARRTSCAGCTGGTRCAGTCTGG
Omni_VH-GGA_3 VH ATATATGCTCTTCAGCACAGRTCACCTTGAAGGAGTCTGG
Omni_VH-GGA_4 VH ATATATGCTCTTCAGCASAGGTGCAGCTGGTGGAGTCYGG
Omni_VH-GGA_5 VH ATATATGCTCTTCAGCAGARGTGCAGCTGKTGGAGTCTGG
Omni_VH-GGA_6 VH ATATATGCTCTTCAGCACAGGTGCAGCTACAGCAGTGGGG
Omni_VH-GGA_7 VH ATATATGCTCTTCAGCACAGSTGCAGCTGCAGGAGTCGGG
Omni_VH-GGA_8 VH ATATATGCTCTTCAGCAGAGGTGCAGCTGGTGCAGTCTGG
Omni_VH-GGA_9 VH ATATATGCTCTTCAGCACAGGTACAGCTGCAGCAGTCAGG
Omni_VH_rev_woEsp3I VH TATATATGCTCTTCTGGCTGARGAGACAGTGACCR
Omni_K-GGA_1 VL kappa | ATATATGCTCTTCAGCTGACATCCAGATGACCCAGTCTCC
Omni_K-GGA_2 VL kappa | ATATATGCTCTTCAGCTGMCATCCRGWTGACCCAGTCTCC
Omni_K-GGA_3 VL kappa | ATATATGCTCTTCAGCTGATRTTGTGATGACYCAGWCTCC
Omni_K-GGA_4 VL kappa | ATATATGCTCTTCAGCTGAAATWGTGWTGACRCAGTCTCC
Omni_K-GGA_5 VL kappa | ATATATGCTCTTCAGCTGACATCGTGATGACCCAGTCTCC
Omni_K-GGA_6 VL kappa | ATATATGCTCTTCAGCTGAAACGACACTCACGCAGTCTCC
Omni_K-GGA_7 VL kappa | ATATATGCTCTTCAGCTGAAATTGTGCTGACTCAGTCTCC
Omni_K-GGA_rev1 VL kappa GCGCGCGCTCTTCATCGTTTGATHTCCASYTTGGTCCC
Omni_K-GGA_rev2 VL kappa GCGCGCGCTCTTCATCGTTTAATCTCCAGTCGTGTCCC

Overhang sequence

Primer sequence
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Supplementary Table 2: Number of cleavage sites in the OmniRat repertoire. A total of 44 VH

and 20 Vk germline genes are present. Bsal serves as a reference, compared to the three type IIS

enzymes used to establish the workflow presented in this work.

Number of cleavage sites
TypellS| i, OmniRat germlines
Enzyme
VH Vk

Sapl 0 0

Bbsl 2 0

Esp3l 1 0

Bsal 15 0
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K19

K9

Supplementary Figure 1: Tree map of VH-VL pairs after reformatting into the MD vector. 14 unique
candidates based on sequence differences were revealed.
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Initial library 1st Round

Supplementary Figure 2: VH and VL diversity of the initial library and after the 1! screening round
on the left and right, respectively, after NGS analysis.
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Supplementary Figure 3: Melting temperatures of TAMR-binding variants. NanoDSF-assisted
thermal stability studies were performed. The ratio of the integrated fluorescence at 350 nm / 330 nm
was calculated. Colour-coding of the clone names correlates with the curves.
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Supplementary Figure 4: Kinetics determination of variants targeting TAMR. Antibodies were
immobilized at a concentration of 10 pig/ml on AHC biosensor tips and associated to different
concentrations of soluble antigen in a range from 0 — 150 nM.
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Abstract: The Tyro, Axl, and MerTK receptors (TAMRs) play a significant role in the clearance
of apoptotic cells. In this work, the spotlight was set on MerTK, as it is one of the prominent
TAMRs expressed on the surface of macrophages and dendritic cells. MerTK-specific antibodies were
previously isolated from a transgenic rat-derived immune library with suitable biophysical properties.
Further characterisation resulted in an agonistic MerTK antibody that led to phospho AKT activation
in a dose-dependent manner. In this proof-of-concept study, a MerTK-specific antibody, MerK28,
was combined with tandem, biparatopic EGFR-binding VHH camelid antibody domains (7D9G) in
different architectures to generate bispecific antibodies with the capacity to bind EGFR and MerTK
simultaneously. The bispecific molecules exhibited appropriate binding properties with regard to both
targets in their soluble forms as well as to cells, which resulted in the engagement of macrophage-like
THP-1 cells with epidermoid carcinoma A431 cells. Furthermore, targeted phagocytosis in co-culture
experiments was observed only with the bispecific variants and not the parental MerTK-binding
antibody. This work paves the way for the generation of bispecific macrophage-engaging antibodies
for targeted phagocytosis harnessing the immune-modulating roles of MerTK in immunotherapy.

Keywords: macrophages; targeted phagocytosis; MerTK; EGFR; bispecific antibody; BIME

1. Introduction

A specialised family of receptor tyrosine kinases is the Tyro3, Axl, and MerTK receptor
(TAMR) family, which plays a number of crucial roles maintaining tissue homeostasis [1].
Structurally, the extracellular domains of all TAMRs are similar, being composed of two
immunoglobulin-like domains that mediate ligand binding and two fibronectin type III
repeats, with a conserved intracellular kinase domain, as with all other RTKs [2-5]. Two
endogenous ligands, growth arrest-specific gene 6 (Gas6) [6] and anticoagulation factor
protein S (Prosl) [7], bind the TAMRs, with Gas6 having a strong affinity for Axl but not
for Tyro3 and MerTK, and Pros1 preferring Tyro3 and MerTK but not activating Axl [3,8].
Activation of the receptors is mediated by homo- and hetero-dimerisation of both the
receptors and the ligands, resulting in TAMR-mediated signalling [5]. On macrophages, the
most well-characterised signalling cascade is the phosphoinositide 3 kinase (PI3K)/AKT
pathway, ultimately resulting in the phosphorylation of AKT (pAKT) through mediators in
the signal transduction and altered gene expression [2,9,10].

Macrophages are commonly known as the professional phagocytes of apoptotic cells
(AC), as they spend most of their time phagocyting apoptotic cells and fragments, with
>10° ACs generated in humans per day [3,11]. The maintenance of tissue homeostasis

Int. ]. Mol. Sci. 2022, 23, 15673. https:/ /doi.org/10.3390/ijms232415673
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by efficient clearance of AC by macrophages is crucial to inhibit inflammatory and au-
toimmune responses against “self” antigens. MerTK is mainly expressed on myeloid cells
pertaining to the immune system, including macrophages and dendritic cells (DC), and
is involved in the clearance of ACs by recognising phosphatidylserine (PtdSer) exposed
on ACs through bridging with its endogenous ligands, Gas6 and Pros1 [3,12-15]. Being
largely absent on monocytes, MerTK becomes strongly upregulated upon monocyte-to-
macrophage differentiation [2,16]. Furthermore, MerTK has been largely associated with
“alternatively activated” M2 macrophages that aid in tissue homeostasis, wound healing,
and fighting infections by secreting anti-inflammatory cytokines [2,17]. In line with their
wound-healing immunosuppressive phenotype, M2-like macrophages have a greater capac-
ity to clear ACs compared to the “classically activated” M1-like macrophages [2,18]. In vivo
studies with mice containing a truncated version of MerTK showed reduced clearance of
ACs, highlighting the importance of MerTK in this mechanism [13]. Additionally, a triple
Tyro3/Axl/MerTK mice knock-out model showed normal development of the mice but
exhibited elevated levels of pro-inflammatory cytokines (e.g., TNF«, IL-6). Furthermore, a
diminished ability to clear ACs and increased auto-antibody production could be observed,
which over time resulted in symptoms evocative of systemic lupus erythematosus, rheuma-
toid arthritis (RA), and psoriasis. A deeper analysis of single TAMR knock-outs exposed
the role of MerTK in autoimmunity, contributing largely to the effects seen in the triple
knock-out mice [19,20].

Nevertheless, MerTK may be seen as a double-edged sword, as it modulates the
immune system by reducing immune cell activation through the clearance of ACs, but it
has also been implied to have tumour-intrinsic functions due to its aberrant expression on
several types of cancerous cells [21]. Targeting and inhibiting MerTK and other members
of the TAMR family have been considered interesting anti-cancer strategies for reducing
tumour development and promoting survival via the alleged MerTK-mediated signalling
pathways, including the development of several pan-TAMR small molecule inhibitors and
monoclonal antibodies [22-27].

However, evidence has emerged to cast doubt on TAMR blockage as a suitable anti-
cancer therapy. As reported by Bosurgi et al., MerTK-deficient mice resulted in increased
pro-inflammatory cytokine secretion and decreased AC clearance in colon cancer models,
ultimately sponsoring a tumour-promoting tumour microenvironment (TME) [28,29]. Fur-
thermore, on-target retinal toxicities were observed with treatment with an antagonistic
MerTK antibody in cynomolgus monkeys, warranting the need for further investigation
of MerTK-targeting therapy [22,29]. MerTK activity has also been shown to play a role in
endothelial cell recruitment to the TME and to inhibit angiogenesis, thus hindering tumour
development and growth [29,30].

To harness the increased expression of MerTK on tumour-associated macrophages
(TAMs) in the TME, bispecific antibodies (bsAbs) were generated targeting a tumour-
associated antigen (TAA) to generate bispecific macrophage engagers (BiMEs). While BiMEs
have been previously described, they mediate macrophage engagement and activation
by inhibiting the classical SIRPx and simultaneously targeting a TAA [31]. Along similar
lines, CD47-directed bsAbs target the CD47 /SIRP«x axis by blocking CD47 signalling and
restoring phagocytosis of tumour cells by macrophages [32]. In the hereby presented
proof-of-concept study, targeted phagocytosis for cancer immunotherapy was substituted
by targeting MerTK on macrophages and the epidermal growth factor receptor (EGFR) that
is overexpressed on a plethora of tumour types [33-35]. By harnessing MerTK's expression
on phagocytes, this could ameliorate the immunosuppressive environment in the TME and
result in targeted phagocytosis of malignant cells. This is, to the best of our knowledge, the
first MerTK-mediated macrophage engager for immunotherapy.
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2. Results
2.1. Characterisation of MerTK Monoclonal Antibody

As previously reported [36], an OmniRat-based immunisation campaign was initiated by
genetic immunisation with the extracellular domain of MerTK. After fluorescence-activated cell
sorting (FACS) of a Fab-library by yeast surface display (YSD), a panel of antibodies (mAbs)
were isolated with favourable biophysical properties and high affinity binding to soluble
human MerTK (hMerTK). Ten antibody candidates were reformatted as full-length IgG1
molecules, expressed via transient transfection in Expi293-F cells and purified by protein A
chromatography. To further characterise these antibodies, all variants were initially tested
for binding to the MerTK™ Jurkat cell line (Figure S1a) and to HEK293 cells (Figure S1b).
While several antibody candidates showed decent binding to both cell lines, MerK17 and
MerK28 were chosen for further characterisation as they displayed the highest binding in
flow cytometric cell binding assays.

Their effect on the modulation of MerTK's signalling transduction cascade was mea-
sured, as this is an important mechanism of action for the differentiation of macrophages
and clearance of apoptotic cells. To this end, MerTK* A431 cells were incubated with
mAbs overnight, and subsequently the activation of pAKT was measured by homogenous
time-resolved fluorescence (HTRF). While no activation was observed in the presence of
MerK17, moderate pAKT activation was noted for MerK28, indicating agonistic properties
of this antibody (Figure S1c). The most suitable stimulation time was investigated by a
time-course on A431 and HEK293 cells, resulting in the strongest pAKT activation after
30 min with relative fold changes of 2.5 and 4.5 compared to the unstimulated control for
A431 and HEK293 cells, respectively (Figure S1d,e). With the optimal stimulation time of
30 min, the HTRF pAKT assay was repeated on A431 cells to ensure MerK17 did not result
in different activation profiles. Unsurprisingly, no stimulation was observed with MerK17,
and dose-dependent stimulation was detected with MerK28 (Figure S1f).

To further characterise the agonistic MerK28, its binding affinities to both hMerTK and
murine MerTK (mMerTK) were determined by biolayer interferometry (BLI). A one-armed
variant of MerK28, oaMerK28, was generated, and its MerTK-binding capability was also
tested. Using in-house produced antigens, MerK28 and oaMerK28 were loaded onto AHC
biosensors and associated to varying concentrations of either hMerTK-TS or mMerTK-Fc.
Kinetics revealed low single-digit nanomolar affinity of MerK28 to hMerTK-TS (Figure 1a,
Table 1) and a slight decrease in affinity with oaMerK28 (Figure 1b, Table 1). Cross-reactivity
to mMerTK-Fc was revealed for both the bivalent and the one-armed MerK28 in the low-
nanomolar range (Figure 1c,d). MerK17 did not exhibit cross-reactivity with murine MerTK.
Dose-dependent activation of pAKT after mAb incubation was observed on both A431
(Figure 1e) and HEK293 (Figure 1f) cells for the bivalent MerK28, but not for the oaMerK28.

Due to the different effects on cell signalling of MerK17 and MerK28, an epitope
binning via BLI was performed to confirm that different epitopes were being addressed.
As seen in Figure 1g, MerK28 and MerK17 did not possess overlapping epitopes, as they
were both able to bind to hMerTK-Hisg simultaneously. These results were confirmed by
reversing the order of association of the mAbs (Figure S2a). Additionally, it was investigated
whether MerK28 competed for the ligand binding site of one of the MerTK ligands, Pros1.
By pre-incubating MerTK with an equimolar amount of Pros1 and associating it to MerK28,
a decreased layer thickness was observed over time compared to MerTK binding only,
indicating that MerK28 competed for the Prosl ligand binding site (Figure 1h). This effect
was not noted with MerK17 (Figure S2b). These results further epitomise the agonistic
characteristic of MerK28, as Pros1 naturally leads to receptor activation. Thus, MerK28 was
chosen for further studies, as it allows the choice between an agonistic mAb in the bivalent
form or binding in its monovalent form and is also cross-reactive to murine MerTK.
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Figure 1. Characterisation of parental MerTK antibodies. Kinetics determination against soluble
hMerTK-TS for either (a) MerK28 or (b) oaMerK28, and against mMerTK-Fc for (c) MerK28 or
(d) oaMerK28. (e, f) Activation of signalling transduction with MerK28. pAKT HTRF assays with
either A431 (e) or HEK293 (f) cells. Unstimulated cells are shown as “INC”, and the bivalent MerK28
and one-armed MerK28 (oaMerK28) are plotted. Error bars represent biological duplicate measure-
ments. (g) Epitope binning of MerK28 (blue) and MerK17 (green) via BLI. Human MerTK-Hisg was
immobilised on HISIK biosensors and associated to the indicated antibodies for 600 s each. PBS is
shown in black. (h) Ligand competition assay for MerK28. Association to hMerTK (light blue) alone
or to MerTK pre-incubated with Pros1 ligand (pink).
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Table 1. Biophysical properties of MerK28 and its derived bispecifics.

TwinStrepll-Tag, n.d.—not determined.

Abbreviations: TS—

Affinity Determination
Variant Yield for 1L (mg) Thermal Stability (°C)
hMerTK-TS (mM) mMerTK-Fc (nM)  EGFR (pM)
MerK28 26.9 + 0.238 2.31 4 0.0845 - 67.8 75.0
oaMerK28 30.5 4 0.499 4.83 4+ 0.205 - 56.2 74.0
MerK28-7D9G 34.0+0.271 n.d. 155 + 68.3 90.1 75.0
KiH MerK28-7D9G 34.7 4 0.307 nd. 389 +22.0 154.0 76.0

a)

MerK28

é, 7012

968

MerK28 - 7D9G

2.2. Generation and Characterisation of Bispecific MerTK/EGFR Variants

After characterisation of the monovalent anti-MerTK antibody MerK28 and its one-
armed counterpart oaMerK28, bispecific antibodies were generated by fusing tandem,
biparatopic VHHs targeting EGFR (termed 7D9G), which were previously described else-
where [37]. Two different architectures were chosen; one with the bivalent MerK28 antibody
and a C-terminal fusion of 7D9G (hereafter termed MerK28-7D9G), and a bispecific with a
single MerTK-binding moiety and only one 7D9G using the Knob-into-Hole technology
(hereafter dubbed KiH MerK28-7D9G). All molecules and their respective architectures are
depicted in Figure 2a. As the KiH MerK28-7D9G variant was equivalent to the oaMerK28
in terms of MerTK binding valency, the agonistic properties of the molecule were bypassed,
allowing for a simple macrophage-engager instead of -activator (Figure 2b).

Y’

oaMerK28

9G8
m12 709G BiME

KiH MerK28 - 7D9G

b)

Macrophage- A
5 mediated Q., 8 JQ
- ( cellkilling o
| —

g 11

Figure 2. Bispecific MerTK/EGFR antibodies. (a) Architectures of the mono- and bispecific antibodies.
VH and VL domains depicted in blue represent those for MerK28. The tandem VHHs together are
termed 7D9G, with the red representing 7D12 and the orange 9G8 nanobodies. (b) Macrophage-
tumour cells engagement with a bispecific macrophage engager (BiME). The blue cell represents
macrophages expressing MerTK on their surface, whereas the pink cells represent tumour cells
overexpressing EGFR.

After transient production in Expi293-F cells and purification either via Protein A
chromatography or a His/Strep purification for MerK28-7D9G or KiH MerK28-7D9G,
respectively, SDS-PAGE gel analysis revealed the expected bands under both reducing
and non-reducing conditions (Figure S3). For the MerK28-7D9G variant, additional bands
were noticeable under non-reducing conditions, indicating decreased stability, likely due to
the addition of two tandem VHHSs with significant flexibility. Yields and thermal stability
were within acceptable ranges for bispecific antibodies, with surprisingly higher yields
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for both bispecifics compared to the parental MerK28 clone (Table 1). Thermal stability
investigation by SYPRO-Orange incorporation indicated exceptional stability with melting
temperatures (Ty) between 74.0-75.0 °C (Table 1). The high global Tys for the molecules
suggest decent stability.

To ensure that the bispecific molecules could bind both targets simultaneously in
the soluble form, a BLI-based assay was performed by first associating the antibodies
to hMerTK and then to EGFR. As can be observed in Figure 3a, the bsAbs were able to
bind both antigens. The same result was observed in the opposing order, verifying its
simultaneous binding capacity (Figure S2c).

a) d)
HEK293
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Figure 3. Bispecific MerTK/EGFR antibodies and their binding capabilities. (a) Simultaneous binding
of hMerTK and EGFR via BLI. Antibodies were loaded onto AHC biosensors and then associated
first to MerTK and then to EGFR for 300 s. The colour-coding is the same as represented in the legend
for (d). Cell titration on (b,c) A431 and (d) HEK293 cell lines by staining the antibodies with anti-
human Fc PE and plotting the relative fluorescence units (RFU) versus the antibody concentration.
The negative controls incubated only with secondary antibodies are shown as “NC”. Error bars
represent biological duplicates.

To determine an on-cell affinity, A431 and HEK293 cells were titrated. On A431
cells, which are EGFR™** /MerTK", 620 pM and 1.52 nM on-cell binding affinities were
determined for KiH MerK28-7D9G and MerK28-7D9G, respectively (Figure 3b). MerK28
had an on-cell affinity of 2.21 nM, even though the fold induction was significantly lower, as
no EGFR binding was possible (Figure 3c). While HEK293 cells are also EGFR*, the lower
expression compared to A431 cells was a more realistic model. The on-cell affinities on
HEK293 cells remained in a similar range, with 0.21 nM and 2.02 nM for KiH MerK28-7D9G
and MerK28-7D9G, respectively, and 1.45 nM for MerK28 (Figure 3d). The on-cell affinity
was unexpectedly higher for the KiH bispecific compared to MerK28-7D9G, as the latter
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should have been able to bind both MerTK and EGFR more effectively due to having two
and four binding moieties, respectively. An explanation for this could be the intermittent
molecule flexibility not providing any advantage in this precise architecture compared to
the KiH variant. Nevertheless, on-cell affinity in the single-digit to low nanomolar range
was determined for the EGFRxMerTK bispecifics. Unspecific binding to other cell-surface
proteins by the parental MerK28 antibody was ruled out by staining MerTK™~ ExpiCHO
cells (Figure S2d). For verification, affinity was determined by BLI for soluble EGFR and
hMerTK (Figure S4, Table 1). Both bsAbs exhibited picomolar affinities towards EGFR and
very similar Kps for hMerTK, comparable to the parental MerK28.

2.3. Influence of Bispecifics on EGFR Signalling Cascade

With the promising biophysical properties of the bispecific molecules, their ability to
inhibit the EGF /EGFR signalling cascade was examined. An EGF competition assay was
first performed via BLI by incubating EGFR with an excess of EGF and observing the ability
of the antibodies to bind to the complex. For both KiH MerK28-7D9G and MerK28-7D9G,
binding to EGF-competing epitopes could be observed (Figure 4a,b), suggesting that it
could inhibit the EGF-mediated signalling transduction cascade of EGFR. The binding of
the biparatopic VHH 7D9G to EGFR was mapped by using EGFR mutants displayed on
yeast cells, as previously described [38]. By measuring the binding of KiH MerK28-7DG
to the different YSD-displayed fragments by flow cytometry, binding to EGFR could be
allocated to domain III, one of the EGF-binding domains on the receptor [39], confirming
previous results [37] (Figure S5).
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0.4+ — 300 nMEGFR + 1 yM EGF 0.3+ 300 "M EGFR + 1 M EGF
E 03] — pPBS £ epps
& £ 0.2
2 027 £
° T 0.14
£ - £
£oa E
00 Y 0.0-
0.1 T T 1 0.1 T 1
0 100 200 300 0 100 200 300
Time [sec] Time [sec]
<) EGFR Signalling d) MerTK Signalling
500
g Merk28 o & o Merk2s
- KiH MerK28-7D9G 400 . o KiH Merk28-7D9G
,gwoo Merk28-700G £ 200 o NC
i EGF &
E NG & 200
T 500 T
H MerKZo-7D9G | 7.266 100 e
Merk28-709G | 7.761
} - - r r . T
0.01 01 1 10 100 1000 SRS §\ 9\ °:\ L) \@
[mAb] nM F&& N
[mAb] nM

Figure 4. EGF competition and inhibition through 7D9G. EGF competition assay via BLI for (a) KiH
MerK28-7D9G and (b) MerK28-7D9G. Antibodies were loaded onto AHC biosensors and either
associated to 300 nM EGEFR (dark red or orange), 300 nM EGF pre-incubated with 1 uM EGF (lighter
red and orange), or only PBS (grey). (c¢) HTRF pAKT of A549 cells stimulated with 20 ng/mL
EGF after pre-incubation with the indicated antibodies and respective concentrations. Negative
control (NC) represents unstimulated cells, while EGF control shows maximum activation of pAKT.
(d) Investigation of MerTK signalling pathway on HEK293 cells after 30 min incubation with either
parental MerK28 (blue) or KiH MerK28-7D9G (red). Error bars represent the standard deviation of
biological duplicates.
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To verify these results in a cellular setting, A549 cells were pre-incubated with varying
concentrations of antibodies for 1 h and subsequently stimulated with EGF for 10 min.
Analysis of pAKT by HTRF resulted in ICsg values of 7.29 and 7.76 nM for KiH MerK28-
7D9G and MerK28-7D9G, respectively (Figure 4c). Further, as the KiH bispecific variant
should be equivalent to the one-armed MerK28 (oaMerK28) variant concerning its ability to
activate the MerTK signalling pathway, or rather lack thereof, HEK293 cells were incubated
with the bsAbs and downstream signalling by pAKT activation was measured. While
the parental mAb MerK28 resulted in strong activation, the bispecific KiH MerK28-7D9G
did not (Figure 4d). Thus, this construct could be used as a macrophage-engager without
activating MerTK signalling.

2.4. Differentiation of THP-1 Cells from Monocytic (M6) to Macrophage-like (M0) State

To assess the phagocytic capabilities of macrophages, the THP-1 cell line first had to be
differentiated into a macrophage-like state, hereafter termed MO, through the addition of
phorbol 12-myristate-13-acetate (PMA). Cells were incubated with 20 ng/mL PMA for 24 h
and specific markers were subsequently measured to ensure the successful differentiation
of THP-1 cells into an MO macrophage-like state. Initial gene expression data revealed
over 15-fold and nearly 300-fold relative mRNA increase in Itgam (Cd11b) and II-1b after
24 h PMA incubation (Figure Séa) and the expected change in morphology was observed
(Figure Séb). To confirm the gene expression data, THP-1 cells were stained with anti-
CD11b or anti-CD14 antibodies. Both markers showed a significant increase after PMA
differentiation, with a 40-fold increase in cell-surface CD11b, and a nearly 4-fold increase in
CD14 levels compared to M@ THP-1s (Figure Séc,d). More importantly, members of the
TAMR family were also analysed by gene expression, resulting in a significant increase in
MerTK, as well as AxI (Figure Sée). Nevertheless, only a very modest increase in mRNA
levels was observed for Axl compared to MerTK, which is in line with MerTK playing
a more significant role on macrophages compared to its other TAMR members. Further,
increased levels of Cd274 (Pd-I1) were also observed (Figure S6e). The increase in MerTK
mRNA levels was also corroborated by measuring the cell-surface levels by flow cytometry
(Figure S6f). The significant increase at both gene and protein levels of such MO markers
and the very evident change in morphology confirmed the macrophage-like state of M0
PMA-primed THP-1 cells.

2.5. M1- and M2-Polarised Macrophage-like Characteristics of THP-1 Cells

While THP-1 cells do not represent the complexity of human monocyte-derived
macrophages, they are widely used as a model system for in vitro studies. To this end,
macrophage-like MO THP-1 cells were further differentiated by external stimuli to an
Mi1-like or M2-like differentiation state by the addition of lipopolysaccharide (LPS) or
IL-4 and IL-13, respectively. Characterisation of M1-differentiated cells was performed
by measuring II-6, II-1B, and Tnfx mRNA levels (Figure 5a). Compared to the MO control,
significant upregulation was observed for all three genes upon incubating THP-1 cells with
LPS, but not with IL-4 and IL-13 as expected. Secretion of cytokines (IL-6 and TNF«x) was
determined by ELISA and were in line with the gene expression data (Figure 5b). For IL-6,
an M1-specific increase was noted, whereas TNF«x secretion was already increased after
PMA incubation (M0), which was then increased further upon LPS treatment (Figure 5b).

As MerTK is involved in M2-differentiated macrophages, MO THP-1 cells were dif-
ferentiated to investigate its phagocytic capabilities. To this end, M@ THP-1 cells were
incubated with either PMA (MO0) or PMA with IL4 and IL-13 simultaneously (designated
M2). M2 markers were investigated by comparing M0 and M2 macrophage-like THP-1
cells after 24 and 48 h incubation. By gene expression, two important M2 markers, 1I-10,
and Ccl22, were shown to increase upon the addition of IL-4 and IL-13 compared to only
PMA incubation (Figure 5c). While only a modest increase was shown after 24 h, the
relative normalised mRNA expression was drastically increased after 48 h incubation, with
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a 12-fold and a 450-fold increase for II-10 and Ccl22, respectively, relative to the 24 h M0
control (Figure 5c¢).

a) 34
- 15 15 ma MO(PMA)
2 3: %s = M1(LPS)
E g 2+ E é 1.0 g § 1.0 M2 (IL-4/1L-13)
2 s sa gs
29 0 @ o @
291 £30s T
g = g = S E
['4 4 o
0- 0.0 0.0
b) ) ns *
50— 2000 5000 — —
i A b s PMA
2 £ 1500+ ® PMA +IL-4 +1L-13
> 30+ 2 - 3000+
E = 1000 & -
% 20 T 2000
= E 500-]
10+ 1000
0- 0- 0-
$ “V) \g‘.’\ ) @ ‘x&’} \39\ B 24h 48 h
&g & W “98 &Y W anti-CD206 staining
WV W
0 & & B3 24h-PMA
10+ 15 igg- B 1.5+ =3 24 h-PMA +I1L4 +IL-13
e} T o -}
o & B 400- D ¢ mm 48h-PMA
g5 ° 838 4 2.2 350 2.2 -
s 2 [ S (3 300 T o 1.0 B 48 h-PMA +IL-4 +1L-13
EQ 6+ ES EP el E®
o o c o oo 250 oo
cx €3 s ] €3
2 4 Q< 2 S« 29 45
iz £% 20 i3 §2°
g€ 2 2513 gE &
05
i 0.0 - 0.0-
Cd274 10 Cei22 MerTK

Figure 5. Differentiation of macrophage-like THP-1 cells to M1- and M2-state. (a) Gene expres-
sion analysis of THP-1 cells differentiation with PMA (MO0—pink), LPS (M1—violet) or IL-4/IL-13
(M2—teal) for 24 h. The data are normalised to housekeeping genes and set relative to the MO(PMA)
control. (b) Secretion of IL-6 and TNF« in cell culture supernatants as determined by ELISA. (c) Gene
expression analysis of PMA- (M0—pink shades) and PMA /IL-4 /IL-13-incubated cells (M2—greens
shades) after either 24 h (lighter colours) or 48 h (darker shades) incubation. Analysis was performed
by normalising the data to housekeeping genes and setting the values relative to the M0 24 h control.
(d) CD206-cell surface staining of differentiated cells by flow cytometry. After differentiation, THP-1
cells were stained with anti-CD206 PE-conjugate and measured by flow cytometry. The mean relative
fluorescence units (RFU) were determined and plotted for each individual duplicate. One-way
ANOVA analysis performed using GraphPad Prism: ns: non-significant, * p value < 0.05.

In the peculiar case of MerTK levels, an unexpected, modest decrease was observed
compared to the 24 h M0 control (Figure 5c). While this was not particularly expected, as
literature reports upregulation of MerTK in an M2-state, an explanation for this could be the
increase in metalloproteinases, such as a disintegrin and metalloproteinase 17 (ADAM17),
which is known to cause MerTK shedding and could thus have an influence on its expres-
sion levels [40]. Furthermore, the time-dependent decrease in the PMA MO control from
24 to 48 h also substantiates this supposition. RT-qPCR revealed an 8-fold increase in rela-
tive Cd274 mRNA levels—another marker of MerTK-dependent M2 differentiation—after
48 h incubation with IL-4 and IL-13 compared to the 24 h MO control (Figure 5c). A
further important M2-specific marker is CD206, which is known to not be expressed on
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M1 macrophages [41]. Staining of differentiated THP-1 cells with an anti-CD206 anti-
body revealed no significant difference between PMA- (M0) and PMA /IL-4/IL-13 (M2)-
differentiated THP-1 cells after 24 h incubation (Figure 5d). Nonetheless, a longer incubation
time of 48 h revealed a statistically significant increase in CD206 surface levels in M2-
differentiated macrophage-like cells (Figure 5d). The increase in M1- and M2-specific mark-
ers confirmed the successful THP-1 differentiation to the respective macrophage-like states.

2.6. Phagocytosis of Anti-MerTK Parental Antibodies and Anti-MerTK/EGFR Bispecifics

The simultaneous binding of macrophages and tumour cells is crucial for a macrophage-engaging
bispecific antibody. To test this in a cellular context, THP-1 cells were pre-incubated with the
respective antibodies and then stained with a PE-conjugated secondary antibody. Calcein-
AM-stained A431 cells were added to the stained THP-1 cells and simultaneous MerTK-
binding on THP-1 and EGFR-binding on A431 cells was measured using a flow cytometer.
The MerK28 and oaMerK28 antibodies only displayed THP-1 binding in both monoculture
and co-culture with A431 cells (Figure 6a,b). The quantification of their binding com-
pared to the negative control resulted in 80% and 35% binding for MerK28 and oaMerK28,
respectively, which corroborates with their MerTK-binding valency (Figure 6a,b). After co-
incubation of pre-stained THP-1 cells and Calcein-AM-stained A431 cells, double positive
events were only observed for the bispecific molecules (Figure 6a,b), as they are capable
of binding both cell types. The quantitation of THP-1-only binding resulted in similar
frequencies compared to the respective monospecific control (MerK28 for MerK28-7D9G,
or oaMerK28 for KiH MerK28-7D9G). As MerK28-7D9G has two sets of tandem VHHs
fused C-terminally, its EGFR-binding resulted in a higher engagement compared to the
KiH variant (Figure 6b).

Furthermore, the ability of targeted phagocytosis with pre-characterised THP-1 macrophage-like
states (MO, M1, or M2) was tested via flow cytometric analysis after co-incubation of
the differentiated THP-1 cells with the respective antibody variants and Calcein-AM
red—orange stained A431 cells. The entire complex after co-incubation was stained with
an anti-CD14-FITC conjugated antibody to be able to gate the THP-1 cells. For both M0 and
M1-like THP-1 cells, treatment with the bispecific antibodies led to a significant increase
in double-positive events (Figures 6¢, S7 and S8). In the case of M2 macrophages, the
cell-surface CD14 levels were very low, and thus no significant differences were observed.
These double-positive events were gated further to determine the phagocytosis rate, as
exemplified in Figure S9 for M1-like macrophages.

Quantitation of phagocytosis resulted in a significant increase for all differentiation
states with both bispecific variants compared to the negative control, and non-significant
changes upon incubation of the cells with MerTK-binding antibodies only (Figure 6d). In
the case of M2-differentiated THP-1 cells, higher basal phagocytosis was observed, and
moderate differences were noted with the bsAbs (Figure 6d). Thus, targeted phagocytosis
with EGFR" tumour cells was seen for all macrophage-like states in vitro.
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Figure 6. Macrophage-engagement and phagocytosis of tumour cells. (a) Contour plots of
A431 binding on the x-axis (FITC fluorescence) and THP-1 binding on the y-axis (PE fluorescence)
following the colour-coding of (b). Double-positive events in the upper-right Q2 quadrant show
simultaneous engagement of THP-1 and A431 cells, whereas the upper-left Q1 quadrant represents
MerTK-binding only. (b) Frequency of parent of Q1 and Q2 from (a). Coloured squares represent
incubation of antibodies only on THP-1 cells, whereas the triangles represent co-incubation of pre-
stained THP-1 cells and Calcein-AM-stained A431 cells. (c) Quantitation of CD14+-THP-1 cells and
Calcein-AM red—orange stained A431 cells for phagocytosis assays. The negative control (NC) repre-
sents co-incubation of both cell types without antibody treatment. (d) Determination of phagocytosis
rate (%) after co-incubation of THP-1 cells in different differentiation states together with A431 cells.
Error bars represent the standard deviation of at least biological duplicates.

3. Discussion

In this proof-of-concept study, bispecific macrophage-engaging antibodies were gener-
ated by combining MerTK-binding Fabs with tandem, biparatopic EGFR-targeting VHHs
in different architectures. Contrary to MerK17, MerK28 exhibited cross-specific binding to
human and murine MerTK, and was thus considered further. The parental MerTK clone,
MerK28, exhibited agonistic properties in the bivalent form, losing its ability to activate
MerTK-dependent signalling transduction when a one-armed variant was generated. Thus,
the two bispecific antibodies had either mono- or bivalent MerTK binding to mediate the
activation of MerTK. As activation of MerTK is said to lead to an immunosuppressive
environment, the KiH MerK28-7D9G variant would be a more suitable fit for inmunother-
apy, as its capacity to activate pAKT through MerTK signalling was abolished. Further, no
robust advantages for bivalent MerTK-binding were observed throughout this study when
comparing both bispecific molecules. Due to the flexible nature of VHHs, and especially
tandem VHHs, it may not be suitable to combine a total of four VHHs to the C-terminus
of the Fc fragment, as the resulting molecule could have very flexible termini and could
therefore be relatively unstable.
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Characterisation of the 7D9G tandem VHHs resulted in picomolar affinity to EGFR
as reported previously [37], inhibition of EGF binding to its receptor, and inhibition of
EGF-mediated signal transduction through pAKT. The binding of 7D9G was mapped to
domain III of the extracellular EGFR, which is involved in EGF binding [39], confirming its
mechanism of action. By combining a potent EGFR binder with a medium-affine MerTK
binder, the bispecific molecules will be more likely to reach the tumour microenvironment,
where MerTK binding can take place to bridge tumour-associated and tumour-infiltrating
macrophages with tumour cells and lead to phagocytosis in a targeted manner. In this
context, no MerTK activation is required, and might even lead to counterproductive reper-
cussions, as previously reported by Waterborg and colleagues [42]. For M0-like and M1-like
THP-1 cells, targeted engagement and phagocytosis were observed with the bispecific
antibodies after co-incubation with epidermoid carcinoma cells overexpressing EGFR. On
the other hand, M2-differentiated THP-1 cells resulted in higher basal phagocytosis, as
expected. Differences in phagocytosis with the bsAbs compared to the parental mAb
were observed, however they were not as large as in the other differentiation states. An
explanation for this could be the protease-mediated cleavage of MerTK, compromising the
ability of the antibodies to bind to the THP-1 cells.

Proteolytic cleavage via ADAM17 results in soluble forms of MerTK that compete with
surface-bound MerTK and inhibits efferocytosis [43]. A possible advantage of a bispecific
antibody with bivalent agonism to MerTK might be in the recruitment of soluble MerTK
after ADAM17 cleavage and shedding to restore TAMR-dependent efferocytosis; however,
this requires further investigation. Further experiments with macrophages in conjunction
with an appropriate mouse model will reveal the potential of bispecific MerTKXEGFR
antibodies for cancer immunotherapy. Additionally, a thorough analysis of the role of
these bispecific molecules and their activation of the MerTK pathway in the clearance
of apoptotic cells should be performed, as the clearance of apoptotic cells within the
TME is largely hindered by chronic inflammation. Effective clearance of ACs may have
the potential to ameliorate the immunosuppressive environment and thus reduce anti-
inflammatory effects from non-efficiently cleared ACs. Furthermore, combination therapy
or the addition of PD-L1-binding moieties to the bispecific antibodies generated herein
could enhance tumour cell-killing and avoid the upregulation of PD-L1 by MerTK in
a potentially immunosuppressed TME. Taken together, harnessing MerTK expression
on tumour-infiltrating macrophages via bispecific antibodies binding to tumour-specific
markers might pave the way for interesting therapeutic strategies resulting in the targeted
phagocytosis of tumour cells.

4. Materials and Methods
4.1. Cell Culture

The following cell lines were purchased from DSMZ (Brunswick, Germany): human
epidermoid carcinoma A431 (ACC 91), human embryonic kidney HEK293 (ACC 305),
human lung carcinoma A549 (ACC 107), and human acute monocytic leukaemia THP-1
(ACC 16). Cell maintenance and production of soluble proteins were performed as pre-
viously described [44,45]. The cancer cell lines were chosen based on their EGFR over-
expression in the case of A431 and A549, and the endogenous expression of MerTK on
HEK293 cells.

Monocytic THP-1 cells (M6) were differentiated into macrophage-like cells (M0) by in-
cubating with 20 ng/mL phorbol 13-myristate 13-acetate (PMA, Sigma Aldrich, Taufkirchen,
Germany) for 24 or 48 h. Afterwards, the medium was exchanged and the M0 THP-1 cells
were incubated in growth medium or differentiated further. Differentiation into an M1-like
state was achieved by incubating with 250 ng/mL lipopolysaccharides (LPS) for 24 h. For
an M2-like state, THP-1 cells were differentiated with 20 ng/mL PMA, 20 ng/mL IL-4 and
20 ng/mL IL-13 for 48 h.
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4.2. Gene Expression Analysis for THP-1 Differentiation

RNA isolation was performed after lysis of cells using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany). Pure RNA was ensured by determining the concentration and ensuring
an absorbance ratio (As/280) of 2.0. For RT-qPCR, iTaq Universal SYBR Green One-Step
kit (Bio-Rad, Feldkirchen, Germany) was used, primers for Gapdh, Hprt1, MerTK, and Axl
were ordered from IDT (Coralville, IA, USA), while the rest were ordered from Sigma
Aldrich (Sequences in Table S1). RT-qPCR and subsequent gene expression analysis were
performed using a CFX Connect instrument (Bio-Rad) with the integrated CFX Manager
software. Normalised relative mRNA expression was determined by normalising the data
to the housekeeping genes (Gapdh and Hprtl) and setting gene expression relative to the
M6 THP-1 sample.

4.3. Cloning and Production of Antibodies

The generation of anti-MerTK antibody clone MerK28 was described previously [36].
For the generation of bispecific antibodies, two tandem, biparatopic VHHs (termed 7D9G)
binding EGFR were chosen [37]. Cloning of the bispecific variants was performed using
Golden Gate Cloning. Primers with Sapl overhangs were designed and ordered at Sigma
Aldrich. For MerK28-7D9G, 7D9G was added to the C-terminus of the Fc region. For the
KiH MerK28-7D9G, the MerK28 VH region was re-cloned into a plasmid containing a CH1
domain and a Knob-mutated Fc fragment, and the 7D9G was added to a Hole-mutated
Fc fragment (lacking a CH1 region and containing a partial hinge). The knob-into-hole
(KiH) technology was used to ensure heterodimerisation of the Fc fragments. Cloning
was performed using Q5 DNA Polymerase (New England Biolabs, Frankfurt am Main,
Germany), and Golden Gate cloning was performed with Sapl restriction enzyme (New
England Biolabs).

For production and purification of the antibodies, Expi293-F cells were transfected as
described above. Five days post-transfection, the cells were harvested by centrifugation and
the supernatant was sterile-filtered. MerK28 and MerK28-7D9G were subsequently purified
using Protein A chromatography followed by a desalting step into PBS. The one-armed
MerK28 (oaMerK28) and the KiH bispecific variant were purified by a two-step purification
through Hiss- and StreplIl-tags to ensure heterodimers, as previously described [45].

4.4. Affinity Determination, EGF Competition and Epitope Binning with Biolayer
Interferometry (BLI)

For affinity determination, 10 pg/mL of the respective antibody was loaded onto
anti-human Fc capture biosensors (AHC, Sartorius, Gottingen, Germany) until a threshold
of 0.8 nm was reached. Different antigen concentrations were associated to the antibodies
for 300 s, followed by a dissociation step for 300 s in Kinetics Buffer (KB). For soluble
human MerTK and EGFR, a range of 200 nM-0 nM was measured using in-house pro-
duced antigens (hMerTK-TS, His-EGFR-TS). Murine MerTK as an Fc-fusion was used in a
concentration range of 300-0 nM for MerK28.

EGF competition, epitope binning, and simultaneous binding assays were performed
as previously described [45]. In brief, EGF competition was performed by pre-incubating
300 nM His-EGFR-TS (in-house produced) with 1 uM EGF and associating the loaded
antibodies for 300 s. Similarly, Prosl competition was performed with 500 nM hMerTK-
TS (produced in-house) and equimolar amounts of Prosl (R&D Systems, Wiesbaden,
Germany). Epitope binning was performed by loading hMerTK-Hise onto anti-HISIK
biosensors (Sartorius, Gottingen, Germany). MerK28 was first associated to hMerTK for
600 s, followed by associating to MerK17 or PBS afterwards. Lastly, simultaneous binding
was performed by loading antibodies onto AHC biosensors, and similarly to the epitope
binning, sequentially associating to different antigens.
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4.5. Phospho AKT Signalling Assays

To investigate either MerTK- or EGFR-signal transduction pathways, 50,000 or
200,000 cells/well were seeded onto either 96-well or 24-well plates for HTRF and Western
blot analysis, respectively, in complete growth medium, and incubated at 37 °Cin 5% CO,
until cells became adherent. Thereafter, cells were serum-starved for 12-18 h in growth
medium deprived of FBS. For MerTK activation, serum-starved cells were incubated with
the indicated antibodies for 30 min. For EGFR-signalling, the cells were pre-treated with
antibodies for 1 h and subsequently stimulated with 20 ng/mL EGF for 10 min. After
stimulation, the cells were lysed in either 30 or 80 uL /well lysis buffer for 96- and 24-well
plates, respectively. The lysis buffer for subsequent western blot analysis was composed
of 1x Tris MSD lysis buffer supplemented with 1x PhosSTOP (Roche, Basel, Switzerland)
and 1x Halt Protease and Phosphatase Inhibitor cocktail (Thermofisher Scientific, Erlangen,
Germany). For the phospho AKT HTRF kit (64AKSPEG, Cisbio/Perkin Elmer, Codolet,
France), the lysis buffer was prepared according to the manufacturer’s instructions.

Western blot analysis was performed by loading 15 uL sample onto a 4%-15% Mini-
PROTEAN TGX precast gel (Bio-Rad) in reducing Laemmli buffer. After separation by SDS
PAGE, the Trans-Blot Turbo Transfer System (Bio-Rad) was used to transfer the proteins onto
a nitrocellulose membrane. The membranes were initially blocked in TBS-T (TBS containing
0.1% Tween-20) with 5% bovine serum albumin (BSA) for 1 h at RT. After 3 wash steps
with TBS-T, the membranes were incubated with primary antibody diluted in TBS-T for 1 h.
Washing was repeated three times and incubated with AP-conjugated secondary antibody
in TBS-T for a further hour. After the final washing steps, 5 mL 1-step NBT/BCIP substrate
solution (Thermofisher Scientific) was added per membrane and incubated until colour
was developed. In order to stop the reaction, the membranes were washed thoroughly
with water. Antibodies used: phospho AKT (Ser473) (#4060, Cell Signaling Technology,
Frankfurt am Main, Germany), total AKT (#9272, Cell Signaling Technology).

4.6. Cell Titration, Macrophage Markers and Simultaneous Binding by Flow Cytometry

To determine an on-cell ECsg, target cells were washed with ice-cold PBS-F (PBS
containing 2% FBS) and incubated with the desired antibody concentration diluted in
PBS-F for 30 min on ice in a 96-well U-bottom plate. After a washing step, the pelleted cells
were incubated with anti-human Fc-PE conjugated antibody (1:80 dilution, Thermofisher
Scientific) for 15 min on ice. Washing with ice-cold PBS-F was performed three times before
measuring on a CytoFlex S (Beckman Coulter, Krefeld, Germany) flow cytometer. Cells
stained only with secondary antibody were used as a negative control and in order to adjust
the parameters. As a negative cell line, ExpiCHO-S (Thermofisher Scientific) were stained
in the same way.

Simultaneous binding of MO THP-1 cells and the A431 tumour cells was performed
by pre-incubating THP-1 cells with the desired antibody concentration and stained with
anti-human Fc-PE as described above. A431 cells were stained with 1 uM Calcein-AM
according to the manufacturer’s protocol and subsequently co-incubated with pre-stained
THP-1 cells. After 30 min, duplets were analysed by flow cytometry.

Cell surface expression of macrophage markers were measured by flow cytometry us-
ing the same procedure as above. Antibodies used: mouse anti-human CD11b-PE (#12-0118-
42, Thermofisher Scientific), mouse anti-human CD14-FITC (#11-0149-42, Thermofisher
Scientific), and mouse anti-CD206 PE-conjugate (Clone 19.2, Thermofisher Scientific). Data
visualisation was performed using FlowJo v10 software (BD Biosciences, Franklin Lakes,
NJ, USA) and GraphPad Prism 8.0. (San Diego, CA, USA).

4.7. Phagocytosis

To determine the rate of phagocytosis, differentiated THP-1 cells were trypsinised
and washed thoroughly before incubating with the desired antibody concentration for
1 h at 37 °C. Simultaneously, target cells were trypsinised, washed, and stained with
5 uM Calcein-AM red-orange for 1 h at 37 °C. Subsequently, both cell types were mixed
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in a 1:5 effector-to-target ratio and incubated further. Then, the mixture was washed
three times with ice-cold PBS and stained with anti-CD14-FITC for 20 min on ice. A final
wash series was performed, and then the cells were analysed via flow cytometry on a
CytoFlex S cytometer. Macrophages were gated through their CD14" expression, and then
the number of CD14" /Calcein-AM red—orange events were considered as phagocytosed
A431 cells by the macrophages. The rate of phagocytosis was determined by the frequency
of CD14* /Calcein-AM red-orange™ as a percentage of the parent population.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com /article/10.3390/ijms232415673 /s1.
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Table S1: RT-qPCR SYBR Green primers

Gene Name Forward Reverse

Gapdh ACATCGCTCAGACACCATG TGTAGTTGAGGTCAATGAAGGG
Hprtl TTGTTGTAGGATATGCCCTTGA GCGATGTCAATAGGACTCCAG
MerTK CTGTGTTTCTGAATGAATCTAGTGA | GCCAACTTCCTCCAAGAGC

Axl TGGCTGTGAAGACGATGAAG GTCAAATTCCTTCATGCAGACC
Itgam GCCTGGATTATAAGGATGTC TTGAAAAGCTAATCCAACCC
118 CTAAACAGATGAAGTGCTCC GGTCATTCTCCTGGAAGG

Ccl22 GTGGTGTTGCTAACCTTC GGCTCAGCTTATTGAGAATC
II-10 GCCTTTAATAAGCTCCAAGAG ATCTTCATTGTCATGTAGGC
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Figure S1: Characterisation of all MerTK antibodies and signalling activation of MerK17 and
MerK28. Cell staining with 250 nM anti-MerTK antibodies of a) Jurkat or b) HEK293. Bound
antibodies were detected with an anti-human Fc PE-conjugate. Colour-coding represents the
different clone numbers. C) Overnight stimulation of A549 cells with either 50 ug/ml MerK17 or
MerK28 or a vehicle (PBS). d) Stimulation with 50 pg/ml MerK28 on either A431 or HEK293 cells for
the indicated time points. The pAKT levels were normalized to total AKT and set relative to the
negative control to determine the fold change induction of pAKT after stimulation (e). f) 30 min
incubation of A549 cells with the indicated antibody concentration. HTRF Ratio represents the ratio
of donor and acceptor values are suggested by the manufacturer.
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Figure S2: Epitope binning and characterisation of bispecific antibodies. a) Epitope binning by BLL
Association of MerK17 (green) followed by either MerK28 (blue) or PBS (black). b) Competition
assay of MerK17 for the ligand binding site of Prosl via BLL MerK17 was loaded onto AHC
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incubated with equimolar Pros1 (pink). ¢) Simultaneous binding of human MerTK and EGFR via
BLI. Antibodies were loaded onto AHC biosensors and then associated first to EGFR and then to
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Figure S6: Differentiation of THP-1 cells after PMA incubation. a) Gene expression analysis of
unstimulated (blue) or PMA-stimulated THP-1 cells (pink). Itgam and II-1Ib mRNA levels were
determined and set relative to the unstimulated control, normalised to internal housekeeping genes.
b) Brightfield microscopy images of THP-1 cells before and after PMA incubation. c) Flow cytometric
analysis of cell-surface CD11b measured with an anti-CD11b PE-conjugate. d) Cell surface
expression of CD14 measuring using an anti-CD14 FITC-conjugate. Fold change was determined for
) and d) by calculating the mean fluorescence and setting the data relative to the M6 control. e)
Relative normalised mRNA expression of MerTK, Axl and Cd274. f) MerTK cell surface levels as
determined by staining with 50 pg/ml MerK28 and an anti-human Fc PE-conjugate. The grey
histogram represents the secondary antibody only, while the blue and pink represent M6 and MO0
THP-1s, respectively. Error bars for RT-qPCR represent SEM of triplicate measurements, while flow
cytometric analysis is representative of a single experiment while it was repeated at least three times.
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Figure S7: Contour plots of MO0-like THP-1 cells after co-incubation with A431 cells. A431 cells were
stained with Calcein-AM red-orange and measured using the PE channel (x-axis), whereas THP-1
cells were gated after staining with an anti-CD14-FITC antibody (y-axis). To determine phagocytosis,
the double-positive PE+/FITC+ events in the upper right quadrant Q2 were analysed and gated
further. Signal in Q3 only represents possible unspecific A431 cells sticking to the THP-1 cells.
Colour-coding is indicated in the legend. The negative control (NC, gray) represents THP-1 and
A431 cells without any antibody treatment. Visualisation was performed using FlowJo v10 software.
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Figure S8: Contour plots of M1-like THP-1 cells after co-incubation with A431 cells. A431 cells
were stained with Calcein-AM red-orange and measured using the PE channel (x-axis), whereas
THP-1 cells were gated after staining with an anti-CD14-FITC antibody (y-axis). To determine
phagocytosis, the double-positive PE+/FITC+ events in the upper right quadrant Q2 were analysed
and gated further. Signal in Q3 only represents possible unspecific A431 cells sticking to the THP-1
cells. Colour-coding is indicated in the legend. The negative control (NC, gray) represents THP-1
and A431 cells without any antibody treatment. Visualisation was performed using Flow]Jo v10
software.
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Figure S9: Phagocytosis rate % determination by gating the PE++ events as exemplified by M1-like
THP-1 cells. From the gated PE+/FITC+ cells in Figure S8, the co-incubation of cells were gated
further to ensure the THP-1 cells had taken up the A431 cells and were not bound lightly to their
surface (“phagocytosis %”). A431 cells were stained with Calcein-AM red-orange and measured
using the PE channel (x-axis), whereas THP-1 cells were gated after staining with an anti-CD14-
FITC antibody (y-axis). Colour-coding is indicated in the legend. The negative control (NC, gray)
represents THP-1 and A431 cells without any antibody treatment. Visualisation was performed
using FlowJo v10 software.
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TriTECM: A tetrafunctional
T-cell engaging antibody with
built-in risk mitigation of
cytokine release syndrome

Stefania C. Carrara®?, Julia Harwardt®, Julius Grzeschik?,
Bjérn Hock*® and Harald Kolmar*>*

!Institute for Organic Chemistry and Biochemistry, Technische Universitat Darmstadt,
Darmstadt, Germany, *Ferring Darmstadt Laboratory, Biologics Technology and Development,
Darmstadt, Germany, *Ferring Biologics Innovation Centre, Epalinges, Switzerland, *Aerium
Therapeutics, Epalinges, Switzerland, *Centre for Synthetic Biology, Technische Universitat
Darmstadt, Darmstadt, Germany

Harnessing the innate power of T cells for therapeutic benefit has seen many
shortcomings due to cytotoxicity in the past, but still remains a very attractive
mechanism of action for immune-modulating biotherapeutics. With the intent
of expanding the therapeutic window for T-cell targeting biotherapeutics, we
present an attenuated trispecific T-cell engager (TCE) combined with an anti-
interleukin 6 receptor (IL-6R) binding moiety in order to modulate cytokine
activity (TriTECM). Overshooting cytokine release, culminating in cytokine
release syndrome (CRS), is one of the severest adverse effects observed with
T-cell immunotherapies, where the IL-6/IL-6R axis is known to play a pivotal
role. By targeting two tumour-associated antigens, epidermal growth factor
receptor (EGFR) and programmed death ligand 1 (PD-L1), simultaneously with a
bispecific two-in-one antibody, high tumour selectivity together with
checkpoint inhibition was achieved. We generated tetrafunctional molecules
that contained additional CD3- and IL-6R-binding modules. Ligand
competition for both PD-L1 and IL-6R as well as inhibition of both EGF- and
IL-6-mediated signalling pathways was observed. Furthermore, TriTECM
molecules were able to activate T cells and trigger T-cell-mediated
cytotoxicity through CD3-binding in an attenuated fashion. A decrease in
pro-inflammatory cytokine interferon y (IFNy) after T-cell activation was
observed for the TriTECM molecules compared to their respective controls
lacking IL-6R binding, hinting at a successful attenuation and potential
modulation via IL-6R. As IL-6 is a key player in cytokine release syndrome as
well as being implicated in enhancing tumour progression, such molecule
designs could reduce side effects and cytotoxicity observed with previous TCEs
and widen their therapeutic windows.

KEYWORDS

T-cell engager, multispecific antibody, cytokine release syndrome, IL-6R,
CRS, tetraspecifics
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Introduction

Therapeutic strategies for solid cancers have led to the rise of
monoclonal antibodies (mAbs), targeting a single target that is
overexpressed on tumour cells. Moreover, bispecific antibodies
(BsAbs) and multispecific antibodies are now gaining
importance due to their power of binding multiple tumour-
associated antigens (TAA) simultaneously and/or redirecting
immune cells to the tumour microenvironment to enhance anti-
tumour activities and combining different mechanisms of action
(1-4). Besides other immune cells, T lymphocytes (T cells) have
been a central focus point in the battle against cancer in recent
years. A plethora of T cell-based immunotherapies showing
moderate to good success, particularly in hematologic cancers,
have been developed and approved, including the renowned
immune-checkpoint inhibitors and engineered chimeric antigen
receptor T cells (CAR-Ts) (5, 6).

A special class of BsAbs termed bispecific T-cell engagers
(BiTEs) was introduced by Micromet (now owned by Amgen
Inc.) in 2008, where T cells are redirected to tumour cells
through the binding of both a TAA and a T cell surface
antigen, allowing for enhanced tumour lysis and redirecting of
T cells to the tumour microenvironment (7-9). BiTEs consist of
two linked single-chain variable fragments (scFvs) and are thus
relatively small molecules with a short half-life. The first-in-class
BiTE molecule to be approved for therapy was Blinatumomab
(Blincyto) in 2014 for the treatment of B-cell malignandies by
simultaneously targeting CD19 on B cells and CD3 on T-cells (7,
10-13). Another T cell-engaging bispecific molecule approved
for clinical use in the European Union is catumaxomab
(Removab) of the TrioMab format, which targets epithelial cell
adhesion molecule (EpCAM) and CD3 with a functional Fc
region mediating effector functions resulting in a trifunctional
antibody (14, 15). While the breakthrough of bispecific T-cell
engagers was validated with the regulatory approval of both
molecules, they both have shortcomings. Catumaxomab, a rat-
mouse hybrid IgG2 antibody with a very high affinity for CD3,
led to T cell over-activation and cytokine release syndrome
(CRS) and was later voluntarily withdrawn due to commercial
reasons (16). Similarly, treatment with blinatumomab was
reported to be associated with a high risk of CRS, narrowing
its therapeutic window and additionally requiring frequent
infusion due to its short half-life (17-21). The first
monoclonal antibody ever approved for clinical use,
muromonab-CD3 (Orthoclone-OKT3), a mouse antibody
binding CD3, was deployed for the treatment of acute kidney
allograft rejection and additionally investigated for its use
against T cell acute lymphoblastic leukemia (22). In 2010, the
manufacturing of Muromonab-CD3 was voluntarily withdrawn
due to severe side effects after administration and the growing
number of better-tolerated alternatives that were available (23).
It was also the coiner for the term “cytokine release syndrome”
back in the 1990s (19, 24, 25).
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Cytokine release syndrome is one of the most frequent grave
adverse effects of T cell-engaging immunotherapies, resulting in a
systemic inflammatory response after immunotherapy (19).
Though grade 1 and 2 CRS result in mild reactions such as fever
and hypotension, intravenous fluids or low-dose vasopressors are
generally required. Grade 3 CRS results in hospitalisation, high-
dose vasopressors are administered, and signs of organ dysfunction
appear to begin. Lastly, severe CRS, namely grade 4, embodies life-
threatening situations where mechanical ventilation support is
required, grade 4 organ toxicities are observed, and occurring
hypotension requires the application of multiple high-dose
vasopressors (19, 26-28). While the pathophysiology of CRS is
not wholly understood, interleukin-6 (IL-6), interleukin-10 (IL-
10), and interferon-y (IFNY) are known to be the main drivers of
CRS. Initially, activated T cells release IFNy which is secreted and
in turn activates macrophages, leading to the excessive production
of IL-6, IL-10, and TNFo (19, 29). While all cytokines presumably
play an important role, IL-6 seems to be a key player in the
pathophysiology of CRS and contributes to many key symptoms
(19, 30, 31). Currently, grade 3 or 4 CRS are managed by treating
patients with tocilizumab, a therapeutic anti-IL-6R antibody that
blocks receptor activation by IL-6. Tocilizumab (Actemra) was
approved by the U.S. Food and Drug Administration (FDA) in
2010 for rheumatoid arthritis treatment and more recently received
emergency use authorisation for the management of CRS (32-34).
Furthermore, in light of the unprecedented COVID-19 pandemic
where life-threatening infections were observed resulting in CRS,
not only tocilizumab but also sarilumab, another antibody directed
against IL-6R, have gained importance in the management of CRS
in critically ill patients (35-42). Although risk- and grade-
management of CRS with the administration of tocilizumab
appears to work well, improvements are required to widen the
therapeutic index of immunotherapies and boost their efficacies,
particularly in solid tumours.

Due to IL-6’s pleiotropic nature, it has also been shown to
play critical roles in tumour growth, angiogenesis, and
metastasis of different cancer types by activating signalling
pathways after assembly and dimerization with its receptor IL-
6R and glycoprotein 130 (gp130) (43). The IL-6/IL-6R/gp130
complex is able to activate signal transduction by the Janus
kinase/signal transducer and activator of transcription (JAK/
STAT) pathway by either membrane-bound IL-6R and gp130
(classical signalling) or by soluble forms of IL-6R (sIL-6R) that
then joins membrane-bound gp130 (trans signalling) to mitigate
downstream signalling (44). The JAK/STAT pathway plays a
critical role in solid tumour progression and thus inhibition of
downstream events by IL-6 or IL-6R blockage is a promising
strategy for the development of new anti-cancer combination
therapies (43, 45). Furthermore, co-targeting of the EGFR and
IL-6R pathways through blockage of oncogenic signalling may
aid in overcoming acquired EGFR resistance that is observed
after treatment with anti-EGFR drugs such as small molecule
inhibitors gefitinib or erlotinib (46-49).
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Tumour-associated macrophages (TAMs) are a key element
of the heterogenous tumour microenvironment (TME) and can
take on both tumour-impairing or tumour-promoting roles by
differentiation of infiltrating or resident macrophages to either
MI1- or M2-type TAMs, respectively (50). Previous studies have
shown the implication of TAMs and their ability to produce IL-6
to promote tumorigenesis in hepatocellular carcinoma stem cells
(51), K-ras mutant lung cancer mouse models (52), and breast
cancer (44). Under hypoxic conditions in an immunosuppressive
TME, upregulation of IL-6R expression on tumour cells and
increased IL-6 production have been reported, inducing M2-
TAMs and further promoting tumour progression and
expansion, and survival resistance (51, 53, 54). The complexity
of the TME culminates in the difficulty of efficaciously targeting
tumours by monospecific therapies due to the involvement of
many key players. Thus, combinatorial approaches through
multispecific antibodies targeting multiple pathways might
encourage redefining and reprogramming the TME to
efficaciously eradicate tumours, and inhibiting TAM-derived IL-
6-mediated signalling transduction pathways. Eventually, this
strategy may contribute to the activation of immunologically
cold tumours (55).

While many antibody formats exist for T cell-redirecting
antibodies, the preclinical and clinical efficacy of such antibodies
is often hampered by high toxicities in early stages. In recent years,
researchers have investigated the role of CD3 affinity to improve the
therapeutic index of T-cell engagers (TCEs) (56-60). This requires
the development and characterisation of novel CD3 binders with
less critical cytokine release profiles. Trispecific T-cell engager
(TrTE) antibodies have been described in literature as next-
generation T-cell engager therapies, though studies in humans are
yet to be concluded (7, 61, 62). For example, in the antibody
described by Tapia-Galisteo and colleagues, a CD3-specific single-
chain variable fragment (scFv) was flanked by two different tumour-
targeting Vyy antibody fragments directed against epidermal
growth factor receptor (EGFR) and EpCAM for the treatment of
colorectal cancer (61). Another novel trispecific T-cell engager
concept was described by Wu and co-workers by binding not
only to CD3 but also its co-stimulatory receptor CD28 by using the
cross-over dual variable (CODV) bispecific antibody format and
additionally targeting CD38 on myeloma cells (62). Moreover, eight
TCE mAbs are in late-stage clinical studies targeting several
different TAA for different indications, including CD7, BCMA,
CD20, and CD123 (63). A further three candidates are currently
undergoing regulatory review, namely teclistamab (BCMAxCD3),
glofitamab (CD20xCD3), and teplizumab (humanised OKT3) (64).
Two additional bispecific molecules were approved for therapeutic
use in the USA and the EU in 2022, targeting gp100xCD3 as a
bispecific fusion protein (tebentafusp), and CD20xCD3 as a
bispecific antibody (mosunetuzumab). The vast number of
preclinical and clinical programs investigating CD3-binding either
as mono- or bispecific antibodies further highlights the unmet need
and interest in pursuing T cell-activating immunotherapies.
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To overcome the limitations of current clinical approaches, we
present a first-in-class trispecific T-cell engager and TME and
cytokine modulator (TriTECM), by engineering a two-in-one
dual-TAA targeting antibody with anti-CD3 and anti-IL-6R
binding moieties. This tetrafunctional antibody results in high
tumour selectivity by targeting EGFR and the checkpoint inhibitor
programmed death-ligand 1 (PD-L1) simultaneously, and has
attenuated CD3e binding, diminishing the cytokine release and
toxicity effects. On top, an anti-IL-6R binding moiety that
modulates the signalling of IL-6 released after T cell and
macrophage activation is present to not only potentially support
tumour eradication but also to mitigate CRS events. This concept
may allow the usage of previously developed high potency anti-
CD3 antibodies in the long term, obviating the need to discover
novel functionally attenuated CD3-binders. For the first time, to
the best of our knowledge, an anti-IL-6R moiety is fused directly
to a trispecific T cell-engager to inhibit both cis- and trans-1L-6-
mediated signalling, aimed at directly modulating but not
completely abolishing cytokine release after T-cell activation.

Materials & methods
Cell culture

A431 (ACC 91), A549 (ACC 107), and THP-1 (ACC 16) cells
were obtained from DSMZ (German Collection of Microorganisms
and Cell Cultures GmbH). Adherent cell lines (A431, A549) were
maintained in Dulbecco’s Minimal Eagle Medium (DMEM)
supplemented with 10% FBS and 1x penicillin/streptomycin.
THP-1 cells were maintained in RPMI 1640 supplemented with
10% FBS and 1x penicillin/streptomycin. Cells were subcultured
every 2-3 days and incubated at 37°C, 5% CO,.

Cloning, production and purification of
antibody constructs

The HCP-LCE IgG backbone was used as a starting block
(65). For the different scFvs, gene fragments were ordered from
Twist Biosciences based on their published protein sequences
(66) with respective Sapl overhangs. The various architectures
were cloned using Q5 DNA Polymerase and subsequent Sapl-
mediated Golden Gate Cloning (GGC). The sequences were
verified by Sanger Sequencing at Microsynth (Géttingen). An
effector-silenced Fc-backbone carrying LALA mutations was
used (67), as well as the Knob-into-Hole (KiH) technology to
ensure heterodimerisation (68).

For the production of the antibodies, Expi293-F (Thermo
Fisher Scientific) cells were transfected with Expifectamine293
(Thermo Fisher Scientific), following the manufacturer’s
instructions. The cells were cultured in Expi293 Expression
Medium (Thermo Fisher Scientific), sub-cultured every 3-4 days
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and incubated at 37°C, 8% CO,. Transfections were harvested 5
days post-transfection. The supernatants were sterile filtered and
supplemented with 18.1 mL/L BioLock (IBA Lifesciences).
Purification of all KiH variants was performed by a two-step
purification using an AKTA Pure25 (Cytiva Lifesciences); a His-
tag purification using a HisTrap'rM excel column (Cytiva
Lifesciences) was performed followed by TwinStrep®-tag
purification using a Streptactin®XT 4Flow® column. In  this
manner, heterodimeric heavy chains were ensured.

Biophysical characterisation (SDS-PAGE,
Thermal stability)

To characterise the produced antibodies, SDS-PAGE
analysis was performed. To this end, 4 pg purified mAb were
loaded onto a Mini-PROTEAN TGX 4-15% Gel (BioRad) with
either reducing- or non-reducing-Limmli buffer, and
subsequently stained with Coomassie.

For thermal stability determination, 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/10 s. The
derivatives of the melt curves were determined with the CFX
Maestro software to determine the melt temperature (Tyy).

Affinity determination, simultaneous
binding and competition assays via BLI

Affinities were determined using biolayer interferometry
(BLI) on an Octet RED96. For kinetics determination, 60 nM
antibody was loaded onto anti-human Fc capture (AHC)
biosensors and incubated with varying concentrations of
antigen, in a range from 0 - 500 nM for EGFR and PD-L1,
and 0 - 200 nM for IL-6R. Fitting of the curves for affinity
determination was performed based on Savitzky-Golay filtering
and a 1:1 Langmuir binding model.

For simultaneous binding studies with BLI, 10 pg/ml
antibody was loaded onto an AHC biosensor and sequentially
associated to 200 nM IL-6R, followed by 500 nM EGFR and PD-
L1. A negative control with PBS was included to eliminate
unspecific binding of the self-produced antigens.

Competition assays for PD-L1/PD-1 and IL-6/IL-6R were
performed as previously described (65, 69, 70).

T-cell activation assays
To determine the potency of T-cell engagement, the T-cell

activation Bioassay (NFAT) (Promega) was performed
following the manufacturer’s instructions. In brief, 4 x 10*
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A431 cells/well were seeded in sterile 96-well plates and
allowed to adhere ovemnight. The following morning, 1 x 10°
effector cells/well were added with the indicated antibody
dilutions (3x concentrations). The co-culture was incubated
for 6 h at 37°C, 5% CO,, followed by the addition of Bio-Glo
reagent. After 5-10 min, the plate was measured on a
luminescence plate reader.

PBMC isolation

Peripheral blood mononudear cells (PBMCs) were obtained
from buffy coats from healthy human donors obtained from the
Deutsche Rotes Kreuz (Frankfurt). To this end, 25 ml blood was
mixed 1:1 with PBS- 2% FBS (PBS-F) and PBMCs were purified
using SepMate-50 tubes following the manufacturer’s
instructions (StemCell Technologies). The isolated PBMCs
were frozen in 70% RPMI 1640, 20% FBS and 10% DMSO
and thawed directly when required. All work was performed
according to local ethics and welfare regulations.

Cytokine release assay

For cytokine release assays, PBMCs were thawed and seeded
onto 48-well plates at 3 x 10° cells/well. The desired antibody
concentration was added to the cells, and the mixture was
incubated at 37°C, 5% CO, for 72 h. After 72 h, the
supernatant was collected and centrifuged to remove any cell
debris. The cells were separated for further flow cytometric
analysis. A minimum of four healthy donors were used
and at least biological duplicates were measured in
independent experiments.

Signalling assays

To detect phosphoproteins and signalling inhibition, HTRF
(Perkin Elmer) kits were used. Therefore, 5 x 10* A549 cells/well
were seeded onto 96-well tissue-culture plates and allowed to
adhere for 4 h, cells were subsequently serum-starved overnight.
The serum-starved cells were pre-treated with the desired
antibody concentrations for 1 h before the addition of 20 ng/
ml ligand for 10 or 40 min for EGF and IL-6, respectively.
Immediately afterwards, the cells were washed with ice-cold PBS
and lysed in the appropriate lysis buffer according to the
manufacturer’s instructions. The investigation of the EGF/
EGFR pathway was performed using the Phospho-Akt
(Serd739 cellular HTRF Kit (Perkin Elmer), and the IL-6/IL-
6R pathway was investigated using the Phospho-STAT3
(Tyr705) cellular HTRF kit (Perkin Elmer). Data was graphed
using GraphPad Prism 8.0.1. Assays were repeated at least three
times with biological duplicates.
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Cytokine ELISAs

Quantification of secreted cytokines from cell culture
supernatants was measured using commercially available
ELISAs following the manufacturer’s instructions. ELISA kit
was purchased from R&D Systems: Human IFN-gamma DuoSet
ELISA (DY285B).

T-cell-mediated cytotoxicity

Evaluation of cytotoxicity was performed by incubating
A431 cells with PBMCs (effector-to-target ratio 10:1) in 96-
well tissue culture plates with the desired antibody concentration
for 24 - 48 h. After different time points, the supernatant was
used to measure released LDH by the LDH-Glo Cytotoxicity
Assay (Promega) following the manufacturer’s instructions.
Plates were observed under a bright-field microscope to
evaluate potential cell killing. Further, dead cell staining was
performed by trypsinising and collecting all cells, staining with
propidium iodide (PI) (Sigma Aldrich) and measuring PE
fluorescence using a flow cytometer.

Flow cytometry

Flow cytometric analysis was performed by first washing the
cells of interest with ice-cold PBS- 2% FBS (PBS-F). Cells were
then stained with primary antibodies and incubated on ice for
30 min. Subsequently, the cell pellets were washed with ice-cold
PBS-F and resuspended in an appropriate volume of PBS-F for
measurement using a CytoFlex S (Beckman Coulter) flow
cytometer. If the primary antibody was not directly
conjugated, a secondary antibody incubation was performed
on ice for 15 min before measurement. The antibodies used in
this study were: anti-human Fc-PE (Thermo Fisher Scientific),
anti-human CD69-FITC (Thermo Fisher Scientific), anti-human
CD25-APC (Thermo Fisher Scientific). Dot plots were generated
using FlowJo V10 software.

Results
Design & generation of TriTECM variants

In this proof-of-concept study, we combined existing and
well-characterised binding modules in different antibody
formats to generate a trispecific T-cell engager with TME and
cytokine release modulation (TriTECM). Due to its ability to
bind and block both EGFR and PD-L1 pathways and having two
binding sites for each target, a recently isolated two-in-one
antibody (65) was chosen as the backbone, carrying an
effector-silenced Fc to minimise cytotoxicity and extend the
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half-life. This molecule carries dual targeting abilities in a
generic IgGl antibody format, where the light chain mainly
contributes to EGFR-binding and the heavy chain to PD-L1-
binding. Moreover, while individual binding to each target
occurs with moderate affinity, tumour cells expressing both
antigens were bound with high affinity, indicating that the
antibody, besides being able to inhibit the PD-1/PD-L1 axis,
displays enhanced tumour selectivity.

For CD3e-engagement, the fully human monoclonal
antibody foralumab (NI0401, abbreviated as aCD3e) was
considered (71, 72), from which a single-chain variable
fragment (scFv) was derived. Clinical investigations have been
performed using different formulations of foralumab for several
indications, including non-alcoholic steatohepatitis (NASH),
type 2 diabetes mellitus, primary and secondary multiple
sclerosis, and more recently for COVID-19 infections (71, 73).
According to a reported study by Moreira et al,, nasal
administration of foralumab in a pilot study using patients
with mild to moderate COVID-19 disease severity led to no
CRS and lowered IL-6 blood levels 10 days after administration
(72). For this proof-of-concept study, the anti-CD3 scFv was
used as a CD3-based T-cell engager.

For inhibition of the IL6-IL-6R-gp130 pathway, a sarilumab-
derived scFv (abbreviated with oIL-6R) was generated as
sarilumab exhibits exceptional affinity to the IL-6Ro. with 61.9
pM, approximately 20-fold higher than tocilizumab, and is able
to block both the classical- and trans-mediated signalling
pathways (74). Furthermore, recent studies showed its ability
to modulate CRS events in SARS-CoV2-infected patients
(35-42).

With these building blocks, different TCEs were designed.
To have better control over the positioning of the scFvs added,
all molecules were designed with the Knob into Hole (KiH)
technology (68). To avoid hyper-cytokine release, a single CD3-
binding scFv was fused onto the HCP-LCE KiH backbone. As
well recognised, the distance and relative positioning of TAA
and CD3 binding modules of T-cell recruiting antibodies matter,
influencing their ability to bridge the immune synapse between a
tumour-associated antigen and the TCR on the surface of T cells
(56, 75). For this purpose, a classical approach was taken, fusing
the anti-CD3e scFv to the N-terminus of the VH domain with a
(G,4S); linker, providing a relatively small distance between
CD3-engagement and the surface of the tumour cell upon
binding. Conversely, a C-terminal fusion to the Knob-Fc with
a (G4S); linker was also generated, providing the largest distance
between the tumour-binding Fab and the engaging T cell
(Figure 1A). The anti-IL-6R scFv was placed either at the C-
termini of both heavy chain (HC) Fc-fragments or only at the
Hole-Fc heavy chain, respectively. The control variants are all
depicted and named in Figure 1B. For simplicity, the
nomenclature is based on the positioning of the scFvs (either
N- or C-terminal) to the heavy chain and either for the Knob (K)
or Hole (H) HCs. As an example, a fusion of anti-CD3e scFv N-
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terminal to the VH of the Knob HC together with a C-terminal
fusion of the anti-IL-6R scFv to both the Knob and Hole HC is
denoted as (0.CD3e)K(0tIL-6R) + H(0IL-6R). The parental two-
in-one antibody is termed K + H.

Biophysical characterisation of variants

Production of the antibodies was performed in Expi293-F
cells by transient transfection with expression plasmids using
Expifectamine293. To ensure exclusive isolation of
heterodimers, a Twin-Strepll-tag sequence was placed at the
C-terminus of the CH3 domain of the Knob-Fc, while a Hiss-tag
was placed C-terminally to the Hole-Fc, as previously described
(76). Subsequently, the cell culture supernatant was purified via
a two-step purification, namely an IMAC followed by
StrepTactin purification to purify only heterodimeric
antibodies carrying both a Knob- and a Hole-HC. SDS-PAGE
analysis revealed all the expected heavy- and light-chain bands
under reducing conditions, as well as the expected molecular size
under non-reducing conditions with no degradation products
(Figure 1C). The antibodies unveiled appropriate yields for all
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variants, with the yield decreasing with increasing number of
fused scFvs as expected (Table 1). Thermal stability investigated
by SYPRO Orange revealed melting temperatures between
63.50°C and 78.00°C, with the parental K + H exhibiting
66.50°C, revealing no large reduction in thermal stability
(Table 1; Supplemetary Figure 1).

Affinity towards the different antigens was determined via
biolayer interferometry (BLI). Antibodies were loaded onto
AHC biosensors and varying concentrations of antigen were
associated to the mAb. The determined affinities were in similar
ranges to those cited in literature from previous studies (65, 74),
with only minor changes where the fused scFvs could
presumably interfere with binding (Table 2; Supplementary
Figure 2). Nevertheless, the affinity to neither EGFR nor PD-
L1 was greatly influenced by N- or C-terminal scFv fusions.
The affinity towards soluble IL-6R (sIL-6R-TS) was not
determined for all IL-6R-binding variants due to the very slow
dissociation (Supplementary Figure 2), however both K
(aCD3e) + H(alL-6R) and (0CD3e)K(aUL-6R) + H(IL-6R)
showed single-digit nanomolar affinity towards IL-6R,
substantiating the very high affinity of the full-length variant
from literature (74).
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Conceptual architecture of TriTECMs. (A) Molecular design of two THTECM constructs, (#CD3e)K(alL-6R) +

FIGURE 1

(purple) and K(aCD3e) +

H(IL-6R) as scFv(VH)-IgG1(H)-scFv?

H(alL-6R) as an IgG1(H)-scFv" (orange). The blue/green variable regions represent the anti-CD3 NI0401-derived scFv,

the red/blue variable regions represent the anti-IL-6R sarilumab-derived scFv (aIL-6R), the Fabs originate from HCP-LCE (65) and an effector-
silenced IgGl backbone was used. The light blue circle between the CH3 domains represent the Knob-into-Hole technology for
heterodimerisation. (B) Control variants with the same colour-coding of the Fab and scFv regions as in a). The boxes represent the colours used
to represent them hereafter. (C) SDS-PAGE analysis under reducing (left) and non-reducing (right) conditions for all variants. The schematic
representation of either the reduced heavy and light chains or the entire molecule are depicted.
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TABLE 1 Yields and thermal stability of all variants.

Variants Yield per 1 L (mg) Tam (°C)
K+H 122344 6650
K + H(0IL-6R) 54,512 70.00
K(aCD3¢) + H 63.170 78.00
K(oCD3¢) + H(odL-6R) 22478 69.50
K(aIL-6R) + H(oIL-6R) 31.635 63.50
(«CD3¢)K + H 101.765 74.50
(0CD3€)K(IL-6R) + H(aIL-6R) 23.643 64.00
oa(aCD3¢)K(odL-6R) 26.074 71.00

On-cell affinities and
simultaneous binding

To ensure the tumour-targeting ability of the two-in-one
backbone remained intact, A431 cells were examined that are
both positive for EGFR and PD-L1, revealing very similar on-cell
affinities for all variants (Supplementary Table 1; Supplementary
Figure 3). The parental K + H antibody showed an affinity of 2.5
nM, similar to previous studies (65), and the two TriTECM
molecules revealed 12.3 and 21.2 nM for (CD3e)K(oIL-6R) +
H(aIL-6R) and K(aCD3e) + H(oIL-6R), respectively.
Nonetheless, very good on-cell affinities were measured for all
variants. CD3 binding was observed on Jurkat cells, with the
(0CD3¢)K + H and K(0CD3¢) + H variants binding with two-
digit nanomolar affinities. A reduction in CD3-binding was
observed for both TriTECM variants, presumably due to
different conformations of the molecules (Supplementary
Table 1; Supplementary Figure 3). Lastly, IL-6R-binding was
confirmed on macrophage-like THP-1 cells (Supplementary
Table 1; Supplementary Figure 3).

For T-cell engagers, simultaneous binding and engagement
of both tumour- and T-cells is crucial. Accordingly,
simultaneous binding of Calcein AM-stained A431 tumour
cells and pre-incubated CD3-stained Jurkat cells was
investigated by flow cytometry (Figure 2A). Quantification of
FITC'/PE" and FITC/PE" binding events were considered as

10.3389/fimmu.2022.1051875

successful co-binding, as both CD3-binding on Jurkat cells was
observed through the antibodies, as well as to A431 cells via
EGEFR and PD-L1 (Figure 2B). The two best candidates were
(0CD3¢e)K + H and (a«CD3e)K(aIL-6R) + H(eIL-6R), followed
by K(aCD3¢) + H and K(aCD3e) + H(oIL-6R). Weaker
simultaneous binding was observed for (0CD3e)K(alIL-6R) +
H(aIL-6R) and K(oCD3e) + H(oIL-6R) compared to their
counterparts without the anti-IL-6R scFv, as expected from
their reduced on-cell affinity, however still significant
compared to K + H or K + H(oIL-6R) which are not able to
bind Jurkat cells due to the absence of the CD3 binding module.

Furthermore, simultaneous binding to IL-6R, EGFR and
PD-L1 was confirmed via BLI by loading the different
constructs onto AHC biosensors and associating to the three
antigens sequentially for 300 seconds each (Figure 2C). A one-
armed variant of (0CD3e)K(aL-6R) + H(oIL-6R) (dubbed oa
(0CD3e)K(aIL-6R)) was generated to test whether a single
arm could still bind all three targets. Interestingly, the one-
armed variant was also able to bind IL-6R, EGFR and PD-LI,
though with decreased layer thickness increase due to
only monovalent binding to each antigen. This indicated
that the two-in-one Fab retained its ability to simultaneously
bind EGFR and PD-L1 with scFvs fused to its N-terminus.
Overall, the tetraspecificity of both TriTECM molecules
was confirmed.

Ligand competition and signalling
pathway inhibition

For a full therapeutic effect, it is important that the
antibodies binding to EGFR, PD-L1 and IL-6R have
antagonistic effects. Sarilumab is well-known to compete with
the IL-6 binding site on the IL-6R (77), and the previously
identified parental K + H antibody competes with PD-1 for
binding to PD-L1 (65). Via BLI, a competition assay was
performed for both TriTECM molecules and full-length
sarilumab or K + H as controls. For IL-6/IL-6R competition,
the (0CD3e)K(alL-6R) + H(IL-6R) construct inhibited equally

TABLE 2 Affinities towards soluble, monomeric EGFR, PD-L1 or IL-6R as determined by BLI.

Variant
Hiss-EGFR-TS

K+H 173 + 10.8
K + H(oIL-6R) 355+ 194
K(«IL-6R) + H(0AL-6R) 503 + 20.0
K(aCD3e) + H 228+ 124
K(atCD3e€) + H(oIL-6R) 172 + 105
(aCD3¢)K + H 236+ 115
(CD3¢)K(0IL-6R) + H(0IL-6R) 271 + 144

Kp (nM)
Hisg-PD-L1-TS sIL-6R-TS

929 +235 -

68.8 +2.02 < 0.001*
70.7 +2.51 < 0.001*
105.0 +2.80 -

112 +3.14 1.80 + 0.188
1080 +285 -

130 +3.73 271 + 0.0848

*curves were not fittable due to very slow dissociation that precludes exact off-rate determination. TS — TwinStrepll tag.
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well compared with sarilumab IL-6R binding and ligand
competition, however, the K(aCD3e) + H(alIL-6R) showed
weaker competition (Figure 3A). This is presumably due to
monovalent IL-6R binding, whereas both sarilumab and
(0CD3¢e)K(aIL-6R) + H(oIL-6R) are bivalent. For PD-LI, all
antibodies displayed good binding to PD-L1, which became
weaker upon pre-incubation with PD-1, confirming
competition of binding (Figure 3B).

As the parental K + H antibody binds to domain II of EGFR,
it does not compete with its ligand EGF. However, it still inhibits
the EGF-mediated signalling pathway (65). Similarly, sarilumab
is able to inhibit IL-6-mediated signalling (77). Hence, pAKT
and pSTAT3 were measured for EGF- and IL-6-mediated
signalling inhibition, respectively. For IL-6/IL-6R, pSTAT3
analysis by HTRF assays revealed dose-dependent inhibition
for both TriTECMs and the K(aL-6R) + H(oIL-6R) control
mAb (Figure 3C). While a slight reduction was noticed with 300
nM of either (CD3¢)K + H or K(a.CD3e) + H, the inhibition
was not as high as for the molecules with the anti-IL-6R scFv and
similar to that of K + H. For EGF/EGER signalling, pAKT was
measured and all antibodies exhibited dose-dependent

3 Neg Ctrt

-
(aCOSCIK(wIL6R)
+H(aIL-6R)
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inhibition compared to the EGF control, all very similar to the
parental K + H antibody (Figure 3D). Furthermore, to
investigate whether the antibodies could inhibit both pathways
simultaneously, cells were pre-incubated with mAbs and then
stimulated with a combination of EGF and IL-6. HTRF analysis
revealed dose-dependent inhibition of both pathways as seen by
pSTAT3 and pAKT inhibition (Figures 3E, F). Thus, despite
minor differences in EGFR/PD-L1 binding of the TrilTECMs as
measured by affinity determination or on-cell affinities, their
functionalities were retained compared to the parental two-in-
one antibody in the K + H format.

T-cell activation

A fundamental aspect of a T-cell engager is the ability of the
CD3-binding moiety to activate T cells upon binding and
engagement with tumour cells. To this end, a commercially
available kit was used to measure activation of the NFAT
pathway after engagement of effector (TCR/CD3 cells) and
tumour cells (A431). Potent T-cell activation was observed for

@

e

EGFR/PD-L1-binding (FITC Fluorescence)

5 < ‘
:. ‘:»Y cn:xi?mﬂ ‘;i

TR AT ]

CD3-binding (PE Fluorescence|

Ke+H

K(aCD3e) + H

K(aCD3s) + H(aIL-6R)
(«CD3s)K + H
(«CD3)K(eIL-6R) + H{alL6R)
K + H(alL-6R)

A3t

Jurkats

A431 + Jurkats

s

e x 4> >0 m e

2 }n

o 110 15 20

Freq of parent
-PE+, FITC+

FIGURE 2

I ! I'V
C
s, LR EGRR  PDLT
2 N K4 H
£ = K4 H(aILR)
£ s o KIL6R)+ HulLeR)
3 — (aCD30K +H
z — (aCD3e)K(aIL-6R) + H(aIL-6R)
_%m_ 4 - K(aCD3) + H
~— K(CD3e) + H(alL8R)

0 15 300 450 600 750 900 0a(uCD3: )K(alL-6R)
Time (sec)

Simultaneous binding to all targets. (A) Dot plots for simultaneous binding of Calcein AM-stained A431 cells (y-axis) and bound Jurkat cells (x-
axis). Binding to Jurkats via total CD3 was detected using anti-human Fc PE. Events in Q1 represent the Calcein AM-stained A431 cells (FITC*/
PE’), while those in Q4 represent Jurkats without CD3-binding (FITC /PE’). A shift towards Q2 (FITC*/PE") depicts binding of the A431 cells after
incubation with Jurkats, and Q3 shows CD3-binding on Jurkats (FITC /PE*). 20'000 events are displayed per dot plot (B) Quantification of
events in Q3 (FITC /PE*) versus Q2 (FITC*/PE*) from (A) Positive events in both quadrants ensures Jurkat & A431 engagement. (C) Investigation
of simultaneous binding via BLI. Antibodies were loaded onto AHC biosensors and 200 nM IL-6R, followed by 500 nM of EGFR and PD-L1 were
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Frontiers in Immunology

08

frontiersin.org

130



Carrara et al.

the two variants carrying only NI0401 with ECs; of 0.59 and 0.63
nM for (aCD3¢)K + H and K(aCD3e)+H, respectively
(Figures 4A, B). For the TriTECMs, a 5- and 10-fold reduction
in ECs, was observed compared to their counterparts lacking
anti-IL-6R scFvs, with 2.51 and 5.60 nM for (0CD3e)K(aIL-6R) +

10.3389/fimmu.2022.1051875

H(alL-6R) and K(aCD3e) + H(alL-6R), respectively
(Figures 4A, B). Nonetheless, significant T-cell activation was
observed, meaning no complete loss-of-function occurred
through the diminished CD3 binding on effector cells
(Supplementary Table 1).
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2asured for EGF-mediated signalling (D) or combination of EGF- and IL-6 stimulation (F). The HTRF ratio is presented, which is
"L x 10000. Biological duplicates were measured, with the individual data points representing individual

measurements and error bars representing the SD of biological duplicates. Graphs were plotted using GraphPad Prism 8.0.1
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While immortalised cell lines can provide an estimate of in
vitro potency, human peripheral blood mononuclear cells
(PBMCs) isolated from healthy donors are a more reliable
source. Subsequently, PBMCs were incubated with 30 nM of
the indicated antibodies for 48 h and the early and late stage T-
cell activation markers CD69 and CD25, respectively, were
measured by flow cytometry (Figure 4C). While the control
antibodies and blank measurements all showed similar levels, a
significant increase in both activation markers (upper right
quadrant) was observed where the CD3-binding NI0401 scFv
was present, as expected. Quantification of the different
quadrants showed increased expression in CD25/CD69 and
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CD25 for all four NI0401-containing molecules, with a
significant reduction for (0CD3e)K(aIL-6R) + H(aIL-6R)
compared to (aCD3e)K + H, as previously observed
(Figures 4E, F). Not many CD69"/CD25" events were observed
compared to the controls, however this could be due to the
gradual decrease of CD69 with longer incubation times, as
known from literature (78, 79) (Figure 4D).

In summary, T-cell activation was observed for all molecules
with the CD3-binding NI0401 scFv, with the (0.CD3e)K(oIL-
6R) + H(0IL-6R) showing the most attenuated T-cell activation,
which might aid in the search for T-cell engagers with increased
safety profiles.
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FIGURE 4

T-cell activation. (A, B) T-cell activation bioassay NFAT pathway with A431 as target cells. (C) Dot plots for measurement of CD25-APC (x-axis)
and CD69-FITC (y-axis) of total CD3" T cells from PBMCs after 48 h incubation with 30 nM of the indicated antibodies. 20'000 events are

visible per plot, and plots were generated using FlowJo V10 software. (D—F) Quantification of different quadrants. (D) Percentage of parent for
Q1 (upper left) for CD27/CD69*, (E) percentage of parent for Q2 (upper right) for CD25*/CD69* events. (F) Percentage of parent for Q3 (lower
right) for CD25/CD69* events. Circles represent the individual measurements, error bars represent the SD of biological duplicates from PBMC

pools from four healthy donors
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Attenuated cytokine release and
cytotoxicity with THTECMs

One of the large drawbacks of T-cell engagers is the increase in
pro-inflammatory cytokines such as TNFo: and IFNy upon T-cell
activation, leading to the hyperactivation of macrophages. A
hyperactivation of macrophages leads to the secretion of high
levels of IL-6 and other cytokines, ultimately resulting in a
cytokine storm. To investigate whether the addition of the anti-
IL-6R scFv module resulted in decreased pro-inflammatory
cytokine release, PBMCs were stimulated with 30 nM of the
respective antibodies and stimulated over 72 h. Thereafter, the
release of pro-inflammatory IFNy was measured in the
supernatant (Figure 5A), and the cells themselves were stained
with an APC-conjugated anti-CD25 antibody to measure T-cell
activation (Figures 5B, C). In both cases, significant increases in
either IFNy or CD25 were observed compared to the controls (K +

10.3389/fimmu.2022.1051875

H, K + H(aIL-6R), and K(aL-6R) + H(cIL-6R)). In the case of
IFNY, a decrease was noted with the TriTECM (0.CD3e)K(aIL-
6R) + H(aL-6R) compared to (aCD3¢)K + H, hinting at both an
attenuated activation and a decrease in cytokine release due to the
anti-IL-6R scFv (Figure 5A). This effect was also noted for K
(0CD3e) + H(aUL-6R) compared to K(aCD3e) + H but to a
smaller extent, presumably due to monovalent IL-6R binding
(Figure 5A). CD25 staining revealed significant T-cell activation
with the TriTECM molecules compared to their
controls (Figure 5C).

To ensure the attenuation of CD3-binding still led to decent
T-cell-mediated cytotoxicity, cell killing of tumour cells by co-
incubation with PBMCs was investigated. Dose-dependent
cytotoxicity was observed through PI staining after 24 h co-
incubation (Figures 5D, E; Supplementary Figure 4), with a
slight reduction of activation for both TriTECM variants
compared to their controls without Sar. Longer incubation
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FIGURE 5

Cytokine release and T-cell-mediated cytotoxicity. (A) IFNy secretion of PBMCs stimulated with the indicated construct and amount (in nM) for
72 h. (B) Dot plots showing side scatter (SSCs-H, x-axis) and CD25-APC (y-axis) of PBMCs after 72 h incubation. The colours represent the
different antibodies as quantified in (C) C Quantification of the SSC-H, APC subset indicated in B as percentage of all events. (D, E) Dead cell
staining by propidium iodide (Pl) staining after 24 h co-incubation of A431 cells and PBMCs in an effector-to-target ratio of 10:1. The control
antibody K(adL-6R) + H(alL-6R) was tested at 20 nM. (F) T-cell-mediated cytotoxicity of A431 cells after 48 h incubation with PBMCs and the
indicated amounts of antibodies (10:1 effector-to-target ratio). A431 only represents the basal killing level. Circles represent the individual
measurements, error bars represent the SD of biological duplicates from PBMC pools from four healthy donors.

Frontiers in Immunology

1

frontiersin.org

133



Carrara et al.

times of 48 h revealed T-cell-mediated cytotoxicity as measured
by lactate dehydrogenase (LDH) release (Figure 5F;
Supplementary Figure 5). While the tetraspecific molecules
resulted in lowered cytotoxicity, these results, combined with
previous T-cell activation studies (Figure 4) prove the attenuated
nature of THTECMs and their potential use as TCEs with a
cytokine release and activity modulating function.

Discussion

With the increasing demand and interest for the
development of new therapeutics in the fight against cancer,
T-cell engagers and multispecific antibodies have been set in the
spotlight as they are able to trigger and combine multiple
mechanisms of action. For TCEs in particular, their safety
profiles are often hindered by hyperstimulation of immune
cells resulting in cytokine storms or cytokine release syndrome.

Within the scope of this work, proof-of-concept TriTECM
molecules were designed consisting of a CD3-binding moiety
derived from foralumab (71), an IL-6R binding module derived
from sarilumab, and a bispecific two-in-one antibody binding
both EGFR and PD-L1 (65). Production and purification of the
antibodies as well as their respective controls using the KiH
technology resulted in reasonable yields of pure product,
considering the complexity of the molecules (80). High-affinity
binding to both tumour targets, EGFR and PD-L1, as well as to IL-
6R was observed via biolayer interferometry. On-cell affinities
revealed high affinities to tumour cells but were decreased on both
T cells and macrophages/monocytes, which could lead to
improved tumour-penetration and accessibility into the tumour
microenvironment without being captured before reaching the
tumour site. Furthermore, the tetravalent TriTECMs were able to
bind all antigens simultaneously. They retained the mechanism of
action of the single antibody fragments when combined, including
EGF- and IL-6 mediated signalling inhibition, and PD-L1/PD-1
axis blockade as determined by competition assays.

The design of the two reported TrTECMs vary mainly in
their valency towards IL-6R, with (0:CD3e)K(cIL-6R) + H(oUL-
6R) binding bivalently and K(oCD3e) + H(alIL-6R) only
monovalently. The effect of monovalent IL-6R binding was
primarily seen in the competition assay via BLI and inhibition
of IL-6-mediated signalling when compared to either sarilumab
itself or (0CD3e)K(aIL-6R) + H(aIL-6R), which resulted in
much stronger competition as well as inhibition. Additionally,
the positioning of the anti-CD3 scFv was considered, either
being placed in close proximity to the TAA-engaging Fab arm by
an N-terminal VH fusion [for (aCD3e)K(aL-6R) + H(oIL-
6R)], or a C-terminal fusion to the CH3 domain of the Fc region
[for K(aCD3¢) + H(olIL-6R)]. While previous results have
identified higher potencies when the CD3-binder and the
TAA-binder are in close proximity (75, 81), no significant
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differences were noted in the T-cell activation bioassay
performed in this study. An explanation for this could be the
different conformations of the molecule due to the fused scFvs,
possibly bridging the molecule in closer proximity and thus
having similar effects for both architectures.

An attenuated T-cell engager was developed which
nonetheless resulted in T-cell activation and T-cell-mediated
cytotoxicity as seen both on immortalized cell lines and human-
derived PBMCs. The decreased affinity to CD3 on cells might
also prevent the over-stimulation of immune cells, as is the case
for next-generation TCEs which are being developed with
lower affinities to avoid cytotoxicity (81). Secretion of T cell-
released IFNy was found to be significantly reduced after
incubation with (CD3e)K(aIL-6R)+H(0IL-6R) compared to
(0.CD3e)K+H, noting the potential of such a molecule
to mitigate cytokine storm events when combined directly
with IL-6R inhibition. Further understanding of the
modulation via IL-6R remains to be investigated. The
functionality of this type of molecule with such a large
number of modules having different modes of action requires
extensive animal studies which were out-of-scope for this proof-
of-concept study.

While combination therapies with anti-IL-6R agents
(tocilizumab, sarilumab) have been investigated and approved
for therapeutics-induced cytokine release syndrome (31, 33, 40),
simultaneous administration by being fused to the mAb itself
might prove beneficial. Hypothetical clinical findings after CAR
T-cell therapy report dramatic increases in cytokine levels 3 days
after infusion, with tocilizumab having to be administered at day
6 or 7 (31, 82, 83). By using a full-length IgG1 backbone, the
serum half-life of such a molecule would be approximately 21
days (84, 86), thus being in frame with the current management
approaches or interventions required when grade 2 CRS is
reached. Furthermore, the direct fusion of an anti-IL-6R that
blocks further downstream signalling by inhibiting the JAK/
STAT pathway responsible for the promotion of tumour growth
and metastasis could provide beneficial anti-tumour properties.
Such a synergistic effect may be promoted by direct fusion to
tumour-targeting antibodies rather than co-administration,
thereby enhancing the accumulation of an IL-6R blocking
entity in the tumour microenvironment.

In summary, the tetrafunctional TriTECMs could consist of: i)
dual tumour-targeting for increased tumour specificity by
targeting EGFR and PD-L1, ii) engagement of T cells via CD3e
binding and bridging T cells in close proximity to tumour cells for
tumour cell lysis, iii) increased T-cell-mediated cytotoxicity by
blocking the PD-L1/PD-1 axis (checkpoint inhibitors), and iv)
modulating cytokine storms or CRS by inhibiting the IL-6/IL-6R
pathway by an anti-IL-6R scFv (Figure 6). Altogether, the
advantages of TriTECMs may pave the way to finding novel
biologicals for cancer therapies by harnessing the power of T cells.
To further test this concept, other CD3-binding antibody

frontiersin.org

134



Carrara et al.

d tumour specificity

FIGURE 6
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T-cell engager via CD3-binding

.
Cytokine release modulation via IL-6/
IL-6R pathway

Schematic representation of the four functionalities of tetrafunctional TriTECM molecules, as exemplified by («CD3e)K(aIL-6R)+H(clL-6R).

fragments could be tested, and more importantly, already-existing
antibodies which were shown to be toxic due to CRS or other side-
effects might be able to be recycled in such a format due to the
attenuation and modulation of both T-cell activation and IL-6-
mediated signalling. Due to the attenuation of the CD3-binding
moiety, bivalent binding to CD3 could also be investigated. In
order to avoid unwanted on-target off-tumour effects via IL-6R
binding to other cell types, further antibody engineering may be
required to fine-tune the affinity of the IL-6R binding
moiety. Alternative strategies might also incude pH-responsive
binders to only allow binding of the mAb to IL-6R within the
acidified tumour microenvironment, or alternatively masking this
binding unit with an anti-idiotypic binder connected via a
cleavable linker. Ultimately, highly complex models are required
to elucidate the efficacy of TriTECMs in modulating CRS in vivo.
Additionally, pentafunctional molecules could be envisioned by
using an Fc that induces effector functions and compare the
effects of both variants on cytokine release and T-cell-
mediated cytotoxicity.
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TriTECM: A Tetrafunctional T-Cell Engaging Antibody with Built-In Risk
Mitigation of Cytokine Release Syndrome
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Supplementary Figure 1: Melt peaks after thermal shift assay by SYPRO Orange. RFU — relative
fluorescence units. The derivative of RFU is plotted against temperature in a range from 20 — 95 °C.
The dotted line represents the threshold set to determine the melt temperature.
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Supplementary Figure 2: Affinity determination by biolayer interferometry. The binding curves for
His-EGFR-TS (left), His-PD-L1-TS (middle) or soluble IL6R-TS (right) are displayed for all
antibodies. The colour-coding represents the different variants. For His-EGFR-TS and His-PD-L1-TS,
a concentration range of 7.8 — 500 nM was measured, while for SIL6R-TS a range from 3.125 — 200
nM was measured.
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Supplementary Figure 3: On-cell titrations. The antibodies were tested for either CD3-binding
(Jurkat), IL6R-binding (THP-1) or EGFR/PD-L1-binding (A431). The top panel show the variants with
an N-terminal NI0401 scFv fusion, whereas the bottom panel shows the C-terminal NI0401 scFv
variants with the respective controls. The mean fluorescence was determined and plotted using
GraphPad prism. A non-linear regression was determined to calculate the on-cell affinities. RFU —
relative fluorescence units.
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Supplementary Table 1: On-cell affinities on A431 (EGFR™/PD-L1%), Jurkat (CD3") and THP-1
(IL6R*/PD-L1%).

On-cell affinity (nM)
Variant

K+H 2.50 - -

K(eCD3g) + H 4.50 195.90 .

(@CD3gK + H 1.82 2538 -
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Supplementary Figure 4: Histograms and half-offset overlays for dead cell staining with propidium
iodide (PI) after co-culture of A431 and PBMCs for 24 h to measure T-cell-mediated cytotoxicity.
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Histograms and overlays were generated using FlowJo V10 software.
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Supplementary Figure 5: Bright field images of A431 and PBMC co-culture in combination with 20
nM of the indicated antibodies after 48 h incubation. Black dead target cell clusters are exemplified by
red arrows in each of the relevant images.
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Chapter 10

Antibody Library Screening Using Yeast Biopanning
and Fluorescence-Activated Cell Sorting

Stefania C. Carrara, Jan P. Bogen, Julius Grzeschik, Bjorn Hock,
and Harald Kolmar

Abstract

Yeast surface display (YSD) emerged as a prominent screening methodology for the isolation of monoclonal
antibodies (mAbs) against various antigens. However, phage display remains the gold standard in cell
panning-based screenings to isolate mAbs against difficult-to-screen targets, such as G-protein coupled
receptors (GPCR) and ion channels. Herein we describe a step-by-step protocol to establish and perform
the isolation of mAbs using YSD in a fluorescence-activated cell sorting (FACS)-assisted biopanning
manner, vielding a variety of antibodies binding their antigen with high affinity in the natural environment
of the cell. Upon mixing antibody-displaying yeast cells with antigen-displaying mammalian cells, com-
plexes are specifically formed and isolated for enrichment of yeast cells encoding binders against the antigen.
The utilization of mammalian cells expressing the respective target accounts for accessibility of the epitope
and the correct conformation of the antigen. Furthermore, critical characterization methods mandatory for
this kind of antibodies are illuminated.

Key words Ycast biopanning, FACS, Yeast surface display, Antibody library screening, Hit discovery

1 Introduction

Ton channels, receptor tyrosine kinases, and G-protein coupled
receptors (GPCR) are protein classes of major interest for thera-
peutic drug targets. However, the isolation of antibodies specific
for those molecules remains a challenge. Due to the difficulties
presented in expressing and producing such antigens in a soluble
form, phage display, first described in 1985, is the state-of-the-art
technology to perform cell panning-based antibody screening cam-
paigns to isolate GPCR binders [1, 2]. Cell panning approaches
allow for the isolation of antibodies binding to their respective
antigen in its natural environment and conformation and evades
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the need to produce and purify soluble target proteins [3]. None-
theless, phage display comes with intrinsic disadvantages due to the
prokaryotic expression host. Furthermore, antibodies screened via
phage display can be troublesome to convert into full-length anti-
bodies, as the screening is mostly performed utilizing single-chain
fragment variables (scFv), resulting in the loss of potential binders.

Yeast surface display (YSD) is a prominent method to circum-
vent these intrinsic disadvantages by allowing the display of a frag-
ment antigen-binding (Fab) on the surface of a eukaryotic cell
[4]. Even though yeast cells can be applied in a panning approach
[5-11], one main advantage is lost, namely the online tracking of
enrichment over multiple sorting rounds by fluorescence-activated
cell sorting (FACS). Herein, we describe a protocol for FACS-
assisted YSD that can be applied for cell panning to enrich anti-
bodies against receptors naturally expressed on standard cancer cell
lines. As a proof-of-concept study, we demonstrate the enrichment
of highly affine antibodies utilizing an anti-EGFR chicken-derived
common light chain library panned against EGFR** A431 mam-
malian cancer cells [12] (Fig. 1).

A431 cell

bl |
an Y‘ '- \Panning

cLC antibodies
B: . :

O KA

. -
Diploid yeast
cLC library

Regeneration

FACS ~ L
screening

Fig. 1 Schematic representation of FACS-assisted yeast biopanning, utilizing
Calcein-AM stained A431 cells and an anti-EGFR cLC chicken library. (Created
with BioRender.com)
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2 Materials

2.1 Mammalian Cells
and Media

2.2 FACS-Assisted
Sorting and Panning

2.3 Reformatting,
Production and
Characterization

2.3.1 Reformatting via
Golden Gate Assembly

el RN e S S I S

—

. A431 human epidermoid carcinoma cells (ATCC).

. Dulbecco’s Modified Eagle Medium (DMEM) high glucose.
. Complete growth medium (DMEM, 10% EBS, 1x P/S).

. Fetal Bovine Serum (FBS) superior.

. Penicillin-Streptomycin (P/S).

. Trypsin-EDTA 0.25%.

. Phosphate buffered saline (PBS).

. T75 em? cell culture flasks.

. Calcein-AM cell stain (Fisher Scientific).

. User provided yeast library (se¢ Subheading 3.1) in

Saccharomyces cerevisine strain EBY100.

. SD-CAA: 8.6 g/L NaH,PO, - H,0, 5.4 g/L Na,HPO,,

1.7 g/L yeast nitrogen base without amino acids, 5 g/L
ammonium sulfate, 5 g/L Bacto Casamino Acids, 20 g/L
glucose, and 100 pg/mL ampicillin (+12 g/L agar agar for
agar plates).

. SG-CAA: 8.6 g/L NaH,PO, - H,0, 5.4 g/L Na,HPOy,

1.7 g/L yeast nitrogen base without amino acids, 5 g/L
ammonium sulfate, 5 g/L Bacto Casamino Acids, 20 g/L
galactose, and 100 pg/mL ampicillin.

4. PBS-B: PBS with 0.1% (w/v) bovine serum albumin.

o

. Fc-tagged EGEFR extracellular domain (ECD) (R&D Systems).
. Goat anti-human Kappa-Alexa Fluor 647 antibody (1 mg/mL)

(SouthernBiotech).

. Goat anti-human IgG-Fc-PE-conjugate antibody (Fisher

Scientific).

. BD Influx (nozzle size 100 pm) or similar cell sorter.

. Zymoprep Yeast Plasmid Miniprep I (Zymo Research).

. Q5" High-Fidelity DNA polymerase (New England Biolabs).
. 5% Q5" buffer (New England Biolabs).

. dNTDPs (New England Biolabs).

. Nuclease-free water.

. Primers (see Table 1).

. Thermocycler.

pTT5-derived destination vector [12].

. CH1-CH2-CH3 entry vector [12].

148



180 Stefania C. Carrara et al.

Table 1

Primers utilized for reformatting of chicken VH and VL genes. Overhangs encoding Sapl restriction

sites are highlighted in red

Primer Name
Chicken VH to pTT5
Sapl GGA for
Chicken VH to pTTS5
CH1 Sapl GGA rev
Chicken VL to pTTS5
Sapl GGA for
Chicken Lam VL to

pTTS5 Sapl GGA rev

10.
11.
12.
13.
14.
15.
16.

—

2.3.2  Production and
Purification of mAbs 2

2.3.3 Characterization of 1.

Isolated Antibodies v)

g w

N O

Sequence 5'-3'

R CEOENGN  C CGTGACGTTGGACGAG

EEIEEEEEGGAGGAGACGATGACTTCGGT

ERGEIEIERANEE G CGCTGACTCAGCCGTCCTCG

EGEIEREEE T A GGACGGTCAGGGTTGTCCC

Lambda entry vector [12].

T4 DNA ligase Buffer (New England Biolabs).

T4 DNA Ligase (New England Biolabs).

Sapl (New England Biolabs).

Competent XL1 blue E. coli cells.

Ampicillin LB agar plates and media (100 pg/mL).
PureYield Plasmid Midiprep System (Promega).

. Expi293F™ (Thermo Fisher).
. Expifectamine™ 293 Transfection Kit (Thermo Fisher).

. New Brunswick™ S41i (Eppendorf) or comparable cell culture

shaker.

. Chromatography system and Protein A purification columns.

TSKgel SuperSW3000 column (Tosoh Bioscience).

. 1260 Infinity chromatography system (Agilent Technologies).
. Prometheus NT.48 nanoDSF Instrument (NanoTemper

Technologies).

. Nunc MaxiSorp™ flat-bottom 96-well plate (Thermo Fisher).
. Sterile 96-well flat-bottom microtiter plates.

. PBS-T: PBS with 0.05% Tween-20.

. Blocking solution: PBS with 5% bovine serum.
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8. Goat anti-human Fc-HRP conjugate.
9. TMB One solution (Promega).
10. Stop solution: 160 pM sulfuric acid.

11. BMG ClarioStar microplate reader (or similar, compatible with
absorbance measurements).

3 Methods

3.1 VYeast Libraries

3.2 Pre-screening:
Cell Staining and
Library Sorting by
FACS

This chapter describes a FACS-assisted screening process by pan-
ning yeast cells displaying a common light chain Fab immune
library against standard A431 cancer cells to enrich EGFR-specific
antibodies. This straightforward method can be rapidly implemen-
ted and yields binders targeting different epitopes and exhibiting
favorable biophysical properties. For immune libraries, any com-
monly used immunization host can be used, such as mice or rats. In
this chapter, antibodies derived from immunized chickens are
exemplarily used. Other library types, like semisynthetic libraries,
might be suitable as well (se¢ Note 1).

Multiple protocols exist for the generation of yeast libraries, among
them homologous recombination of scFv fragments [13] or
Golden Gate cloning for Fab libraries [14]. We will illuminate the
FACS-assisted YSD panning exemplarily on homologous recombi-
nation- and yeast mating-based library. However, library genera-
tion is not the focus of this chapter. A detailed description of how
the utilized library was generated can be found here [12]. Nonethe-
less, other library generation methodologies are also potentially
suitable for the panning approach.

In this and the following section, the screening of immune libraries
via FACS will be discussed. For this model study, we decided to
perform the first sorting round utilizing soluble EGFR extracellular
domain (ECD)-Fc in a standard FACS sorting procedure to reduce
the library size before panning with mammalian cells (se¢ Note 2).
If screening is performed against ion channels or GPCRs, where
such a pre-screening is not possible, continue with Subheading 3.3
(see Note 3).

1. Cultivate the yeast library in 50 mL up to 1 L SG-CAA at an
ODgpo of 1.0 overnight at 30 °C and 180 rpm. The total
number of cultivated cells should exceed the diversity of the
initial library by the factor 10 while an ODgg of 1 represents
1 x 107 cells per mL.

2. Harvest 1 x 107 cells (ODggp of 1.0 in 1 mL) by centrifugation
at 8000 x g for 3 min and wash with 1 mL PBS-B.
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Fig. 2 Pre-screening and Calcein-AM titration. (a) Pre-screening of yeast cells with 250 nM soluble EGFR-Fc.
Surface presentation (y-axis) and EGFR-Fc binding (x-axis) are depicted. Yeast cells not exhibiting Fab
presentation are shown in Q4 (orange), while Fab-presenting yeast cells are depicted in Q1 (green). The
right-shifting population displaying EGFR-Fc binding can be observed in Q2 (red). A total of 50,000 events are
plotted. (b) Calcein-AM titration on A431 cells mixed with yeast cells. A range of 0—100 nM Calcein-AM was
used. The population to the left with lower fluorescence depicts the uninduced yeast population, with a right-
shifting mammalian cell population with increasing Calcein-AM concentration. The optimal concentration in
this case was 80 nM, as the difference in fluorescence between the yeast population and the stained, live
A431 cells was the highest within the detection threshold of the FACS instrument

3

4.

5.

Incubate cells with a 1:75 dilution (13.3 pg/mL) of an anti-
human Kappa-AF647 antibody (see Note 4) in the presence of
250 nM Fc-tagged EGFR-ECD for 30 min. Subsequently,
centrifuge cells, wash with 1 mL PBS-B, and incubate with a
1:50 dilution of an anti-human Fc-PE antibody for 15 min. For
a negative control, perform a separate reaction in absence of the
antigen.

Wash yeast cells twice with 1 mL ice-cold PBS-B and resuspend
in 1 mL PBS-B for subsequent FACS analysis.

Apply a suitable sorting gate, which should comprise a suitable
number of double-positive cells while no more than 0.3% of
cells of the negative control should be included. As this sorting
is done as a pre-screening, the “sort enrich mode” is utilized.
The number of sorted cells should at least exceed the initial
library by a factor 10. An exemplary FACS plot is shown in
Fig. 2a.

. All sorted cells are plated on SD-CAA agar plates and incubated

for 48 h at 30 °C. Cells are transferred to SD-CAA media and
incubated overnight at 30 °C. Subsequently, 50 mL SG-CAA
media is inoculated at an initial ODggp of 1.0 and further
incubated overnight at 30 °C. Induced cells can be applied to
the biopanning process.
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3.3 VYeast Biopanning

3.3.1 Cultivation of
Mammalian Cells

3.3.2 Staining of
A431 Cells
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This section describes the cultivation and preparation of mamma-
lian target cells to perform the subsequent FACS-assisted YSD
biopanning. As a first step, the staining of mammalian cells utilizing
the viability dye Calcein-AM needs to be optimized to enable the
subsequent panning and FACS-assisted sorting.

Human epidermoid carcinoma A431 cells naturally overexpressing
EGFR (EGFR""") are cultured at 37 °C in a humidified atmosphere
with 5% CO,. When the cells reach a confluency of 80-90%,
sub-passage the cells by first washing with PBS and trypsinizing
using 0.25% Trypsin-EDTA. Incubate the cells at 37 °C until signs
of' detachment are visible. Resuspend the detached cells using com-
plete growth medium and centrifuge at 500 X g, 5 min to remove
trypsin. Resuspend the cell pellet in fresh complete growth medium
and dilute the cells as required in T75 cm? cell culture flasks and
incubate further at 37 °C, 5% CO,.

Contrary to other biopanning methods described in literature [8],
this method relies on the endogenous overexpression of EGFR
without requiring transfection or engineering of cell lines. By
using a live cell marker, namely Calcein-AM, the enrichment of
antibodies against the correct and native conformation of the
receptor of interest on the cell surface is ensured, a current bottle-
neck in the separation of binders against membrane-bound targets
of interest, such as receptor tyrosine kinases (RTK), GPCRs or ion
channels. In an initial experiment, the optimal Calcein-AM concen-
tration is determined to ensure a clear separation of yeast cells and
viable mammalian cells. For this initial experiment, uninduced yeast
cells should be utilized to circumvent any display-mediated binding
effects.

1. Trypsinize cells from cell culture flask and centrifuge cells as
described above.

2. Resuspend the cell pellet in PBS to a final concentration of
1 x 107 cells/mL.

3. To stain the cells, test different Calcein-AM concentrations in a
range of 5-100 nM and incubate at room temperature for
20 min. Following staining, centrifuge and resuspend cells in
pre-warmed complete growth medium. Incubate at 37 °C, 5%
CO; for 10 min.

4. Wash Calcein-AM treated cells with PBS and mix 20:1 with
untreated yeast cells (yeast:A431 cells). Yeast cells were previ-
ously grown overnight in SD-CAA and were washed once with
PBS before incubation with Calcein-AM stained mammalian
cells.

5. Analyze the cell mixture in FACS, which is intended to be used
for subsequent sorting. Determination of the optimal Calcein-
AM concentration is dependent on both the cell line and FACS
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instrument used and must be determined for each set of experi-
ments (see Note 5). As seen in Fig. 2b, the Calcein-AM con-
centration leading to the best separation for A431 was at
80 nM in this model experiment, as there was a clear separation
of yeast cells and mammalian cells without exceeding the fluo-
rescence threshold of the FACS device.

3.3.3 FACS-Assisted After having established antibody surface-presentation on yeast
Biopanning of Mammalian  cells (Subheading 3.2) and the appropriate Calcein-AM concentra-
and Yeast Cells tion for live cell staining (Subheading 3.3.2), the library can now be

sorted by yeast biopanning.

1

o

. A431 cells are stained utilizing Calcein-AM at the concentra-

tion determined in Subheading 3.3.2. The number of stained
cells is dependent on the number of yeast cells intended to be
screened and the yeast:mammalian cell ratio (see below). Fol-
lowing staining, centrifuge and resuspend cells in pre-warmed
complete growth medium. Incubate at 37 °C, 5% CO, for
10 min, followed by a PBS washing step.

. During Calcein-AM staining of A431 cells, incubate a suitable

number of yeast cells (see below) from the induced library
(either initial or derived from the pre-screening) with a 1:75
dilution (13.3 pg/mL) of the anti-human Kappa-AF647 anti-
body for 15 min at 4 °C in a final volume of up to 500 pL, and
subsequently wash yeast cells with PBS-B.

. In this exemplary study, A431 cells were mixed at a ratio of 20:

1 (yeast:mammalian cells, see Note 6) and subsequently incu-
bated at 4 °C for 30 min while gently shaking at 30 rpm.
Choose a volume appropriate for the number of mixed cells,
as no additional washing step is performed before FACS analy-
sis. A final volume of 1 mL is adequate for most applications.

. After incubation, resuspend sedimented cells carefully and per-

form FACS analysis utilizing a BD Influx FACS Cell Sorter
(Software 1.00.0.650) or a comparable sorting device.

. When applying gates to the double-positive cell mixture, do

not gate for singlets, as the mammalian-yeast cell complexes are
cell-cell interaction-based events. Double-positive events were
sorted utilizing the “sort enrich mode.” An exemplary FACS
plot can be seen in Fig. 3.

. Plate all sorted cells on SD-CAA agar plates and incubate for

48 h at 30 °C. While yeast cells will grow on SD-CAA media,
sorted mammalian cells will die.

. Subsequently, transfer yeast cells to SD-CAA media and incu-

bate overnight at 30 °C. Inoculate 50 mL SG-CAA media at an
initial ODggp of 1.0 and incubate further overnight at 30 °C.
Induced cells can be applied to subsequent biopanning rounds.
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Outcome

A431 cells Jurkat cells

2" Round

Yeast cell detetction
(Alexa Fluor 647 fluorescence

3 Round

Mammalian cell detection (Calcein-AM fluorescence)

Fig. 3 Sorting and outcome FACS plots of the second and third round of yeast biopanning using target
cells (A431) and control (Jurkat) cells. Fab surface presentation (y-axis) and Calcein-AM fluorescence (x-axis)
are depicted. Four populations are visible in the FACS dot plots. The left side of the FACS plots shows yeast
cells—Q4 (orange) depicts yeast cells with no Fab surface expression, while Q1 (green) are those yeast cells
displaying Fabs on their surface. In Q3 (blue), Calcein-AM stained A431 cells are visible. The population of
interest for yeast biopanning is shown in the upper right quadrant (Q2, red), showing double-positive cells,
namely Fab-displaying yeast cells binding to stained mammalian target cells. With sequential rounds, an
enrichment in Q2 can be observed. Jurkat cells were used as negative control. Per FACS plot, 50,000 events

are visible

3.3.4 Target Binding
Analysis of Isolated Single
Clones

It library screening is complete, the SD-CAA culture can be
used for plasmid isolation (Subheading 3.4.1). Alternatively,
single clones derived from the final screening round can be
picked from the SD-CAA agar plate and induced separately in
SG-CAA media, allowing subsequent single clone analysis
using  cell-bound  antigen  or  soluble  antigen
(Subheading 3.3.4).

Enrichment of antigen-binding population can be observed

with repeating library staining and cell sorting rounds. The number
of repeating sorting rounds is to be determined on a case-by-case
basis (see Note 7).

As screening is performed with a 20:1 ratio of yeast cells to A431
cells, it is not expected to observe a complete shift of all
Fab-displaying yeast cells. Therefore, FACS-assisted YSD
biopanning-based single clone analysis can be utilized to
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Fig. 4 Single clone analysis via FACS-assisted biopanning. Single clones were tested against binding on A431
(EGFR***) cells and Jurkat (EGFR™) cells. Fab surface presentation on yeast cells (y-axis) and mammalian
cells via Calcein-AM fluorescence (x-axis) are depicted. The left side of the FACS plots shows yeast cells—Q4
depicts yeast cells with no Fab surface expression, while Q1 are Fab-displaying yeast cells. In Q3, stained
mammalian cells are visible. The population of interest is shown in the upper right quadrant (Q2), showing
double-positive cells, namely Fab-displaying yeast cells binding to stained target mammalian cells. For all four
clones, binding to target A431 cells can be observed, with minimal binding of the single clones to Jurkat cells
in Q2. Per FACS plot, 50,000 events are visible

3.4 Reformatting,
Antibody Production,
and Characterization

distinguish binders from non-binders. Furthermore, if multiple cell
lines are at hand expressing the same antigen of interest, cross-
validation can be performed to ensure the specificity of isolated
antibodies. Single clone biopanning is performed analogously to
the staining of a library as described in Subheading 3.3.3. Exem-
plary plots of yeast cells derived from the screening effort expres-
sing EGFR-specific binders are shown in Fig. 4. As a control, an
EGEFR-negative Jurkat cell line was utilized.

As the surface of mammalian cells comprises many proteins, it is
crucial to ensure that the specificity of the enriched binders is
against the target of interest and not against other surface proteins
expressed (see Note 8). If possible, flow cytometric analysis can be
performed as described in Subheading 3.2 utilizing soluble EGFR-
ECD-Fc and the isolated single clones from Fig. 4. With strong
binding shown toward the EGFR-ECD-chimera, this approach
confirmed the successful isolation of EGFR-specific antibodies by
combining yeast biopanning and FACS (Fig. 5).

FACS-assisted biopanning utilizing YSD is a novel screening tool
without broad application in literature, therefore general conclu-
sions on the biophysical properties of antibodies isolated that way
are hardly drawn. In comparison, mAbs isolated utilizing a standard
FACS-assisted campaign utilizing soluble antigens often have
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3.4.1 Reformatting via
Golden Gate Assembly
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Fig. 5 Binding of soluble EGFR-ECD-Fc to isolated single yeast clones to confirm
target binding. mAbs A2, A5, A6, and A12 were successfully isolated using
biopanning, as depicted here in red, green, blue, and violet, respectively. The
yeast cells were stained with 100 nM EGFR-Fc as described in Subheading 3.2

favorable biophysical properties due to the eukaryotic expression
host [15]. However, biopanning of yeast cells could lead to the
enrichment of antibodies binding to A431 cells in an unspecific
manner. Furthermore, the panning approach is based on cell clus-
tering of yeast cells and mammalian cells, potentially resulting in
mAbs with unfavorable aggregation profiles. In addition, panning
is based on strong avidity effects, which might result in the isolation
of low-aftinity binders. To assess those risks, a robust and rigorous
characterization of full-length antibodies is mandatory. This section
describes some of the most straightforward methods to assess the
biophysical properties of panning-derived antibodies after refor-
matting, production, and purification of the lead candidates (see
Note 9).

This section describes the reformatting of Fabs displayed on yeast
cells to full-length antibodies expressed in mammalian cell culture.
Since we utilized common light chain Fabs, the VH genes can be
amplified from a cell population and can be reformatted using
batch-cloning. If a haploid yeast Fab library was used, consisting
of a diverse set of heavy and light chains, plasmids encoding
the respective domains need to be isolated from individual clones
to ensure correct light chain-heavy chain pairing. The selection of
those single clones is described in Subheading 3.3.4.

The primers used for VH and VL amplification are specific to
chicken-derived antibodies and introduce overhangs containing
Sapl restriction sites, enabling subsequent Golden Gate cloning
into a pTT5-derived vector suitable for mammalian transfection.

1. Cultivate yeast cells derived from the final panning round in
SD-CAA media overnight at 30 °C.
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Table 2
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PCR protocol for amplification of chicken-derived VH and VL genes utilizing Q5 DNA-polymerase

98°C
98 °C
63 °C
72°C
72°C

30s
15s 30 cycles
155
30s

2 min

2. Harvest cells by centrifugation and isolate plasmid DNA utiliz-

ing the Zymoprep Yeast Plasmid Miniprep I kit according to
the manufacturer’s instruction (see Note 10).

. Amplify VH and VL genes via PCR utilizing Q5 DNA poly-

merase. Respective primers for VH and VL amplification can be
found in Table 1. The PCR protocol is depicted in Table 2. In
brief, one reaction comprises:

(a) 10 pL 5x Q5 Reaction Buffer.

(b) 1 pL dNTPs (10 mM each).

(¢) 2.5 pL of a 10 pM solution of forward primers for either
VH or VL.

(d) 2.5 pL of a 10 pM solution of reverse primers for either
VH or VL.

(¢) 1 pL of plasmid DNA isolated from yeast cells.
(f) 0.5 uL. Q5" High-Fidelity DNA polymerase.
(g) Nuclease-free water to a volume of 50 pL.

4. Verify successful amplification of chicken-derived VH and VL

sequences by performing gel electrophoresis using 1% (w/v)
agarosc.

. Purify the VH and VL amplicons using the Promega Wizard®

SV Gel and PCR Clean-up System or a comparable kit and
determine the DNA concentration.

. VH amplicons are inserted into a pTT5-derived destination

vector utilizing the entry vector encoding the CH1-CH2-
CH3 sequence of a human IgGl. VL amplicons are inserted
into a pT'T'5-derived destination vector utilizing the Lambda
CL entry vector. The detailed Golden Gate procedure is
described here [12]. In brief:

(a) 2.5 pL T4 Ligase Buffer.

(b) 75 ng pTT5-derived entry vector [12].

(¢) 75 ng CH1-CH2-CH3 OR Lambda entry vector [12].
(d) 75 ng VH or VL amplicon.
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Temperature protocol for Golden Gate Assembly of VH and VL genes

37 °C
16 °C
555C
4°C

1 min 30 cycles
1 min
5 min

o}

3.4.2  Production and
Purification of mAbs

10.

(e) 20 U Sapl.
(f) 1000 U T4 Ligase.
(g) Nuclease-free water to 25 pL.

. Golden Gate reaction is performed in a thermocycler following

the temperature protocol from Table 3.

. Transform 5 pL of the reaction mixture into chemical compe-

tent E. coli XL1-Blue, plate transformed cells onto ampicillin
LB agar plates, and incubate cells overnight at 37 °C.

. Perform Sanger sequencing of an appropriate number of clones

to identify unique sequences. E. coli carrying the plasmid of
desired antibodies are inoculated to 50 mL LB ampicillin media
and incubated overnight at 37 °C, 180 rpm.

Isolate plasmid DNA utilizing the PureYield Plasmid Midiprep
System (Promega) kit and determine the DNA concentration.

. Transfect Expi293F™ cells utilizing Expifectamine™ 293 and

30 pg vector DNA according to the manufacturer’s instruc-
tions (see Note 11).

. After 18-24 h, feed transtected cells using the Expi293 feed

and enhancer solutions. Subsequently, incubate the cells fur-
ther for 5 days at 37 °C, 8.0% CO,, and 110 rpm.

. Harvest cells by centrifugation at 3000 x g at 4 °C for 3 min

and sterile filter (0.22 or 0.4 pm) the supernatant.

. Utilizing standard Protein A chromatography, purify the chi-

meric full-length antibodies and subsequently dialyze against
PBS buffer.

From the reformatted and purified antibodies, their crucial

characteristics were analyzed by means of size exclusion chroma-
tography, thermal stability, unspecific binding, and ECs( determi-

nation on cells. From the established FACS-assisted, yeast surface

display-based panning approach, antibodies were isolated, exhibit-
ing remarkable biophysical properties and prominent affinitics.
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Fig. 6 Characterization of isolated binders. (a) Size Exclusion Chromatography analysis using native condi-
tions. All four antibodies showed minimal aggregation propensity. (b) Thermal stability experiments carried out
using nanoDSF instrument. (¢) Unspecific binding behavior of isolated antibodies. Binding was only observed
against EGFR and not against other antigens tested (IL-6, PD-L1, BSA, EGF). (d) On-cell antibody titration for
ECso determination, using Cetuximab as a positive control on A431 cells

3.4.3 Size Exclusion
Chromatography (SEC)

3.4.4  Thermal Stability

3.4.5 Unspecific
Binding ELISA

Using a TSKgel SuperSW3000 column combined with the 1260
Infinity Chromatography system, SEC was performed to character-
ize the aggregation propensity of the isolated antibodies. All
isolated antibodies exhibited only minimal aggregation tendencies
(Fig. 6a).

To assess protein stability, the melting temperature ( 7Tyy) was deter-
mined using Prometheus NT.48 Protein Stability Instrument.
From a 1 mg/mL sample, the tryptophan fluorescence was
measured at 350 and 330 nm at temperatures from 20 to 90 °C
with a heating rate of 1 °C/min. The 7y was extrapolated from the
ratios of the first derivative at 330 and 350 nm at the first maxima
using the integrated software, and notable stabilities were observed
(Fig. 6b).

To ensure the isolated EGFR binders did not exhibit unspecific
behavior toward other targets, an unspecific binding ELISA was
performed against different antigens (Fig. 6¢). Standard ELISA
protocols can be applied. A detailed protocol can be found
here [12].
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Determination
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Multiple technologies exist to determine binding properties, such
as biolayer interferometry (BLI) or surface plasmon resonance
spectroscopy (SPR). However, for targets like GPCRs or ion chan-
nels, such assays can be challenging to perform. As the panning-
based screening is done to assure binding specificity to the antigen
in the natural environment of the cell, on-cell titration is a suitable
method to determine binding behavior of isolated mAbs (see Note
12). An on-cell antibody titration was carried out in 96-well plates,
allowing for triplicate measurements in a straightforward manner
(Fig. 6d). The exact protocol can be found elsewhere [12] (see
Note 13).

4 Notes

1. (Semi-)synthetic and naive libraries comprise binders against a
variety of antigens, so binders against membrane proteins that
are not the intended target antigen might be enriched. In such
cases, a good strategy is to switch cell lines between sorting
rounds derived from different host organisms but express the
same antigen of interest. This can, for example, be applied by
performing two enrichment rounds on the intended human
cell line and a third sorting round on transfected CHO cells.

2. For FACS sorting utilizing soluble antigens, all staining steps
should be performed at 4 °C.

3. A pre-screening is not necessary; however, it can drastically
reduce the diversity of the initial library in favor of specific
binders, easing the panning campaign.

4. This antibody recognizes the CL domain of the displayed Fab
fragment and allows for the detection of surface display of the
protein of interest. The best-suited antibody for display detec-
tion is based on the utilized library.

5. The concentration of Calcein-AM must be determined for each
cell type and FACS device in order to find the optimal separa-
tion of fluorescence signal between mammalian and yeast cells,
without reaching the threshold of the FACS machine. The
fluorescence intensity of the Calcein-AM-stained A431 cells
should be as high as possible within the instrument’s detection
limit. At lower Calcein-AM concentrations, an overlap of both
the yeast and mammalian cell populations was observed, lead-
ing to poor sorting conditions.

6. The authors recommend determining the most suitable yeast-
to-mammalian cell ratio on a case-to-case basis, depending on
the mammalian cells being used.

7. The number of sorting rounds is to be determined based on the
number of positive hits. The authors recommend at least three
sorting rounds.

160



192 Stefania C. Carrara et al.

References

8.

10.

11.

12.

In cases where no soluble antigen is available, other cell lines
derived from other host organisms can be utilized upon trans-
fection of the respective target antigen as described in
Subheading 3.3.4.

. Up to now, all panning-derived mAbs isolated from immu-

nized animals from our group exhibited exclusively favorable
biophysical properties. However, the utilization of naive or
(semi-)synthetic libraries might result in binders with unspe-
cific binding behaviours or higher aggregation tendencies,
making the assessment of biophysical properties mandatory.

Other yeast plasmid DNA isolation kits and protocols are
suitable as well. A straightforward way that does not require
commercial Kits is described elsewhere [16].

Determine the volume of culture and vessel size required for
characterization of single clones. Depending on the number of
unique clones after biopanning, transient transfection of
Expi293F™ cells can be carried out in smaller vessels, such as
24-deep well plates, to increase throughput and lower material
consumption, while producing and purifving enough material
for subsequent analysis.

On-cell titration is an excellent method to determine binding
characteristics of mAbs against antigens that are hard to pro-
duce in a soluble form. However, one must keep in mind that
the binding of a bivalent mAb to a cell exhibiting multiple
copies of the target antigen comes with an avidity effect.

. As this is an on-cell titration, the authors recommend using

gentle pipetting when washing the cells. While A431 cells
retain their adherence very well, other cell types may be more
prone to detaching during the washing steps, ultimately lead-
ing to loss of cells.

1. Smith GP (1985) Filamentous fusion phage:
novel expression vectors that display cloned
antigens on the virion surface. Science
228(4705):1315. https: //doi.org/10.1126/
science.4001944

2. Jo M, Jung ST (2016) Engineering therapeutic
antibodies targeting G-protein-coupled recep-
tors. Exp Mol Med 48(2):¢207-¢207. https://
doi.org/10.1038 /emm.2015.105

3. Alfalech MA, Jones ML, Howard CB, Mahler
SM (2017) Strategies for selecting membrane
protein-specific antibodies using phage display
with cell-based panning. Antibodies 6(3):10.
https: //doi.org/10.3390 /antib6030010

4. Pepper LR, Cho YK, Boder ET, Shusta EV
(2008) A decade of yeast surface display

technology: where are we now? Comb Chem
High Throughput Screen 11(2):127-134.
https://doi:org/10:2174/
138620708783744516

5. Wang XX, Shusta EV (2005) The use of scFv-
displaying yeast in mammalian cell surface
selections. J Immunol Methods 304(1-2):
30—42. https://doi.org/10.1016/].jim.2005.
05.006

6. Wang XX, Cho YK, Shusta EV (2007) Mining
aycast library for brain endothelial cell-binding
antibodies. Nat Methods 4(2):143-145.
https://doi.org/10.1038 /nmeth993

7. Williams RM, Hajiran CJ, Nayeem S, Sooter L]
(2014) Identification of an antibody fragment
specific  for androgen-dependent  prostate

161



10.

11.

.Stern LA,

Antibody Isolation by Yeast Biopanning and FACS 193

cancer cells. BMC Biotechnol 14:81. https://
doi.org/10.1186,/1472-6750-14-81

. Yang Z, Wan Y, Tao P, Qiang M, Dong X, Lin

CW, Yang G, Zheng T, Lerner RA (2019) A
cell-cell interaction format for selection of
high-affinity antibodies to membrane proteins.
Proc Natl Acad Sci U S A 116(30):
14971-14978. https://doi.org/10.1073/
pnas.1908571116

Schrack IA, Johnson SM,
Deshpande A, Bennett NR, Harasymiw LA,
Gardner MK, Hackel BJ (2016) Geometry
and expression enhance enrichment of func-
tional yeast-displayed ligands via cell panning.
Biotechnol  Bioeng  113(11):2328-2341.
https: //doi.org /10.1002 /bit.26001

Hu D, Zhu Z, Li S, Deng Y, Wu Y, Zhang N,
Puri V, Wang C, Zou P, Lei C, Tian X, Wang Y,
Zhao Q, Li W, Prabakaran P, Feng Y,
Cardosa J, Qin C, Zhou X, Dimitrov DS,
Ying T (2019) A broadly neutralizing
germline-like human monoclonal antibody
against dengue virus envelope domain III.
PLoS Pathog 15(6):¢1007836. https://doi.
org/10.1371 /journal.ppat. 1007836

Stern LA, Lown PS, Kobe AC, Abou-Elkacem-
L, Willmann JK, Hackel BJ (2019) Cellular-
based sclections aid yeast-display discovery of
genuine cell-binding ligands: targeting oncol-
ogy vascular biomarker CD276. ACS Comb
Sci 21(3):207-222. hrttps://doi.org/10.
1021 /acscombsci.8b00156

12

13.

14.

15.

16.

Bogen JP, Storka J, Yanakieva D, Fiebig D,
Grzeschik J, Hock B, Kolmar H (2020) Isola-
tion of common light chain antibodies from
immunized chickens using yeast biopanning
and fluorescence-activated cell sorting. Bio-
technol J 16(3):2000240. https://doi.org/
10.1002 /biot.202000240

Bogen JP, Grzeschik J, Krah S, Ziclonka S,
Kolmar H (2020) Rapid generation of chicken
immune libraries for yeast surface display.
Methods Mol Biol 2070:289-302. https://
doi.org/10.1007 /978-1-4939-9853-1_16
Krah S, Grzeschik J, Rosowski S, Gaa R,
Willenbuecher I, Demir D, Toleikis L,
Kolmar H, Becker S, Ziclonka S (2018) A
streamlined approach for the construction of
large yeast surface display fab antibody
libraries. Methods Mol Biol 1827:145-161.
https://doi.org/10.1007 /978-1-4939-
8648-4_8

Cherf GM, Cochran JR (2015) Applications of
veast surface display for protein engineering.
Methods Mol Biol 1319:155-175. https://
doi.org/10.1007 /978-1-4939-2748-7_8
Holm C, Mecks-Wagner DW, Fangman WL,
Botstein D (1986) A rapid, efficient method
for isolating DNA from yeast. Gene 42(2):
169-173. https://doi.org/10.1016,/0378-
1119(86)90293-3

162



5 Acknowledgements

To kick off the list of people I have to thank, I would like to thank Prof. Dr. Harald Kolmar for his
mentorship over the last three years and making my move to Darmstadt worthwhile. Your unconditional
trust and the flexibility you gave me to investigate and follow my own ideas and molecules has only
further inspired me to continue trusting in the process and never giving up. Your work ethic has been of
utmost motivation and a path to follow, from always finding the time to answer questions to writing e-
mails at ungodly hours. From the annual retreat to scientific discussions in the biergarten, being part of

AK Kolmar was a great honour and something I will tribute forever!

Further, I would like to thank PD. Dr. Bjorn Hock for agreeing to take me on as a PhD student and being
my second examiner. Your industry- and business-driven view of scientific discoveries has helped shape
my way of thinking to focus on the big things and get things done productively. I am thankful that you

still took the time for scientific discussions and meetings and continued to guide me until the very end.

I would like to thank PD. Dr. Tobias Meckel and Prof. Dr. Beatrix Siif} for agreeing to take on the role

as subject examiners.

I would like to thank Dr. Alex Béhre for her guidance during our time as members at FDL. Your warm
welcome and our weekly 1-to-1 sessions were instrumental for my smooth transition upon moving to
Darmstadt. You were always willing to invest time to make sure we were all doing okay. Our time at
Christmas markets, around Copenhagen or at dinners will not be forgotten! I hope our paths manage to

Cross again.

Dr. Julius Grzeschik has been instrumental not only at FDL but in always helping with many Ferring-
related questions. Thank you for making times more bearable and for always being ready to drink a beer
together. You have a particular way of questioning people to make them reflect about what they are
thinking or why they think that, and I hope to learn from that. Thank you for all your scientific
contributions, guidance, and assistance! The speed at which I have seen you grow as a leader within the

past three years is nothing short of amazing and I am sure this is just the beginning for you!

I would like to address Dr. Jan P. Bogen for his relentless and contagious attitude in the lab. Your help
at introducing me to new technologies was influential for the remainder of my PhD! It was a pleasure
working with you and bouncing around scientific ideas. Your trispecific antibody was the inspiration for
the Frankenstein variants! I wish you nothing but the best for your future and I am sure you will leave a

great mark within the scientific community.

163



Thereafter I would like to thank Dr. Dafi Fiebig whose work ethic is nothing short of astounding. Thank
you for always pushing us to find the root cause of problems and not just shove them in a cupboard,
even though we might have found it annoying at the time. The spontaneous beers and endless
conversations at late hours waiting for runs/experiments to finish were definitely a highlight. Any

company would be lucky to have such a hard-working and dedicated scientist like you!

Furthermore, I would like to thank the entire Ferring team Dr. Lukas Deweid, Dr. Benjamin Mattes
and Michael Ulitzka for the great collaboration and your willingness to help within your area of

expertise. The conferences and trips we were able to take together were great fun!

Thank you to Dr. Adrian Elter for always listening to my rants about weird results I was getting during

my last year and always providing insightful input. Stay cool!

Thank you to Julia Harwardt for the fruitful dynamic we had to make the best out of bad situations! It
was great working together and trying to troubleshoot why things weren’t working as planned! I wish

you all the best for the remainder of your PhD.

Thank you to Barbara Diestelmann, Dana Schmidt, Cecilia Gorus, Dr. Olga Avrutina, and Dr.
Andreas Christmann for always being ready to help with administrative or laboratory issues and making
AK Kolmar run the way it does. A special thank you to Janine Becker for your contributions with the

cell culture and your willingness to help facilitate my day-to-day by taking over some of my workload!

Dominic Happel and Jan Habermann thank you for always being willing to help with general things
in the lab that no one finds themselves responsible for, and for knowing where everything was located
when I couldn’t find something. The lab would not work as smoothly without the things you do in the

“background”!

I would like to thank Dr. Steffen Hinz, Dr. Hendrick Schneider, Simon Englert, Dr. Ataurehman Alj,
Dr. Arturo Maccardn Palacios, and Dr. Desislava Yanakieva for the many fruitful conversations
outside on the balcony. A big thank you to Jorge Lerma Romero, Sebastian Bitsch, Peter Bitsch,
Carolin Dombrowsky, Katrin Schoenfeld, Sarah Hofmann, Ingo Bork, Lieke van Gijzel and the entire

AK Kolmar for their help when needed and for the great times both within the lab and at KWT!

164



Mi agradecimiento mds grande va dirigido hacia mi familia, por sobre todo mis papas Flavia Bozzetto
y Dr. Dario Carrara, a quienes me gustaria dedicarle esta tesis. Gracias por siempre apoyarme y
permitirme llegar a este punto. Sin el apoyo incondicional que me vienen dando desde siempre, nada de
esto hubiera sido posible. Los dos son un ejemplo a seguir, tanto en cuestiones laborales como
personales. Estoy eternamente agradecida, y espero algtn dia poder devolverles todo lo que me dieron!
To my sestra Coni Carrara and nephew Maxi, thank you for never giving up on “pushing” me to find
the time to spend together. I may not be the best at keeping in touch, but know you are always on my
mind. No one can give us back those moments, and you helped me remember that! I cannot wait to meet
the newest member of the Van der Graaf family that is on the way. To my brother Augusto Carrara,
who has always been there in good times and bad! Thank you for always having my back and always
knowing how to have a good time. I wish you the best for your further studies and hope I will be able to
help you like you have helped me! A toda mi familia en Argentina que siempre estan presentes y sé que

de lejos me ayudaron a cumplir esta meta, imil gracias!

Por ultimo, me gustaria expresar mi profundo agradecimiento a Amanda Davila Lezama, quien nunca
dudo de mi y me puso primera los ultimos afios. Te agradezco por todo lo que tuviste que aguantar, yo
sé que no siempre soy facil. Volver a casa después de dias muy largos llena de frustracion o con ganas
de celebrar y saber que siempre estabas dispuesta a ayudarme, escucharme o abrirme una cerveza son
sentimientos impagables. Gracias por dejarme disfrutar de momentos y lugares juntas para que pueda
volver a motivarme y seguir adelante. Espero algin dia poder ayudarte a cumplir un suefio tuyo, asi
como lo hiciste por mi. No podria pedir una mejor compaiiera de vida and I can’t wait for what the future

has in store for us, sea donde sea!

165



6 Curriculum Vitae

Name: Stefania Candela Carrara
Birth date: 08.04.1995
Birth place:  Buenos Aires, Argentina

Nationality: = Swiss

Education
Doctoral student - Technische Universitdt Darmstadt 11/2019 - 12/2022
PhD candidate at the Clemens-Schopf-Institute for Organic Chemistry and

Biochemistry under the direction of Prof. Dr. Harald Kolmar.

M.Sc. in Biochemistry — Universitét Ziirich 08/2016 - 08/2018
Master thesis completed at the Department of Biochemistry under supervision
of Prof. Dr. Andreas Pliickthun: Selection and characterization of DARPins

binding different hROR2 epitopes. Final grade: 5.2/6.

B.Sc. in Biochemistry and Molecular Biology — Universitidt Bern 08/2013 - 07/2016
Bachelor thesis completed at the Institute of Biochemistry and Molecular
Medicine under PD Dr. Roch-Philippe Charles: Discovery of new key players

in anaplastic thyroid cancer.

International Baccalaureate — International School of Basel 08/2011 — 05/2013

International Baccalaureate (IB) with 35 points.

166



7 Erklarung laut Promotionsordnung

§8 Abs. 1 lit. ¢ der Promotionsordnung der TU Darmstadt
Ich versichere hiermit, dass die elektronische Version meiner Dissertation mit der schriftlichen Version
iibereinstimmt und fiir die Durchfithrung des Promotionsverfahrens vorliegt.

§8 Abs. 1 lit. d der Promotionsordnung der TU Darmstadt

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

§9 Abs. 1 der Promotionsordnung der TU Darmstadt
Ich versichere hiermit, dass die vorliegende Dissertation selbststdndig und nur unter Verwendung der

angegebenen Quellen verfasst wurde.

§9 Abs. 2 der Promotionsordnung der TU Darmstadt
Die Arbeit hat bisher noch nicht zu Priifungszwecken gedient.

Darmstadt, den 31. Oktober 2022

Stefania C. Carrara

167



DECLARATION ON OWN CONTRIBUTION TO PUBLICATIONS

In the following you will find a list of the percentage of publications | have been involved in.

My share in the following publication is 90%.

[1] Carrara SC et al. (2021). From cell line development to the formulated drug product: The art of manufacturing
therapeutic monoclonal antibodies. international Journal of Pharmaceutics 10.1016/j.ijpharm.2020.120164.

My share in the following publication is 30%.

[2] Carrara SC¥®, Fiebig D*, Bogen JP*, Grzeschik J, Hock B, Koimar H (2021). Recombinant antibody production
using a dual-promoter single plasmid system. Antibodies (Basel) 10.3390/antib10020018. (* shared first
authorship)

My share in the following publication is 30%.

[3] Fiebig D*, Bogen JP¥, Carrara SC* et al. (2022). Streamlining the transition from yeast surface display of
antibody fragment immune libraries to the production as 1gG format in mammalian cells. Frontiers in
Bioengineering & Biotechnology 10.3389/fbioe.2022.794389 (* shared first authorship)

My share in the following publication is 85% (accepted for publication).
[4] Carrara SC et al. (2022}. Bulk reformatting of antibody fragments displayed on the surface of yeast cells to
final igG format for mammalian production. Methods in Molecular Biology, accepted.

My share in the following publication is 90% (under review).
[5] Carrara SC et al. (2022). TriTECM: a tetrafunctional T-cell engaging antibody with built-in risk mitigation of
cytokine release syndrome. Frontiers in Immunology, revision.

My share in the following publication is 0% {manuscript in final preparation).
[6] Carrara SC et al. {2022). Targeted phagocytosis induction for cancer immunotherapy via bispecific MerTK-
engaging antibodies. International Journal of Molecular Sciences.

My share in the following publication is 45%.

[7] Carrara SC*, Bogen JP*, Grzeschik J, Hock B, Kolmar H {2022). Antibody library screening using yeast
biopanning and fluorescence-activated cell sorting. Methods in Mofecular Biology 10.1007/978-1-0716- 2285-
8_10. (* shared first authorship)

pate_§ +. 13, 22

Signature o'fa/pplicant

TECHNISCHE
UNIVERSITAT
DARMSTADT

168



TECHNISCHE
UNIVERSITAT
DARMSTADT

DECLARATION ON THE REVIEW OF PUBLICATIONS

__Prof. Dr. Harald Kolmar.

Referee
__PD. Dr. Bjérn Hock 1_71 < /(2 2 2
Co-Referee Date

Neither referee (Prof. Dr. Harald Kolmar) nor co-referee (PD. Dr. Bjérn Hock) of this cumulative doctoral thesis
were involved in the review of the following publications:

[1] Carrara SC et al. (2021). From cell line development to the formulated drug product: The art of
manufacturing therapeutic monoclonal antibodies.

[2] Carrara SC*, Fiebig D*, Bogen JP*, Grzeschik J, Hock B, Kolmar H (2021). Recombinant antibody production
using a dual-promoter single plasmid system.

[3] Fiebig D*, Bogen JP¥*, Carrara SC* et al. (2022). Streamlining the transition from yeast surface display of
antibody fragment immune libraries to the production as IgG format in mammalian cells.

[4] Carrara SC et al. (2022). Bulk reformatting of antibody fragments displayed on the surface of yeast cells to
final 1gG format for mammalian production.

[5] Carrara SC et al. (2022). TriTECM: a tetrafunctional T-cell engaging antibody with built-in risk mitigation of
cytokine release syndrome.

[6] Carrara SC et al. (2022). Targeted phagocytosis induction for cancer immunotherapy via bispecific MerTK-
engaging antibodies. International Journal of Molecular Sciences.

[7] Carrara SC*, Bogen JP*, Grzeschik J, Hock B, Kolmar H (2022). Antibody library screening using yeast
biopanning and fluorescence-activated cell sorting.

Brpen Hock

Referee‘()“rof. Dr. Harald Kolmar) Co-Referee (PD Dr. Bjérn Hock)

169



